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An inclusive search for nonresonant signatures of beyond the standard model (SM) phenomena in events
with three or more charged leptons, including hadronically decaying 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 atffiffiffi
s

p ¼ 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% con-
fidence 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 vectorlike 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 vectorlike doublet model, these constraints are
the most stringent to date. For the vectorlike 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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I. 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
indications, 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 dis-
tinctive 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

ffiffiffi
s

p ¼ 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 analyzed in this result include production
of up to four light leptons, and up to three hadronically
decaying τ leptons. 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 scenarios. 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 lepton 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 without reference to any specific sig-
nature 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 complementary
nonresonant multilepton signatures. These BSM models
are type-III seesaw heavy fermions [1–9], doublet and
singlet vectorlike 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.
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This paper is organized as follows. We describe the
three BSM models in Sec. II. Sections III and IV describe
the CMS detector and the data and simulation samples
used in this search, respectively. Section V describes the
reconstruction and identification of leptons, jets, and  pmiss

T .
In Sec. VI, we outline the broad event selection, and in
Sec. VII, we describe the background estimation tech-
niques. Section VIII describes the model-independent
search categories that span the multilepton phase space,
as well as the model-specific event selections using BDTs.
Section IX describes the systematic uncertainties in the
predictions. Section X presents the results of this search,
and also discusses the procedure for future interpretations
using the model-independent SRs and supporting informa-
tion made available in a HEPDATA record [21].

II. SIGNAL MODELS

A. 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 introduces 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
ðΣ�Σ∓Þ and charged-neutral ðΣ�Σ0Þ 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
l ¼ 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∓l� → l�ννl∓νl�. Two diagrams exemplifying
the production and decay of Σ pairs that result in multi-
lepton 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 [25–30].
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 þ Bμ þ Bτ ¼ 1.
The most stringent limits on the type-III seesaw model

come from a search conducted by the ATLAS Collaboration

using the combined LHC dataset from 2016–2018 at
ffiffiffi
s

p ¼
13 TeV in multilepton final states with up to four electrons
and muons [31]. 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 dataset and in
similar final states excluded type-III seesaw fermions with
masses below 880 GeV at 95% CL [32].

B. Vectorlike leptons

Vectorlike fermions are hypothetical particles whose
left- and right-handed components transform under con-
jugate representations of the SM gauge symmetries
[10–13,15], and hence their masses are independent of
the SM Higgs mechanism and are not constrained by
electroweak precision measurements [14,16]. Vectorlike
fermions arise in a wide variety of BSM scenarios,
including, but not limited to, supersymmetric models
[33–36], models with extra spatial dimensions [37,38],
and grand unified theories [39–41]. Extensions of the SM
with one or more vectorlike fermion families may provide a
dark matter candidate [42–45], and account for the mass
hierarchy between the different generations of particles in
the SM via their mixings with the SM fermions [46–48].

FIG. 1. Example processes illustrating production and decay of
type-III seesaw heavy fermion pairs at the LHC that result in
multilepton final states.
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Furthermore, vectorlike leptons are also among the pro-
posed solutions to the observed tensions between the
experimental measurements and the SM prediction of the
anomalous magnetic moment of the muon [35,49–54].
In this paper, we consider two distinct models in which

the vectorlike leptons couple to the SM τ lepton [55,56].
The vectorlike doublet model contains an SU(2) doublet
(τ0, ν0), where the τ0 and ν0 are mass-degenerate at tree level
and can be produced in pairs (pp → τ0þτ0−=ν0ν0) or in
association (pp → τ0ν0). The decay modes are τ0 → Zτ or
Hτ, and ν0 → Wτ, with the branching fractions of the τ0
dependent on the mass mτ0 . An example of the complete
decay chain for the associated production would be
ν0τ0� → W�τ∓Hτ� → l�ντ∓bb̄τ� and for the pair pro-
duction would be ν0ν0 → W�τ∓W�τ∓ → l�ντ∓l�ντ∓. In
the vectorlike singlet model, only a charged lepton (τ0) is
present. The τ0 can decay to either Zτ orHτ, orWν, with the
branching fractions similarly governed by mτ0. Figure 2
shows two processes from the doublet and singlet models,
which exemplify the production and decay of vectorlike τ
lepton pairs that result in multilepton final states.
Electroweak precision data constrain the mixing angle

between vectorlike leptons and SM leptons to be less than
about 10−2, permitting prompt decays for mass values that

are close to the electroweak scale [57,58]. We assume
prompt decays of vectorlike 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 vectorlike

τ lepton doublets are from a search conducted by the
CMS Collaboration [59] 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 vectorlike 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 [60].

C. 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 SUð4Þ [61],
SUð5Þ [62], or SOð10Þ [63] schemes, models with com-
positeness [64,65], and R-parity violating supersymmetry
models [66,67].
In pp collisions at the LHC, scalar leptoquarks (S) could

be pair-produced via strong interactions, with the produc-
tion 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 leptoquarks 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 coupling of lepto-
quarks 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 [20,68].
In this analysis, we consider scalar leptoquarks [19] with

electric charge of −1=3jej, 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 violat-
ing 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 leptoquark branching frac-
tions Be ¼ 1, Bμ ¼ 1, or Bτ ¼ 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 leptoquark 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

FIG. 2. Example processes illustrating production and decay
of doublet vectorlike τ lepton pairs at the LHC that result in
multilepton final states. The right diagram also illustrates the
singlet scenario.
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boson decays [19,69]. As with the type-III seesaw and
vectorlike 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 pos-
sible extensions of the SM [70–74] motivated by a series of
anomalies recently observed in charged- and neutral-current
B meson decays, b → clν [75–79] and b → sll [80–82],
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 [83–91]. 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, excluding such particles with masses
below 1.48, 1.47 TeV [83] and 1.43 TeV [84], 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 ¼ 0.5) with
masses below 950 GeV [88]. The final states include
hadronically decaying top quark and τ lepton, b-tagged
jet, and significant missing energy.

III. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, 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
scintillator hadron calorimeter (HCAL), each composed
of a barrel and two end cap sections. Forward calorimeters
extend the pseudorapidity (η) coverage provided by the
barrel and end cap detectors. 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 definition of the coordinate
system used and the relevant kinematic variables, can be
found in Ref. [92].
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 [93]. 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 [94].

IV. DATA SAMPLES AND EVENT SIMULATION

The total integrated luminosity recorded by CMS in pp
collisions at

ffiffiffi
s

p ¼ 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, respectively. 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 non-
displaced leptons are estimated from Monte Carlo (MC)
simulations, which incorporate detailed detector and pp
collision properties.
The Zγ, WZ, tt̄V, 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) [95] at next-to-leading order
(NLO) precision in perturbative quantum chromodynamics
(QCD). The top quark mass used in all simulations is
172.5 GeV. The Zγ background includes all diagrams
contributing to pp → llγ, with photons from both ini-
tial-state radiation (ISR) and final-state radiation (FSR), and
with an invariant mass cut of mðlþl−Þ > 10 GeV. The ZZ
background contribution from quark-antiquark annihilation
production is generated using POWHEG2.0 [96–98] at NLO,
whereas the contribution from gluon-gluon fusion produc-
tion is generated at leading order (LO) using MCFM7.0.1 [99].
The SM processes involving Higgs boson production
are generated using POWHEG, MADGRAPH5_AMC@NLO and

FIG. 3. Example processes illustrating the production and
decay of scalar leptoquark pairs in pp collisions at the LHC
that result in multilepton final states.
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JHUGEN 7.0.11 [100–103] 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 electroweak or
Higgs boson, two top quarks and two bosons, or three top
quarks are simulated using MADGRAPH5_AMC@NLO at LO in
QCD. Simulated event samples for theDrell–Yan (DY) and tt̄
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 vectorlike lepton samples are generated
with MADGRAPH5_AMC@NLO 2.6.1, whereas the leptoquark
samples are generated with PYTHIA8.212 (8.230) in 2016
(2017 and 2018) [104]. The production cross sections for
the type-III seesaw signal model are calculated at NLO plus
next-to-leading logarithmic precision, assuming that the
heavy leptons are SU(2) triplet fermions [105,106].
Similarly, vectorlike lepton and leptoquark cross sections
are calculated at NLO precision [56,107,108]. 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 [109] are used for all background and signal
samples for 2016 data, with order matching that of the
matrix element calculations. The NNPDF3.1 next-to-NLO
order (NNLO) PDF set [110] is used for all 2017 and 2018
samples. To perform the parton showering, fragmentation,
and hadronization of the matrix-level events in all samples,
PYTHIA8.212 is used with the event tune CUETP8M1 [111]
for 2016, and PYTHIA 8.230 is used with the event tune CP5
[112] for 2017 and 2018. The MLM [113] or FxFx [114] 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
performed using the GEANT4 toolkit [115]. Additional
inelastic pp interactions from the same or nearby bunch
crossings (pileup) are simulated and incorporated in the
MC samples.

V. 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 [116,117] 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 par-

ticles in an event is based on the particle-flow (PF) algorithm
[118],with an optimized combinationof information from the
various elements of the CMS detector. The energy of photons
is obtained from the ECAL measurement. The energy of
electrons is determined from the electron momentum at the

PV as determined by the tracker, the energy of the corre-
sponding ECAL cluster, and the energy sum of all brems-
strahlung 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 momen-
tum 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 tracking system with
energy clusters deposited in the ECAL [119]. The electron
momentum is estimated by combining the energy meas-
urement 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
end caps, 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 detector material, as well as the
misidentification of hadrons, the electron candidates are
required to satisfy shower shape and track quality require-
ments, using the medium cut-based criteria described in
Ref. [119]. Electrons used in this analysis are also required
to satisfy pT > 10 GeV and jηj < 2.4.

Muons are reconstructed from compatible tracks in the
inner tracker and the muon detectors [120]. Additional
track fit and matching quality criteria suppress the mis-
identification 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 end caps, and of
better than 7% in the barrel for muons with pT up to 1 TeV
[120]. Muons used in this analysis must lie within the
tracking system acceptance, jηj < 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 [121], which combines one or three tracks with
energy deposits in the calorimeters, to identify the corre-
sponding 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 reconstructed
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
candidate must satisfy jηj < 2.3 and pT > 20 GeV.
Jets are clustered using the anti-kT algorithm [116] with a

distance parameter of 0.4, as implemented in the FASTJET

package [117]. The minimum pT threshold for the jets
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FIG. 4. The distributions of MT in 3L OnZ CR (upper left), visible diboson pT in 4L ZZ CR (upper right), pmiss
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TABLE I. A summary of control regions for the irreducible SM processes Zγ, WZ, tt̄Z, 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 tt̄Z 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 tt̄Z OSSF1 OnZ ≥1 <125 <150 >20 Nj > 2, ST > 350

4L ZZ OSSF2 Double-OnZ 0 � � � � � � � � � � � �
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selected in this analysis is 30 GeVand the central axis of the
jet is also required to be inside the tracking acceptance,
jηj < 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
acceptance. Additional pp interactions within the same
or nearby bunch crossings can contribute additional tracks
and calorimetric energy depositions, increasing the appar-
ent 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 [118]. 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 [122–124]. 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 [125]. Finally, the qualifying jets
must lie outside a cone of ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

¼ 0.4
around a selected muon, electron, or τh candidate, where
Δϕ is the ϕ angle between the jet and lepton.
Jet energy corrections are derived from simulation

studies so that the average measured energy of jets matches
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FIG. 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 background 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 vectorlike τ lepton in the doublet scenario of mτ0 ¼ 1 TeV and a scalar
leptoquark coupled to a top quark and a τ lepton of mS ¼ 1 TeV are overlaid in the LT and HT distributions respectively. Similarly, a
signal hypothesis for the production of the type-III seesaw heavy fermions in the flavor-democratic scenario of mΣ ¼ 1 TeV is overlaid
for the pmiss

T and MOSSF distributions.
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that of particle level jets. In situ measurements of the pT
balance in dijet, photonþ jet, leptonically decaying
Z þ 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 [124].

The reconstructed jets originating from b hadrons are
identified using the medium working point of the DEEPCSV

b tagging algorithm [126]. This working point has an
identification efficiency 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 [127]. The pileup-per-particle identifica-
tion algorithm [128] is applied to reduce the pileup
dependence of the  pmiss

T observable. The  pmiss
T is computed

from the PF candidates weighted by their probability to
originate from the PV, and is modified to account 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
indistinguishable in momentum and isolation from those
produced in signal events. Thus, the SM processes giving
rise to three or more isolated leptons, such asWZ, ZZ, tt̄V,
VVV, and Higgs boson production, constitute the irreduc-
ible backgrounds in this analysis. On the other hand,
reducible 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 þ jets or tt̄þ 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 sub-
sequent discussion.
The reducible backgrounds are significantly suppressed

by applying stringent requirements on the lepton isolation
and displacement. For electron and muon candidates, the
relative isolation is defined as the scalar pT sum, normal-
ized to the lepton pT, of photon and hadron PF objects
within a cone of radiusΔR around the lepton. For electrons,
the relative isolation is required to be less than 0.0478þ
0.506 GeV=pT in the barrel (jηj < 1.479) and less than
0.0658þ 0.963 GeV=pT in the end cap (jηj > 1.479), with
ΔR ¼ 0.3. The relative isolation for muons is required to be
less than 0.15 with ΔR ¼ 0.4. The isolation quantities are
also corrected for contributions from particles originating
from pileup vertices. In addition to the isolation require-
ment, electrons in the barrel must satisfy jdzj < 0.1 cm
and jdxyj < 0.05 cm, and in the end cap jdzj < 0.2 cm and
jdxyj < 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 satisfy jdzj <
0.1 cm and jdxyj < 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
ΔR < 0.05 of a selected muon are discarded in order to
reduce bremsstrahlung contributions from muons.
For τ leptons, the DEEPTAU [129] algorithm is used to

distinguish genuine hadronic tau lepton 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

TABLE II. Fundamental scheme of event categorization, as a function of lepton charge combinations 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 � � � � � � � � � � � �
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combined with properties of the τh candidate and the event.
In addition to this multivariate requirement, τh candidates
must satisfy jdzj < 0.2 cm. All selected τh candidates
within a cone of ΔR < 0.5 of a selected electron or muon
are also discarded to suppress misidentified tau leptons.
Additionally, to suppress misidentified leptons originat-

ing from heavy-flavor decays, leptons are discarded if a
b-tagged jet with pT > 10 GeV and jηj < 2.5 is found
within a cone of radius ΔR < 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, respec-
tively, depending on lepton pT and η.

VI. 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:

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

(ii) exactly 3 light leptons and ≥1 τh candidates (3L1T),
(iii) exactly 3 light leptons and no τh candidates (3L),
(iv) exactly 2 light leptons and ≥2 τh candidates (2L2T),
(v) exactly 2 light leptons and exactly 1 τh candidates

(2L1T),
(vi) exactly 1 light lepton and ≥3 τh candidates (1L3T),

and

(vii) 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 > 26ð29Þ GeV in 2016 and 2018 (2017)
or at least one electron with pT > 30ð35Þ 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.

(i) 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 þ 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.

TABLE V. The binning of LT þ 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 (Cat.) is described in Table II. The ranges, as well as the
pmiss
T andHT requirements, are given in GeV. The first bins in the LT þ pmiss

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

Fundamental Tables Advanced Table Advanced Table Advanced Table

LT þ 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 Inclusive 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
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(ii) Charge and flavor combinations: We count the
number OSSFn as distinct opposite-sign (electric
charge) same-flavor lepton pairs in an event. Spe-
cific lepton pairs are labeled as OSSF (opposite-sign,
same-flavor) and OSDF (opposite-sign, different-
flavor). We define Ql as the sum of charges of all
leptons in the event.

(iii) Invariant and transverse masses: We define Ml 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 asMi

T ¼ ð2pmiss
T pi

T½1 − cosð  pmiss
T ;

 pi
TÞ�Þ1=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 [130], 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 eþe−μþ, μþμ−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 OSSF pairs (such as in eþe−eþ),
the events are classified as OnZ if either pair satisfies
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, theMT 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 non-
overlapping 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 regions to isolate these specific decays.
TheMOSSF andMT variables primarily isolate events
with Z → ll and W → lν decays, respectively,
while Mij

T is useful in describing signal events with
two visible leptons and pmiss

T , such as ν0 → Wτ →
lτν in the vectorlike lepton doublet model.

(iv) Angular quantities: We define ΔRmin as the mini-
mum ΔR between all the dilepton pairings in an
event, irrespective of charge or flavor. Similarly,
ΔRτh

min is defined as the minimum ΔR between any

TABLE VII. 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 ¼ 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 Vectorlike lepton Seesaw and leptoquarks

Event HT, pmiss
T , Nb, Ml Ql LT, pi

T=LT, LT=ST, HT=ST, pmiss
T =ST

Lepton pi
T, p

OSSF
T

Angular ΔRmin Max, Min: Δϕi, Max, Min: Δϕij Max: Δηij
Mass Mi

T Mij, M12
T , M13

T , M23
T

TABLE VIII. 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

Vectorlike 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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dilepton pair, where at least one of the leptons is a τh
candidate. The quantities Δϕij and Δηij are defined
as the azimuthal angle or pseudorapidity difference
between the ith and jth lepton, whereas Δϕi 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.

(v) 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 withMmin < 12 GeV,ΔRmin < 0.2, or
ΔRτh

min < 0.5 are vetoed in order to suppress contributions
due to low-mass resonances (J=ψ , ϒ) and low-ΔR FSR
photons.

VII. 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 provided in Table I. 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 devel-
oping the background estimates based on data for the
reducible background contributions. The CRs consist of the
following selections: 4L events with two OSSF OnZ pairs
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FIG. 6. Distributions of BDT score from the SS-M Be ¼ Bμ ¼
Bτ BDT are shown for the 3Lþ 2L1T CR (left), and the 4L ZZ
CR (right). The 3Lþ 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.
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FIG. 7. Distributions of BDT score from the SS-M Be ¼ Bμ ¼
Bτ BDT are shown for events lying outside the control regions in
the three-lepton (3L, 2L1T, 1L2T) channels (left), and the four-
lepton (4L, 3L1T, 2L2T, 1L3T) channels (right). 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. For illustration, an example signal hypothesis for the
production of the type-III seesaw heavy fermions in the flavor-
democratic scenario for mΣ ¼ 550 GeV is also overlaid.
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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 ¼ 0 (3L
MisID e=μ CR); 50 < MT < 150 GeV, minimum lepton
pT > 20 GeV, and Nb ¼ 0 (3L WZ CR); and pmiss

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

A. Irreducible backgrounds

The irreducible backgrounds, as described earlier, arise
from processes in which all reconstructed leptons originate
from decays of SM bosons. These contributions are
estimated using simulated event samples, after normaliza-
tion and validation in dedicated CRs in data for the major
WZ, ZZ, Zγ, and tt̄Z processes. The normalization cor-
rection 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 background estimates
in the SRs. The measurements for the diboson processes
are largely independent because of the high purity of the

corresponding CRs. Since these backgrounds make sig-
nificant contributions to the tt̄Z-enriched CR, the normali-
zation correction for this process is measured after the
corresponding corrections have been obtained for the other
backgrounds.
The ZZ → 4l process is the primary background com-

ponent 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 → 4l and gg → ZZ → 4l processes collec-
tively, and observe relative normalization uncertainties of
4%–5% in each of the three data-taking periods. These
uncertainties are dominated by the statistical uncertainties,
as the contamination from background processes other than
ZZ is negligible in this CR.
The WZ → 3lν process is the primary irreducible back-

ground source for channels with three leptons. This back-
ground is normalized to data in the 3L WZ CR, where
the minimum lepton 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 uncertainties in the range
3–6% across the three data-taking periods for the
WZ → 3lν 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

TABLE IX. Sources, magnitudes, effective variations, and correlation properties of systematic uncertainties 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 Conversion/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
tt̄Z normalization 15–25% Per event tt̄Z 15–25% No
Conversion normalization 10–50% Per event Zγ/Conversion 10–50% No
Rare normalization 50% Per event Rare 50% No
Prompt and misidentification rates 20–60% Per lepton MisID 20–50% No
DY-tt̄ 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
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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 descrip-
tion of leptonic and hadronic quantities of interest in this
analysis.
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FIG. 8. The SR distributions of the fundamental LT þ pmiss
T table for the combined 2016–2018 dataset. The detailed description of the

bin numbers can be found in Tables III–VI. 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 ¼ 1 TeV, before the fit, is also overlaid.
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Production of tt̄Z is a major irreducible SM background
process for all channels with Nb > 0. This background is
normalized to data in the 3L tt̄Z CR selection, which is

orthogonal to the 3LWZ CR and themisidentified lepton CR
selections. Similarly to the selection in the 3L WZ CR, the
minimum leptonpT threshold is raised to 20GeV to suppress
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FIG. 9. The SR distributions of the fundamental ST table for the combined 2016–2018 dataset. The detailed description of the bin
numbers can be found in Tables III–VI. 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 vectorlike τ lepton in the doublet scenario for mτ0 ¼ 1 TeV, before
the fit, is also overlaid.
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the misidentified lepton contributions, and the selection
yields a set of events ∼60% pure in tt̄Z. Including the
statistical and systematic uncertainties due to subtraction of

other background processes, we measure relative normaliza-
tion uncertainties in the range of 20%–30% across the three
data-taking periods for the tt̄Z process.
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FIG. 10. The 3L SR distributions of the advanced ST table for the combined 2016–2018 dataset. The detailed description of the bin
numbers can be found in Table III. 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 ¼ 1.4 TeV, before the
fit, is also overlaid.
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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 misidentifying on-shell photons as electrons. The
dominant source of such backgrounds, collectively referred
to as the conversion background, is DY events with an
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FIG. 11. The 2L1T SR distributions of the advanced ST table for the combined 2016–2018 dataset. The detailed description of the bin
numbers can be found in Table IV. 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 ¼ 1.4 TeV, before the
fit, is also overlaid.
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additional photon.The cross section of this process is
normalized in a dedicated 3L Zγ CR, consisting of
BelowZ trilepton events with Nb ¼ 0, where the mass of
the trilepton system is within 15 GeVof the Z boson mass.
The CR targets Z → llþ γ events, where, for example, the
photon converts in the detector 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 multi-
plicity 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 tt̄Z and
tt̄W contributions are labeled as “tt̄V.” Background proc-
esses involving a lepton conversion, particularly the Zγ
process, are labeled as “Conv.” Other irreducible back-
grounds estimated using simulation consist of triboson,
Higgs boson, and other rare SM contributions, and are
collectively referred to as “Rare” backgrounds.

B. Misidentified lepton backgrounds

The misidentified lepton backgrounds are estimated via
a three- or four-dimensional implementation of a matrix
method [131], 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 Sec. V, whereas the sideband selections
are defined by loose criteria with relaxed isolation require-
ments (<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 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 negligible
in simulation based studies.
The prompt rates are measured using a “tag-and-probe”

method [132] 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.
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FIG. 12. The 1L2T SR distribution of the advanced ST table for the combined 2016–2018 dataset. The detailed description of the bin
numbers can be found in Table V. 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 ¼ 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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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

tt̄ MC samples, using reconstructed leptons kinematically
matched to generator-level prompt leptons (ΔR < 0.2). The
measured prompt rates are primarily parametrized as a
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function of the lepton pT and jηj. 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 DYand tt̄MC 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 mis-
identified lepton background estimate is negligible.
The DYþ jets and tt̄þ jets processes are the dominant

SM contributions to the total misidentified lepton back-
ground 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 2L1TMisID 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 misidentifica-
tion rates. In measurements conducted in data, contribu-
tions due to prompt probe leptons are estimated and
subtracted using MC simulation. Misidentification rates
obtained in simulated tt̄þ 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 Sec. V.
The lepton misidentification rates are also parametrized

as functions of the lepton pT and jηj. The τh rates are further
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FIG. 14. The SS-M Be ¼ Bμ ¼ Bτ BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels for the 2016–2018 datasets. 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 ¼ 550 GeV, before the fit, is also overlaid.
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split for one- and three-prong objects. The central value of
the misidentification rates for each lepton flavor is cor-
rected 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 DYþ 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 tt̄-based
measurements. These are evaluated according to the
expected DY-tt̄ composition of the MisID background,
as obtained from simulated samples in each SR category
and for each b-tagged jet multiplicity. These DYand tt̄MC
samples use normalization factors measured in dedicated
dilepton control regions. Half of the difference between

rates derived from DY- and tt̄-based measurements is
assigned as a systematic uncertainty to allow for inaccurate
modeling of the expected background composition. Typical
electron and muon misidentification rates, relative to the
loose selection, are in the range of 5%–30%, whereas those
of τh objects 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 Sec. IX. The data are observed to be in
agreement with the SM prediction.

VIII. SIGNAL REGIONS

The multilepton events that have been selected in the
seven channels following the description in Secs. V and VI
are now categorized into two alternative SRs. This categori-
zation is done either in a model-independent way, based
on the characteristics of the SM backgrounds, or in a

1

10

210

310

410

510

610

710

E
ve

nt
s 

/ b
in

Data Rare Conv.  10×, 1 TeV] τΒ=μΒ=eΒ [Σ

ttV MisID VV Uncertainty

 (13 TeV)-1138 fb

CMS
 BDT regions [3L,2L1T,1L2T]τΒ=μΒ=eΒSS-H

2016 2017 2018

Bins

0
0.5

1
1.5

2

O
bs

/E
xp

0 10 20 30 0 10 20 30 400 10 20 30

1

10

210

310

410

510

E
ve

nt
s 

/ b
in

Data Rare Conv.  10×, 1 TeV] τΒ=μΒ=eΒ [Σ

ttV MisID VV Uncertainty

 (13 TeV)-1138 fb

CMS
 BDT regions [4L,3L1T,2L2T,1L3T]τΒ=μΒ=eΒSS-H

2016 2017 2018

Bins

0
0.5

1
1.5

2

O
bs

/E
xp

0 5 10 15 0 5 10 15 20 0 5 10 15 20 25

FIG. 15. The SS-H Be ¼ Bμ ¼ Bτ BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels for the 2016–2018 datasets. 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 ¼ 1 TeV, before the fit, is also overlaid.
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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 signal
and background. The plots include the sum of statistical
and systematic uncertainties in the SM background pre-
diction, as described in Sec. IX, and the data are found to be
in agreement with the SM prediction.

A. 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 col-
lected, such that any event that does not populate a CR
contributes to an SR. Explicitly, events selected for the CRs,
which are used in the estimation of major SM backgrounds
as described in Sec. VII, are not used in any of the SRs.
The SRs are designed to separate regions where signs

of BSM models could appear from regions dominant in
SM background processes. The most easily distinguish-
able 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 selec-
tions on Nb give SR regions that have significant con-
tributions from tt̄Z.
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 II.

1

10

210

310

410

510

610

710

E
ve

nt
s 

/ b
in

Data Rare Conv. =1, 550 GeV]τΒ [Σ

ttV MisID VV Uncertainty

 (13 TeV)-1138 fb

CMS
=1 BDT regions [3L,2L1T,1L2T]τΒSS-M

2016 2017 2018

Bins

0
0.5

1
1.5

2

O
bs

/E
xp

0 10 20 30 40 0 10 20 30 40 500 10 20 30 40 50

1

10

210

310

410

510

E
ve

nt
s 

/ b
in

Data Rare Conv. =1, 550 GeV]τΒ [Σ

ttV MisID VV Uncertainty

 (13 TeV)-1138 fb

CMS
=1 BDT regions [4L,3L1T,2L2T,1L3T]τΒSS-M

2016 2017 2018

Bins

0
0.5

1
1.5

2

O
bs

/E
xp

0 10 20 30 0 10 20 30 0 10 20 30

FIG. 16. The SS-M Bτ ¼ 1 BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels for the 2016–2018 datasets. 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 formΣ ¼ 550 GeV, before the fit, is
also overlaid.
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The primary classification 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 funda-
mental 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 0b tag, 1b
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 categorized 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 categorized 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 eitherMT 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 BSMmodels in

each of the 43 categories of the fundamental scheme, an
LT þ 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 þ pmiss

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

T
table. The width of bins in the spectrum is chosen to
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FIG. 17. The SS-H Bτ ¼ 1 BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels for the 2016–2018 datasets. 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 formΣ ¼ 850 GeV, before the fit, is
also overlaid.
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provide smooth and monotonic expected background
behavior, while still retaining sensitivity to nonresonant
models. The first and last bins of the LT þ 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 thatweuse theST 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 þ pmiss

T table is opti-
mized for models without significant hadronic activity, such
as vectorlike 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 III–VI. Each table is produced separately for each
year of data collection, resulting in a total of 468 bins in
the fundamental LT þ 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 dataset.

B. 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 implementa-
tion from the TMVA package [133]. Individual BDTs for
specific model scenarios and for each year of data collec-
tion are trained to discriminate the signal process from the
major SM backgrounds (WZ, ZZ, DY, tt̄, and Zγ).
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FIG. 18. The VLL-M BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels for the 2016–2018 datasets. 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 vectorlike τ lepton in the doublet scenario for mτ0 ¼ 400 GeV, before the fit, is also overlaid.
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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 simulated event sam-
ples of signal and background from the other two periods.
The misidentified lepton background contributions used for
training the BDT are taken from the DYand tt̄MC 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 con-

siderably across the probed 0.1 to 2.0 TeV mass range, and
may depend explicitly on lepton flavor. To address this, we
define small windows 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 vectorlike 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 ¼ Bμ ¼ Bτ) scenario and for
the Bτ ¼ 1 scenario. Similarly, for the leptoquark model,
two separate BDTs are trained for the models with couplings
to τ leptons (Bτ ¼ 1) and light leptons (Be þ Bμ ¼ 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 mul-
tiplicities, as described in Sec. VI. A full list of the quantities
used in the BDT training process is provided in Table VII.
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.
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FIG. 19. The VLL-H BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels for the 2016–2018 datasets. 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 vectorlike τ lepton in the doublet scenario for mτ0 ¼ 900 GeV, before the fit, is also overlaid.
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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 that the performance of the BDTs in orthogonal
testing datasets matches the training performance, and that
the performance in testing datasets does not change signifi-
cantly for small changes in the BDT hyperparameters.
To summarize, for the vectorlike 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.

2. Discriminant application

The BDT of a given signal model training provides a
score in the range of ð−1; 1Þ, 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 back-
ground 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, vectorlike lepton, 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

1

10

210

310

410

510

610

710

E
ve

nt
s 

/ b
in

Data Rare Conv. =1, 700 GeV]τΒS [

ttV MisID VV Uncertainty

 (13 TeV)-1138 fb

CMS
=1 BDT regions [3L,2L1T,1L2T]τΒLQ-M

2016 2017 2018

Bins

0
0.5

1
1.5

2

O
bs

/E
xp

0 20 40 0 20 40 0 20 40

1

10

210

310

410

510

E
ve

nt
s 

/ b
in

Data Rare Conv. =1, 700 GeV]τΒS [

ttV MisID VV Uncertainty

 (13 TeV)-1138 fb

CMS
=1 BDT regions [4L,3L1T,2L2T,1L3T]τΒLQ-M

2016 2017 2018

Bins

0
0.5

1
1.5

2

O
bs

/E
xp

0 10 20 300 10 20 30 0 10 20 30

FIG. 20. The LQ-M Bτ ¼ 1 BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels for the 2016–2018 datasets. 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 τ lepton for mS ¼ 700 GeV, before the fit, is also overlaid.
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BDT of that signal model is considered, and the BDT that
gives the best expected exclusion is chosen for that mass
in the evaluation. Occasionally this leads to mismatched
training and application mass ranges. For example, a
vectorlike τ lepton of mτ0 ¼ 500 GeV is used in the
VLL-M training, but the best expected performance at
mτ0 ¼ 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 sensitive
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 VIII.
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 Sec. IX. 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.
The output distributions of the same BDT in the three-
lepton (3L, 2L1T, 1L2T) and four-lepton (4L, 3L1T, 2L2T,
1L3T) channels, for events that do not fall in any of the
control regions, are shown in Fig. 7. Such distributions are
then transformed to the variable-width bins as explained
above, to form the BDT regions for performing the final
search. These are shown in Sec. X.

IX. 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, tt̄Z, and ZZ backgrounds are 3%–5%,
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FIG. 21. The LQ-H Bτ ¼ 1 BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels for the 2016–2018 datasets. 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 τ lepton for mS ¼ 1.2 TeV, before the fit, is also overlaid.
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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 theo-
retical 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 simulations for lepton
reconstruction, isolation, and trigger efficiencies; b tagging
efficiency; pileup modeling; electron and jet energy reso-
lution; and electron, muon, τ leptons, jet, and unclustered
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 [134] and PDFs
[109,110] are also evaluated for signal and dominant
irreducible background processes, yielding variations

smaller than 10% in the SRs. The uncertainties in the
diboson pT and jet multiplicity modeling in theWZ and ZZ
MC samples typically yield variations in the range of 5–15
and 5–30%, respectively. The electron charge misidentifi-
cation 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 indi-
vidually known with uncertainties in the 1.2%–2.5% range
[135–137], while the total 2016–2018 integrated luminos-
ity 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 misidentifi-
cation 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
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FIG. 22. The LQ-M Be þ Bμ ¼ 1 BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels for the 2016–2018 datasets.
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 ¼ 700 GeV, before the fit, is also overlaid.
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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 rela-
tive 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>50GeV for light leptons, pT>80GeV
for τh). These result in variations in the range of 20%–50%
of the misidentified lepton background contribution esti-
mates, 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 tt̄-
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 mis-
identified 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 theWZ and ZZMC 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 summa-
rized in Table IX.

X. RESULTS

The LT þ pmiss
T distributions of the fundamental table

scheme for all channels with the combined 2016–2018
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FIG. 23. The LQ-H Be þ Bμ ¼ 1 BDT regions for the 3-lepton (upper) and 4-lepton (lower) channels for the 2016–2018 datasets.
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 ¼ 1.4 TeV, before the fit, is also overlaid.
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dataset are shown in Fig. 8, where each histogram bin
corresponds to an orthogonal LT þ pmiss

T bin in regions
defined by the fundamental table scheme. Similarly, the ST
distributions of the fundamental table scheme and the
advanced table scheme are shown in Fig. 9, and
Figs. 10–13, 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 dataset for the type-III seesaw model
with Be ¼ Bμ ¼ Bτ and Bτ ¼ 1 couplings are shown in
Figs. 14,15 and 16,17, respectively. Similarly, distributions
for the doublet vectorlike lepton, leptoquarks with
Bτ ¼ 1 couplings, and leptoquarks with Be þ Bμ ¼ 1

couplings are shown in Figs. 18,19, 20,21, and 22,23,
respectively.
Across all the channels considered, we find agreement

between the data and the predictions of the SM back-
ground. 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 [138] to quantify
the deviations between the background-only hypothesis
and the observed data. The fundamental LT þ pmiss

T , ST,
and the advanced ST schemes have global p-values [139]
of 0.67, 0.53, and 0.11, respectively, consistent with the
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 dataset,
without considering the look-elsewhere effect [140]. The
largest local excess in the fundamental LT þ pmiss

T table is
found in the bin 16 (3L, A4 category, OSSF1 BelowZ,
low minimum lepton pT, 300 < LT þ 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 þ 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<1600GeV)
in the combined 2016–2018 dataset, 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 corre-
sponding bins from Tables III–VI are treated as counting
experiments 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 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 [141–144] criterion,
with a test statistic based on the binned profile likelihood,
in the asymptotic approximation. The upper limits are
calculated at 95% CLThe systematic uncertainties and their
correlations as described in Sec. IX are incorporated in the
likelihood as nuisance parameters with log-normal prob-
ability density functions. The statistical uncertainties in the
signal and background estimates are modeled with gamma
functions. Finally, we present the cross section 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.
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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 24 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 þ Bμ þ Bτ ¼ 1, the observed and
expected lower limits on mΣ in the plane defined by Be and
Bτ are shown in Fig. 25. These limits are given by the SS-H

Bτ ¼ 1 BDT when Bτ ≥ 0.9, and by the SS-H Be ¼
Bμ ¼ Bτ BDT for the other decay branching fraction
combinations. The strongest constraints are when Bμ¼1

(mΣ>1065GeV), while the weakest are when Bτ ¼ 0.8,
Be ¼ 0.2 (mΣ > 845 GeV). This behavior is expected
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because of the greater efficiency of reconstructing and
identifying muons versus τh candidates in the experiment.
Figure 26 shows the observed and expected cross section

limits for the doublet and singlet vectorlike lepton models.
For the doublet model, vectorlike τ leptons are excluded up
to a mass mτ0 of to 1045 GeV, where the expected mass
exclusion is 975 GeV. The best expected limit for mτ0 <
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 vectorlike 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. 27. 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
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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 ¼ 1, Bμ ¼ 1, and
Bτ ¼ 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 þ pmiss

T table scheme will be
sensitive to BSM models produced primarily via electro-
weak interactions, while the advanced ST table scheme will
be 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 sig-
nificant 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 BSMmodel 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 like-
lihood framework [145].

XI. SUMMARY

A search has been performed for physics beyond the
standard model (SM), using multilepton events in proton-
proton collision data at

ffiffiffi
s

p ¼ 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% CL
with masses below 980 GeV (expected 1060 GeV), assum-
ing 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 vectorlike lepton doublet model, vectorlike 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, vectorlike 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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80bUniversità di Pisa, Pisa, Italy

80cScuola Normale Superiore di Pisa, Pisa, Italy
80dUniversità di Siena, Siena, Italy

81aINFN Sezione di Roma, Rome, Italy
81bSapienza Università di Roma, Rome, Italy
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