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1 Introduction

The observation of neutrino oscillations [1–3] implies that neutrinos have a nonzero mass [4].

Direct neutrino mass measurements [5, 6], as well as constraints from cosmological obser-

vations [7–9], indicate that the neutrino masses are much smaller than those of the other

fermions in the standard model (SM) of particle physics. A possible mechanism for the

generation of gauge-invariant neutrino mass terms and an explanation of their small scale is

the see-saw mechanism [10–17], which introduces new heavy neutral leptons (HNLs) with

right-handed chirality that are singlets under all SM gauge groups, but mix with the SM

neutrinos. In addition, HNL models can provide a viable dark matter candidate [18, 19], and

a mechanism to generate the matter-antimatter asymmetry of the universe [20–22].

We consider a simplified model with a single HNL (labelled N in diagrams and formulas)

of Majorana or Dirac type that couples through the neutrino mixing matrix exclusively to a

single generation of SM neutrinos [23, 24]. The signatures of such models in proton-proton

(pp) collisions have been studied extensively [17, 25–35]. We focus on the production in

association with a charged lepton ℓ
±, which proceeds via the charged-current Drell-Yan

(DY) process qq
′

→ W
±

→ Nℓ
± [36, 37] or via the vector boson fusion (VBF) process

qγ → Nℓ
±

q
′ [38–41]. Several searches for this production mode have been performed by the

ATLAS, CMS, and LHCb experiments at the CERN LHC [42–53]. The fully leptonic decay

channel N → ℓℓν results in final states with three charged leptons, as illustrated in figure 1.
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Figure 1. Examples of Feynman diagrams for production and decay of an HNL (indicated with the

symbol N) resulting in final states with three charged leptons. The production processes DY (upper

row and lower left) and VBF (lower right) are shown, with decays mediated by a W boson (upper row

and lower right) or a Z boson (lower left). In the left column, HNLs of Majorana type with an LNV

decay are shown, whereas the right column has HNLs of Dirac type with an LNC decay. The leptons

that couple directly to the HNL (indicated with the symbol ℓ) are restricted to the SM generation

that couples with the HNL, whereas the leptons from the W and Z boson decays (indicated with the

symbol ℓ
′) can be from any SM generation.

Due to the assumption of an exclusive coupling to a single SM generation, the charged lepton

originating from the HNL production and the one from the first decay vertex in the case

of W-boson-mediated decays are necessarily of the same flavour and from the generation

to which the HNL couples. In the case of an HNL of Majorana type, both lepton number

violating (LNV) and lepton number conserving (LNC) decays are possible, and as a result

these two charged leptons can be of the same or opposite charge. For an HNL of Dirac type,

only LNC decays are possible and these two charged leptons thus always have opposite charge.

In this article, we present a search for HNLs in events with three charged leptons

(electrons e, muons µ, and hadronically decaying tau leptons τh, in the following referred to as

“leptons”), using pp collision data collected in 2016–2018 at
√

s = 13 TeV and corresponding

to an integrated luminosity of 138 fb−1. We select events with all possible combinations of

three light leptons (electrons and muons), resulting in the eee, eeµ, eµµ, and µµµ flavour

channels, as well as events with one τh and any combination of two light leptons, resulting

in the eeτh, eµτh, and µµτh flavour channels. Events with an HNL decay mediated by a Z

boson or with an LNC decay mediated by a W boson result in events with an opposite-sign

same-flavour (OSSF) lepton pair, whereas events without such a pair are only possible for

an LNV decay. The HNL scenarios with exclusive electron (muon) neutrino coupling are

only probed in the eee and eeµ (µµµ and eµµ) channels. In the scenario of exclusive tau

neutrino couplings, the two tau leptons can decay leptonically or hadronically, and thus the

eee, eeµ, eµµ, and µµµ channels provide sensitivity to HNL events where both tau leptons
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decay leptonically, whereas the eeτh, eµτh, and µµτh channels provide sensitivity where

one tau lepton each decays leptonically and hadronically. Two strategies based on event

categorization or on machine-learning discriminants are employed to separate the HNL signal

from the SM background, where diboson production is the most important contribution.

Our results are interpreted for HNL masses mN between 10 GeV and 1.5 TeV. To facilitate

reinterpretations within more general HNL models [54, 55], we provide tabulated results

in the HEPData record for this analysis [56].

The CMS Collaboration presented in ref. [46] a search in events with three light leptons

using pp collision data collected in 2016 at
√

s = 13 TeV and corresponding to an integrated

luminosity of 35.9 fb−1, constraining the mixing parameter |VℓN|2 between the HNL and the

SM neutrino generation for mN between 1 GeV and 1.2 TeV. This article supersedes those

results, and improves them not only because of the larger data set, but also from refined

light-lepton identification (ID) criteria, improved background estimation techniques, and

signal-to-background discrimination based on machine learning. Additionally, we include

for the first time in HNL searches at the LHC events with τh and use state-of-the-art τh

ID techniques.

The mean lifetime of an HNL is proportional to m
−5

N V
−2

ℓN [57]. The HNL events that

have a large decay length compared with the impact parameter resolution of the CMS tracker

have a reduced selection efficiency in this analysis because we require that leptons originate

from the primary interaction vertex (PV). Two dedicated HNL searches presented by the

CMS Collaboration, based on the same pp collision data set used in this analysis, reconstruct

the secondary HNL decay vertex in events with three light leptons [50] or apply a displaced

jet tagger to events with two light leptons [52], and constrain long-lived HNL scenarios for

1 < mN < 20 GeV. The results of this analysis are complementary since they probe short-lived

HNL scenarios with mN > 10 GeV not excluded by the dedicated searches for long-lived HNLs.

2 The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconducting 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

endcap sections. Forward calorimeters extend the pseudorapidity (η) coverage provided by

the barrel and endcap detectors. Muons are measured in gas-ionization detectors 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, is reported in refs. [58, 59].

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 [60]. 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 [61].
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The global event reconstruction with the particle-flow (PF) algorithm [62] reconstructs

and identifies each individual particle in an event, with an optimized combination of all

subdetector information. In this process, the identification of the particle type (photon,

electron, muon, charged or neutral hadron) plays an important role in the determination of

the particle direction and energy. Photons are identified as ECAL energy clusters not linked

to the extrapolation of any charged-particle trajectory to the ECAL. Electrons are identified

as a charged-particle track and potentially many ECAL energy clusters corresponding to the

extrapolation of this track to the ECAL and to possible bremsstrahlung photons emitted

along the way through the tracker material. Muons are identified as tracks in the central

tracker consistent with either a track or several hits in the muon system, and associated with

calorimeter deposits compatible with the muon hypothesis. Charged hadrons are identified as

charged-particle tracks neither identified as electrons, nor as muons. Finally, neutral hadrons

are identified as HCAL energy clusters not linked to any charged-hadron trajectory, or as

a combined ECAL and HCAL energy excess with respect to the expected charged-hadron

energy deposit. The PV is taken to be the vertex corresponding to the hardest scattering in

the event, evaluated using tracking information alone, as described in section 9.4.1 of ref. [63].

For each event, hadronic jets are clustered from these reconstructed particles using the

infrared and collinear safe anti-kT algorithm [64, 65] with a distance parameter of 0.4. Jet

momentum is determined as the vectorial sum of all particle momenta in the jet, and is

found from simulation to be, on average, within 5–10% of the true momentum over the entire

transverse momentum (pT) spectrum and detector acceptance. Additional pp interactions

within the same or nearby bunch crossings (pileup) can contribute additional tracks and

calorimetric energy depositions to the jet momentum. To mitigate this effect, charged particles

identified to be originating from pileup vertices are discarded and an offset correction is

applied to correct for remaining contributions. Jet energy corrections are derived from

simulation to bring the measured response of jets to that of particle-level jets on average.

In situ measurements of the momentum balance in dijet, photon+jet, Z+jet, and multijet

events are used to correct for any residual differences in the jet energy scale between data

and simulation [66]. Only jets with pT > 25 GeV and |η| < 2.4 are considered in this analysis.

Additional selection criteria are applied to each jet to remove jets potentially dominated by

anomalous contributions from various subdetector components or reconstruction failures [67].

The missing transverse momentum vector p⃗
miss

T is computed as the negative p⃗T sum of all

PF candidates in an event, and its magnitude is denoted as p
miss

T [68]. The p⃗
miss

T is modified to

account for corrections to the energy scale of the reconstructed jets in the event. Anomalous

high-pmiss

T events can arise from a variety of reconstruction failures, detector malfunctions, or

noncollisional backgrounds. Such events are rejected by event filters that identify more than

85% of the spurious high-pmiss

T events with a mistagging rate of less than 0.1% [68].

The DeepJet algorithm [69–71] is applied to identify jets arising from the hadronization

of b hadrons. We use a loose working point to tag jets as “b jets” with a selection efficiency

for b quark jets of more than 90%, and a misidentification rate for c quark jets (light quark

and gluon jets) of 50 (20)%.
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3 Event simulation

Event samples simulated with Monte Carlo event generators are used to evaluate the signal

selection efficiency, to predict background contributions, to train machine learning discrimina-

tors, and to validate background estimation techniques based on control samples in data. The

simulated event samples are processed with a full simulation of the CMS detector based on

the Geant4 toolkit [72], and are reconstructed with the same software as the data samples.

Additional simulated pileup interactions are added to the simulated events to match the

observed pileup distribution as well, with a mean pileup of 23 (32) in 2016 (2017–2018) [73].

Separate event samples are generated for each data-taking year, reflecting the differences

in the LHC running conditions and the CMS detector performance.

For the signal process, event samples are generated with the MadGraph5_amc@nlo

v2.6.5 program [74, 75], using a model that extends the SM particle content by up to

three right-handed neutrinos [26, 33, 40, 41]. The DY production process is simulated for

mN < 80 GeV at leading order (LO) in the strong coupling αS, whereas the simulation is

performed at next-to-LO (NLO) in all other cases. In the matrix element calculation, the

NNPDF3.1 [76] parton distribution functions (PDFs) are used for the DY production process,

and the NNPDF31.luxQED [77–79] PDFs for the VBF production process. Separate samples

are generated for HNLs that couple to electron, muon, or tau neutrinos, and for different mN

values between 10 GeV and 1.5 TeV. The VBF samples are generated only for masses of at

least 600 GeV, since the contribution from VBF production is only relevant at high masses.

For mN > 30 GeV, no HNL lifetime effects are included in the simulation and a fixed value of

|VℓN|2 = 10
−4 is used. The HNL production cross section is proportional to |VℓN|2 [41], and

thus the generated samples for a specific mN value can be used to emulate signal scenarios

with the same mN and different |VℓN|2 values by applying a corresponding normalization

factor. At 30 GeV and lower, we calculate the HNL mean lifetime analytically [80] and

include it in the simulation of the HNL decay. Samples are generated with one fixed |VℓN|2

value between 10
−6 and 10

−3 for each mass point, and we emulate other |VℓN|2 values by

reweighting the HNL decay length distribution as described in ref. [50]. In all cases, the

samples are generated assuming an HNL of Majorana nature, i.e. including both LNV and

LNC decays. Samples for a Dirac HNL are obtained by selecting only the subset of simulated

events with LNC decays, and the event weights are calculated using the same cross section

but half the decay width of the Majorana HNL with the same mass and couplings.

Furthermore, the MadGraph5_amc@nlo generator is used to simulate background

samples at NLO for WZ and Zγ diboson production, for Higgs boson (H) production in

association with a vector boson or a top quark pair (tt), for triboson production, for tt

production in association with a W or Z boson, for s-channel and tZ single top quark

production, and for four top quark production. It is also used at LO for DY vector boson

production in association with jets (Z+jets and W+jets), H production in association with

a single top quark, tt production in association with two bosons, and three top quark

production. Background samples for qq -initiated WW and ZZ diboson production, gluon

fusion and VBF H production, tt production, and t-channel and tW single-t production

are generated with the powheg 2 program [81–89] at NLO. The gluon-gluon-initiated ZZ

diboson production is simulated with the mcfm v7.0.1 generator [90–92] at LO. In all cases,
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the NNPDF3.1 PDFs are used.

The generators are interfaced with the pythia v8.230 program [93] for the underlying

event description with the CP5 tune [94], the parton shower simulation, and hadronization.

For MadGraph5_amc@nlo samples simulated at LO (NLO), jets from matrix element

calculations are merged with those from the parton shower using the MLM [95] (FxFx [96])

matching scheme. In powheg samples for H production, the decay to four leptons is

simulated with the JHUgen v5.2.5 program [97].

4 Lepton selection

Electrons are measured in the range |η| < 2.5, and their momentum is estimated by combining

the energy measurement in the ECAL with the momentum measurement in the tracker [98, 99].

Electrons with 1.44 < |η| < 1.57 in the transition region between the barrel and endcap are not

considered in the analysis because of performance limitations of the electron reconstruction

in this region. Muons are measured in the range |η| < 2.4, with detection planes made using

three technologies: drift tubes, cathode strip chambers, and resistive plate chambers [100].

We select reconstructed electrons and muons with pT > 10 GeV that are compatible

with originating from the PV and isolated from other particles in the event. The relative

isolation variable Irel is defined as the scalar pT sum of all PF particles reconstructed within

a cone around the lepton direction divided by the lepton pT, with the cone size defined

in terms of ∆R =
√

(∆η)2 + (∆φ)2, where ∆η and ∆φ are the η and azimuthal angle

difference between the particle and the lepton. We use a variable cone size of 0.2 for leptons

with pT < 50 GeV, of 10 GeV/pT for 50 < pT < 200 GeV, and of 0.05 for pT > 200 GeV,

which improves the efficiency for high-pT leptons by removing the accidental overlap with

other particles [101]. Additionally, corrections for pileup contributions to Irel are applied.

All reconstructed electrons and muons are required to have Irel < 0.4. For electrons, we

additionally require that there be at most one tracker layer that contributes no hit on the

track, to reduce contributions from photon conversions [98]. For muons, we additionally

apply the “medium” set of ID criteria defined in ref. [100].

Electrons and muons produced directly from the prompt decay of HNLs, W and Z

bosons, or tau leptons are referred to as “prompt” leptons. Background contributions with

“nonprompt” leptons arise from events with genuine leptons produced in hadron decays and

photon conversions, as well as from evens with jet constituents misidentified as leptons. To

distinguish between prompt and nonprompt electrons and muons, the two additional sets

of ID criteria defined in ref. [102] are applied, labelled “loose” and “tight”. The tight ID

is based on a multivariate analysis (MVA) discriminant using the methods developed for

various CMS measurements and searches with multilepton signatures [103–108], described in

more detail for the case of muons in ref. [109]. Tight electrons and muons are required to

have the MVA discriminant exceed certain thresholds, resulting in a prompt electron (muon)

selection efficiency of about 85 (92)%. The misidentification rate for nonprompt electrons

(muons) is less than 0.6% (about 1%). The loose ID is defined by requiring that electrons

and muons either pass the tight ID, or pass selection requirements on some properties that

are also used as inputs to the MVA discriminant.
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Jets are used to reconstruct τh candidates with the hadrons-plus-strips algorithm [110],

which combines one or three tracks with energy deposits in the calorimeters, to identify the

τh decay modes. Neutral pions are reconstructed as ECAL energy deposition “strips” with

dynamic size in η-ϕ from reconstructed electrons and photons, where the strip size varies

as a function of the pT of the electron or photon candidate. The τh decay mode is then

obtained by combining the charged hadrons with the strips. We consider decay modes with

one or three charged hadrons, with or without neutral pions, and require the τh candidate

to have pT > 20 GeV and |η| < 2.3.

To distinguish genuine τh decays from jets originating from the hadronization of quarks

or gluons, and from electrons and muons, the DeepTau algorithm is used [111]. Information

from all individual reconstructed particles near the τh axis is combined with properties of the

τh candidate and the event to provide a multiclassification output equivalent to a Bayesian

probability of the τh to originate from a genuine tau lepton, the hadronization of a quark

or gluon, an electron, or a muon. We define a “loose” and a “tight” ID for τh by choosing

different working points of the DeepTau discriminant for genuine tau leptons. The rate of a

jet to be misidentified as τh by the DeepTau algorithm depends on the pT and quark flavour

of the jet. We estimate it in simulated events from W boson production in association with

jets to be 0.43% for a genuine τh identification efficiency of 70%. The misidentification rate

for electrons (muons) is 2.6 (0.03)% for a genuine τh identification efficiency of 80 (>99)%.

To avoid double counting of charged-particle candidates that pass both the electron and

muon reconstruction, we remove reconstructed electrons that are within ∆R < 0.05 of any

reconstructed muon. Furthermore, we require that τh candidates be separated from any

reconstructed electron or muon passing the tight working point by ∆R > 0.5. Any jet that is

within ∆R < 0.4 of any reconstructed electron or muon that passes the loose ID or within

∆R < 0.5 of a τh candidate that passes the tight ID is removed as well.

5 Event selection and search strategy

We analyse events that were collected with various triggers that require the presence of one,

two, or three light leptons, with pT thresholds that depend on the data-taking year and

the flavour combination of the reconstructed leptons, as listed in table 1. The efficiency

of the trigger selection is larger than 90% for three-lepton events everywhere, approaching

100% for events with large lepton pT.

We select events with exactly three leptons that pass the tight ID criteria. For a sideband

enriched in events with nonprompt leptons, we retain events where at least one lepton fails

the tight but passes the loose ID criteria. Events with additional loose leptons or with

at least one b jet are removed, as well as events where all leptons have the same charge.

The highest pT (leading) lepton, referred to as ℓ1, is required to have pT(ℓ1) > 15 GeV.

To ensure a high trigger efficiency, higher pT thresholds are applied to the leading and

second-highest pT (subleading) light lepton depending on the lepton flavours present in the

event, as summarized in table 1. If OSSF lepton pairs are present in an event, they are

required to have an invariant mass m(ℓ+
ℓ

−) > 5 GeV to remove contributions from low-mass

resonances. Additionally, we require |m(ℓ+
ℓ

−) − mZ | > 15 GeV for any OSSF lepton pair,

where mZ = 91.2 GeV is the Z boson mass [112], to remove background events with Z bosons.
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Ne Nµ Online selection Offline selection

≥1 — pT(e1) > 27 (32) GeV pT(e1) > 30 (35) GeV

— ≥1 pT(µ
1
) > 24 GeV pT(µ

1
) > 25 GeV

≥2 — pT(e1) > 23 GeV, pT(e2) > 12 GeV pT(e1) > 25 GeV, pT(e2) > 15 GeV

— ≥2 pT(µ
1
) > 17 GeV, pT(µ

2
) > 8 GeV pT(µ

1
) > 20 GeV

≥1 ≥1 pT(l1) > 23 GeV, pT(l2) > 8 (12) GeV pT(l1) > 25 GeV, pT(l2) > 10 (15) GeV

≥3 — pT(e1) > 16 GeV, pT(e2) > 12 GeV, pT(e3) > 8 GeV pT(e1) > 25 GeV, pT(e2) > 15 GeV

≥2 ≥1 pT(e1,2) > 12 GeV, pT(µ
1
) > 8 GeV pT(e1) > 25 GeV, pT(e2) > 15 GeV

≥1 ≥2 pT(e1) > 9 GeV, pT(µ
1,2

) > 9 GeV —

— ≥3 pT(µ
1
) > 12 (10) GeV, pT(µ

2
) > 10 (5) GeV, pT(µ

3
) > 5 GeV —

Table 1. Requirements on the light-lepton pT values in the online and offline selections. The first two

columns give the numbers of electrons and muons in the event (Ne and Nµ). The third column lists

the pT thresholds on the reconstructed electrons and muons in the online trigger selection, where the

indices 1, 2, and 3 refer to the highest pT, second-highest pT, and third-highest pT lepton, respectively.

The fourth column lists the offline event selection requirements applied in addition to the baseline

requirements of pT(ℓ
1
) > 15 GeV and pT(ℓ

2,3
) > 10 GeV, where ℓ refers to reconstructed leptons of

any flavour. For the eµ trigger, the requirements are given for the highest and second-highest pT light

lepton, referred to as l
1

and l
2

to indicate that a τh present in the event is not considered for the

ordering. The values in parentheses give the thresholds applied in 2017 and 2018, where they are

different from 2016. All events are required to pass the conditions of at least one of the rows.

While this removes HNL signal events with decays mediated by an on-shell Z boson, the

SM Z boson background is overwhelming in this phase space and thus the loss of sensitivity

incurred by this requirement is negligible. Finally, events with b jets are removed to suppress

background contributions with top quarks.

Events are categorized by the flavour of the selected leptons. For events with only

electrons and muons, this results in the four categories eee, eeµ, eµµ, and µµµ. For events

with exactly one τh, we distinguish the three categories eeτh, eµτh, and µµτh. We do not

select events with more than one τh, since the typically smaller signal efficiency, higher

background contamination, and lower resolution of the τh reconstruction compared with

those for electrons and muons result in a low signal acceptance and a significant background

yield for these events.

For HNL models with mN below the W boson mass mW = 80.4 GeV [112], the HNL decay

proceeds via a virtual W or Z boson, resulting in typically low-pT leptons. In the case of

mN > mW , the decay will first proceed to an on-shell W boson and a lepton, with a subsequent

leptonic decay of the W boson, resulting in typically higher pT for at least one of the leptons.

Similarly for mN > mZ , the decay via an on-shell Z boson also results in events with leptons of

typically higher pT. Other kinematic properties of the final-state leptons will be significantly

different as well for the cases of mN < mW (“low mass”) and >mW (“high mass”). Thus, we

define two orthogonal event selections to target the two separate mass ranges, by categorizing

events with pT(ℓ1) < 55 GeV as low-mass and >55 GeV as high-mass events.

In the low-mass selection, events are further required to have p
miss

T < 75 GeV to remove

background contributions with SM neutrinos, such as tt and diboson production, and to
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have a trilepton invariant mass m(3ℓ) < 80 GeV to remove Zγ photon conversion events. In

the high-mass selection, the subleading lepton is required to have pT(ℓ2) > 15 GeV to reduce

background contributions with nonprompt leptons, and events with an OSSF lepton pair

and |m(3ℓ) − mZ | < 15 GeV are removed to reduce Zγ photon conversion backgrounds. To

remove background contributions with charge-misidentified electrons, events in the high-mass

selection with two same-sign electrons and a muon are required to have consistent results

between three independent charge measurements [113] for the two electrons and to have a

dielectron mass more than 15 GeV away from mZ . Although charge-misidentified electrons

can also play a role in other final states, their contribution to the background is small in

other flavour channels. Charge mismeasurement for muons is negligible [114, 115].

Following the strategy applied in ref. [46], we define a number of orthogonal search regions

(SRs) by classifying the events according to several kinematic variables that provide a good

discrimination between signal and background contributions, as summarized in table 2. Events

are first sorted based on whether they have an OSSF lepton pair or not, since background

processes with a Z boson contribute primarily to the OSSF events. In the low-mass region,

the SRs are then defined in bins of pT(ℓ1) and the smallest invariant mass of any opposite-sign

(OS) lepton pair, min m(ℓ+
ℓ

−). The SRs with pT(ℓ1) < 30 GeV target HNL scenarios where

mN is close to mW , such that both the lepton from the HNL production and the leptons

from the HNL decay have low pT. The SRs with 30 < pT(ℓ1) < 55 GeV, on the other hand,

target HNL scenarios with a smaller mN, such that the lepton from the HNL production can

have a large pT. The min m(ℓ+
ℓ

−) variable is bounded to be smaller than mN for HNL signal

events, and thus provides sensitivity to distinguish different HNL signal scenarios.

In the high-mass region, the SRs are defined in bins of min m(ℓ+
ℓ

−), m(3ℓ), and the

transverse mass mT calculated with p⃗
miss

T and the lepton not used for min m(ℓ+
ℓ

−), defined

as mT =
√

2p
miss

T pT(ℓ)(1 − cos ∆ϕ), where ∆ϕ is the ϕ angle between the lepton and p⃗
miss

T .

The variable min m(ℓ+
ℓ

−) again provides discriminating power between different HNL masses,

whereas mT is targeted at the reconstruction of a resonance decaying into the third lepton

and an SM neutrino that causes the p⃗
miss

T in the events. Although the HNL signal events

have no such resonance and thus are distributed towards high mT values, SM background

processes like WZ production with W → ℓν decays will have a distribution of mT mostly

below mW . Finally, m(3ℓ) measures a lower bound on the energy of the s-channel resonance

that produced the leptons in the event, with larger values as mN increases due to the large

partonic centre-of-mass energy required to produce high-mass HNLs, and a distribution at

lower values for the SM backgrounds that generally have a lower production threshold.

To further improve the separation of signal and background events, we employ machine

learning classifiers based on boosted decision trees (BDTs) as implemented in the tmva

package [116]. The classifiers are trained to distinguish HNL signal events from background

events taken from simulated samples for the Z+jets, tt , and WZ background processes, using

both selected and sideband events to also train against nonprompt-lepton background events.

We train separate BDTs for different HNL coupling scenarios and mN ranges, using different

event selections and categories, and label these trainings as “BDT(mN, ℓ, iτh)”. The first

argument specifies one of the five mN ranges (in GeV), where we use the low-mass (high-mass)

selection for the ranges 10–40 and 50–75 GeV (85–150, 200–250, and 300–400 GeV). The
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OSSF pair
pT(ℓ1) m(3ℓ) min m(ℓ+

ℓ
−) mT SR name

(GeV) (GeV) (GeV) (GeV)

Low-mass selection

No <30 <80 <10 any La1
10–20 La2
20–30 La3
>30 La4

30–55 <80 <10 any La5
10–20 La6
20–30 La7
>30 La8

Yes <30 <80 <10 any Lb1
10–20 Lb2
20–30 Lb3
>30 Lb4

30–55 <80 <10 any Lb5
10–20 Lb6
20–30 Lb7
>30 Lb8

High-mass selection

No >55 <100 any <100 Ha1
>100 Ha2

>100 <100 <100 Ha3
100–150 Ha4
150–250 Ha5

>250 Ha6

100–200 <100 Ha7
>100 Ha8

>200 any Ha9

Yes >55 <75 any <100 Hb1
100–200 Hb2

>200 Hb3

>105 <100 <100 Hb4
100–200 Hb5
200–300 Hb6
300–400 Hb7

>400 Hb8

100–200 <100 Hb9
100–200 Hb10
200–300 Hb11

>300 Hb12

>200 <100 Hb13
100–200 Hb14
200–300 Hb15

>300 Hb16

Table 2. Definitions of the search regions (SRs) for events in the low-mass (upper part) and high-mass

(lower part) selections.
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second argument specifies the lepton flavour of the neutrino generation to which the HNL

couples exclusively. The third argument specifies the event categories used in the training:

for electron and muon neutrino couplings, the event categories without τh are used, i.e.

eee, eeµ, eµµ, and µµµ, labelled as “0τh”. For tau neutrino couplings, separate trainings

are performed for final states with no τh at generator level, using the 0τh event categories,

and for final states with at least one τh at generator level, using the eeτh, eµτh, and µµτh

event categories, labelled as “1τh”.

The input variables to the BDTs are the kinematic properties of the reconstructed leptons;

invariant and transverse masses of different dilepton and trilepton systems; the number of jets;

kinematic properties of the reconstructed jets; ∆R between different lepton and lepton-jet

pairs; p
miss

T ; and the sum of the pT of all reconstructed jets (leptons), referred to as HT (LT).

Additional input variables to the BDTs trained with the low-mass selection are various ∆ϕ

between p⃗
miss

T and leptons or jets. Furthermore, the BDTs trained with the low-mass selection

in the 0τh categories have the flavours and charges of the reconstructed electrons and muons

as additional input variables. A selection of the most discriminating variables used in the

different trainings is shown in figures 2–4. It can be seen that the different distributions

provide sensitivity to distinguish between HNL signal and background distributions, but also

show differences in the expected distributions for different mN values, which is the reason

to train separate BDTs for different mass ranges. Generally good agreement is observed

between data and background prediction.

The BDTs calculate event scores based on these input variables, and the score can be

interpreted as a measure of how likely an event is to originate from the HNL signals used

in the respective BDT training. The agreement between data and background prediction is

validated for all BDT input variables and output scores in the control regions (CRs) defined

in section 6, and good agreement is found.

For the final results, we combine the approaches based on SRs and BDTs. In the low-mass

selection, the background events used in the BDT training predominantly have an OSSF

lepton pair, whereas the SRs with no OSSF pair have only small background yields and no

significant separation between signal and background contributions is provided by the BDTs

for these events. Thus, we analyse together the BDT score distributions for the combined

SRs with an OSSF pair (i.e. Lb1–8, as defined in table 2) and the yields in the SRs without

an OSSF pair (i.e. La1–8). In the high-mass selection, good sensitivity to the HNL signal is

provided by the BDT scores for mN up to 400 GeV for electron and muon neutrino couplings,

whereas the low expected signal yields for larger mN or exclusive couplings to tau neutrinos

result in a loss of sensitivity for the BDT approach. Consequentially, we use the BDT score

distributions for the combined SRs Ha1–9 and Hb1–16 when targeting mN up to 400 GeV for

electron or muon neutrino couplings, and the yields in these SRs otherwise.

6 Background estimation

Background contributions from SM processes are estimated with a combination of methods

based on CRs in data and simulated event samples. We distinguish between background

contributions where all three selected leptons are prompt and those that have at least one

nonprompt lepton. For prompt-lepton backgrounds, we additionally treat processes separately
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Figure 2. Comparison of observed (points) and predicted (coloured histograms) distributions in

the low-mass selection for the 0τh categories combined. Important input variables to the BDT

training are shown: min m(ℓ+
ℓ

−) (upper left), mT (upper right), ∆R between the two leptons used for

min m(ℓ+
ℓ

−) (∆R[min m(ℓ+
ℓ

−)], lower left), m(3ℓ) (lower right). The predicted background yields

are shown before the fit to the data (“prefit”). The HNL predictions for three different mN values

with exclusive coupling to tau neutrinos are shown with coloured lines, and are normalized to the

total background yield. The vertical bars on the points represent the statistical uncertainties in the

data, and the hatched bands the total uncertainties in the predictions. The last bins include the

overflow contributions. In the lower panels, the ratios of the event yield in data to the overall sum of

the predictions are shown.

that have a charge-misidentified electron (referred to as “charge misID”) or at least one

lepton originating from the conversion of a prompt photon produced at the interaction point.

Prompt-lepton backgrounds are estimated from the simulated event samples discussed in

section 3, and are dominated by WZ and ZZ diboson production, where the latter includes

resonant contributions from H → ZZ production. All other prompt-lepton background

contributions, of which the largest is from associated top quark and triboson production, are

grouped together with charge-misID contributions as “Other” in the figures.
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Figure 3. Comparison of observed (points) and predicted (coloured histograms) distributions in the

low-mass selection for the 1τh categories combined. Important input variables to the BDT training

are shown: min m(ℓ+
ℓ

−) (upper left), pT(ℓ3) (upper right), m(3ℓ) (lower left), LT (lower right). The

predicted background yields are shown before the fit to the data (“prefit”). The HNL predictions for

three different mN values with exclusive coupling to tau neutrinos are shown with coloured lines, and

are normalized to the total background yield. The vertical bars on the points represent the statistical

uncertainties in the data, and the hatched bands the total uncertainties in the predictions. The last

bins include the overflow contributions. In the lower panels, the ratios of the event yield in data to

the overall sum of the predictions are shown.

To validate the modelling of the dominant diboson background contributions in the

simulated event samples, we define three CRs that are orthogonal to the SRs by the requirement

of an OSSF lepton pair consistent with mZ . These CRs target WZ and ZZ production, as well

as Zγ production with photon conversion. The total yield predicted by the SM backgrounds

is compared with the observed data yield, and a correction factor is derived where necessary.

Additionally, the distributions for several observables relevant in the SR definitions and the

BDTs are compared to ensure that these background contributions are well modelled, and

to derive uncertainties in the background normalizations.
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Figure 4. Comparison of observed (points) and predicted (coloured histograms) distributions in the

high-mass selection for the 0τh categories combined. Important input variables to the BDT training

are shown: ∆R[min m(ℓ+
ℓ

−)] (upper left), mT (upper right), pT(ℓ3) (lower left), p
miss

T (lower right).

The predicted background yields are shown before the fit to the data (“prefit”). The HNL predictions

for three different mN values with exclusive coupling to tau neutrinos are shown with coloured lines,

and are normalized to the total background yield. The vertical bars on the points represent the

statistical uncertainties in the data, and the hatched bands the total uncertainties in the predictions.

The last bins include the overflow contributions. In the lower panels, the ratios of the event yield in

data to the overall sum of the predictions are shown.

The WZ CR is defined by selecting events with exactly three tight light leptons with

pT(ℓ1) > 25 GeV and pT(ℓ2) > 15 GeV, where two leptons form an OSSF pair with |m(ℓ+
ℓ

−)−

mZ | < 15 GeV. Events with b jets are excluded to reduce contributions from associated top

quark production, p
miss

T > 50 GeV is required to account for the SM neutrino from the W

boson decay, and the requirement of |m(3ℓ) − mZ | > 15 GeV removes contributions with

photon conversions. More than 80% of the events in the CR originate from WZ production.

Signal contributions to this CR are negligible, with predicted yields of signal processes not

excluded by ref. [46] less than 0.5% of the total background yield for all mass points in this
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Figure 5. Comparison of observed (points) and predicted (coloured histograms) distributions in

the WZ CR. The leading lepton pT (upper left) and η (upper right), as well as p
miss

T (lower left)

and min m(ℓ+
ℓ

−) (lower right) are shown. The vertical bars on the points represent the statistical

uncertainties in the data, and the hatched bands the total uncertainties in the predictions. The last

bins include the overflow contributions. In the lower panels, the ratios of the event yield in data to

the overall sum of the predictions are shown.

analysis. The total yields observed in the data agree with the prediction. The comparison

of the distributions for several observables in figure 5 demonstrates good agreement as well,

with deviations smaller than 10% in most bins.

The ZZ CR is defined by selecting events with exactly four tight light leptons with

pT(ℓ1) > 15 GeV, where the four leptons form two OSSF pairs with |m(ℓ+
ℓ

−)−mZ | < 15 GeV

each. In the case of four leptons of the same flavour, the pairs are chosen such that the sum

of the mass differences with respect to mZ is minimized. The OSSF pair with the invariant

mass further away from mZ is labelled “Z2”. Events with b jets are removed to reduce

contributions from associated top quark production, and m(ℓ+
ℓ

−) > 12 GeV is required for

every OS lepton pair to remove contributions from low-mass resonances. Contributions from

background processes other than ZZ production or from signal contamination are negligible
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Figure 6. Comparison of observed (points) and predicted (coloured histograms) distributions in the

ZZ CR. The leading lepton pT (upper left), m(ℓ+
ℓ

−) of Z2 (m(Z2), upper right), p
miss

T (lower left),

and min m(ℓ+
ℓ

−) (lower right) are shown. The ZZ prediction is scaled with a normalization factor of

1.12, as discussed in the text. The vertical bars on the points represent the statistical uncertainties in

the data, and the hatched bands the total uncertainties in the predictions. The last bins include the

overflow contributions. In the lower panels, the ratios of the event yield in data to the overall sum of

the predictions are shown.

in this CR. We find the observed yields to be larger than the prediction, and assign a scale

factor of 1.12 to the simulated ZZ samples to correct for the difference in the total yield.

After applying the scale factor, good agreement between the prediction and the observation

is found across several observables, some of which are shown in figure 6. Except for a few

bins with lower statistical precision, the agreement is generally better than 10%.

Background contributions from processes with photon conversions are also estimated

from simulated samples. The main photon conversion background arises from Zγ production,

where the photon undergoes an asymmetric conversion into two leptons of which one has very

low pT and is not reconstructed. For the Zγ CR, events with exactly three tight light leptons

with pT(ℓ
1
) > 15 GeV are selected. To select Zγ events where the photon is radiated from
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Figure 7. Comparison of observed (points) and predicted (coloured histograms) distributions in the

Zγ CR. The leading lepton pT (upper left) and η (upper right), p
miss

T (lower left), and mT (lower right)

are shown. The Zγ prediction is scaled with a normalization factor of 1.11, as discussed in the text.

The vertical bars on the points represent the statistical uncertainties in the data, and the hatched

bands the total uncertainties in the predictions. The last bins include the overflow contributions. In

the lower panels, the ratios of the event yield in data to the overall sum of the predictions are shown.

one of the leptons from the Z boson decay but at the same time remove contributions from

Z+jets and WZ production, we require |m(3ℓ) − mZ | < 10 GeV, as well as that two leptons

form an OSSF pair with |m(ℓ+
ℓ

−) − mZ | > 15 GeV. Events with b jets are removed. In this

CR, about 70% of the events originate from photon conversions. Expected signal yields for

processes not excluded by ref. [46] are below 0.5% of the total yield. To correct for differences

in the total yield between data and prediction, we apply a scale factor of 1.11 to simulated

Zγ samples. Figure 7 shows the data and predicted distributions for several observables, with

the scale factor applied, and exhibits agreement that is typically better than 10%.

Simulated event samples are used to predict background contributions with charge-misID

electrons. The misID rate in simulation depends strongly on the material included in the

detector model, and is validated by dedicated measurements in data by comparing event yields
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with same- and opposite-sign electron pairs [102]. It is found that the misidentification rate

is overestimated (underestimated) in 2016 (2017–2018) samples by about 10 (50)%, and we

apply correction factors to the normalization of the charge-misID background correspondingly.

Nonprompt-lepton background contributions arise mostly from tt and Z+jets production

with an additional nonprompt lepton. They are especially relevant in the 1τh categories. A

“tight-to-loose” ratio method [105, 117, 118] is applied to estimate the nonprompt-lepton

background contributions from control samples in data. The tight-to-loose ratio is defined

as the probability f for a loose lepton to also satisfy the tight ID selection. It is evaluated

separately for the different lepton flavours, and is measured as a function of pT and |η|. For

electrons and muons, f is measured in a sample enriched in SM events composed uniquely of

jets produced through the strong interaction selected with nonisolated single-lepton triggers.

For τh, f is measured in samples enriched in Z+jets and tt events. The measured values

of f are applied as weights to events that pass the SR selection but have one or more

leptons that pass the loose and fail the tight selection. Both simulated events and data

samples enriched in nonprompt leptons are used to validate the tight-to-loose ratio method

for all lepton flavours. Good agreement of better than 30% is found in these tests in the

most relevant kinematic distributions, with larger deviations up to 50% only for nonprompt

electrons with pT > 55 GeV.

7 Systematic uncertainties

Multiple sources of systematic uncertainty affect the signal prediction, the background event

yields, and the distributions of the observables used for the signal extraction. The sources

and their correlations between the data-taking years are described below, and their impact

on the fits described in section 9 is summarized in table 3.

The integrated luminosities for the three data-taking years have individual uncertainties

between 1.2 and 2.5% [119–121], and the overall uncertainty for the 2016–2018 period is 1.6%.

This uncertainty affects the normalization of the background contributions from simulated

event samples, as well as the extraction of cross section limits from the final estimate of

the limit on the number of signal events.

The distribution of the number of additional pp interactions per event in simulation is

matched to data by reweighting the profile of the true number of interactions to the one

inferred from the instantaneous luminosity profile in data. The systematic uncertainty is

estimated from a variation of the total inelastic cross section used for this reweighting by

±4.6%, which is treated as correlated among the data-taking years.

The trigger selection efficiency is measured in data with independent trigger paths

based on hadronic activity and p
miss

T signatures, and agrees with the efficiency estimated

in simulation within 3%. Thus, no correction is applied to the simulated event samples

and a systematic uncertainty of 3% is assigned that is correlated between the data-taking

years. Additionally, the statistical uncertainty in the measured trigger efficiencies in data

is considered, separately for each data-taking year.

During the 2016 and 2017 data-taking periods, a gradual shift in the timing of the inputs

of the ECAL level-1 trigger in the region |η| > 2.0 caused a specific trigger inefficiency [60].

For events containing an electron (a jet) with pT > 50 (100) GeV in the region 2.5 < |η| < 3.0
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Uncertainty source
mN = 40 GeV mN = 200 GeV

e µ τ e µ τ

Luminosity, pileup reweighting 5.0% 2.6% 11.3% 5.8% 7.6% 4.4%

Trigger efficiency 2.4% 10.6% 26.4% 2.9% 6.9% 5.1%

Light-lepton selection efficiency & energy calibration 8.7% 15.5% 7.9% 10.4% 18.3% 1.2%

τh selection efficiency — — 2.7% — — 14.2%

Jet energy calibration, p
miss

T , b tagging efficiency 10.6% 8.4% 34.4% 8.6% 12.4% 24.0%

WZ background normalization 1.1% 9.6% 7.4% 2.8% 5.4% 4.0%

ZZ background normalization 3.9% 9.9% 8.0% 4.1% 6.1% 6.5%

Zγ background normalization 7.4% 8.3% 5.1% 1.9% 1.5% 12.1%

Other background normalization 1.4% 5.6% 1.6% 13.8% 6.3% 10.5%

Nonprompt light-lepton background 10.8% 16.0% 20.9% 15.6% 26.4% 9.1%

Nonprompt τh background — — 14.3% — — 66.7%

HNL cross section prediction 4.7% 3.5% 3.8% 3.7% 3.0% 2.1%

Total systematic 23.3% 25.5% 55.1% 27.7% 35.8% 75.5%

Statistical 96.8% 96.5% 83.4% 96.1% 93.3% 65.5%

Table 3. Relative impacts of the uncertainty sources in fits for six different fit models specified

with mN value and coupling scenario, where the relative impact is defined as the ratio between the

uncertainty from the respective source and the total uncertainty in the HNL signal strength. The

symbol “—” indicates that the corresponding uncertainty source is not applicable.

the efficiency loss is ≈10–20%, depending on pT, η, and time. Correction factors are derived

from data and applied to the acceptance evaluated by simulation, and the impact on our

results is small.

The efficiency of the tight ID selection of light leptons is measured in data and simulation

using a “tag-and-probe” method applied to Z → ℓ
+

ℓ
− events [122]. Per-lepton corrections are

derived separately for electrons, muons, and τh. Statistical and systematic uncertainties in the

correction factors are included, with the former (latter) treated as uncorrelated (correlated)

between the data-taking years. Corrections for the differences in the electron energy scale

and resolution between data and simulation are derived from Z → ee events using only

ECAL information [98], and systematic uncertainties are considered that are correlated

between the data-taking years.

Uncertainties in the jet energy scale and resolution are evaluated from the pT variations

of the reconstructed jets in simulated events [66]. The variation due to the jet energy

scale, as well as an additional variation to account for the uncertainty in the contribution

from unclustered PF particles [68], is propagated to p
miss

T . The jet energy scale (jet energy

resolution and unclustered energy) variation is treated as correlated (uncorrelated) between

the data-taking years. Differences in the b tagging efficiency between data and simulation

are corrected by applying scale factors to simulated events. Uncertainties in the scale factors

are evaluated by separate variations for light- and heavy-flavour jets, where both correlated

and uncorrelated variations between the three data-taking years are considered [69].
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Several uncertainties are considered for the normalization of the background processes.

For the dominant WZ, ZZ, and Zγ contributions, we assign an uncertainty of 10% each,

corresponding to the level of agreement in the CRs described in section 6. The SM predictions

for triboson production have a precision of about 10% [123–127], which is assigned as a

normalization uncertainty to the triboson background. For associated top quark production,

a normalization uncertainty of 10% is assigned, matching the experimental precision of the

latest CMS measurements of the most important contributions [108, 118]. The uncertainty

in the charge-misID contribution originates from the correction factors and is taken to be

15% [102]. For all remaining contributions in the “Other” category, we assign a normalization

uncertainty of 20% corresponding to the experimental precision in the signal strength of H

production in association with a vector boson [128].

The uncertainties in the nonprompt background contributions stem from the tight-to-

loose ratio method. For nonprompt light leptons, a normalization uncertainty of 30% is

applied when the leading nonprompt lepton is a muon, and a pT-dependent uncertainty

when it is an electron. In the latter case, the uncertainty is 15% for pT < 35 GeV of the

electron, 30% for 35 < pT < 55 GeV, and 50% for pT > 55 GeV. In the case of nonprompt τh

leptons, a normalization uncertainty of 30% is assigned to account for observed differences in

the validation, separately for events with and without an OSSF lepton pair because of the

different composition of sources of nonprompt τh leptons in these two event selections.

The HNL signal samples for mN < mW are simulated at LO accuracy, and their nor-

malization is scaled with the ratio between the SM cross sections of W boson production

evaluated at next-to-NLO with the fewz v3.1 program [129–132] and at LO with Mad-

Graph5_amc@nlo, using settings identical to those of the signal samples. The uncertainty in

the signal cross section is then evaluated from the variations of the renormalization and factor-

ization scale and of the PDFs in the next-to-NLO calculation and amounts to 4% in total [50].

For the HNL signal samples with mN > mW , the simulation is done at NLO accuracy, and no

additional scale factor is applied. From the evaluation of scale variations and the PDF choice,

we find a signal cross section uncertainty of 3 (15)% for the DY (VBF) production mode.

8 Results

The statistical analysis is performed with the CMS tool combine [133], which is based on

the RooFit [134] and RooStats [135] frameworks. For each HNL signal scenario, a binned

likelihood function L(r, θ) is constructed from the product of Poisson probabilities to obtain

the observed yields in the relevant distributions, given the HNL signal prediction scaled with

a signal strength r and the SM background estimates. Additional terms are included to

account for the systematic uncertainty sources, where θ denotes the full set of corresponding

nuisance parameters [136]. Statistical uncertainties in the predicted yields are implemented

through a single nuisance parameter in each bin for all processes [137, 138]. We consider

the cases of exclusive HNL couplings to electron, muon, and tau neutrinos separately, and

use different distributions to construct L depending on the coupling scenario and mN, as

listed in table 4. To obtain background-only fits, the maximum likelihood estimator of θ

with a fixed r = 0 is evaluated for specific fit setups. In figure 8, the number of observed

events in data is compared with the background predictions in the SRs, separately combined
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for the 0τh and 1τh categories, after simultaneous background-only fits to the SRs of all

flavour channels. Furthermore, the distributions of the BDT output scores are compared

between data and prediction in figures 9–11, after the background-only fits corresponding

to the fit setups in table 4 where the corresponding BDT is used. In all figures, the signal

prediction for several HNL mass points is shown as well, with |VℓN|2 values chosen such that

the predicted signal yield matches roughly the total background yield.

The number of observed events in data is in good agreement with the SM background

expectations within the statistical and systematic uncertainties. No significant excess is

found for any final state or in any SR.

9 Interpretation

To derive exclusion limits at 95% confidence level (CL) on HNL signal scenarios, we apply the

modified frequentist CL
s

approach [136, 139–141]. Distributions of the LHC test statistic [136],

based on the profile likelihood method, are evaluated in the asymptotic approximation [141]

and used to calculate the CL
s

value [139, 140]. We exclude a signal scenario if the signal

strength of r = 1 is excluded at 95% CL or greater.

The limits are obtained under the assumption of a Majorana or a Dirac HNL, and are

evaluated at a grid of points in the
(

mN, |VℓN|2
)

parameter space. For electron and muon

neutrino couplings, masses of up to 1.5 TeV are considered, whereas tau neutrino couplings

are evaluated only up to 1 TeV since the exclusion limit passes above |V
τN|2 = 1 already

at this mass point. The results are shown in figure 12. The obtained limits are connected

with straight lines between neighbouring mass points for which the same fit distributions

are used. For mN values at which the fit distributions change, the limits are evaluated for

both strategies and shown separately. Since the BDTs are trained with nonoverlapping

mass ranges, the sensitivity is generally different for two strategies evaluated at the same

mN value, and we thus obtain disjoint limit curves for several of these mass points. The

expected and observed exclusion limits generally agree within one standard deviation, with

a few exceptions discussed in the following.

For exclusive couplings to electron neutrinos and mN < mW , we exclude |VeN|2 values

for Majorana (Dirac) HNL of 4.8×10
−6 (2.23×10

−5) at a mass of 20 GeV, of 1.5×10
−5

(3.3×10
−5) at 60 GeV, and of 3.3×10

−4 (9.6×10
−4) at 75 GeV, which is the highest simulated

mass point below mW . For masses below 30 GeV, the HNLs become long-lived and have a

reduced selection efficiency, with, e.g., 16 times fewer events selected at mN = 10 GeV and

|VeN|2 = 10
−5 compared with a prompt HNL of the same mass, resulting in less stringent

limits. In the high-mass selection, we exclude |VeN|2 values for Majorana (Dirac) HNL of

1.2×10
−3 (1.5×10

−3) at 85 GeV, which is the lightest simulated mass point above mW , of

8.8×10
−4 (1.3×10

−3) at 100 GeV, and of 7.8×10
−2 (8.2×10

−2) at 600 GeV. The most notable

discrepancies between observed and expected limits are for HNL masses between 250 and

400 GeV (125 and 250 GeV) in the case of a Majorana (Dirac) HNL, caused by a small excess

(deficit) in the last bin of the corresponding BDT score distribution. Similarly a discrepancy

is observed at HNL masses below 40 GeV in case of a Dirac HNL. This is due to a small excess

in the relevant BDT distribution, which leads the sensitivity in the Dirac requirement of an

OSSF electron pair in the final selection. Compared with the results of the previous prompt
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HNL model Selection Categories OSSF Fitted distributions

(10–40 GeV, e) low mass 0τh no La1–8

0τh yes BDT(10–40, e, 0τh)

(40–75 GeV, e) low mass 0τh no La1–8

0τh yes BDT(50–75, e, 0τh)

(85–125 GeV, e) high mass 0τh any BDT(85–150, e, 0τh)

(125–250 GeV, e) high mass 0τh any BDT(200–250, e, 0τh)

(250–400 GeV, e) high mass 0τh any BDT(300–400, e, 0τh)

(≥400 GeV, e) high mass 0τh any Ha1–9, Hb1–16

(10–40 GeV, µ) low mass 0τh no La1–8

0τh yes BDT(10–40, µ, 0τh)

(40–75 GeV, µ) low mass 0τh no La1–8

0τh yes BDT(50–75, µ, 0τh)

(85–125 GeV, µ) high mass 0τh any BDT(85–150, µ, 0τh)

(125–200 GeV, µ) high mass 0τh any BDT(200–250, µ, 0τh)

(200–400 GeV, µ) high mass 0τh any BDT(300–400, µ, 0τh)

(≥400 GeV, µ) high mass 0τh any Ha1–9, Hb1–16

(10–40 GeV, τ) low mass 0τh no La1–8

0τh yes BDT(10–40, τ, 0τh)

1τh no La1–8

1τh yes BDT(10–40, τ, 1τh)

(40–75 GeV, τ) low mass 0τh no La1–8

0τh yes BDT(50–75, τ, 0τh)

1τh no La1–8

1τh yes BDT(50–75, τ, 1τh)

(≥85 GeV, τ) high mass all any Ha1–9, Hb1–16

Table 4. Summary of the selections, categories, and distributions used in the maximum likelihood

fits for the HNL signal points.

– 22 –



J
H
E
P
0
6
(
2
0
2
4
)
1
2
3

La1 La2 La3 La4 La5 La6 La7 La8 Lb1 Lb2 Lb3 Lb4 Lb5 Lb6 Lb7 Lb8

0.5
1

1.5
2 

1

10

210

310

410

510

610 

Data gV

GeV HNL 20 ZZ

GeV HNL 40 WZ

GeV HNL 60 Other

Nonprompt Total unc.

 (13 TeV)-1138 fb

CMS
Low mass, 0τh

|VτN|2 = 2.7×10–2

Postfit

Search regionD
a
ta

/
P

re
d
.

E
ve

n
ts

/
b
in

La1 La2 La3 La4 La5 La6 La7 La8 Lb1 Lb2 Lb3 Lb4 Lb5 Lb6 Lb7 Lb8

0.5
1

1.5

 

1

10

210

310

410

510

610

710 

Data WZ

GeV HNL 20 ZZ

GeV HNL 40 gV

GeV HNL 60 Other

Nonprompt Total unc.

 (13 TeV)-1138 fb

CMS
Low mass, 1τh

|VτN|2 = 2.2×10–1

Postfit

Search regionD
a
ta

/
P

re
d
.

E
ve

n
ts

/
b
in

Ha1 Ha2 Ha3 Ha4 Ha5 Ha6 Ha7 Ha8 Ha9
0.5

1
1.5

2 

1

10

210

310

410

510

 

Data Other

GeV HNL 85 WZ

GeV HNL 200 ZZ

GeV HNL 300 gV

Nonprompt Total unc.

 (13 TeV)-1138 fb

CMS
High mass, 0τh

|VτN|2 = 3.2×100

Postfit

Search regionD
a
ta

/
P

re
d
.

E
ve

n
ts

/
b
in

Ha1 Ha2 Ha3 Ha4 Ha5 Ha6 Ha7 Ha8 Ha9
0.6
0.8

1
1.2
1.4 

1

10

210

310

410

510

 

Data WZ

GeV HNL 85 Other

GeV HNL 200 ZZ

GeV HNL 300 gV

Nonprompt Total unc.

 (13 TeV)-1138 fb

CMS
High mass, 1τh

|VτN|2 = 6.0×100

Postfit

Search regionD
a
ta

/
P

re
d
.

E
ve

n
ts

/
b
in

Hb1 Hb2 Hb3 Hb4 Hb5 Hb6 Hb7 Hb8 Hb9 Hb10
Hb11

Hb12
Hb13

Hb14
Hb15

Hb16

0.5
1

1.5

 

1

10

210

310

410

510

610

 

Data gV

GeV HNL 85 Nonprompt

GeV HNL 200 ZZ

GeV HNL 300 Other

WZ Total unc.

 (13 TeV)-1138 fb

CMS
High mass, 0τh

|VτN|2 = 2.7×101

Postfit

Search regionD
a
ta

/
P

re
d
.

E
ve

n
ts

/
b
in

Hb1 Hb2-3
Hb4 Hb5 Hb6 Hb7 Hb8 Hb9 Hb10

Hb11
Hb12

Hb13
Hb14

Hb15
Hb16

0.5
1

1.5
2 

1

10

210

310

410

510

610

710

 

Data WZ

GeV HNL 85 ZZ

GeV HNL 200 Other

GeV HNL 300 gV

Nonprompt Total unc.

 (13 TeV)-1138 fb

CMS
High mass, 1τh

|VτN|2 = 5.9×101

Postfit

Search regionD
a
ta

/
P

re
d
.

E
ve

n
ts

/
b
in

Figure 8. Comparison of the number of observed (points) and predicted (coloured histograms) events

in the SR bins, shown for the 0τh (left column) and 1τh (right column) categories combined. The

La1–8 and Lb1–8 (upper row), Ha1–Ha9 (middle row), and Hb1–16 (lower row) are displayed. The

predicted background yields are shown with the values of the normalizations and nuisance parameters

obtained in background-only fits applied (“postfit”). The HNL predictions for three different mN

values with exclusive coupling to tau neutrinos are shown with coloured lines. The vertical bars on the

points represent the statistical uncertainties in the data, and the hatched bands the total uncertainties

in the background predictions as obtained from the fits. In the lower panels, the ratios of the event

yield in data to the overall sum of the background predictions are shown.
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Figure 9. Comparison of the observed (points) and predicted (coloured histograms) BDT output

distributions of the low-mass selection, shown for the eee and eeµ channels combined (left column)

and the eµµ and µµµ channels combined (right column). The output scores BDT(10–40, e, 0τh)

(upper left), BDT(10–40, µ, 0τh) (upper right), BDT(50–75, e, 0τh) (lower left), and BDT(50–75,

µ, 0τh) (lower right) are displayed. The predicted background yields are shown with the values of

the normalizations and nuisance parameters obtained in background-only fits applied (“postfit”).

The HNL predictions for three different mN values with exclusive coupling to electron (left column)

or muon (right column) neutrinos are shown with coloured lines. The vertical bars on the points

represent the statistical uncertainties in the data, and the hatched bands the total uncertainties in the

background predictions as obtained from the fits. In the lower panels, the ratios of the event yield in

data to the overall sum of the background predictions are shown.
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Figure 10. Comparison of the observed (points) and predicted (coloured histograms) BDT output

distributions of the low-mass selection, shown for the 0τh channels combined (left column) and the 1τh

channels combined (right column). The output scores BDT(10–40, τ, 0τh) (upper left), BDT(10–40,

τ, 1τh) (upper right), BDT(50–75, τ, 0τh) (lower left), and BDT(50–75, τ, 0τh) (lower right) are

displayed. The predicted background yields are shown with the values of the normalizations and

nuisance parameters obtained in background-only fits applied (“postfit”). The HNL predictions for

three different mN values with exclusive coupling to tau neutrinos are shown with coloured lines. The

vertical bars on the points represent the statistical uncertainties in the data, and the hatched bands

the total uncertainties in the background predictions as obtained from the fits. In the lower panels,

the ratios of the event yield in data to the overall sum of the background predictions are shown.

HNL search presented in ref. [46] for Majorana HNL, the limits improve by up to one order

of magnitude. For masses below 20 GeV, we exclude short-lived HNL scenarios not excluded

by the displaced HNL searches presented in refs. [50, 52]. The exclusion limits obtained by

the DELPHI Collaboration [142] for mN < mW are less stringent (similar) compared with

our results for the case of Majorana (Dirac) HNL.
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Figure 11. Comparison of the observed (points) and predicted (coloured histograms) BDT output

distributions of the high-mass selection, shown for the eee and eeµ channels combined (left column)

and the eµµ and µµµ channels combined (right column). The output scores BDT(85–150, e, 0τh)

(upper left), BDT(85–150, µ, 0τh) (upper right), BDT(200–250, e, 0τh) (middle left), BDT(200–250,

µ, 0τh) (middle right), BDT(300–400, e, 0τh) (lower left), and BDT(300–400, µ, 0τh) (lower right)

are displayed. Notations as in figure 9.
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Figure 12. The 95% CL limits on |VeN|2 (upper row), |VµN|2 (middle row), and |VτN|2 (lower row) as

functions of mN for a Majorana (left) and Dirac (right) HNL. The area above the solid (dashed) black

curve indicates the observed (expected) exclusion region. Previous results from the DELPHI Collabora-

tion [142] are shown for reference. The previous CMS result “3ℓ prompt (2016)” [46] is shown to high-

light the improvements achieved in our analysis, and the results “3ℓ displaced” [50], “2ℓ displaced” [52],

and “t-channel VBF” [143] are shown to highlight the complementarity to other search strategies.
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Using the low-mass selection and considering exclusive couplings to muon neutrinos, we

find limits on |VµN|2 for Majorana (Dirac) HNL of 2.9×10
−6 (1.0×10

−5) at mN = 20 GeV, of

6.3×10
−6 (3.6×10

−5) at 60 GeV, and of 2.0×10
−4 (1.3×10

−3) at 75 GeV. Below 30 GeV, the

limits are less stringent because of the impact of the long HNL lifetime, with 34 times fewer

events selected at mN = 10 GeV and |VµN|2 = 10
−5 compared with a prompt HNL. Above

mW , we exclude |VµN|2 values for Majorana (Dirac) HNL of 1.4×10
−3 (2.3×10

−3) at a mass

of 85 GeV, of 1.1×10
−3 (1.9×10

−3) at 100 GeV, and of 6.0×10
−2 (9.1×10

−2) at 600 GeV. We

improve the exclusion limits from the previous prompt HNL search [46] by up to one order

of magnitude, and complement the limits from previous displaced HNL searches [50, 52]

for short-lived HNLs below 20 GeV. For mN < mW , our exclusion limits are more stringent

(similar) in the case of Majorana (Dirac) HNLs compared with the results of the DELPHI

Collaboration [142]. Compared with a CMS result that searches for high-mass Majorana

HNLs with muon neutrino couplings in t-channel VBF production [143], our results provide

stricter exclusion limits up to mN ≈ 700 GeV.

The case of HNLs at the GeV scale with exclusive tau neutrino couplings was probed

before only by the DELPHI Collaboration for mN < mW [142], by the BaBar Collaboration

for mN < 1.3 GeV [144], and recently by the CMS Collaboration in displaced HNL searches

for mN < 20 GeV [52]. Using the low-mass selection, we exclude Majorana (Dirac) HNLs with

|VτN|2 values of 6.1×10
−4 (6.3×10

−4) at a mass of 20 GeV, of 1.8×10
−3 (1.9×10

−3) at 60 GeV,

and of 2.3×10
−2 (2.4×10

−2) at 75 GeV. The DELPHI limits for mN < mW are up to two

orders of magnitude more stringent than our results. Above mW , the tau neutrino couplings are

probed for the first time, and we find limits for Majorana (Dirac) HNLs of 3.0×10
−1 (2.7×10

−1)

at 85 GeV, 1.1×10
−1 (8.6×10

−2) at 100 GeV, and 5.9×10
−1 (5.0×10

−2) at 600 GeV.

10 Summary

A search for heavy neutral leptons (HNLs) produced in proton-proton collisions at
√

s = 13 TeV

has been presented. The data were collected with the CMS experiment at the LHC and corre-

spond to an integrated luminosity of 138 fb−1. Events with three charged leptons (electrons,

muons, and hadronically decaying tau leptons) are selected, and dedicated identification

criteria based on machine learning techniques are applied to reduce the contribution from

nonprompt leptons not originating from the hard scattering process. Remaining standard

model (SM) background contributions with nonprompt leptons are estimated from control

samples in data, whereas other SM contributions that mostly stem from diboson production

are estimated from Monte Carlo event simulations. A combination of categorization by

kinematic properties and machine learning discriminants achieves optimal separation of the

predicted signal and SM background contributions.

No significant deviations from the SM predictions are observed. Exclusion limits at 95%

confidence level are evaluated, assuming exclusive HNL couplings to a single generation of SM

neutrinos in the mass range 10 GeV–1.5 TeV, for both Majorana and Dirac HNLs. These results

exceed previous experimental constraints over large parts of the mass range. Constraints on tau

neutrino couplings for HNL masses above the W boson mass are presented for the first time.
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