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Abstract

An inclusive search for nonresonant signatures of beyond the standard model (SM)
phenomena in events with three or more charged leptons, including hadronically de-
caying τ leptons, is presented. The analysis is based on a data sample corresponding
to an integrated luminosity of 138 fb−1 of proton-proton collisions at

√
s = 13 TeV,

collected by the CMS experiment at the LHC in 2016–2018. Events are categorized
based on the lepton and b-tagged jet multiplicities and various kinematic variables.
Three scenarios of physics beyond the SM are probed, and signal-specific boosted
decision trees are used for enhancing sensitivity. No significant deviations from the
background expectations are observed. Lower limits are set at 95% confidence level
on the mass of type-III seesaw heavy fermions in the range 845–1065 GeV for various
decay branching fraction combinations to SM leptons. Doublet and singlet vector-
like τ lepton extensions of the SM are excluded for masses below 1045 GeV and in the
mass range 125–150 GeV, respectively. Scalar leptoquarks decaying exclusively to a
top quark and a lepton are excluded below 1.12–1.42 TeV, depending on the lepton
flavor. For the type-III seesaw as well as the vector-like doublet model, these con-
straints are the most stringent to date. For the vector-like singlet model, these are
the first constraints from the LHC experiments. Detailed results are also presented to
facilitate alternative theoretical interpretations.
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1 Introduction
The standard model (SM) of particle physics describes the known fundamental particles and
their interactions, and has been extensively tested by experiments. There are strong indica-
tions, however, that the SM is incomplete, and beyond-the-SM (BSM) models are required to
answer the open questions such as the origin of neutrino masses, the particle nature of dark
matter, and the observed baryon asymmetry in the universe. A multitude of compelling BSM
theories have been proposed with characteristic signatures that would modify the production
of SM particles in proton-proton (pp) collisions. In particular, new BSM particles decaying via
the weak interaction could produce the distinctive signature of an excess of events containing
multiple final-state leptons above the SM expectations.

In this paper, we describe a search for anomalous production of events with at least three
charged leptons (electrons, muons, and hadronically decaying τ leptons) using pp collision
data at

√
s = 13 TeV collected by the CMS experiment at the CERN LHC during 2016 to 2018,

corresponding to an integrated luminosity of 138 fb−1. The final states analysed in this result
include production of up to four light leptons, and up to three hadronically decaying τ lep-
tons. The search is carried out in an inclusive fashion, encompassing a number of final states
with numerous kinematic properties, which makes it sensitive to a broad range of BSM sce-
narios. Collision events are classified by the number of reconstructed objects, such as charged
leptons and b-tagged jets (identified from b quark hadronization); kinematic properties, such
as the momenta of individual objects; combined properties, such as the invariant mass of lep-
ton pairs; and properties of the entire event, such as missing transverse momentum (~pmiss

T )
or total hadronic energy. A set of model-independent signal regions (SRs) are defined with-
out reference to any specific signature or model, but rather to minimize the SM background
contributions. Results are presented in the form of detailed tables of observed and predicted
background yields for these mutually exclusive SRs.

We consider three specific BSM models that address shortcomings of the SM and predict com-
plementary nonresonant multilepton signatures. These BSM models are type-III seesaw heavy
fermions [1–9], doublet and singlet vector-like extensions of the third-generation of leptons [10–
16], and scalar leptoquarks coupled to a top quark and an SM lepton of any flavor [17–20]. For
the first time, we carry out dedicated analyses for these models using a multivariate approach
based on boosted decision trees (BDTs). In addition, the model-independent SRs are also used
to set constraints on these models.

This paper is organized as follows. We describe the three BSM models in Section 2. Sections 3
and 4 describe the CMS detector and the data and simulation samples used in this search, re-
spectively. Section 5 describes the reconstruction and identification of leptons, jets, and ~pmiss

T .
In Section 6, we outline the broad event selection, and in Section 7, we describe the background
estimation techniques. Section 8 describes the model-independent search categories that span
the multilepton phase space, as well as the model-specific event selections using BDTs. Sec-
tion 9 describes the systematic uncertainties in the predictions. Section 10 presents the results
of this search, and also discusses the procedure for future interpretations using the model-
independent SRs and supporting information made available in a HEPDATA record [21].
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2 Signal models
2.1 Type-III seesaw fermions

The observed nonzero neutrino masses and mixing among lepton flavors can be explained by a
seesaw mechanism, which introduces new heavy particles coupled to the SM leptons [1–9]. In
these models, the neutrino is a Majorana particle, and the neutrino mass arises via mixing with
new massive fermions. We consider the type-III seesaw model [22] in this paper, which intro-
duces an SU(2) triplet of heavy leptons, including Dirac charged leptons (Σ±) and a Majorana
neutral lepton (Σ0).

At the LHC, these heavy fermions may be pair-produced through electroweak interactions in
both charged-charged (Σ±Σ∓) and charged-neutral (Σ±Σ0) modes. The seesaw fermions are
assumed to mix with SM leptons, and decay to a W, Z, or Higgs boson (H) and an SM lepton
(ν, or ` = e,µ,τ). The three production modes, combined with the nine possible combinations
of boson-SM lepton decay yield 27 distinct signal production and decay modes. An example of
the complete decay chain is Σ±Σ0 → W±νW∓`± → `±νν`∓ν`±. Two diagrams exemplifying
the production and decay of Σ pairs that result in multilepton final states are shown in Fig. 1.
Electroweak and low-energy precision measurements enforce an upper limit on the mixing
angles of 10−4 across all lepton flavors [23, 24]. This bound allows for prompt decays of heavy
fermions in the mass ranges accessible to collider experiments [25–29].

In this analysis, the Σ±,0 are assumed to be degenerate in mass and their decays are assumed to
be prompt. The effects of the radiative mass splitting between the neutral and charged heavy
fermions are negligible. The Σ decay branching fractions to different bosons are determined
solely by their masses. The free parameters are the Σ mass, mΣ, and the Σ decay branching
fractions to the SM lepton flavors, Be , Bµ , and Bτ , where Be + Bµ + Bτ = 1.

The most stringent limits on the type-III seesaw model come from a search conducted by the
ATLAS Collaboration using the combined LHC data set from 2016–2018 at

√
s = 13 TeV in

multilepton final states with up to four electrons and muons [30]. The search excluded at 95%
confidence level (CL) type-III seesaw fermions with masses below 910 GeV in the lepton-flavor-
democratic scenario. Previous constraints in the same scenario by the CMS collaboration from
a cut-based search using a comparable data set and in similar final states excluded type-III
seesaw fermions with masses below 880 GeV at 95% CL [31].
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Figure 1: Example processes illustrating production and decay of type-III seesaw heavy
fermion pairs at the LHC that result in multilepton final states.

2.2 Vector-like leptons

Vector-like fermions are hypothetical particles whose left- and right-handed components trans-
form under conjugate representations of the SM gauge symmetries [10–13, 15], and hence their



2.2 Vector-like leptons 3

masses are independent of the SM Higgs mechanism and are not constrained by electroweak
precision measurements [14, 16]. Vector-like fermions arise in a wide variety of BSM scenar-
ios, including, but not limited to, supersymmetric models [32–35], models with extra spatial
dimensions [36, 37], and grand unified theories [38–40]. Extensions of the SM with one or more
vector-like fermion families may provide a dark matter candidate [41–44], and account for the
mass hierarchy between the different generations of particles in the SM via their mixings with
the SM fermions [45–47]. Furthermore, vector-like leptons are also among the proposed solu-
tions to the observed tensions between the experimental measurements and the SM prediction
of the anomalous magnetic moment of the muon [34, 48–53].

In this paper, we consider two distinct models in which the vector-like leptons couple to the
SM τ lepton [54, 55]. The vector-like doublet model contains an SU(2) doublet (τ ′,ν ′), where the
τ ′ and ν ′ are mass-degenerate at tree level and can be produced in pairs (pp → τ ′+τ ′−/ ν ′ν ′)
or in association (pp → τ ′ν ′). The decay modes are τ ′ → Zτ or Hτ , and ν ′ → Wτ , with the
branching fractions of the τ ′ dependent on the mass mτ ′ . An example of the complete decay
chain for the associated production would be ν ′τ ′± → W±τ∓Hτ± → `±ντ∓bbτ± and for the
pair production would be ν ′ν ′ → W±τ∓W±τ∓ → `±ντ∓`±ντ∓. In the vector-like singlet
model, only a charged lepton (τ ′) is present. The τ ′ can decay to either Zτ or Hτ , or Wν,
with the branching fractions similarly governed by mτ ′ . Figure 2 shows two processes from the
doublet and singlet models, which exemplify the production and decay of vector-like τ lepton
pairs that result in multilepton final states.

Electroweak precision data constrain the mixing angle between vector-like leptons and SM
leptons to be less than about 10−2, permitting prompt decays for mass values that are close to
the electroweak scale [56, 57]. We assume prompt decays of vector-like τ leptons; aside from
this assumption, the analysis is insensitive to the precise values of the mixing angles.

The most stringent constraints on models with vector-like τ lepton doublets are from a search
conducted by the CMS Collaboration [58] with 77 fb−1 of data collected in 2016–2017, which
excludes them in the mass range of 120–790 GeV. The search is performed with multilepton
final states consisting of up to four electrons and muons, and also an additional final state with
two light leptons along with one hadronically decaying τ lepton. There are, so far, no direct
constraints on the vector-like τ lepton singlet model from any of the LHC experiments. The L3
Collaboration at the LEP placed a lower bound of ∼100 GeV on the mass of additional heavy
leptons [59].
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Figure 2: Example processes illustrating production and decay of doublet vector-like τ lepton
pairs at the LHC that result in multilepton final states. The right diagram also illustrates the
singlet scenario.
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2.3 Leptoquarks

Leptoquarks are color-triplet scalar or vector bosons that carry nonzero baryon and lepton
quantum numbers and fractional electric charge [18]. Such particles commonly emerge in
grand unified theories, e.g., based on SU(4) [60], SU(5) [61], or SO(10) [62] schemes, mod-
els with compositeness [63, 64], and R-parity violating supersymmetry models [65, 66].

In pp collisions at the LHC, scalar leptoquarks (S) could be pair-produced via strong interac-
tions, with the production cross section depending only on the leptoquark mass, mS, but not on
the unknown Yukawa coupling. Depending on the nature of the Yukawa coupling, such lepto-
quarks are expected to decay either to an up-type quark and a charged lepton or to a down-type
quark and a neutrino, with branching fractions β and 1− β, respectively. We assume that the
Yukawa couplings involve only one generation of quarks or leptons. The simultaneous cou-
pling of leptoquarks to more than one generation of quarks or leptons that are not aligned with
the SM Yukawa couplings may lead to quark or lepton flavor violation [20, 67].

In this analysis, we consider scalar leptoquarks [19] with electric charge of −1/3|e|, and a
nonzero Yukawa coupling to the top quark and a single flavor of SM charged lepton. In a
supersymmetric theory, these leptoquarks are right handed down-type squarks that couple to
the top quark and charged leptons through leptonic-hadronic R parity violating interactions,
where the down-type squarks are the scalar partners of the SM down-type quarks. We assume
that only one flavor of charged lepton coupling dominates at a time, and hence consider lep-
toquark branching fractions Be = 1, Bµ = 1, or Bτ = 1, for leptoquarks decaying into a top
quark and a charged lepton of the first-, second-, or third-generation, respectively. We target
the mass range from just above the top quark mass up to the TeV scale. Furthermore, the lep-
toquark decays are assumed to be prompt, and the coupling is assumed to satisfy .0.1, within
the bounds on such Yukawa couplings from leptonic Z boson decays [19, 68]. As with the
type-III seesaw and vector-like lepton models, the analysis is independent of the magnitude
of the leptoquark Yukawa couplings aside from the assumption of prompt decays. Figure 3
shows two processes exemplifying the production and decay of leptoquark pairs that result in
multilepton final states.

Leptoquarks with preferential couplings to third-generation fermions have been suggested
among the possible extensions of the SM [69–73] motivated by a series of anomalies recently ob-
served in charged- and neutral-current B meson decays, b → c`ν [74–78] and b → s`` [79–81],
respectively. The ATLAS and CMS Collaborations have conducted a number of searches for
leptoquarks with flavor-diagonal and cross-generational couplings involving third-generation
fermions [82–90]. The most stringent constraints on scalar leptoquarks with 100% branching
fraction to a top quark and first-, second-, or third-generation lepton are set by ATLAS, ex-
cluding such particles with masses below 1.48, 1.47 TeV [82] and 1.43 TeV [83], respectively.
Similarly, CMS has excluded scalar leptoquarks decaying to a top quark and a τ lepton or
a bottom quark and a neutrino with equal branching fractions (β = 0.5) with masses below
950 GeV [87]. The final states include hadronically decaying top quark and τ lepton, b-tagged
jet, and significant missing energy.

3 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
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Figure 3: Example processes illustrating the production and decay of scalar leptoquark pairs
in pp collisions at the LHC that result in multilepton final states.

calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, together with a def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [91].

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [92]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage [93].

4 Data samples and event simulation
The total integrated luminosity recorded by CMS in pp collisions at

√
s = 13 TeV corresponds

to 138 fb−1, with 36.3, 41.5, and 59.8 fb−1 recorded in the years 2016, 2017, and 2018, respec-
tively. The data presented here are collected using a combination of isolated single-electron
(-muon) triggers with corresponding transverse momentum (pT) thresholds of 27 (24) GeV in
2016, and 32 (27) GeV in 2017, and 32 (24) GeV in 2018. The rates of signal and SM background
processes that gives rise to isolated and nondisplaced leptons are estimated from Monte Carlo
(MC) simulations, which incorporate detailed detector and pp collision properties.

The Zγ, WZ, ttV, and triboson (VVV) backgrounds, where V denotes a W or Z boson, are
generated using MADGRAPH5 aMC@NLO (versions 2.2.2 for 2016 data and 2.4.2 for 2017 and
2018 data) [94] at next-to-leading order (NLO) precision in perturbative quantum chromody-
namics (QCD). The top quark mass used in all simulations is 172.5 GeV. The Zγ background
includes all diagrams contributing to pp → ``γ, with photons from both initial-state radiation
(ISR) and final-state radiation (FSR), and with an invariant mass cut of m(`+`−) > 10 GeV.
The ZZ background contribution from quark-antiquark annihilation production is generated
using POWHEG 2.0 [95–97] at NLO, whereas the contribution from gluon-gluon fusion pro-
duction is generated at leading order (LO) using MCFM 7.0.1 [98]. The SM processes involving
Higgs boson production are generated using POWHEG, MADGRAPH5 aMC@NLO and JHUGEN

7.0.11 [99–102] at NLO, for a Higgs boson mass of 125 GeV. Processes with a single top quark
and a Z boson or with four top quarks are simulated using MADGRAPH5 aMC@NLO at NLO
in QCD. Other small contributions from processes involving a single top quark and an elec-
troweak or Higgs boson, two top quarks and two bosons, or three top quarks are simulated
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using MADGRAPH5 aMC@NLO at LO in QCD. Simulated event samples for the Drell–Yan (DY)
and tt processes, which are used for systematic uncertainty studies and in the BDT training
process, are generated at NLO with MADGRAPH5 aMC@NLO and POWHEG, respectively.

All signal samples are simulated at LO precision. The type-III seesaw and vector-like lepton
samples are generated with MADGRAPH5 aMC@NLO 2.6.1, whereas the leptoquark samples
are generated with PYTHIA 8.212 (8.230) in 2016 (2017 and 2018) [103]. The production cross sec-
tions for the type-III seesaw signal model are calculated at NLO plus next-to-leading logarith-
mic precision, assuming that the heavy leptons are SU(2) triplet fermions [104, 105]. Similarly,
vector-like lepton and leptoquark cross sections are calculated at NLO precision [55, 106, 107].
In this paper, these higher-order cross sections are used in the analysis of these BSM models.

The NNPDF3.0 LO or NLO parton distribution function (PDF) sets [108] are used for all back-
ground and signal samples for 2016 data, with order matching that of the matrix element calcu-
lations. The NNPDF3.1 next-to-NLO order (NNLO) PDF set [109] is used for all 2017 and 2018
samples. To perform the parton showering, fragmentation, and hadronization of the matrix-
level events in all samples, PYTHIA 8.212 is used with the event tune CUETP8M1 [110] for 2016,
and PYTHIA 8.230 is used with the event tune CP5 [111] for 2017 and 2018. The MLM [112] or
FxFx [113] jet matching schemes are used for MADGRAPH5 aMC@NLO samples at LO or NLO,
respectively. The simulation of the response of the CMS detector to incoming particles is per-
formed using the GEANT4 toolkit [114]. Additional inelastic pp interactions from the same or
nearby bunch crossings (pileup) are simulated and incorporated in the MC samples.

5 Event reconstruction and particle identification
In each event, the candidate vertex with the largest total physics-object p2

T is taken to be the
primary pp interaction vertex (PV). The physics objects are the jets, clustered using the anti-kT
algorithm [115, 116] with the tracks assigned to candidate vertices as inputs, and the associated
~pmiss

T , which is the negative vector pT sum of those jets.

The reconstruction and identification of individual particles in an event is based on the particle-
flow (PF) algorithm [117], with an optimized combination of information from the various
elements of the CMS detector. The energy of photons is obtained from the ECAL measure-
ment. The energy of electrons is determined from the electron momentum at the PV as deter-
mined by the tracker, the energy of the corresponding ECAL cluster, and the energy sum of
all bremsstrahlung photons spatially compatible with originating from the electron track. The
momentum of muons is determined from the curvature of the corresponding track, and the
energy is obtained from the momentum. The energy of charged hadrons is determined from a
combination of their momentum measured in the tracker and the matching ECAL and HCAL
energy deposits, corrected for the response function of the calorimeters to hadronic showers.
Finally, the energy of neutral hadrons is obtained from the corresponding corrected ECAL and
HCAL energies.

Electrons are reconstructed by geometrically matching charged-particle tracks from the track-
ing system with energy clusters deposited in the ECAL [118]. The electron momentum is esti-
mated by combining the energy measurement in the ECAL with the momentum measurement
in the tracker. The momentum resolution for electrons with pT ≈ 45 GeV from Z → ee decays
ranges from 1.7 to 4.5%. It is generally better in the barrel region than in the endcaps, and also
depends on the bremsstrahlung energy emitted by the electron as it traverses the material in
front of the ECAL. To suppress undesired electrons originating from photon conversions in de-
tector material, as well as the misidentification of hadrons, the electron candidates are required
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to satisfy shower shape and track quality requirements, using the medium cut-based criteria
described in Ref. [118]. Electrons used in this analysis are also required to satisfy pT > 10 GeV
and |η| < 2.4.

Muons are reconstructed from compatible tracks in the inner tracker and the muon detec-
tors [119]. Additional track fit and matching quality criteria suppress the misidentification of
hadronic showers that punch through the calorimeters and reach the muon system. Matching
tracks measured in the inner tracker and the muon detectors results in a relative pT resolution,
for muons with pT up to 100 GeV, of 1% in the barrel and 3% in the endcaps, and of better than
7% in the barrel for muons with pT up to 1 TeV [119]. Muons used in this analysis must lie
within the tracking system acceptance, |η| < 2.4, and are required to have pT > 10 GeV.

Hadronically decaying τ lepton candidates (τh) are reconstructed from jets, using the hadrons-
plus-strips algorithm [120], which combines one or three tracks with energy deposits in the
calorimeters, to identify the corresponding one- or three-prong τ lepton decay modes. Neutral
pions from τ lepton decay are reconstructed as strips with variable size in η-φ from recon-
structed electrons and photons, where the φ is azimuthal angle in radians and the strip size
varies as a function of the pT of the electron or photon candidate. The reconstructed τh candi-
date must satisfy |η| < 2.3 and pT > 20 GeV.

Jets are clustered using the anti-kT algorithm [115] with a distance parameter of 0.4, as imple-
mented in the FASTJET package [116]. The minimum pT threshold for the jets selected in this
analysis is 30 GeV and the central axis of the jet is also required to be inside the tracking accep-
tance, |η| < 2.4. Jets are composite objects made up of several particles, hence the momentum
is determined as the vectorial sum of all particle momenta, and is found from simulation to be,
on average, within 5–10% of the true momentum over the whole pT spectrum and detector ac-
ceptance. Additional pp interactions within the same or nearby bunch crossings can contribute
additional tracks and calorimetric energy depositions, increasing the apparent jet momentum.
To mitigate the effect of the charged-particle contribution from pileup on reconstructed jets,
a charged hadron subtraction technique is employed, which removes the energy of charged
hadrons not originating from the PV [117]. In addition, the impact of neutral pileup particles in
jets is mitigated by an event-by-event jet-area-based correction of the jet four-momenta [121–
123]. Aside from pileup contamination removal, additional quality criteria are applied to each
jet to remove those potentially mismeasured because of instrumental effects or reconstruction
failures [124]. Finally, the qualifying jets must lie outside a cone of ∆R ≡

√
(∆η)2 + (∆φ)2 = 0.4

around a selected muon, electron, or τh candidate, where ∆φ is the φ angle between the jet and
lepton.

Jet energy corrections are derived from simulation studies so that the average measured en-
ergy of jets matches that of particle level jets. In situ measurements of the pT balance in dijet,
photon+jet, leptonically decaying Z+jet, and multijet events are used to determine any residual
differences between the jet energy scale in data and in simulation, and appropriate corrections
are made to the jet pT [123].

The reconstructed jets originating from b hadrons are identified using the medium working
point of the DEEPCSV b tagging algorithm [125]. This working point has an identification effi-
ciency of 60–75% for b quark jets, depending on jet pT and η, and a misidentification probability
of about 10% for c quark jets and about 1% for light-quark and gluon jets.

The vector ~pmiss
T is defined as the negative vector pT sum of all the PF candidates in an event,

and its magnitude is denoted as pmiss
T [126]. The pileup-per-particle identification algorithm [127]

is applied to reduce the pileup dependence of the ~pmiss
T observable. The ~pmiss

T is computed from
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the PF candidates weighted by their probability to originate from the PV, and is modified to ac-
count for corrections to the energy scale of the reconstructed jets in the event.

The leptons that are produced from the decays of the SM bosons W, Z, H (either directly, or
via an intermediate τ lepton) are referred to as prompt leptons, and are often indistinguish-
able in momentum and isolation from those produced in signal events. Thus, the SM processes
giving rise to three or more isolated leptons, such as WZ, ZZ, ttV, VVV, and Higgs boson
production, constitute the irreducible backgrounds in this analysis. On the other hand, re-
ducible backgrounds come from SM processes in which the jets are misidentified as leptons, or
where the leptons originate from heavy-quark decays. Some examples of such backgrounds are
Z+jets or tt+jets production, in which the prompt leptons are accompanied by leptons that are
within or near jets, hadrons that traverse the HCAL and reach the muon detectors, or hadronic
showers with large electromagnetic energy fractions. Leptons from such sources are referred
to as misidentified leptons, and SM background processes with such misidentified leptons are
collectively labeled as “MisID” backgrounds in the subsequent discussion.

The reducible backgrounds are significantly suppressed by applying stringent requirements
on the lepton isolation and displacement. For electron and muon candidates, the relative iso-
lation is defined as the scalar pT sum, normalized to the lepton pT, of photon and hadron
PF objects within a cone of radius ∆R around the lepton. For electrons, the relative isola-
tion is required to be less than 0.0478 + 0.506 GeV/pT in the barrel (|η| < 1.479) and less than
0.0658 + 0.963 GeV/pT in the endcap (|η| > 1.479), with ∆R = 0.3. The relative isolation for
muons is required to be less than 0.15 with ∆R = 0.4. The isolation quantities are also corrected
for contributions from particles originating from pileup vertices. In addition to the isolation re-
quirement, electrons in the barrel must satisfy |dz| < 0.1 cm and |dxy| < 0.05 cm, and in the
endcap |dz| < 0.2 cm and |dxy| < 0.1 cm, where dz and dxy are the longitudinal and transverse
impact parameters of electrons with respect to the PV, respectively. Similarly, muons must sat-
isfy |dz| < 0.1 cm and |dxy| < 0.05 cm. For both electrons and muons, the three-dimensional
impact parameter significance, the impact parameter value divided by its uncertainty, must be
less than 10, 12, and 9 in 2016, 2017, and 2018 data, respectively. All selected electrons within a
cone of ∆R < 0.05 of a selected muon are discarded in order to reduce bremsstrahlung contri-
butions from muons.

For τ leptons, the DEEPTAU [128] algorithm is used to distinguish genuine hadronic tau lep-
ton decays from jets originating from the hadronization of quarks or gluons, as well as from
electrons or muons. Information from all individual reconstructed particles near the τh axis is
combined with properties of the τh candidate and the event. In addition to this multivariate
requirement, τh candidates must satisfy |dz| < 0.2 cm. All selected τh candidates within a cone
of ∆R < 0.5 of a selected electron or muon are also discarded to suppress misidentified tau
leptons.

Additionally, to suppress misidentified leptons originating from heavy-flavor decays, leptons
are discarded if a b-tagged jet with pT > 10 GeV and |η| < 2.5 is found within a cone of radius
∆R < 0.4 around the lepton.

These lepton reconstruction and selection requirements result in typical efficiencies of 40–85%,
65–90%, and 20–50% for electrons, muons, and τh leptons, respectively, depending on lepton
pT and η.
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6 Event selection
We consider seven distinct final states (channels) based on the number of light leptons and τh
candidates. These seven channels are orthogonal, and are defined as:

• ≥4 light leptons and any number of τh candidates (4L),

• exactly 3 light leptons and ≥1 τh candidates (3L1T),

• exactly 3 light leptons and no τh candidates (3L),

• exactly 2 light leptons and ≥2 τh candidates (2L2T),

• exactly 2 light leptons and exactly 1 τh candidates (2L1T),

• exactly 1 light lepton and ≥3 τh candidates (1L3T), and

• exactly 1 light lepton and exactly 2 τh candidates (1L2T).

In the 4L channel, only the leading four light leptons in pT are used in the subsequent analysis.
Likewise, in the 3L1T, 2L2T, and 1L3T channels, only the leading 1, 2, and 3 τh candidates are
used, respectively. In each channel, at least one muon with pT > 26 (29) GeV in 2016 and 2018
(2017) or at least one electron with pT > 30 (35) GeV in 2016 (2017 and 2018) is required, with
the thresholds set in order to be consistent with the triggers used.

The events in these seven channels are further classified based on several event properties.
This classification is used to enhance sensitivity to particular signal decay chains, or to define
dedicated selections to help constrain the SM backgrounds. The quantities are defined below.

• Scalar momentum sums: We define LT as the scalar pT sum of all charged leptons
that constitute the channel. For example, in the 4L channel, LT is calculated from
the leading four light leptons in pT, while for the 3L1T channel, it is calculated from
the three light leptons and the leading τh. We define HT as the scalar pT sum of all
jets. Additionally, the scalar sum of LT, HT, and pmiss

T is defined as ST. The quantity
LT+pmiss

T is also of interest. For the signal models considered in this analysis, high
signal mass hypotheses give rise to events with high LT, HT, pmiss

T , and ST.

• Charge and flavor combinations: We count the number OSSFn as distinct opposite-
sign (electric charge) same-flavor lepton pairs in an event. Specific lepton pairs are
labeled as OSSF (opposite-sign, same-flavor) and OSDF (opposite-sign, different-
flavor). We define Q` as the sum of charges of all leptons in the event.

• Invariant and transverse masses: We define M` as the invariant mass of all leptons
in the event, and Mmin as the minimum invariant mass of all dilepton pairs in the
event, irrespective of charge or flavor. Additionally, the invariant mass of leptons
i and j is defined as Mij. The transverse mass for a single lepton i is defined as
Mi

T = (2pmiss
T pi

T[1 − cos(~pmiss
T ,~pi

T)])
1/2, where pi

T is the pT of lepton i. Similarly,
Mij

T is defined as the transverse mass calculated with the pmiss
T and the resultant 4-

momentum sum of lepton i and j. The lepton indices run over up to 4 leptons, in
descending pT order.

We define the MOSSF variable in a given event as the OSSF dielectron or dimuon mass
closest to the Z boson mass at 91 GeV [129], subject to some additional constraints,
and label events with MOSSF within 15 GeV of the Z boson mass (76–106 GeV mass
window) as OnZ. Throughout this paper, OSSF1 or OSSF2 events that are not OnZ
are labeled as OffZ. In the 3L event with a distinct OSSF pair (such as in e+e−µ+,
µ+µ−e−), the event is classified as BelowZ, OnZ, or AboveZ if the MOSSF < 76 GeV,
within 76–106 GeV, or >106 GeV, respectively. In the 3L events with two nondistinct
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OSSF pairs (such as in e+e−e+), the events are classified as OnZ if either pair sat-
isfies MOSSF within 76–106 GeV, as BelowZ if both pairs have masses <76 GeV, or
as AboveZ if both pairs have masses >106 GeV. In cases where one pair has mass
<76 GeV and the other pair has mass >106 GeV, the event is classified as MixedZ.

In 3L OSSF1 events, the MT variable is defined as Mi
T, where the lepton i is not

part of the MOSSF pair. In events with three electrons or three muons, the MOSSF
and MT variables are chosen simultaneously so that the event is OnZ, and MT is in
the range 50–150 GeV, where this is kinematically possible. Similarly, in 4L OSSF2
events with four electrons or muons, MOSSF is chosen to give the maximum number
of nonoverlapping OSSF pairs with masses within the Z boson mass window. Such
events are labeled as Single- or Double-OnZ, respectively, depending on whether
they have one or two nonoverlapping OnZ OSSF pairs. Additionally, the pT of the
MOSSF lepton pair is defined as pOSSF

T .

The signal models and the SM backgrounds can have multiple W and Z bosons in
the decay chains. The invariant and transverse mass quantities aid in defining re-
gions to isolate these specific decays. The MOSSF and MT variables primarily isolate
events with Z → `` and W → `ν decays, respectively, while Mij

T is useful in describ-
ing signal events with two visible leptons and pmiss

T , such as ν ′ →Wτ → `τν in the
vector-like lepton doublet model.

• Angular quantities: We define ∆Rmin as the minimum ∆R between all the dilepton
pairings in an event, irrespective of charge or flavor. Similarly, ∆Rτh

min is defined as
the minimum ∆R between any dilepton pair, where at least one of the leptons is
a τh candidate. The quantities ∆φij and ∆ηij are defined as the azimuthal angle or
pseudorapidity difference between the ith and jth lepton, whereas ∆φi is defined to
denote the opening azimuthal angle between lepton i and ~pmiss

T . These are quantities
that help to characterize the topology of the signal and background events.

• Counts: We define Nj as the multiplicity of jets and Nb as the multiplicity of b-tagged
jets satisfying the selection criteria defined earlier.

Finally, all events with Mmin < 12 GeV, ∆Rmin < 0.2, or ∆Rτh
min < 0.5 are vetoed in order to

suppress contributions due to low-mass resonances (J/ψ, Υ) and low-∆R FSR photons.

7 Background estimation
A set of control regions (CRs) dominated by the primary background processes is used for
the purpose of SM background determination. A summary of all the CR definitions is pro-
vided in Table 1. These CRs are utilized to develop and verify a mixture of methods based on
both MC simulations and data: normalizing simulated samples for the dominant irreducible
SM processes, deriving any residual corrections to the simulated samples, and developing the
background estimates based on data for the reducible background contributions. The CRs con-
sist of the following selections: 4L events with two OSSF OnZ pairs and no b jets (4L ZZ CR);
3L events with an OSSF OnZ pair, MT < 150 GeV, and pmiss

T < 125 GeV (3L OnZ CR); 3L OffZ
events with a trilepton mass OnZ and no b jets (3L Zγ CR); and 2L1T events with an OSSF
OnZ pair and pmiss

T < 100 GeV (2L1T MisID τ CR). The 3L OnZ CR is further split into three
subregions with the following criteria: pmiss

T < 100 GeV, MT < 50 GeV, and Nb = 0 (3L MisID
e/µ CR); 50 < MT < 150 GeV, minimum lepton pT > 20 GeV, and Nb = 0 (3L WZ CR);
and pmiss

T < 125 GeV, MT < 150 GeV, minimum lepton pT > 20 GeV, Nb > 0, Nj > 2, and
ST > 350 GeV (3L ttZ CR). Events satisfying any of the CR selection criteria are not considered
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in the SRs.

Table 1: A summary of control regions for the irreducible SM processes Zγ, WZ, ttZ, and ZZ,
and for the misidentified lepton backgrounds. The pmiss

T , MT, the minimum 3L lepton pT (p3
T),

and ST are in units of GeV. The 3L OnZ CR is further split into 3L MisID e/µ CR, 3L WZ CR,
and 3L ttZ CR.

CR name OSSFn MOSSF Nb pmiss
T MT p3

T Other selections
2L1T MisID τ OSSF1 OnZ — <100 — — —

3L Zγ OSSF1 BelowZ 0 — — — Trilepton mass OnZ

3L OnZ OSSF1 OnZ — <125 <150 — —
3L MisID e/µ OSSF1 OnZ 0 <100 <50 — —
3L WZ OSSF1 OnZ 0 <125 50–150 >20 —
3L ttZ OSSF1 OnZ ≥1 <125 <150 >20 Nj > 2, ST > 350

4L ZZ OSSF2 Double-OnZ 0 — — — —

7.1 Irreducible backgrounds

The irreducible backgrounds, as described earlier, arise from processes in which all recon-
structed leptons originate from decays of SM bosons. These contributions are estimated using
simulated event samples, after normalization and validation in dedicated CRs in data for the
major WZ, ZZ, Zγ, and ttZ processes. The normalization correction factors and associated
uncertainties, which include both statistical and systematic contributions, take into account
the contamination of events from other processes, and are applied to the corresponding back-
ground estimates in the SRs. The measurements for the diboson processes are largely inde-
pendent because of the high purity of the corresponding CRs. Since these backgrounds make
significant contributions to the ttZ-enriched CR, the normalization correction for this process
is measured after the corresponding corrections have been obtained for the other backgrounds.

The ZZ → 4` process is the primary background component in the channels with four leptons.
The fraction of ZZ events in the 4L ZZ CR is greater than 99%. We consider the qq → ZZ → 4`
and gg → ZZ → 4` processes collectively, and observe relative normalization uncertainties of
4–5% in each of the three data-taking periods. These uncertainties are dominated by the statis-
tical uncertainties, as the contamination from background processes other than ZZ is negligible
in this CR.

The WZ → 3`ν process is the primary irreducible background source for channels with three
leptons. This background is normalized to data in the 3L WZ CR, where the minimum lep-
ton pT threshold is raised to 20 GeV to suppress the misidentified lepton contributions, and the
selection yields a set of events > 75% pure in WZ. We observe relative normalization uncertain-
ties in the range 3–6% across the three data-taking periods for the WZ → 3`ν process, which
include the statistical and systematic components due to subtraction of background processes
other than WZ.

The ZZ and WZ simulation samples are reweighted as functions of the jet multiplicity as well
as the visible diboson pT to match the simulated distributions to those of the data in these
CRs, where the visible diboson pT is defined as the vector pT sum of the charged leptons in the
event. This accounts for missing higher-order QCD and electroweak corrections, and yields an
improved description of leptonic and hadronic quantities of interest in this analysis.

Production of ttZ is a major irreducible SM background process for all channels with Nb > 0.
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This background is normalized to data in the 3L ttZ CR selection, which is orthogonal to the
3L WZ CR and the misidentified lepton CR selections. Similarly to the selection in the 3L
WZ CR, the minimum lepton pT threshold is raised to 20 GeV to suppress the misidentified
lepton contributions, and the selection yields a set of events ∼60% pure in ttZ. Including
the statistical and systematic uncertainties due to subtraction of other background processes,
we measure relative normalization uncertainties in the range of 20–30% across the three data-
taking periods for the ttZ process.

A smaller background contribution arises from ISR or FSR photons that convert asymmetrically
such that only one of the resultant leptons is reconstructed in the detector, or from misidenti-
fying on-shell photons as electrons. The dominant source of such backgrounds, collectively
referred to as the conversion background, is DY events with an additional photon.The cross
section of this process is normalized in a dedicated 3L Zγ CR, consisting of BelowZ trilepton
events with Nb = 0, where the mass of the trilepton system is within 15 GeV of the Z boson
mass. The CR targets Z → ``+ γ events, where, for example, the photon converts in the detec-
tor and one of the four leptons is too soft to satisfy our lepton selection criteria. This selection
yields a set of events > 70% pure in Zγ. We obtain relative normalization uncertainties of
about 10% across the three data-taking periods, where the quoted value includes the statistical
and systematic components due to subtraction of background processes other than Zγ, as well
as a flavor-dependent component due to varying fractions of internal and external conversions
as a function of electron multiplicity in the events.

Other irreducible processes that are not normalized in a dedicated CR in data are estimated
from simulation samples and normalized to their theoretical cross sections.

In the following figures, diboson backgrounds from WZ and ZZ processes are denoted as
“VV”, whereas the ttZ and ttW contributions are labeled as “ttV”. Background processes
involving a lepton conversion, particularly the Zγ process, are labeled as “Conv.” Other irre-
ducible backgrounds estimated using simulation consist of triboson, Higgs boson, and other
rare SM contributions, and are collectively referred to as “Rare” backgrounds.

7.2 Misidentified lepton backgrounds

The misidentified lepton backgrounds are estimated via a three- or four-dimensional imple-
mentation of a matrix method [130], based on the lepton multiplicity in the targeted signal
selections in data. The matrix method defines a set of sideband regions for each SR based on
the isolation properties of the selected lepton objects in each event. Leptons in the SR selections
satisfy the tight lepton definitions given in Section 5, whereas the sideband selections are de-
fined by loose criteria with relaxed isolation requirements (<1.0 relative isolation for electrons
and muons, and a relaxed working point of the DEEPTAU algorithm for τh), but are otherwise
identical to the tight lepton criteria. Therefore, for a 3 (4) lepton event in an SR, the matrix
method uses an additional 7 (15) nonoverlapping sideband regions with at least one lepton
failing the tight isolation criteria. The sideband regions are therefore orthogonal to the SRs
by construction. The probabilities with which prompt- and misidentified lepton candidates
pass the tight selection, given that they satisfy the loose selection, are denoted as prompt and
misidentification rates, respectively. These are measured as a function of various kinematic
features of leptons and hadronic properties of events that impact the lepton isolation. These
rates are used in the extrapolation from the sideband regions to the SR. This extrapolation is
performed for each event, where the contamination due to prompt leptons that fail the tight
lepton selection criteria is also corrected for. Because of the isolation requirements used in the
single-lepton triggers, background contributions with up to 2 (3) simultaneous misidentified
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leptons in 3 (4) lepton events can be predicted by this implementation of the matrix method.
The fraction of signal events where all lepton candidates are misidentified is found to be negli-
gible in simulation based studies.

The prompt rates are measured using a “tag-and-probe” method [131] in various dilepton event
selections. In data, prompt rates for electrons and muons are studied in a DY-enriched OnZ
OSSF ee and µµ events, respectively. Similarly, prompt rates for τh candidates are studied
in a DY-enriched set of opposite-sign eτh and µτh events. In simulation, the prompt rates
are measured in DY and tt MC samples, using reconstructed leptons kinematically matched
to generator-level prompt leptons (∆R < 0.2). The measured prompt rates are primarily
parametrized as a function of the lepton pT and |η|. Prompt rates for electrons and muons
vary from about 65% at pT ∼ 10 GeV to about 95% at 40 GeV and above. For one- (three-) prong
τh candidates, the prompt rates are about 50–70% (30–70%) in the pT range of 20–50 GeV. The
final prompt rates for all lepton flavors are based on the DY-enriched data measurements, and
the differences between rates derived from DY and tt MC simulations are taken as an estimate
of the associated systematic uncertainty, accounting for the dependence of prompt rates on
hadronic activity. Prompt rate uncertainties are found to be unimportant in the matrix method,
and the corresponding impact on the misidentified lepton background estimate is negligible.

The DY+jets and tt+jets processes are the dominant SM contributions to the total misidentified
lepton background in multilepton events. However, different gluon, light quark, and heavy
quark compositions, as well as different event kinematic properties of these two processes,
yield misidentification rates that may differ by up to 50% from each other for a given lepton
flavor. Therefore, dedicated data and MC measurements are performed for both processes. A
variant of the tag-and-probe method is used for the measurement of the misidentification rates.
In both 3L and 2L1T MisID CRs, the OnZ leptons are taken as the tag leptons, and the additional
lepton is taken as the misidentified lepton probe, e.g., eeµ and µµµ events are used to measure
muon misidentification rates, while eeτh and µµτh events are used to measure the τh misiden-
tification rates. In measurements conducted in data, contributions due to prompt probe leptons
are estimated and subtracted using MC simulation. Misidentification rates obtained in simu-
lated tt+jets samples are verified in dedicated data CRs enriched in such contributions, where
one lepton is required to fail the three-dimensional impact parameter significance requirement
or the b tag veto described in Section 5.

The lepton misidentification rates are also parametrized as functions of the lepton pT and |η|.
The τh rates are further split for one- and three-prong objects. The central value of the misiden-
tification rates for each lepton flavor is corrected for the recoil of the event, where the recoil is
defined as a function of the vector sum of the pT of all other leptons, jets, and pmiss

T in the event.
These recoil-based corrections improve the modeling of misidentified lepton backgrounds in
DY+jets events, in which the misidentified lepton often originates from a jet recoiling against
the leptonically decaying Z boson system. Similarly, the misidentification rates are corrected
as a function of the multiplicity of tracks originating from the PV and the jet multiplicity.

The final misidentification rates for all lepton flavors are obtained by a weighted average of the
DY- and tt-based measurements. These are evaluated according to the expected DY-tt compo-
sition of the MisID background, as obtained from simulated samples in each SR category and
for each b-tagged jet multiplicity. These DY and tt MC samples use normalization factors mea-
sured in dedicated dilepton control regions. Half of the difference between rates derived from
DY- and tt-based measurements is assigned as a systematic uncertainty to allow for inaccurate
modeling of the expected background composition. Typical electron and muon misidentifica-
tion rates, relative to the loose selection, are in the range of 5–30%, whereas those of τh objects
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Figure 4: The distributions of MT in 3L OnZ CR (upper left), visible diboson pT in 4L ZZ CR
(upper right), pmiss

T in 2L1T MisID CR (lower left), and HT in 3L ttZ CR (lower right) events.
The rightmost bin contains the overflow events in each distribution. The lower panel shows
the ratio of observed events to the total expected background prediction. The gray band on
the ratio represents the sum of statistical and systematic uncertainties in the SM background
prediction.

are found to be in the range of 1–15%.

Figure 4 shows a selection of kinematic distributions in the various control regions, with the
sum of statistical and systematic uncertainties in the SM background prediction, as described
in Section 9. The data are observed to be in agreement with the SM prediction.

8 Signal regions
The multilepton events that have been selected in the seven channels following the description
in Sections 5 and 6 are now categorized into two alternative SRs. This categorization is done
either in a model-independent way, based on the characteristics of the SM backgrounds, or in
a model-dependent way, based on the output of BDTs trained specifically for particular signal
hypotheses.

Figure 5 illustrates LT, pmiss
T , and HT distributions in the full multilepton phase space, and the

MOSSF distribution in channels with at least one OSSF light lepton pair. In each distribution, a
benchmark signal hypothesis distribution is overlaid to allow a comparison of shapes between
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signal and background. The plots include the sum of statistical and systematic uncertainties
in the SM background prediction, as described in Section 9, and the data are found to be in
agreement with the SM prediction.
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Figure 5: The distributions of LT (upper left), pmiss
T (upper right), and HT (lower left) in all

seven multilepton channels, and MOSSF (lower right) in channels with at least one light lepton
pair (4L, 3L1T, 3L, 2L2T, and 2L1T). The rightmost bin contains the overflow events in each
distribution. The lower panel shows the ratio of observed events to the total expected back-
ground prediction. The gray band on the ratio represents the sum of statistical and systematic
uncertainties in the SM background prediction. As illustrative examples, a signal hypothesis
for the production of the vector-like τ lepton in the doublet scenario of mτ ′ = 1 TeV and a scalar
leptoquark coupled to a top quark and a τ lepton of mS = 1 TeV are overlaid in the LT and HT
distributions respectively. Similarly, a signal hypothesis for the production of the type-III see-
saw heavy fermions in the flavor-democratic scenario of mΣ = 1 TeV is overlaid for the pmiss

T
and MOSSF distributions.

8.1 Model-independent selections

The model-independent SRs are defined by splitting the channels into various lepton charge
and flavor combinations, mass variables, and kinematic regions depending on the dominant
SM background processes. This categorization allows the complete utilization of multilepton
events collected, such that any event that does not populate a CR contributes to an SR. Explic-
itly, events selected for the CRs, which are used in the estimation of major SM backgrounds as
described in Section 7, are not used in any of the SRs.
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Table 2: Fundamental scheme of event categorization, as a function of lepton charge combina-
tions and mass variables. The mass categorizations refer to masses of OSSF pairs if present,
and of OSDF pairs otherwise, as explained in the text. For categorization purposes, all possible
opposite-sign dielectron and dimuon pair masses in the event are considered, whereas only
the largest mass in the event is considered for all other opposite-sign pairs. Only the dielectron
and dimuon pairs are considered to tag events as OnZ. The 1L3T OSSF0 and OSSF1 events are
combined into a single category. Disallowed categories are marked with “—”.

OSSF0 OSSF1 OSSF2
BelowZ AboveZ SS OnZ BelowZ AboveZ MixedZ Single-OnZ Double-OnZ OffZ

3L
Low pT/MT A1 A1 A2 A3 A4 A5 A6 — — —
High pT/MT A7 A7 A8 A9 A10 A11 A12 — — —

2L1T
Low pT B1 B2 B3 B4 B5 B6 — — — —
High pT B7 B8 B9 B10 B11 B12 — — — —

1L2T C1 C2 C3 — C4 C5 — — — —

4L D1 D1 D1 D2 D3 D3 D3 D4 D5 D6
3L1T E1 E1 E1 E2 E3 E3 E3 — — —
2L2T F1 F1 F1 F2 F2 F2 — F3 — F4
1L3T G1 G1 G1 — G1 G1 — — — —

The SRs are designed to separate regions where signs of BSM models could appear from regions
dominant in SM background processes. The most easily distinguishable feature is the presence
of a Z boson candidate, determined using OSSFn and MOSSF. The ZZ and the WZ processes can
be separated by additional requirements on MT in the event. Similarly, the MisID background
can be separated using the minimum lepton pT. Further selections on Nb give SR regions that
have significant contributions from ttZ.

Based on the idea of the broad categorization described above, we have a fundamental scheme
with 43 orthogonal selections labeled A1–G1, as summarized in Table 2. The primary classifica-
tion is done based on OSSFn, with n being 2, 1, or 0. We also define another scheme, labeled the
advanced scheme, which builds on the fundamental scheme, but adds further categories. Each
of the 43 fundamental scheme categories is first split into up to three b tag multiplicity regions.
The categories with 0 b tag, 1 b tag, and 2 or more b tag multiplicities are denoted by 0B, 1B,
and 2B respectively, in all the subsequent tables and figures. Furthermore, each category in a
given b tag multiplicity region is split in up to four bins, using a binary low/high pmiss

T criterion
and an HT requirement. This results in a total of 204 orthogonal categories.

Events where an OSSF light lepton pair is not found, but an OSSF ττ pair is found, are cat-
egorized as BelowZ or AboveZ with respect to the Z pole mass (91 GeV) using the ττ pair
mass. This is done since a resonance will not appear at the Z pole mass because of the neutrino
emitted in the τ lepton decays. In OSSF0 events, an OSDF pair is sought, and the event is cate-
gorized as BelowZ or AboveZ (as for ττ events) based on the OSDF pair with the largest mass.
Events with no OSSF or OSDF pairs are classified as same-sign (SS) events.

The 3L channel is further split into two categories, based on the value of either MT or the
minimum lepton pT. In the 3L OnZ channel, an MT > 125 GeV criterion is used for a binary
low or high classification, whereas a lepton pT > 25 GeV criterion is used for the rest of the 3L
channel. The 2L1T channel is split into a similar binary classification based on the τh candidate
pT > 50 GeV criterion.

In order to be sensitive to a large class of BSM models in each of the 43 categories of the fun-
damental scheme, an LT+pmiss

T distribution is obtained in 200 GeV wide bins, with the last bin
being inclusive for all higher values. This results in 156 LT+pmiss

T bins. The combined spectrum
(across all 43 categories) gives the fundamental LT+pmiss

T table. The width of bins in the spec-



8.1 Model-independent selections 17

trum is chosen to provide smooth and monotonic expected background behavior, while still
retaining sensitivity to nonresonant models. The first and last bins of the LT+pmiss

T distribution
are chosen with the requirement that the per-bin expected background yield is more than 0.5
events to ensure robustness in statistical interpretations.

The second table, labeled the fundamental ST table, is identical to the first table except that we
use the ST distribution in each category, where ST is the scalar sum of LT, HT, and pmiss

T , also in
200 GeV wide bins, resulting in 257 bins. This table provides sensitivity to signal models with
energetic jets, such as leptoquarks, whereas the LT+pmiss

T table is optimized for models without
significant hadronic activity, such as vector-like lepton and type-III seesaw scenarios.

For the third and final table, we use ST as the final discriminating variable, binned in 200 GeV
increments, in the advanced scheme categorization resulting in 805 bins. This table, labeled the
advanced ST table, provides improved sensitivity to a wide array of BSM signals with masses
at the electroweak scale.

The binning in all the schemes is described in Tables 3–6. Each table is produced separately for
each year of data collection, resulting in a total of 468 bins in the fundamental LT+pmiss

T table
scheme, 771 bins in the fundamental ST table scheme, and 2415 bins in the advanced ST table
scheme, for the combined 2016–2018 data set.
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Table 3: The binning of LT+pmiss
T and ST distributions for the fundamental scheme in the 3L

channel, and the binning of ST distribution for the advanced scheme in the 3L channel. The
categorization is described in Table 2. The ranges, as well the pmiss

T and HT requirements, are
given in GeV. The first bins in the LT+pmiss

T or ST range contain the underflow, the last bins
contain the overflow.

Fundamental Tables Advanced Table Advanced Table Advanced Table
LT+pmiss

T ST 0B 1B 2B
Cat. Range Bins Range Bins pmiss

T HT ST Range Bins pmiss
T ST Range Bins ST Range Bins

A1 [0, 800] 1–4 [50, 1650] 1–8 <125 <150 [100, 700] 1–3 <125 [100, 1100] 189–193 [50, 1250] 291–296
<125 >150 [200, 1000] 4–7
>125 <150 [250, 650] 8–9 >125 [150, 1350] 194–199
>125 >150 [350, 1150] 10–13

A2 [50, 450] 5–6 [150, 750] 9–11 — — [150, 750] 14–16 — — — — —

A3 [50, 1650] 7–14 [150, 2750] 12–24 >125 <150 [50, 1450] 17–23 >125 [300, 2100] 200–208 [350, 1750] 297–303
>125 >150 [250, 2650] 24–35

A4 [100, 900] 15–18 [50, 1850] 25–33 <125 <150 [50, 650] 36–38 <125 [0, 1200] 209–214 [100, 1300] 304–309
<125 >150 [150, 1350] 39–44
>125 <150 [100, 700] 45–47 >125 [100, 1500] 215–221
>125 >150 [300, 1500] 48–53

A5 [150, 1150] 19–23 [0, 1800] 34–42 <125 <150 [0, 1000] 54–58 <125 [100, 1100] 222–226 [100, 1300] 310–315
<125 >150 [150, 1150] 59–63
>125 <150 [100, 900] 64–67 >125 [200, 1200] 227–231
>125 >150 [300, 1300] 68–72

A6 [50, 850] 24–27 [0, 1400] 43–49 <125 <150 [50, 650] 73–75 <125 [150, 950] 232–236 [300, 1100] 316–319
<125 >150 [200, 1000] 76–79
>125 <150 [200, 800] 80–82 >125 [350, 1150] 237–239
>125 >150 [500, 1100] 83–85

A7 [0, 1000] 28–32 [150, 1750] 50–57 <125 <150 [50, 650] 86–88 <125 [150, 1150] 240–244 [150, 1350] 320–325
<125 >150 [150, 950] 89–92
>125 <150 [150, 750] 93–95 >125 [350, 1350] 245–249
>125 >150 [350, 1350] 96–100

A8 [100, 500] 33–34 [50, 650] 58–60 — — [50, 650] 101–103 — — — — —

A9 [150, 1350] 35–40 [150, 2150] 61–70 <125 <150 [150, 2150] 104–108 <125 [300, 1300] 250–254 [450, 1250] 326–329
<125 >150 [400, 1800] 109–115
>125 <150 [200, 1000] 116–119 >125 [350, 1350] 255–259
>125 >150 [500, 1700] 120–125

A10 [100, 1100] 41–45 [0, 1800] 71–79 <125 <150 [0, 800] 126–129 <125 [150, 1150] 260–264 [250, 1250] 330–334
<125 >150 [200, 1400] 130–135
>125 <150 [150, 950] 136–139 >125 [300, 1300] 265–269
>125 >150 [300, 1500] 140–145

A11 [0, 1400] 46–52 [50, 2050] 80–89 <125 <150 [50, 1250] 146–151 <125 [200, 1400] 270–275 [200, 1600] 335–341
<125 >150 [200, 1600] 152–158
>125 <150 [200, 1200] 159–163 >125 [300, 1500] 276–281
>125 >150 [400, 1800] 164–170

A12 [100, 1100] 53–57 [150, 1750] 90–97 <125 <150 [100, 900] 171–174 <125 [100, 1100] 282–286 [350, 1150] 342–345
<125 >150 [250, 1450] 175–180
>125 <150 [300, 900] 181–183 >125 [500, 1300] 287–290
>125 >150 [450, 1450] 184–188
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Table 4: The binning of LT+pmiss
T and ST distributions for the fundamental scheme in the 2L1T

channel, and the binning of ST distribution for the advanced scheme in the 2L1T channel. The
categorization is described in Table 2. The ranges, as well as the pmiss

T and HT requirements, are
given in GeV. The first bins in the LT+pmiss

T or ST range contain the underflow, and the last bins
contain the overflow.

Fundamental Tables Advanced Table Advanced Table Advanced Table
LT+pmiss

T ST 0B 1B 2B
Cat. Range Bins Range Bins pmiss

T HT ST Range Bins pmiss
T ST Range Bins ST Range Bins

B1 [100, 700] 58–60 [100, 1300] 98–103 <100 <150 [150, 550] 346–347 <100 [0, 800] 489–492 [150, 950] 571–574
<100 >150 [250, 850] 348–350
>100 <150 [0, 600] 351–353 >100 [100, 1100] 493–497
>100 >150 [350, 1150] 354–357

B2 [50, 850] 61–64 [0, 1600] 104–111 <100 <150 [50, 650] 358–360 <100 [50, 1050] 498–502 [150, 1150] 575–579
<100 >150 [300, 1100] 361–364
>100 <150 [200, 800] 365–367 >100 [250, 1250] 503–507
>100 >150 [300, 1300] 368–372

B3 [100, 500] 65–66 [150, 750] 112–114 — — [150, 750] 373–375 — — — — —

B4 [150, 950] 67–70 [0, 1800] 115–123 >100 <150 [50, 750] 376–379 >100 [200, 1200] 508–512 [250, 1050] 580–583
>100 >150 [400, 1600] 380–385

B5 [100, 700] 71–73 [50, 1250] 124–129 <100 <150 [150, 550] 386–387 <100 [50, 850] 513–516 [50, 1050] 584–588
<100 >150 [100, 1100] 388–392
>100 <150 [0, 600] 393–395 >100 [100, 900] 517–520
>100 >150 [300, 1100] 396–399

B6 [0, 1000] 74–78 [150, 1550] 130–136 <100 <150 [50, 850] 400–403 <100 [150, 1150] 521–525 [250, 1050] 589–592
<100 >150 [200, 1200] 404–408
>100 <150 [200, 800] 409–411 >100 [250, 1250] 526–530
>100 >150 [300, 1300] 412–416

B7 [100, 700] 79–81 [50, 1250] 137–142 <100 <150 [150, 550] 417–418 <100 [100, 700] 531–533 [400, 800] 593–594
<100 >150 [150, 750] 419–421
>100 <150 [150, 550] 422–423 >100 [250, 1050] 534–537
>100 >150 [350, 1150] 424–427

B8 [0, 1000] 82–86 [150, 1750] 143–150 <100 <150 [150, 750] 428–430 <100 [100, 1100] 538–542 [350, 1350] 595–599
<100 >150 [250, 1050] 431–434
>100 <150 [150, 950] 435–438 >100 [250, 1450] 543–548
>100 >150 [250, 1450] 439–444

B9 [100, 500] 87–88 [100, 700] 151–153 — — [100, 700] 445–447 — — — — —

B10 [250, 1250] 89–93 [200, 2000] 154–162 >100 <150 [100, 1100] 448–452 >100 [250, 1250] 549–553 Incl. 600
>100 >150 [400, 2000] 453–460

B11 [100, 900] 94–97 [50, 1450] 163–169 <100 <150 [100, 700] 461–463 <100 [100, 900] 554–557 [250, 950] 601–603
<100 >150 [250, 1050] 464–467
>100 <150 [150, 750] 468–470 >100 [250, 1050] 558–561
>100 >150 [400, 1200] 471–474

B12 [50, 1050] 98–102 [150, 1750] 170–177 <100 <150 [100, 900] 475–478 <100 [200, 1000] 562–565 [400, 1000] 604–606
<100 >150 [350, 1150] 479–482
>100 <150 [300, 900] 483–485 >100 [350, 1350] 566–570
>100 >150 [600, 1200] 486–488
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Table 5: The binning of LT+pmiss
T and ST distributions for the fundamental scheme in the 1L2T

channel, and the binning of ST distribution for the advanced scheme in the 1L2T channel. The
categorization is described in Table 2. The ranges, as well as the pmiss

T and HT requirements, are
given in GeV. The first bins in the LT+pmiss

T or ST range contain the underflow, and the last bins
contain the overflow.

Fundamental Tables Advanced Table Advanced Table Advanced Table
LT+pmiss

T ST 0B 1B 2B
Cat. Range Bins Range Bins pmiss

T HT ST Range Bins pmiss
T ST Range Bins ST Range Bins

C1 [100, 500] 103–104 [100, 900] 178–181 <75 <75 [0, 400] 607–608 <75 [100, 500] 657–658 [200, 600] 684–685
<75 >75 [200, 600] 609–610
>75 <75 Incl. 611 >75 [100, 700] 659–661
>75 >75 [150, 750] 612–614

C2 [150, 750] 105–107 [100, 1100] 182–186 <75 <75 [150, 750] 615–616 <75 [50, 650] 662–664 [100, 900] 686–689
<75 >75 [100, 700] 617–619
>75 <75 [150, 750] 620–622 >75 [200, 800] 665–667
>75 >75 [300, 900] 623–625

C3 [50, 450] 108–109 [150, 550] 187–188 — — [150, 550] 626–627 — — — — —

C4 [50, 850] 110–113 [100, 1700] 189–196 <75 <75 [0, 600] 628–630 <75 [0, 800] 668–671 [200, 1000] 690–693
<75 >75 [150, 950] 631–634
>75 <75 [150, 750] 635–637 >75 [150, 1150] 672–676
>75 >75 [150, 1350] 638–643

C5 [50, 850] 114–117 [150, 1350] 197–202 <75 <75 [0, 600] 644–646 <75 [150, 750] 677–679 [200, 800] 694–696
<75 >75 [250, 850] 647–649
>75 <75 [50, 650] 650–652 >75 [200, 1000] 680–683
>75 >75 [300, 1100] 653–656

Table 6: The binning of LT+pmiss
T and ST distributions for the fundamental scheme in the 4L,

3L1T, 2L2T, and 1L3T channels, and the binning of ST distribution for the advanced scheme in
the 4L, 3L1T, 2L2T, and 1L3T channels. The categorization is described in Table 2. The ranges,
as well as the pmiss

T and HT requirements, are given in GeV. The first bins in the LT+pmiss
T or ST

range contain the underflow, and the last bins contain the overflow. For the 3L1T and 2L2T
channels, multiple categories in the 1B or 2B selections are combined. These bins are marked
with a single- or a double-dagger. For the 1L3T channel, all the b tag categories are combined
and the corresponding bins are marked with an asterisk.

Fundamental Tables Advanced Table Advanced Table Advanced Table
LT+pmiss

T ST 0B 1B 2B
Cat. Range Bins Range Bins pmiss

T HT ST Range Bins pmiss
T ST Range Bins ST Range Bins

D1 Incl. 118 Incl. 203 — — Incl. 697 — — — — —

D2 [150, 950] 119–122 [0, 1400] 204–210 <75 <50 [150, 550] 698–699 <75 [200, 800] 739–741 [400, 1000] 765–767
<75 >50 [200, 1000] 700–703
>75 <50 [100, 700] 704–706 >75 [300, 1100] 742–745
>75 >50 [250, 1050] 707–710

D3 [150, 750] 123–125 [150, 950] 211–214 <75 <50 [0, 400] 711–712 — [250, 850] 746–748 Incl. 768
<75 >50 Incl. 713
>75 — Incl. 714

D4 [50, 1250] 126–131 [100, 1500] 215–221 <75 <50 [0, 1000] 715–719 <75 [100, 900] 749–752 [250, 1050] 769–772
<75 >50 [150, 1150] 720-724
>75 <50 [150, 750] 725–727 >75 [250, 1050] 753–756
>75 >50 [400, 1200] 728–731

D5 [100, 700] 132–134 [50, 1050] 222–226 — — — — <75 [100, 900] 757–760 Incl. 773
— — — — >75 Incl. 761

D6 [0, 800] 135–138 [100, 1100] 227–231 <75 <50 [0, 600] 732–734 — [150, 750] 762–764 Incl. 774
<75 >50 [150, 750] 735–737
>75 — Incl. 738

E1 [100, 500] 139–140 [250, 650] 232–233 — — Incl. 775 — [150, 950] 795–798 † [250, 850] 802–804 †

E2 [100, 900] 141–144 [50, 1250] 234–238 — — [100, 1100] 776–780 — [150, 950] 795–798 † [250, 850] 802–804 †

E3 [150, 750] 145–147 [0, 1000] 239–244 — — [0, 800] 781–784 — [150, 950] 795–798 † [250, 850] 802–804 †

F1 Incl. 148 [50, 450] 245–246 — — Incl. 785 — [200, 800] 799–801 ‡ Incl. 805 ‡

F2 [150, 550] 149–150 [100, 700] 247–249 — — [150, 550] 786–787 — [200, 800] 799–801 ‡ Incl. 805 ‡

F3 [100, 700] 151–153 [150, 950] 250–253 — — [100, 900] 788–791 — [200, 800] 799–801 ‡ Incl. 805 ‡

F4 [150, 550] 154–155 [200, 800] 254–256 — — [150, 550] 792–793 — [200, 800] 799–801 ‡ Incl. 805 ‡

G1 Incl. 156 Incl. 257 — — Incl. 794∗ — Incl. 794∗ Incl. 794∗
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8.2 Model-dependent selections

The model-dependent SRs are defined by employing BDTs that are trained to discriminate a
specific signal from the SM backgrounds. We have used the BDT implementation from the
TMVA package [132]. Individual BDTs for specific model scenarios and for each year of data
collection are trained to discriminate the signal process from the major SM backgrounds (WZ,
ZZ, DY, tt , and Zγ).

8.2.1 Discriminant training

The BDT training process consider all multilepton events that pass the event selection, and
are performed separately for each year of data collection. Events passing the CR selections
are removed from the training process, but are used to validate the modeling of BDT input
variables and the outputs of the trained BDTs.

For each of the three data-taking periods, BDTs are trained using statistically independent sim-
ulated event samples of signal and background from the other two periods. The misidentified
lepton background contributions used for training the BDT are taken from the DY and tt MC
samples; hence the training does not employ the sideband events in data used to predict the
misidentified lepton backgrounds.

The properties of the targeted BSM models vary considerably across the probed 0.1 to 2.0 TeV
mass range, and may depend explicitly on lepton flavor. To address this, we define small win-
dows in signal mass, combining a few neighboring signal mass hypotheses in a single training,
yielding three mass-range-specific BDTs for each signal.

For the vector-like lepton model, a single BDT is trained using both the doublet and singlet
scenarios. For the type-III seesaw model, separate BDTs are trained for the flavor-democratic
(Be = Bµ = Bτ ) scenario and for the Bτ = 1 scenario. Similarly, for the leptoquark model,
two separate BDTs are trained for the models with couplings to τ leptons (Bτ = 1) and light
leptons (Be + Bµ = 1).

A combination of up to 48 object- and event-level quantities are used as input variables to the
model-specific trainings. These include pT, invariant masses, angular variables, lepton charge
and flavor, and b-tagged jet multiplicities, as described in Section 6. A full list of the quantities
used in the BDT training process is provided in Table 7.

Table 7: Input variables used for the BDTs trained for the various BSM models. Note that the
indices i, j run over the leptons of all flavors (i, j = 1, 2, 3, 4) in a given event. If a given variable
is not defined in a given channel, the variable is set to a nonphysical default value for signal
and background processes, and plays no role in training.

Variable type Used for
All signals Vector-like lepton Seesaw and leptoquarks

Event HT, pmiss
T , Nb , M` Q` LT, pi

T/LT, LT/ST, HT/ST, pmiss
T /ST

Lepton pi
T, pOSSF

T

Angular ∆Rmin Max, Min: ∆φi, Max, Min: ∆φij Max: ∆ηij

Mass Mi
T Mij, M12

T , M13
T , M23

T

All BDTs used for each BSM model have 800 trees with a maximum depth of 10, and utilize
a minimum node size of 1.5% with 10 steps during node cut optimization. The GradientBoost
algorithm is chosen for boosting the trees. The BDT hyperparameters, as well as the choices of
training strategy described here have been optimized to give the largest background rejection
for a given signal efficiency in the training samples. This optimization is done while ensuring
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that the performance of the BDTs in orthogonal testing data sets matches the training perfor-
mance, and that the performance in testing data sets does not change significantly for small
changes in the BDT hyperparameters.

To summarize, for the vector-like lepton model, three mass ranges and thus three BDTs are
trained per year of data taking. For the type-III seesaw and leptoquark models, three mass
ranges with two flavor scenarios in each range are considered, giving six BDTs each per year.

8.2.2 Discriminant application

The BDT of a given signal model training provides a score in the range of (−1, 1), with the
interval close to 1 associated with the highest sensitivity to the signal. Therefore, we define
a number of variable-width regions across the BDT score, with narrower regions defined on
the high score side. To further increase signal sensitivity, the BDT scores in the three-lepton
(3L, 2L1T, 1L2T) channels are combined into a single distribution; similarly the BDT scores in
the four-lepton (4L, 3L1T, 2L2T, 1L3T) channels are combined into one distribution as well.
This procedure is applied to each year separately in order to achieve optimal signal-to-noise
ratio, with bin widths chosen in each year to obtain uniformly increasing expected background
yields. This defines the BDT regions in which we perform counting experiments.

We denote signal-specific BDTs by SS, VLL, and LQ for the type-III seesaw, vector-like lep-
ton, and leptoquark models, respectively. The various mass ranges are denoted by L (low), M
(medium), and H (high). For each signal mass hypothesis, the performance from every mass-
range BDT of that signal model is considered, and the BDT that gives the best expected exclu-
sion is chosen for that mass in the evaluation. Occasionally this leads to mismatched training
and application mass ranges. For example, a vector-like τ lepton of mτ ′ = 500 GeV is used in
the VLL-M training, but the best expected performance at mτ ′ = 500 GeV is achieved from the
VLL-H training, and therefore is used for its application. This behavior can be attributed to
the larger acceptance and population of events from higher mass samples in the tails of sen-
sitive variables such as LT, pmiss

T etc., which benefits the signal versus background separation.
A summary of all these mass ranges for the individual BDTs used in the training and for the
application for each model can be found in Table 8.

Table 8: Signal mass points as used in the training of BDTs and the masses for which the specific
trained BDT is applied in the SRs according to the best sensitivity. The labels L, M, and H denote
low, medium, and high mass ranges, respectively.

BDT Trained using masses (GeV) Applied for masses (GeV)
Type-III seesaw
SS-L 200, 300 200, 300
SS-M 400, 550, 700, 850 400, 550
SS-H 1000, 1250 700 and higher

Vector-like lepton
VLL-L 100, 150, 200 100, 150, 200
VLL-M 300, 500 250, 300, 350, 400
VLL-H 650, 700, 800 450 and higher

Leptoquarks
LQ-L 300, 400 300, 400
LQ-M 500, 600, 700 500, 600, 700
LQ-H 1200, 1300, 1400 800 and higher
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Figure 6: Distributions of BDT score from the SS-M Be = Bµ = Bτ BDT are shown for the
3L+2L1T CR (left), and the 4L ZZ CR (right). The 3L+2L1T CR consists of the 3L OnZ, 3L
Zγ, and 2L1T MisID CRs. The lower panel shows the ratio of observed events to the total
expected background prediction. The gray band on the ratio represents the sum of statistical
and systematic uncertainties in the SM background prediction.

Figure 6 shows the output from the SS-M BDT in the flavor-democratic scenario, with statistical
and systematic uncertainties in the SM background prediction, as described in Section 9. The
BDT output is shown in the 4L ZZ CR, and in the combined 3L OnZ, 3L Zγ and 2L1T MisID
CRs, and the data are observed to be in good agreement with the expected SM background
prediction.

9 Systematic uncertainties
All background and signal estimates have uncertainties due to the finite number of events in
simulated samples or data sidebands. These statistical uncertainties are typically small, as we
utilize large MC samples or data sidebands, but are nonetheless propagated to the analysis.

The fractional inclusive normalization uncertainties for WZ, Zγ, ttZ, and ZZ backgrounds
are 3–5, 10, 15–25, and 4–5% respectively, in all three years of data collection. For all other
background processes, a 50% flat systematic uncertainty is assigned to the theoretical cross
section estimates at LO or NLO to cover any higher-order effects, as well as the renormalization
and factorization scale uncertainties.

Systematic uncertainties arise from the corrections applied to the background and signal simu-
lations for lepton reconstruction, isolation, and trigger efficiencies; b tagging efficiency; pileup
modeling; electron and jet energy resolution; and electron, muon, τ leptons, jet, and unclus-
tered energy scale measurements. The uncertainties in such corrections typically correspond
to 1–10% variation in the simulation-based irreducible background and signal yields across all
SRs. Similarly, uncertainties due to choices of factorization and renormalization scales [133]
and PDFs [108, 109] are also evaluated for signal and dominant irreducible background pro-
cesses, yielding variations smaller than 10% in the SRs. The uncertainties in the diboson pT and
jet multiplicity modeling in the WZ and ZZ MC samples typically yield variations in the range
of 5–15 and 5–30%, respectively. The electron charge misidentification rate is also corrected in
a dedicated DY-enriched dielectron selection of data events, and a 30% relative uncertainty is
assigned to it. The integrated luminosities of the 2016, 2017, and 2018 data-taking periods are
individually known with uncertainties in the 1.2–2.5% range [134–136], while the total 2016–
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2018 integrated luminosity has an uncertainty of 1.6%.

The uncertainty in the misidentified lepton background, which is estimated from data via the
matrix method, is dominated by the uncertainties in the lepton misidentification rates. The
relative statistical uncertainties in the measurement of the misidentification rates are typically
in the 10–30% range. As we use an extrapolation of electron and muon misidentification rate
measurements for pT > 50 GeV and τh misidentification rate measurements for pT > 80 GeV,
we double these uncertainties and assign a flat 60% relative uncertainty for all high-pT leptons.
In summary, lepton misidentification rates have typical relative uncertainties of 10, 30, and
60% in the low, medium, and high lepton pT regions, respectively, where low is defined as
(10 < pT < 20 GeV for light leptons, 10 < pT < 30 GeV for τh), medium is (20 < pT < 50 GeV
for light leptons, 30 < pT < 80 GeV for τh), and high is (pT > 50 GeV for light leptons, pT >
80 GeV for τh). These result in variations in the range of 20–50% of the misidentified lepton
background contribution estimates, and these nuisances are also kept uncorrelated in each of
the three data-taking periods. In addition, we consider process-dependent uncertainties in the
lepton misidentification rates. These are estimated by comparing the misidentification rates
observed in the DY- and tt-enriched measurements, and are typically in the range of 5–25%
and correlated across the data-taking periods.

In order to account for different compositions of misidentified lepton origins in multilepton
events with and without b-tagged jets, the systematic uncertainties in the misidentified lepton
backgrounds in different table categories and b-tagged jet multiplicities, as well as BDT regions,
are taken to be uncorrelated. The uncertainties in the diboson pT and jet multiplicity modeling
in the WZ and ZZ MC samples are taken to be uncorrelated between the different channels.
All other systematic uncertainties are taken to be correlated across all table categories, BDT
regions, and channels.

The uncertainty sources, the affected processes, the resulting uncertainty in the yield of those
processes, and the correlations across the data-taking periods are summarized in Table 9.

10 Results
The LT+pmiss

T distributions of the fundamental table scheme for all channels with the combined
2016–2018 data set are shown in Fig. 7, where each histogram bin corresponds to an orthogonal
LT+pmiss

T bin in regions defined by the fundamental table scheme. Similarly, the ST distribu-
tions of the fundamental table scheme and the advanced table scheme are shown in Fig. 8, and
Figs. 9–12, respectively.

The BDT region distributions for the two highest mass BDTs for the 3-lepton channels (3L,
2L1T, 1L2T) and the 4-lepton channels (4L, 3L1T, 2L2T, 1L3T) with the combined 2016–2018
data set for the type-III seesaw model with Be = Bµ = Bτ and Bτ = 1 couplings are shown in
Figs. 13–14 and 15–16, respectively. Similarly, distributions for the doublet vector-like lepton,
leptoquarks with Bτ = 1 couplings, and leptoquarks with Be +Bµ = 1 couplings are shown in
Figs. 17–18, 19–20, and 21–22, respectively.

Across all the channels considered, we find agreement between the data and the predictions
of the SM background. No significant excess of data consistent with the models we probe is
observed. We perform goodness-of-fit tests in each of the model-independent SR table schemes
based on the saturated model method [137] to quantify the deviations between the background-
only hypothesis and the observed data. The fundamental LT+pmiss

T , ST, and the advanced ST
schemes have global p-values [138] of 0.67, 0.53, and 0.11, respectively, consistent with the
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Table 9: Sources, magnitudes, effective variations, and correlation properties of systematic un-
certainties in the SRs. Uncertainty sources marked as “Yes” in the Correlation column have
their nuisance parameters correlated across the 3 years of data collection.

Uncertainty source Magnitude Type Processes Variation Correlation
Statistical 1–100% per event All MC samples 1–100% No
Integrated luminosity 1.2–2.5% per event Conv./Rare/Signal 1.2–2.5% Yes
Electron/Muon reco., ID, and iso. efficiency 1–5% per lepton All MC samples 2–5% No
τh reco., ID, and iso. efficiency 5–15% per lepton All MC samples 5–25% No
Lepton displacement efficiency 1–2% per lepton All MC samples 3–5% No
Trigger efficiency 1–4% per lepton All MC samples <3% No
b tagging efficiency 1–10% per jet All MC samples 2–5% No
Pileup 5% per event All MC samples <3% Yes
PDF, fact./renorm. scale <20% per event All MC samples <10% Yes
Jet energy scale 1–10% per jet All MC samples <5% No
Unclustered energy scale 1–25% per event All MC samples <2% No
Electron energy scale and resolution <2% per lepton All MC samples <5% Yes
Muon energy scale and resolution 2% per lepton All MC samples <5% No
τh energy scale <10% per lepton All MC samples <5% No
Electron charge misidentification 30% per lepton All MC samples <25% No

WZ normalization 3–5% per event WZ 3–5% No
ZZ normalization 4–5% per event ZZ 4–5% No
ttZ normalization 15–25% per event ttZ 15–25% No
Conversion normalization 10–50% per event Zγ/Conv. 10–50% No
Rare normalization 50% per event Rare 50% No
Prompt and misidentification rates 20–60% per lepton MisID 20–50% No
DY-tt process dependence 5–25% per lepton MisID 5–25% Yes
Diboson jet multiplicity modeling <30% per event WZ/ZZ 5–30% No
Diboson pT modeling <30% per event WZ/ZZ 5–15% No

background-only hypotheses.

Apart from the global agreement, we report the most significant local deviations as seen in the
three model-independent schemes in the combined 2016–2018 data set, without considering the
look-elsewhere effect [139]. The largest local excess in the fundamental LT+pmiss

T table is found
in the bin 16 (3L, A4 category, OSSF1 BelowZ, low minimum lepton pT, 300 < LT+pmiss

T <
500 GeV), resulting in a data excess of 2.7 standard deviations. We also observe a local deficit
of approximately 1.7 standard deviations in the bin 143 (3L1T, E3 category, OSSF1 OnZ, 500 <
LT+pmiss

T < 700 GeV). For the fundamental ST table, we observe the largest local excess of
around 2.3 standard deviations in the bin 78 (3L, A10 category, OSSF1 BelowZ, high minimum
lepton pT, 1400 < ST < 1600 GeV) in the combined 2016–2018 data set, and similarly we also
have a local deficit of 1.9 standard deviations in the bin 236 (3L1T, E2 category, OSSF1 OnZ,
650 < ST < 850 GeV). Finally, the largest local excess in the advanced ST table is found in the
bin 600 (2L1T, B10 category, OSSF1 OnZ, high τh pT, 2B, Inclusive) resulting in an excess of
2.5 standard deviations, and the largest local deficits are observed in bins 40 (3L, A4 category,
OSSF1 BelowZ, low minimum lepton pT, 0B, low pmiss

T , high HT, 350 < ST < 550 GeV) and
714 (4L, D3 category, OSSF1 OffZ, 0B, high pmiss

T , Inclusive) with 2.0 standard deviations each.
These extreme local deviations are generally driven by excesses or deficits in a single year of
data-taking, and are not found to be consistent across all three data-taking periods. All other
local deviations are measured to be less significant.

The three model-independent SR table schemes are used separately to calculate the upper limits
on the production cross section for the three BSM models considered here. For each of the three
separate table schemes, the corresponding bins from Tables 3–6 are treated as counting experi-
ments in each data-taking period, and are fitted simultaneously with bins for each of the three
years of data collection in the statistical analysis. Similarly, the BDT regions corresponding to
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the 3- and 4-lepton channels for a specific BDT variable (depending on the model, mass-range,
and flavor scenario) are treated as counting experiments in each data-taking period, and are
fitted simultaneously for each of the three years of data collection.

To calculate the upper limits, we use a modified frequentist approach with the CLs [140–143]
criterion, with a test statistic based on the binned profile likelihood, in the asymptotic approx-
imation. The upper limits are calculated at 95% CL. The systematic uncertainties and their
correlations as described in Section 9 are incorporated in the likelihood as nuisance parameters
with log-normal probability density functions. The statistical uncertainties in the signal and
background estimates are modeled with gamma functions. Finally, we present the cross sec-
tion limit at a particular mass point from the table scheme or the BDT training that gives the
best expected limit. The details for each model are discussed in the subsequent paragraphs.

As a general remark, the model-independent advanced ST table schemes are more sensitive
than the lowest-mass BDT training process for all the models. This is because at low signal
masses, the training process is degraded by the low signal yield and the similar kinematic
properties of signal and SM processes.

Figure 23 shows the observed and expected cross section limits for the production of the type-
III seesaw heavy fermions in the flavor-democratic scenario. The observed (expected) lower
limit on mΣ in this scenario is 980 (1060) GeV. The best expected limit is given by the advanced
ST table scheme for mΣ < 350 GeV, and by the BDT regions for higher signal mass values.
For arbitrary Σ decay branching fractions to SM lepton flavors, subject to the constraint that
Be + Bµ + Bτ = 1, the observed and expected lower limits on mΣ in the plane defined by Be
and Bτ are shown in Fig. 24. These limits are given by the SS-H Bτ = 1 BDT when Bτ ≥ 0.9,
and by the SS-H Be = Bµ = Bτ BDT for the other decay branching fraction combinations.
The strongest constraints are when Bµ = 1 (mΣ > 1065 GeV), while the weakest are when
Bτ = 0.8, Be = 0.2 (mΣ > 845 GeV). This behavior is expected because of the greater efficiency
of reconstructing and identifying muons versus τh candidates in the experiment.

Figure 25 shows the observed and expected cross section limits for the doublet and singlet
vector-like lepton models. For the doublet model, vector-like τ leptons are excluded up to a
mass mτ ′ of to 1045 GeV, where the expected mass exclusion is 975 GeV. The best expected limit
for mτ ′ < 280 GeV is given by the advanced ST table scheme, and by the BDT regions for larger
masses. For the singlet model, the best expected limits are given by the advanced ST table over
the entire mass range. Singlet vector-like τ leptons are excluded in the mass interval from 125
to 150 GeV, while the expected exclusion range is from 125 to 170 GeV.

The cross section limits for the leptoquark model are shown in Fig. 26. For a leptoquark S
exclusively coupling to a top quark and a muon, the observed (expected) lower limit on the
mass of pair produced leptoquarks is 1420 (1460) GeV. For the top quark and electron decay
scenario, the observed (expected) lower limit on mS is 1340 (1370) GeV, while for the top quark
and τ lepton decay scenario, the lower limit is 1120 (1235) GeV. The advanced ST table gives
the best expected limit for mS less than 400, 400, and 500 GeV for the Be = 1, Bµ = 1, and
Bτ = 1 scenarios, respectively, while the BDT regions give the best expected limits above these
thresholds.

The results presented here can be reinterpreted to provide constraints on other BSM models.
We provide the requisite information in a HEPDATA record [21], as detailed in the following
description. Specifically, given a specific BSM model, a particular model-independent scheme
should be selected. The fundamental LT+pmiss

T table scheme will be sensitive to BSM models
produced primarily via electroweak interactions, while the advanced ST table scheme will be
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more sensitive for models which populate final states with several jets, which may or may
not arise from b quarks. Following the choice of a scheme, the signal yield for the model
should be obtained in the various categories of the scheme. This signal yield can be calculated
using generator-level quantities. However, there will be a significant correction arising from
detector effects, primarily the lepton reconstruction and identification efficiencies. We provide
detailed efficiency maps for electrons, muons and τh, where the provided efficiency is that for
a generator level lepton to be both reconstructed and identified as described in this analysis.
In addition, we also provide the product of acceptance and efficiency for each probed signal
model in this paper. We find that the yield calculated from generator-level quantities corrected
by the efficiency maps agrees with the final analysis yields within 20% for the channels with
light leptons (4L, 3L) and within 30% for channels that involve a τh (3L1T, 2L2T, 2L1T, 1L3T,
1L2T).

The obtained BSM model yields in the various categories can then be used along with the SM
backgrounds, the background covariance matrix, and the observations to arrive at constraints
for the model in the simplified likelihood framework [144].
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Figure 7: The SR distributions of the fundamental LT+pmiss
T table for the combined 2016–2018

data set. The detailed description of the bin numbers can be found in Tables 3–6. The lower
panel shows the ratio of observed events to the total expected background prediction. The
gray band on the ratio represents the sum of statistical and systematic uncertainties in the
SM background prediction. The expected SM background distributions and the uncertainties
are shown after fitting the data under the background-only hypothesis. For illustration, an
example signal hypothesis for the production of the type-III seesaw heavy fermions in the
flavor-democratic scenario for mΣ = 1 TeV, before the fit, is also overlaid.
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Figure 8: The SR distributions of the fundamental ST table for the combined 2016–2018 data
set. The detailed description of the bin numbers can be found in Tables 3–6. The lower panel
shows the ratio of observed events to the total expected background prediction. The gray band
on the ratio represents the sum of statistical and systematic uncertainties in the SM background
prediction. The expected SM background distributions and the uncertainties are shown after
fitting the data under the background-only hypothesis. For illustration, an example signal
hypothesis for the production of the vector-like τ lepton in the doublet scenario for mτ ′ = 1 TeV,
before the fit, is also overlaid.
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Figure 9: The 3L SR distributions of the advanced ST table for the combined 2016–2018 data set.
The detailed description of the bin numbers can be found in Table 3. The lower panel shows
the ratio of observed events to the total expected background prediction. The gray band on
the ratio represents the sum of statistical and systematic uncertainties in the SM background
prediction. The expected SM background distributions and the uncertainties are shown after
fitting the data under the background-only hypothesis. For illustration, an example signal
hypothesis for the production of the scalar leptoquark coupled to a top quark and a muon for
mS = 1.4 TeV, before the fit, is also overlaid.
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Figure 10: The 2L1T SR distributions of the advanced ST table for the combined 2016–2018
data set. The detailed description of the bin numbers can be found in Table 4. The lower panel
shows the ratio of observed events to the total expected background prediction. The gray band
on the ratio represents the sum of statistical and systematic uncertainties in the SM background
prediction. The expected SM background distributions and the uncertainties are shown after
fitting the data under the background-only hypothesis. For illustration, an example signal
hypothesis for the production of the scalar leptoquark coupled to a top quark and a muon for
mS = 1.4 TeV, before the fit, is also overlaid.



32

1

10

210

310

410

510

610

710

E
ve

nt
s 

/ 2
00

 G
eV

 (13 TeV)-1138 fb

CMS
 Table [1L2T]TAdvanced S

Data Rare Conv.  30×=1, 1400 GeV] µΒS [

ttV MisID VV Uncertainty

C1 C2 C3 C4 C5 C1 C2 C4 C5 C1 C2 C4 C5
[0B] [0B] [0B] [0B] [1B] [1B] [1B] [1B] [2B] [2B] [2B] [2B]

607
       

615
          

626
                 

644
            

657
    

662
     

668
        

677
      

684
     

690
   

694
  

Bins

0
0.5

1
1.5

2

O
bs

/E
xp

Figure 11: The 1L2T SR distribution of the advanced ST table for the combined 2016–2018 data
set. The detailed description of the bin numbers can be found in Table 5. The lower panel
shows the ratio of observed events to the total expected background prediction. The gray band
on the ratio represents the sum of statistical and systematic uncertainties in the SM background
prediction. The expected SM background distributions and the uncertainties are shown after
fitting the data under the background-only hypothesis. An example signal hypothesis for the
production of the scalar leptoquark coupled to a top quark and a muon for mS = 1.4 TeV, before
the fit, is also overlaid. For this category, the signal yield is negligible and is not visible in the
figure.
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Figure 12: The 4L, 3L1T, 2L2T and 1L3T SR distributions of the advanced ST table for the com-
bined 2016–2018 data set. The detailed description of the bin numbers can be found in Table 6.
The lower panel shows the ratio of observed events to the total expected background predic-
tion. The gray band on the ratio represents the sum of statistical and systematic uncertainties in
the SM background prediction. The expected SM background distributions and the uncertain-
ties are shown after fitting the data under the background-only hypothesis. For illustration, an
example signal hypothesis for the production of the scalar leptoquark coupled to a top quark
and a muon for mS = 1.4 TeV, before the fit, is also overlaid.
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Figure 13: The SS-M Be = Bµ = Bτ BDT regions for the 3-lepton (upper) and 4-lepton
(lower) channels for the 2016–2018 data sets. The lower panel shows the ratio of observed
events to the total expected background prediction. The gray band on the ratio represents the
sum of statistical and systematic uncertainties in the SM background prediction. The expected
SM background distributions and the uncertainties are shown after fitting the data under the
background-only hypothesis. For illustration, an example signal hypothesis for the produc-
tion of the type-III seesaw heavy fermions in the flavor-democratic scenario for mΣ = 550 GeV,
before the fit, is also overlaid.
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Figure 14: The SS-H Be = Bµ = Bτ BDT regions for the 3-lepton (upper) and 4-lepton
(lower) channels for the 2016–2018 data sets. The lower panel shows the ratio of observed
events to the total expected background prediction. The gray band on the ratio represents the
sum of statistical and systematic uncertainties in the SM background prediction. The expected
SM background distributions and the uncertainties are shown after fitting the data under the
background-only hypothesis. For illustration, an example signal hypothesis for the production
of the type-III seesaw heavy fermions in the flavor-democratic scenario for mΣ = 1 TeV, before
the fit, is also overlaid.
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Figure 15: The SS-M Bτ = 1 BDT regions for the 3-lepton (upper) and 4-lepton (lower) chan-
nels for the 2016–2018 data sets. The lower panel shows the ratio of observed events to the total
expected background prediction. The gray band on the ratio represents the sum of statistical
and systematic uncertainties in the SM background prediction. The expected SM background
distributions and the uncertainties are shown after fitting the data under the background-only
hypothesis. For illustration, an example signal hypothesis for the production of the type-III
seesaw heavy fermions in the scenario with mixing exclusively to τ lepton for mΣ = 550 GeV,
before the fit, is also overlaid.
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Figure 16: The SS-H Bτ = 1 BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels
for the 2016–2018 data sets. The lower panel shows the ratio of observed events to the total
expected background prediction. The gray band on the ratio represents the sum of statistical
and systematic uncertainties in the SM background prediction. The expected SM background
distributions and the uncertainties are shown after fitting the data under the background-only
hypothesis. For illustration, an example signal hypothesis for the production of the type-III
seesaw heavy fermions in the scenario with mixing exclusively to τ lepton for mΣ = 850 GeV,
before the fit, is also overlaid.
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Figure 17: The VLL-M BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels
for the 2016–2018 data sets. The lower panel shows the ratio of observed events to the total
expected background prediction. The gray band on the ratio represents the sum of statistical
and systematic uncertainties in the SM background prediction. The expected SM background
distributions and the uncertainties are shown after fitting the data under the background-only
hypothesis. For illustration, an example signal hypothesis for the production of the vector-like
τ lepton in the doublet scenario for mτ ′ = 400 GeV, before the fit, is also overlaid.
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Figure 18: The VLL-H BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels
for the 2016–2018 data sets. The lower panel shows the ratio of observed events to the total
expected background prediction. The gray band on the ratio represents the sum of statistical
and systematic uncertainties in the SM background prediction. The expected SM background
distributions and the uncertainties are shown after fitting the data under the background-only
hypothesis. For illustration, an example signal hypothesis for the production of the vector-like
τ lepton in the doublet scenario for mτ ′ = 900 GeV, before the fit, is also overlaid.
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Figure 19: The LQ-M Bτ = 1 BDT regions for the 3-lepton (upper) and 4-lepton (lower) chan-
nels for the 2016–2018 data sets. The lower panel shows the ratio of observed events to the total
expected background prediction. The gray band on the ratio represents the sum of statistical
and systematic uncertainties in the SM background prediction. The expected SM background
distributions and the uncertainties are shown after fitting the data under the background-only
hypothesis. For illustration, an example signal hypothesis for the production of the scalar lep-
toquark coupled to a top quark and a τ lepton for mS = 700 GeV, before the fit, is also overlaid.
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Figure 20: The LQ-H Bτ = 1 BDT regions for the 3-lepton (upper) and 4-lepton (lower) chan-
nels for the 2016–2018 data sets. The lower panel shows the ratio of observed events to the total
expected background prediction. The gray band on the ratio represents the sum of statistical
and systematic uncertainties in the SM background prediction. The expected SM background
distributions and the uncertainties are shown after fitting the data under the background-only
hypothesis. For illustration, an example signal hypothesis for the production of the scalar lep-
toquark coupled to a top quark and a τ lepton for mS = 1.2 TeV, before the fit, is also overlaid.
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Figure 21: The LQ-M Be + Bµ = 1 BDT regions for the 3-lepton (upper) and 4-lepton (lower)
channels for the 2016–2018 data sets. The lower panel shows the ratio of observed events to
the total expected background prediction. The gray band on the ratio represents the sum
of statistical and systematic uncertainties in the SM background prediction. The expected
SM background distributions and the uncertainties are shown after fitting the data under the
background-only hypothesis. For illustration, an example signal hypothesis for the production
of the scalar leptoquark coupled to a top quark and a muon for mS = 700 GeV, before the fit, is
also overlaid.
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Figure 22: The LQ-H Be + Bµ = 1 BDT regions for the 3-lepton (upper) and 4-lepton (lower)
channels for the 2016–2018 data sets. The lower panel shows the ratio of observed events to
the total expected background prediction. The gray band on the ratio represents the sum
of statistical and systematic uncertainties in the SM background prediction. The expected
SM background distributions and the uncertainties are shown after fitting the data under the
background-only hypothesis. For illustration, an example signal hypothesis for the production
of the scalar leptoquark coupled to a top quark and an electron for mS = 1.4 TeV, before the fit,
is also overlaid.
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Figure 23: Observed and expected upper limits at 95% CL on the production cross section for
the type-III seesaw fermions in the flavor-democratic scenario using the table schemes and the
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gray line, the limits are shown from the advanced ST table, and to the right the limits are shown
from the BDT regions.
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Figure 24: Observed (left) and expected (right) lower limits at 95% CL on the mass of
the type-III seesaw fermions in the plane defined by Be and Bτ , with the constraint that
Be + Bµ + Bτ = 1. These limits arise from the SS-H Bτ = 1 BDT when Bτ ≥ 0.9, and by
the SS-H Be = Bµ = Bτ BDT for the other decay branching fraction combinations.
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Figure 25: Observed and expected upper limits at 95% CL on the production cross section
for the vector-like τ leptons: doublet model (left), and singlet model (right). For the doublet
vector-like lepton model, to the left of the vertical dashed gray line, the limits are shown from
the advanced ST table, while to the right the limits are shown from the BDT regions. For the
singlet vector-like lepton model, the limit is shown from the advanced ST table for all masses.
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Figure 26: Observed and expected upper limits at 95% CL on the production cross section for
the scalar leptoquarks: Be = 1 (upper left), Bµ = 1 (upper right), and Bτ = 1 (lower). In each
figure, the limits to the left of the vertical dashed gray line are shown from the advanced ST
table, and to the right are shown from the BDT regions.
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11 Summary
A search has been performed for physics beyond the standard model (SM), using multilepton
events in proton-proton collision data at

√
s = 13 TeV, collected in 2016–2018 by the CMS

experiment at the LHC, corresponding to an integrated luminosity of 138 fb−1. The search is
carried out in seven orthogonal channels based on the number of light leptons and hadronically
decaying τ leptons. Three model-independent schemes are used to define signal regions for the
search. In addition, for each model scenario considered, a boosted decision tree is used to define
model-specific signal regions. In all cases, the observations are found to be consistent with the
expectations from the SM processes. Constraints are set on the production cross section of a
number of beyond the SM signal models predicting a variety of multilepton final states.

Type-III seesaw heavy fermions are excluded at 95% confidence level (CL) with masses below
980 GeV (expected 1060 GeV), assuming flavor-democratic mixings with SM leptons, and below
990 GeV (expected 1065 GeV), 1065 GeV (expected 1140 GeV), and 890 GeV (expected 880 GeV),
assuming mixings exclusively with electron, muon, and τ lepton flavors, respectively. Lower
limits on the masses of the heavy fermions are also presented for various decay branching
fractions of the heavy fermions to the different SM lepton flavors. These are the most stringent
constraints on the type-III seesaw heavy fermions to date.

In the vector-like lepton doublet model, vector-like τ leptons are excluded at 95% CL with
masses below 1045 GeV, with an expected exclusion of 975 GeV. These are the most stringent
constraints on the doublet model. For the singlet model, vector-like τ leptons are excluded in
the mass range from 125 to 150 GeV, while the expected exclusion range is from 125 to 170 GeV.
These are the first constraints from the LHC on the singlet model.

Scalar leptoquarks coupled to top quarks and individual lepton flavors are also probed. In the
scenario with the leptoquark coupling to a top quark and a τ lepton, leptoquarks with masses
below 1120 GeV are excluded at 95% CL (expected 1235 GeV). For the decay to a top quark and
an electron, leptoquarks are excluded with masses below 1340 GeV (expected 1370 GeV), and
for the decay into a top quark and a muon, masses below 1420 GeV (expected 1460 GeV) are
excluded.
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[2] R. N. Mohapatra and G. Senjanović, “Neutrino mass and spontaneous parity
nonconservation”, Phys. Rev. Lett. 44 (1980) 912,
doi:10.1103/PhysRevLett.44.912.

[3] M. Magg and C. Wetterich, “Neutrino mass problem and gauge hierarchy”, Phys. Lett. B
94 (1980) 61, doi:10.1016/0370-2693(80)90825-4.
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[57] R. Dermı́šek, J. P. Hall, E. Lunghi, and S. Shin, “Limits on vectorlike leptons from
searches for anomalous production of multi-lepton events”, JHEP 12 (2014) 013,
doi:10.1007/JHEP12(2014)013, arXiv:1408.3123.

[58] CMS Collaboration, “Search for vector-like leptons in multilepton final states in
proton-proton collisions at

√
s = 13 TeV”, Phys. Rev. D 100 (2019) 052003,

doi:10.1103/PhysRevD.100.052003, arXiv:1905.10853.

[59] L3 Collaboration, “Search for heavy neutral and charged leptons in e+e− annihilation at
lep”, Phys. Lett. B 517 (2001) 75, doi:10.1016/S0370-2693(01)01005-X,
arXiv:hep-ex/0107015.

[60] J. C. Pati and A. Salam, “Lepton number as the fourth color”, Phys. Rev. D 10 (1974)
275, doi:10.1103/PhysRevD.10.275. [Erratum:
doi:https://doi.org/10.1103/PhysRevD.11.703.2].

[61] H. Georgi and S. L. Glashow, “Unity of all elementary particle forces”, Phys. Rev. Lett.
32 (1974) 438, doi:10.1103/PhysRevLett.32.438.

[62] H. Fritzsch and P. Minkowski, “Unified interactions of leptons and hadrons”, Annals
Phys. 93 (1975) 193, doi:10.1016/0003-4916(75)90211-0.

[63] B. Gripaios, M. Nardecchia, and S. A. Renner, “Composite leptoquarks and anomalies in
b-meson decays”, JHEP 05 (2015) 006, doi:10.1007/JHEP05(2015)006,
arXiv:1412.1791.

[64] L. Da Rold and F. Lamagna, “Composite higgs and leptoquarks from a simple group”,
JHEP 03 (2019) 135, doi:10.1007/JHEP03(2019)135, arXiv:1812.08678.

[65] S. Weinberg, “Supersymmetry at ordinary energies. Masses and conservation laws”,
Phys. Rev. D 26 (1982) 287, doi:10.1103/PhysRevD.26.287.

http://dx.doi.org/10.1103/PhysRevD.102.095023
http://www.arXiv.org/abs/2008.08606
http://dx.doi.org/10.1103/PhysRevD.73.072003
http://www.arXiv.org/abs/hep-ex/0602035
http://dx.doi.org/10.1103/PhysRevLett.126.141801
http://www.arXiv.org/abs/2104.03281
http://dx.doi.org/10.1103/PhysRevD.92.115018
http://www.arXiv.org/abs/1510.03456
http://dx.doi.org/10.1103/PhysRevD.100.015033
http://www.arXiv.org/abs/1905.00498
http://dx.doi.org/10.1103/PhysRevD.90.034023
http://www.arXiv.org/abs/1406.7018
http://dx.doi.org/10.1007/JHEP12(2014)013
http://www.arXiv.org/abs/1408.3123
http://dx.doi.org/10.1103/PhysRevD.100.052003
http://www.arXiv.org/abs/1905.10853
http://dx.doi.org/10.1016/S0370-2693(01)01005-X
http://www.arXiv.org/abs/hep-ex/0107015
http://dx.doi.org/10.1103/PhysRevD.10.275
http://dx.doi.org/https://doi.org/10.1103/PhysRevD.11.703.2
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1016/0003-4916(75)90211-0
http://dx.doi.org/10.1007/JHEP05(2015)006
http://www.arXiv.org/abs/1412.1791
http://dx.doi.org/10.1007/JHEP03(2019)135
http://www.arXiv.org/abs/1812.08678
http://dx.doi.org/10.1103/PhysRevD.26.287


References 53

[66] R. Barbier et al., “R-parity violating supersymmetry”, Phys. Rept. 420 (2005) 1,
doi:10.1016/j.physrep.2005.08.006, arXiv:hep-ph/0406039.

[67] R. Mandal and A. Pich, “Constraints on scalar leptoquarks from lepton and kaon
physics”, JHEP 12 (2019) 089, doi:10.1007/JHEP12(2019)089,
arXiv:1908.11155.
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[70] A. Angelescu, D. Bečirević, D. A. Faroughy, and O. Sumensari, “Closing the window on
single leptoquark solutions to the b-physics anomalies”, JHEP 10 (2018) 183,
doi:10.1007/JHEP10(2018)183, arXiv:1808.08179.

[71] A. Crivellin, D. Müller, and F. Saturnino, “Flavor phenomenology of the leptoquark
singlet-triplet model”, JHEP 06 (2020) 020, doi:10.1007/JHEP06(2020)020,
arXiv:1912.04224.

[72] S. Saad and A. Thapa, “Common origin of neutrino masses and rD(∗) , rK(∗) anomalies”,
Phys. Rev. D 102 (2020) 015014, doi:10.1103/PhysRevD.102.015014,
arXiv:2004.07880.

[73] U. Haisch and G. Polesello, “Resonant third-generation leptoquark signatures at the
large hadron collider”, JHEP 05 (2021) 057, doi:10.1007/JHEP05(2021)057,
arXiv:2012.11474.

[74] BaBar Collaboration, “Measurement of an excess of B̄→ d(∗)τ−ν̄τ decays and
implications for charged higgs bosons”, Phys. Rev. D 88 (2013) 072012,
doi:10.1103/PhysRevD.88.072012, arXiv:1303.0571.

[75] Belle Collaboration, “Measurement ofR(d) andR(d∗) with a semileptonic tagging
method”, Phys. Rev. Lett. 124 (2020) 161803,
doi:10.1103/PhysRevLett.124.161803, arXiv:1910.05864.

[76] LHCb Collaboration, “Measurement of the ratio of branching fractions
B(b+c → j/ψτ+ντ)/B(b+c → j/ψµ+νµ)”, Phys. Rev. Lett. 120 (2018) 121801,
doi:10.1103/PhysRevLett.120.121801, arXiv:1711.05623.

[77] LHCb Collaboration, “Measurement of the ratio of the b0 → d∗−τ+ντ and b0 → d∗−µ+νµ

branching fractions using three-prong τ-lepton decays”, Phys. Rev. Lett. 120 (2018)
171802, doi:10.1103/PhysRevLett.120.171802, arXiv:1708.08856.

[78] LHCb Collaboration, “Test of lepton universality in beauty-quark decays”, 2021.
arXiv:2103.11769.

[79] Belle Collaboration, “Lepton-flavor-dependent angular analysis of b→ k∗`+`−”, Phys.
Rev. Lett. 118 (2017) 111801, doi:10.1103/PhysRevLett.118.111801,
arXiv:1612.05014.

[80] LHCb Collaboration, “Test of lepton universality with b0 → k∗0`+`− decays”, JHEP 08
(2017) 055, doi:10.1007/JHEP08(2017)055, arXiv:1705.05802.

http://dx.doi.org/10.1016/j.physrep.2005.08.006
http://www.arXiv.org/abs/hep-ph/0406039
http://dx.doi.org/10.1007/JHEP12(2019)089
http://www.arXiv.org/abs/1908.11155
http://dx.doi.org/10.1016/0550-3213(95)00162-L
http://www.arXiv.org/abs/hep-ph/9411392
http://dx.doi.org/10.1007/JHEP12(2018)027
http://www.arXiv.org/abs/1808.02063
http://dx.doi.org/10.1007/JHEP10(2018)183
http://www.arXiv.org/abs/1808.08179
http://dx.doi.org/10.1007/JHEP06(2020)020
http://www.arXiv.org/abs/1912.04224
http://dx.doi.org/10.1103/PhysRevD.102.015014
http://www.arXiv.org/abs/2004.07880
http://dx.doi.org/10.1007/JHEP05(2021)057
http://www.arXiv.org/abs/2012.11474
http://dx.doi.org/10.1103/PhysRevD.88.072012
http://www.arXiv.org/abs/1303.0571
http://dx.doi.org/10.1103/PhysRevLett.124.161803
http://www.arXiv.org/abs/1910.05864
http://dx.doi.org/10.1103/PhysRevLett.120.121801
http://www.arXiv.org/abs/1711.05623
http://dx.doi.org/10.1103/PhysRevLett.120.171802
http://www.arXiv.org/abs/1708.08856
http://www.arXiv.org/abs/2103.11769
http://dx.doi.org/10.1103/PhysRevLett.118.111801
http://www.arXiv.org/abs/1612.05014
http://dx.doi.org/10.1007/JHEP08(2017)055
http://www.arXiv.org/abs/1705.05802


54

[81] LHCb Collaboration, “Search for lepton-universality violation in b+ → k+`+`− decays”,
Phys. Rev. Lett. 122 (2019) 191801, doi:10.1103/PhysRevLett.122.191801,
arXiv:1903.09252.

[82] ATLAS Collaboration, “Search for pair production of scalar leptoquarks decaying into
first- or second-generation leptons and top quarks in proton-proton collisions at

√
s = 13

TeV with the ATLAS detector”, Eur. Phys. J. C 81 (2021) 313,
doi:10.1140/epjc/s10052-021-09009-8, arXiv:2010.02098.

[83] ATLAS Collaboration, “Search for pair production of third-generation scalar
leptoquarks decaying into a top quark and a τ-lepton in pp collisions at

√
s = 13 TeV

with the ATLAS detector”, JHEP 06 (2021) 179, doi:10.1007/JHEP06(2021)179,
arXiv:2101.11582.

[84] ATLAS Collaboration, “Searches for third-generation scalar leptoquarks in
√

s = 13 TeV
pp collisions with the ATLAS detector”, JHEP 06 (2019) 144,
doi:10.1007/JHEP06(2019)144, arXiv:1902.08103.

[85] CMS Collaboration, “Search for leptoquarks coupled to third-generation quarks in
proton-proton collisions at

√
s = 13 TeV”, Phys. Rev. Lett. 121 (2018) 241802,

doi:10.1103/PhysRevLett.121.241802, arXiv:1809.05558.

[86] CMS Collaboration, “Search for third-generation scalar leptoquarks decaying to a top
quark and a τ lepton at

√
s = 13 TeV”, Eur. Phys. J. C 78 (2018) 707,

doi:10.1140/epjc/s10052-018-6143-z, arXiv:1803.02864.

[87] CMS Collaboration, “Search for singly and pair-produced leptoquarks coupling to
third-generation fermions in proton-proton collisions at

√
s = 13 TeV”, Phys. Lett. B 819

(2021) 136446, doi:10.1016/j.physletb.2021.136446, arXiv:2012.04178.

[88] CMS Collaboration, “Constraints on models of scalar and vector leptoquarks decaying
to a quark and a neutrino at

√
s = 13 TeV”, Phys. Rev. D 98 (2018) 032005,

doi:10.1103/PhysRevD.98.032005, arXiv:1805.10228.

[89] CMS Collaboration, “Search for heavy neutrinos and third-generation leptoquarks in
hadronic states of two τ leptons and two jets in proton-proton collisions at

√
s = 13

TeV”, JHEP 03 (2019) 170, doi:10.1007/JHEP03(2019)170, arXiv:1811.00806.

[90] CMS Collaboration, “Search for a singly produced third-generation scalar leptoquark
decaying to a τ lepton and a bottom quark in proton-proton collisions at

√
s = 13 TeV”,

JHEP 07 (2018) 115, doi:10.1007/JHEP07(2018)115, arXiv:1806.03472.

[91] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

[92] CMS Collaboration, “Performance of the CMS level-1 trigger in proton-proton collisions
at
√

s = 13 TeV”, JINST 15 (2020) P10017,
doi:10.1088/1748-0221/15/10/P10017, arXiv:2006.10165.

[93] CMS Collaboration, “The CMS trigger system”, JINST 12 (2017) P01020,
doi:10.1088/1748-0221/12/01/P01020, arXiv:1609.02366.

[94] J. Alwall et al., “The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations”, JHEP 07
(2014) 079, doi:10.1007/JHEP07(2014)079, arXiv:1405.0301.

http://dx.doi.org/10.1103/PhysRevLett.122.191801
http://www.arXiv.org/abs/1903.09252
http://dx.doi.org/10.1140/epjc/s10052-021-09009-8
http://www.arXiv.org/abs/2010.02098
http://dx.doi.org/10.1007/JHEP06(2021)179
http://www.arXiv.org/abs/2101.11582
http://dx.doi.org/10.1007/JHEP06(2019)144
http://www.arXiv.org/abs/1902.08103
http://dx.doi.org/10.1103/PhysRevLett.121.241802
http://www.arXiv.org/abs/1809.05558
http://dx.doi.org/10.1140/epjc/s10052-018-6143-z
http://www.arXiv.org/abs/1803.02864
http://dx.doi.org/10.1016/j.physletb.2021.136446
http://www.arXiv.org/abs/2012.04178
http://dx.doi.org/10.1103/PhysRevD.98.032005
http://www.arXiv.org/abs/1805.10228
http://dx.doi.org/10.1007/JHEP03(2019)170
http://www.arXiv.org/abs/1811.00806
http://dx.doi.org/10.1007/JHEP07(2018)115
http://www.arXiv.org/abs/1806.03472
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1088/1748-0221/15/10/P10017
http://www.arXiv.org/abs/2006.10165
http://dx.doi.org/10.1088/1748-0221/12/01/P01020
http://www.arXiv.org/abs/1609.02366
http://dx.doi.org/10.1007/JHEP07(2014)079
http://www.arXiv.org/abs/1405.0301


References 55

[95] P. Nason, “A new method for combining NLO QCD with shower monte carlo
algorithms”, JHEP 11 (2004) 040, doi:10.1088/1126-6708/2004/11/040,
arXiv:hep-ph/0409146.

[96] S. Frixione, P. Nason, and C. Oleari, “Matching NLO QCD computations with parton
shower simulations: the POWHEG method”, JHEP 11 (2007) 070,
doi:10.1088/1126-6708/2007/11/070, arXiv:0709.2092.

[97] S. Alioli, P. Nason, C. Oleari, and E. Re, “A general framework for implementing NLO
calculations in shower monte carlo programs: the POWHEG BOX”, JHEP 06 (2010) 043,
doi:10.1007/JHEP06(2010)043, arXiv:1002.2581.

[98] J. M. Campbell and R. K. Ellis, “MCFM for the tevatron and the LHC”, Nucl. Phys. B
Proc. Suppl. 205-206 (2010) 10, doi:10.1016/j.nuclphysbps.2010.08.011,
arXiv:1007.3492.

[99] Y. Gao et al., “Spin determination of single-produced resonances at hadron colliders”,
Phys. Rev. D 81 (2010) 075022, doi:10.1103/PhysRevD.81.075022,
arXiv:1001.3396.

[100] S. Bolognesi et al., “On the spin and parity of a single-produced resonance at the LHC”,
Phys. Rev. D 86 (2012) 095031, doi:10.1103/PhysRevD.86.095031,
arXiv:1208.4018.

[101] I. Anderson et al., “Constraining anomalous HVV interactions at proton and lepton
colliders”, Phys. Rev. D 89 (2014) 035007, doi:10.1103/PhysRevD.89.035007,
arXiv:1309.4819.

[102] A. V. Gritsan, R. Röntsch, M. Schulze, and M. Xiao, “Constraining anomalous Higgs
boson couplings to the heavy flavor fermions using matrix element techniques”, Phys.
Rev. D 94 (2016) 055023, doi:10.1103/PhysRevD.94.055023,
arXiv:1606.03107.
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di Trento c, Trento, Italy
P. Azzia , N. Bacchettaa , D. Biselloa,b , P. Bortignona , A. Bragagnoloa,b ,
R. Carlina,b , P. Checchiaa , T. Dorigoa , U. Dossellia , F. Gasparinia,b ,
U. Gasparinia ,b , G. Grosso, S.Y. Hoha,b , L. Layera,48, E. Lusiani , M. Margonia,b ,
A.T. Meneguzzoa,b , J. Pazzinia,b , P. Ronchesea,b , R. Rossina,b, F. Simonettoa,b ,
G. Stronga , M. Tosia,b , H. Yarara,b, M. Zanettia,b , P. Zottoa,b , A. Zucchettaa,b ,
G. Zumerlea ,b

INFN Sezione di Pavia a, Pavia, Italy, Università di Pavia b, Pavia, Italy
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