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Abstract

A search for a type-III seesaw signal in events with three or more electrons or muons
is presented. The data sample corresponds to 35.9 fb−1 of integrated luminosity in
pp collisions at

√
s = 13 TeV collected by the CMS experiment at the LHC in 2016.

The signal is sought after in final states with at least three leptons, and has diverse
kinematic properties. The primary selection is based on the number of leptons and the
invariant mass of opposite-sign lepton pairs, and helps discriminate the signal against
the standard model background. The final optimization for the type-III seesaw signal
is based on the sum of leptonic transverse momenta and missing transverse energy, as
well as the transverse mass. The observations are consistent with expectations from
standard model processes. The results are used to exclude heavy fermions of the
type-III seesaw model with masses below 850 GeV for the lepton-flavor democratic
scenario.
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The discovery of neutrino oscillations indicated that neutrinos are massive [1] and gave strong
motivation for physics beyond the standard model (SM). Several extensions of the SM to ad-
dress neutrino masses have been proposed so far, among which the seesaw mechanism is an
appealing possibility [2–12]. The seesaw mechanism introduces new heavy particles coupling
to leptons and to the Higgs doublets, and accounts for the expected smallness of neutrino
masses. Within the type-III seesaw model [13], the neutrino is considered a Majorana particle
whose mass arises via the mediation of new massive fermions. These massive fermions are an
SU(2) triplet of heavy Dirac charged leptons Σ±, and a heavy Majorana neutral lepton Σ0. In
proton-proton collisions, these massive fermions may be pair-produced through electroweak
interactions in both charged-charged and charged-neutral pairs. We conduct a search for these
new massive fermions by examining the final state with at least three leptons (electrons or
muons ) [14, 15]. This final state arises due to the following decays Σ± → W±ν, Σ± → Z`±,
Σ± → H`±, Σ0 → W±`∓, Σ0 → Zν, and Σ0 → Hν, where ` = e, µ or τ. Decays of Σ0Σ± and
Σ+Σ− pairs result in 27 distinct processes and can naturally lead to multilepton final states if
several W or Z bosons are involved, either directly or via a Higgs boson decay [16]. A complete
decay chain example would be Σ±Σ0 →W±νW±`∓ → `±νν`±ν`∓.

We simulate all 27 distinct signal production and decay combinations of the seesaw signal using
model files provided by the authors of Ref. [16] as input to MADGRAPH 5 aMC@NLO [17]. In
this implementation, the Σ± and Σ0 are degenerate in mass, their decays are prompt, and the
Σ decays are democratic in e, µ, and τ lepton flavors (flavor-democratic scenario). This is done
by taking the mixing angles to be Ve = Vµ = Vτ = 10−6. This has no direct consequences on
the fermion production cross section, but affects the branching ratios. The branching fraction
of a heavy fermion to a lepton of flavor ` is proportional to υ`N = V`/(|Ve|2 + |Vµ|2 + |Vτ|2)1/2.
Therefore the flavor-democratic scenario gives υ`N = 1/

√
3.

Prior searches from CMS have been conducted using the 7 TeV data [18] and the 8 TeV data [19].
Using 8 TeV data, ATLAS excluded mΣ below 335 GeV probing a similar scenario, but assuming
that the Σ’s decay only to electrons and muons [20]. The strongest constraints in the flavor-
democratic scenario are from a CMS search using the 13 TeV data collected in 2015, and exclude
mΣ below 440 GeV [21].

We pursue a broad search in final states with at least three isolated prompt leptons using
35.9 fb−1 of pp collision data collected in 2016 at

√
s = 13 TeV. The notable backgrounds can be

classified as irreducible backgrounds from the production and decay of dibosons (WZ and ZZ
production), and reducible backgrounds from leptonic Z or tt production and decay accompa-
nied by leptons from heavy-flavor quark decays, or from misidentification of jets as leptons. In
addition, small backgrounds also arise from SM processes such as ttW, ttZ, triboson, and Higgs
production.

The CMS detector [22] has cylindrical symmetry around the pp beam axis with tracking and
muon detectors covering the pseudorapidity range |η| < 2.4. The tracking system measures
the trajectory and momentum of charged particles and consists of multilayered silicon pixel
and strip detectors in a 3.8 T solenoidal magnetic field. Particle energies are measured with
concentric electromagnetic and hadron calorimeters, which cover |η| < 3.0 and |η| < 5.0,
respectively. Muon detectors consisting of wire chambers are embedded in the steel return
yoke outside the solenoid. The trigger thresholds of a two-level trigger system are tuned to
accept a few hundred data events per second from the pp interactions.

The data for this search are collected using several dilepton triggers. The double electron trig-
ger requires two electrons with a pT threshold of 23 (12) GeV on the leading (subleading) elec-
tron. The double muon trigger requires two muons with a pT threshold of 17 (8) GeV on the
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leading (subleading) muon. We use two muon/electron cross trigger combinations, one of
which require a 23 GeV muon and an 8 GeV electron, while the other requires an 23 GeV
electron and a 8 GeV muon.

The signal is generated using MADGRAPH 5 aMC@NLO v5.2.2 [23] at LO precision using the
NNPDF30 lo as 0130 nf 4 [24] parton density function (PDF). The signal cross section is cal-
culated to NLO + NLL accuracy, as for generic SU(2) fermion triplets [25, 26], and is used
to estimate signal yields. The diboson background samples (WZ, ZZ) are generated using
POWHEG V2 [27, 28]. The triboson backgrounds are generated using MADGRAPH 5 aMC@NLO

v5.2.2 whereas backgrounds from Higgs production are generated using POWHEG V2 and JHU
Generator v6.2.8 [29–32]. Bosonic decays, along with parton showering, fragmentation and
hadronization for all samples are performed using PYTHIA 8.212 [33, 34]. For systematic stud-
ies, we also use simulation samples for Z and tt production generated using MADGRAPH 5
aMC@NLO v5.2.2.

The response of the CMS detector is simulated using dedicated software based on the GEANT4
toolkit [35]. All simulation samples are corrected for mismodeling of additional interactions
in the same bunch crossing (pile-up). In addition, we apply weights to all simulated events
to account for differences in trigger and lepton identification efficiencies between data and
simulation.

Events that pass the trigger are required to satisfy additional offline selections. Electrons and
muons with pT > 10 GeV and |η| < 2.5 (|η| < 2.4 for muons) are reconstructed using the
particle-flow (PF) algorithm which utilizes measured quantities from the tracker, calorimeter,
and muon system [36]. Candidate electrons and muons must have tracks satisfying quality
requirements and spatially match with the energy deposits in the ECAL and the tracks in the
muon detectors, respectively.

The backgrounds to this analysis consist of prompt leptons arising from boson decay, as well as
non-prompt leptons. Non-prompt leptons include leptons arising from heavy-flavor quark de-
cays, or from leptons occurring inside or near jets, as well as misidentified leptons from hadrons
that punch through into the muon system, or from hadronic showers with large electromag-
netic fractions. Henceforth we collectively refer to all non-prompt leptons as misidentified
leptons.

An isolation requirement that compares the pT of a lepton to the sum pT of particles in its
immediate neighborhood, strongly reduces the backgrounds from misidentified leptons. We
consider relative isolation, defined as the scalar sum of the transverse momenta of photon and
charged and neutral hadron candidates reconstructed by the PF algorithm within a cone of
given size around the lepton candidate normalized to the lepton candidate pT, for both muons
and electrons. This relative isolation is required to be less than 25% within a cone of size R = 0.4
for muons, and less than 7% and 8% within a cone of size R = 0.3 for electrons whose energy
deposits are reconstructed in ECAL barrel (|η| < 1.479) and in ECAL endcap (|η| > 1.479),
respectively. All isolation quantities are corrected for contributions of particles originating from
pileup vertices.

We further reduce the misidentified lepton backgrounds by requirements on the longitudinal
(dz) and transverse (dxy) impact parameters of leptons with respect to the primary interaction
point in the event. We require that the muons satisfy |dz| < 0.1 cm, and |dxy| < 0.05 cm. For
electrons, we require |dz| < 0.1 cm, |dxy| < 0.05 cm in the ECAL barrel, and |dz| < 0.2 cm,
|dxy| < 0.1 cm in the ECAL endcap.

Jets are reconstructed from the charged and neutral hadron, muon, electron, and photon PF
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Table 1: The signal regions used in this search are summarized in terms of the number of
leptons, the presence of an OSSF pair, and the kinematic variable used for discrimination. Each
selection described here is further divided into eight bins in the kinematic variable, giving
a total of 48 statistically independent signal regions. Additional criteria used to ensure that
signal regions are non-overlapping with control regions are also stated.

Nleptons OSSF Kinematic Variable CR-veto

3

on-Z MT Emiss
T > 100 GeV

above-Z LT + Emiss
T -

below-Z LT + Emiss
T Emiss

T > 50 GeV
none LT + Emiss

T -

≥ 4
1 pair LT + Emiss

T -
2 pairs LT + Emiss

T Emiss
T > 50 GeV if on-Z

candidates using the anti-kt algorithm with distance parameter of R = 0.4 [37]. Jets are required
to have pT ≥ 30 GeV and |η| ≤ 3.0 and satisfy quality criteria to remove contributions from
particles arising from other interactions in the same bunch crossing.

The missing transverse momentum is calculated as the negative vectorial sum of the transverse
momenta of all the PF candidates. The missing transverse energy Emiss

T is defined as the mag-
nitude of this vector. Jet energy corrections are applied to all jets and also propagated to the
calculation of Emiss

T [38].

For the three leading leptons, we apply offline thresholds of 25, 15, 10 GeV. Additional leptons
are also considered only if they satisfy pT > 10 GeV. We find that with these thresholds, the
trigger efficiency of trilepton events is close to 100%. Events with an opposite-sign same-flavor
(OSSF) lepton pair with mass below 12 GeV are vetoed to reduce background from low-mass
resonances. We reject trilepton events with an OSSF pair with mass below 81 GeV, when the
trilepton mass is within a Z-mass window (91± 10 GeV). This reduces background from asym-
metric photon conversions in Z → ``∗ → ``γ, where the photon converts into two additional
leptons, one of which is lost.

We classify the selected multilepton events into statistically independent search channels using
the number of leptons, lepton flavor and charge combinations, and other kinematic quantities.
We count the number of OSSF pairs made using each lepton only once. For example, µ+µ−µ−

is OSSF1, while µ+µ−e−e+ is OSSF2. We further classify events in three categories as on-Z,
below-Z, and above-Z, based on the presence of at least one OSSF pair with mass in the Z-
mass window, below 81 GeV, or above 101 GeV, respectively. In cases of ambiguity (such as
µ+µ−µ−), the OSSF pair with mass closest to that of the Z boson takes precedence.

We construct the scalar sum of all lepton pT, labeled as LT. As the main discriminating vari-
able, we use LT + Emiss

T . This choice allows us to maintain sensitivity to decay modes such
as Σ± → `±Z → `±`±`∓ with large lepton momenta, as well as Σ0 → Hν → WWν, where
lepton pT s are lower but the neutrinos contribute to Emiss

T . For events which are OSSF1, on-Z,
we observe an improved sensitivity by considering the transverse mass, MT = (2Emiss

T p`T(1−
cos](~Emiss

T ,~p`T)))
1/2 using the lepton that is not part of the OSSF pair. The optimum require-

ment on LT + Emiss
T , or MT depends on the mass of the heavy fermions. To maintain high

sensitivity across the expected mass range, we categorize the data in eight bins of LT + Emiss
T ,

or MT. We use bins of width 150 (100) GeV for LT + Emiss
T (MT), and in each case the highest

bin includes overflows.
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Figure 1: The MT distribution in a WZ enriched selection of events with three leptons and
one OSSF pair with mass on-Z, 50 < Emiss

T < 100 GeV and MT > 30 GeV (left), and the four-
lepton invariant mass distribution in a ZZ enriched selection of events with four leptons and
two OSSF pairs both of which are on-Z and Emiss

T < 50 GeV (right). The total SM background is
shown as a stack of all contributing processes, and the gray band in the lower panel represents
the statistical uncertainty on the expected background.

As a result, we have eight independent signal regions in each of the following five LT + Emiss
T

distributions for events with (i) three leptons, OSSF0; (ii) three leptons, OSSF1, below-Z; (iii)
three leptons, OSSF1, above-Z; (iv) four or more leptons, OSSF1; and (v) four or more leptons,
OSSF2. In addition, we consider eight independent signal regions for a selection with three
leptons, OSSF1, on-Z with kinematic binning in MT. The total 48 orthogonal signal regions are
summarized in Table 1.

The irreducible backgrounds are estimated using dedicated simulation samples, and are dom-
inated by the WZ and ZZ processes. These processes are normalized to data using dedicated
control selections. For WZ, we select events with exactly three leptons, with OSSF1 on-Z,
50 < Emiss

T < 100 GeV, and MT > 30 GeV. The ratio of WZ prediction to data (after corrections
of non-WZ events) is found to be 1.15± 0.08, where the uncertainty includes both statistical
and systematic contributions. Similarly, for ZZ, we select events with exactly four leptons,
Emiss

T < 50 GeV, with OSSF2 and both pairs satisfying on-Z, and the ratio of ZZ prediction to
data is found to be 1.25± 0.06. These normalization factors are then used for the WZ and ZZ
background estimates. Figure 1 shows the MT distribution in the WZ enriched selection, and
the four lepton invariant mass distribution in the ZZ enriched selection. We also use these
control selections to test our modeling of kinematic distributions of interest such as LT + Emiss

T
and MT. The other irreducible backgrounds from triboson, ttW, ttZ, and Higgs processes are
estimated from simulation using the theoretically calculated cross sections, and are referred to
as “rare” backgrounds in this note.

The backgrounds from misidentified leptons arise from processes such as Z+jets, and tt. These
are estimated using a 3-dimensional implementation of a matrix method [39]. The matrix
method is a data-driven method that assumes that the probabilities of prompt and misiden-
tified leptons to pass a tight lepton selection, given that they pass a loose lepton selection,
are universal. These probabilities, called prompt and misidentification rates, are functions of
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lepton- and event-dependent parameters. We measure these rates using dedicated selections;
a dilepton selection for prompt rates, and a trilepton signal depleted selection (OSSF1 on-Z,
Emiss

T < 50 GeV) for misidentification rates. The rates are parametrized as a function of lepton
pT, η, and the number of particles around the lepton. The rates measured in data are dominated
by Z+jets events, and are corrected using simulation to an average of Z+jets and tt+jets events.

A residual background from photon conversions remains, which is also estimated using a data-
driven method. This background, referred to as “conversion” background, is dominated by
final-state photon radiation from an existing lepton, where the photon then converts asym-
metrically to two additional leptons, only one of which is reconstructed in the detector. To
estimate this background, we obtain a rate that relates events with three leptons to those with
two leptons and a photon. We consider trilepton events where the trilepton mass is on-Z, but
the dilepton mass is below-Z. These events are compared with dilepton+photon events where
the dilepton invariant mass is below-Z, but the combined invariant mass of the two leptons and
the photon is on-Z. To ensure that we select photons radiated from leptons, we veto photons
that are far away from a lepton and are close to a jet. Additional criteria based on photon ET
and lepton pT are used to further reject photons that are not suitable for modeling conversions.
This rate is then used to scale the observed number of dilepton+photon events in a given signal
region to estimate the background from photon conversions.

The WZ and ZZ backgrounds have systematic uncertainties of 7% and 5%, respectively, arising
from the normalization factor measurements. The rare backgrounds have an uncertainty of 50%
on the theory cross section, along with the uncertainty of 2.5% due to luminosity measurement.

The final misidentified background estimate is assigned an uncertainty of 30%. This is dom-
inated by differences in the rates in Z+jets and tt+jets events, and is derived by varying the
prompt and misidentification rates up and down for each lepton flavor within their respective
uncertainties. The photon conversion background also has a 30% uncertainty which primarily
arises due to contamination by non-conversion backgrounds in the rate measurement region.

A minor source of systematic uncertainty is due to the corrections applied to the simulated
background events to account for differences with respect to data events in lepton identification
and isolation efficiencies, dilepton trigger efficiencies, as well as electron, muon and jet energy
or momentum scale and resolution measurements. The uncertainties due to these corrections
are considered separately, and result in a 1-10% variation of the simulation based background
yields across all signal regions.

The uncertainties on signal acceptance due to the PDF uncertainties are estimated by utilizing
the replica weights of the NNPDF30 lo as 0130 nf 4 PDF set, and found to be less than 3% in
all signal bins. The signal yields also have uncertainties due to luminosity measurement as
well as the simulation correction based contributions mentioned in the previous paragraph.

We observe no statistically significant excess in the various signal regions that we probe. Fig-
ures 2 and 3 show the results in all 48 signal regions. Assuming a flavor-democratic scenario,
we calculate a 95% confidence level upper limit on the cross section sum for the production
of heavy fermion pairs (Σ0Σ+, Σ0Σ−, or Σ+Σ−), using the the CLs method [40–43]. Based on
the observed cross section limits, we rule out the production of heavy fermion pairs for masses
less than 850 GeV (expected 790 GeV), as presented in Figure 4. The signal cross section has
an uncertainty of approximately 5-15% due to scale and choice of PDF in the mass range we
consider and this uncertainty is shown in the figure.

In summary, we performed a search for type-III seesaw heavy fermions in multilepton final
states using 35.9 fb−1 of proton-proton collision data at

√
s = 13 TeV, collected using the CMS
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(b) LT + Emiss
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(c) LT + Emiss
T , L3BelowZ
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(d) LT + Emiss
T , L3OSSF0

Figure 2: The MT distribution for events with three leptons and one OSSF pair, with mass on-Z
and Emiss

T > 100 GeV (top left), the LT + Emiss
T distribution for events with three leptons and

one OSSF pair with mass above-Z (top right), the LT + Emiss
T distribution for events with three

leptons and one OSSF pair, with mass below-Z and Emiss
T > 50 GeV (bottom left) and with

three leptons and no OSSF pairs (below right). The total SM background is shown as a stack
of all contributing processes. The predictions for signal models with mΣ = 700 GeV (solid line)
and mΣ = 380 GeV (dashed line) (sum of all production and decay modes) are also shown.
The hatched gray band in the upper panel, and the dark and light gray bands in the lower
panel represent the total, statistical, and systematic uncertainties on the expected background,
respectively.
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Figure 3: The LT + Emiss
T distribution for events with four or more leptons and one OSSF pair

(left), and with four or more leptons and at least two OSSF pairs (right). The total SM back-
ground is shown as a stack of all contributing processes. The predictions for signal models
with mΣ = 700 GeV (solid line) and mΣ = 380 GeV (dashed line) (sum of all production and
decay modes) are also shown. The hatched gray band in the upper panel, and the dark and
light gray bands in the lower panel represent the total, statistical, and systematic uncertainties
on the expected background, respectively.
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Figure 4: The 95% confidence level upper limits on the cross section sum for production of
heavy fermion pairs (Σ0Σ+, Σ0Σ−, or Σ+Σ−). In the flavor-democratic scenario, we rule out
heavy fermion pair production for masses below 850 GeV (expected 790 GeV).
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detector. We observe no significant discrepancies between the background prediction and the
data. Assuming degenerate heavy fermion masses mΣ, we exclude previously unexplored re-
gions of the signal model with heavy fermion particle with a mass limit for the lepton-flavor
democratic scenario of 850 GeV at 95% confidence level.
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[33] T. Sjöstrand, S. Mrenna, and P. Z. Skands, “PYTHIA 6.4 Physics and Manual”, JHEP 05
(2006) 026, doi:10.1088/1126-6708/2006/05/026, arXiv:hep-ph/0603175.
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