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Abstract

A search is presented in proton-proton collisions at
√

s = 7 TeV for fermionic triplet
states expected in type III seesaw models. The search is performed using final states
with three isolated charged leptons and an imbalance in transverse momentum. The
data, collected with the CMS detector at the LHC, correspond to an integrated lumi-
nosity of 4.9 fb−1. No excess of events is observed above the background predicted by
the standard model, and the results are interpreted in terms of limits on production
cross sections and masses of the heavy partners of the neutrinos in type III seesaw
models. Depending on the considered scenarios, lower limits are obtained on the
mass of the heavy partner of the neutrino that range from 180 to 210 GeV. These are
the first limits on the production of type III seesaw fermionic triplet states reported
by an experiment at the LHC.
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1 Introduction
Experiments on neutrino oscillations [1–4] indicate that neutrinos have mass and their masses
are much smaller than those of the charged leptons. However, the origin of neutrino mass
is still unknown. An interesting possibility is provided by the seesaw mechanism, in which a
small Majorana mass can be generated for each of the known neutrinos by introducing massive
states with Yukawa couplings to leptons and to the Higgs field. Seesaw models called type
I [5, 6], type II [7–11], and type III [12, 13] introduce heavy states of mass M, that involve,
respectively, weak-isospin singlets, scalar triplets, and fermion triplets. The neutrino masses
are generically reduced relative to charged fermion masses by a factor v/M, where v is the
vacuum expectation value of the Higgs field. For sufficiently large M (of the order of 1014 GeV),
small neutrino masses are generated even for Yukawa couplings of ≈1. On the other hand,
either smaller Yukawa couplings or extended seesaw mechanisms, such as those of the inverse
seesaw models [14], are required to obtain small neutrino masses while keeping M close to
a few hundreds of GeV. At the Large Hadron Collider (LHC), type II and III states can be
produced through gauge interactions, so that the possible smallness of the Yukawa couplings
does not affect the production cross section of the heavy states. In particular, the possibility
of discovering a type III fermion at a proton-proton centre-of-mass energy of

√
s = 14 TeV is

discussed in Refs. [15–17]. Recently, a leading-order (LO) computation of the signal expected at√
s = 7 TeV has become available as a computer program for simulating such final states [18].

Given the electric charges of the lepton triplet, hereafter referred to as Σ+, Σ0, and Σ−, the
most promising signature for finding a Σ state with a mass MΣ of the order of a few hundreds
of GeV is in production through quark-antiquark annihilation qq′ → Σ0Σ+, followed by the
decays Σ0 → `∓W± and Σ+ → W+ν. The mass differences among the three electric charge
states are assumed to be negligible. The mass range relevant for this analysis is bounded by the
present lower limits (≈100 GeV) from the L3 experiment [19] and by the CMS loss of sensitivity
near ≈200 GeV because of the very steep decrease of the expected cross section with mass.
Since there are twice as many u as d valence quarks in the proton, the production of Σ+ Σ0

via virtual W+ bosons in the s-channel (Fig. 1) has the highest cross section of all the Σ charge
combinations. (The cross section for the charge conjugate intermediary W− is expected to be
about a factor two smaller.) Selecting W± → `±ν decays (where ` is an electron or muon) as the
final states for the search, offers a very clean signature of three charged, isolated leptons. The
decay Σ+ → `+Z, with Z→ νν or Z→ qq, can also contribute significantly to the three-lepton
final state, especially since its relative yield grows with MΣ. The τ lepton also contributes to
the three-lepton final states through τ → `ν`ντ decays. Details of the phenomenology and the
different contributions to the final state of interest can be found in Ref. [18].

The total width of the Σ states and their decay branching fractions to SM leptons depend on the
mixing matrix element for the leptons Vα, where α labels each of the e, µ, and τ generations of
leptons. Constraints on the mixing parameters and their products are available in Refs. [18, 20].

The ΣΣ production cross section does not depend on the matrix elements Vα, which enter only
in the Σ decays. The fraction of Σ decays to the lepton α is proportional to:

bα =
|Vα|2

|Ve|2 + |Vµ|2 + |Vτ|2
. (1)

If all three Vα values are less than ≈10−6, the Σ states can have sufficiently long lifetimes to
produce leptons at secondary vertices, a possibility not considered in this analysis.
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Figure 1: Feynman diagram for the dominant contribution to three-charged-leptons final states
in pair production of Σ in the type III seesaw models. The production cross section for the
charged-conjugate intermediary W− is expected to be about a factor of two smaller.

This letter reports on a search for fermionic triplet states expected in type III seesaw models,
in final states with three charged leptons and an imbalance in transverse momentum (Emiss

T ).
The data sample corresponds to an integrated luminosity of 4.9 fb−1, collected in proton-proton
collisions at

√
s = 7 TeV with the Compact Muon Solenoid (CMS) detector at the LHC in 2011.

The analysis is based on the model described in Ref. [15], using the implementation of Ref. [18].
Three possibilities are considered for the ratios bα, defined in Eq.(1): first, be = bµ = bτ = 1/3,
hereafter referred to as the flavor-democratic scenario (FDS), second, be = 0, bµ = 1, bτ = 0,
and third, be = 1 and bµ = bτ = 0, hereafter referred to as the muon scenario (µS) and the
electron scenario (eS), respectively.

2 The CMS detector
A detailed description of the CMS detector can be found in Ref. [21]. The central feature of
the CMS apparatus is a superconducting solenoid that provides an axial magnetic field of
3.8 T. A silicon tracker, a lead-tungstate crystal electromagnetic calorimeter (ECAL), and a
brass/scintillator hadron calorimeter (HCAL) reside within the magnetic field volume. Muons
are identified using the central tracker and a muon system consisting of gas-ionization detec-
tors embedded in the steel return yoke outside of the solenoid.

The directions of particles in the CMS detector are described using the azimuthal angle φ and
the pseudorapidity η, defined as η = − ln[tan(θ/2)], where θ is the polar angle relative to
the anticlockwise proton beam. All objects are reconstructed using a particle-flow (PF) algo-
rithm [22–24]. The PF algorithm combines information from all subdetectors to identify and re-
construct particles detected in the collision, namely charged hadrons, photons, neutral hadrons,
muons, and electrons. Jets are reconstructed using the anti-kT jet clustering algorithm with a
distance parameter of 0.5 [25]. Jet energies are corrected for non-uniformity in calorimeter re-
sponse and for differences found between jets in simulation and in data [26]. An imbalance in
transverse momentum (Emiss

T ) is defined by the magnitude of the vectorial sum of the transverse
momenta (pT) of all particles reconstructed through the PF algorithm.
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3 Simulation of signal and background
To estimate signal efficiency, Σ+Σ0 events are generated using the FEYNRULES and MAD-
GRAPH computer programs described in Ref. [18], while parton showers and hadronization
are implemented using the PYTHIA generator (v6.420) [27] . The detector simulation is based
on the GEANT4 program [28]. Given the number of
MSig mass points to be generated, part of the detector simulation is performed using the CMS
Fast Simulation framework [29, 30]. Several background sources are considered in this analysis,
the most relevant one being WZ production with both bosons decaying into leptons. A smaller
contribution to the background comes from ZZ production, where the Z bosons decay leptoni-
cally, and one of the leptons is either outside of the detector acceptance or is misreconstructed.
These two-boson events, calculated at next-to-LO with MCFM [31], are generated with PYTHIA.
Backgrounds from the production of three EW bosons are generated with MADGRAPH 5 [32].
Backgrounds from jets and photons that are misidentified as leptons are also taken into ac-
count, including events from Drell–Yan `+`−+jets sources [33], W+jets, Z+jets, tt, and Drell–
Yan `+`−+γ conversions to `+`−. (The Drell–Yan process consists of qq → γ∗/Z → `+`−

production, with γ∗ and Z intermediaries representing virtual γ or Z bosons.)

The presence of additional simultaneous pp interactions (pileup) is incorporated by simulating
and mixing additional interactions with a multiplicity matching that observed in data.

4 Event selection criteria
The online trigger and the offline selection criteria are analogous to those used in other multi-
lepton analyses performed by the CMS Collaboration [34, 35]. Events are selected through two-
lepton triggers in which two muons, two electrons, or one electron and one muon are required
to be present. Because of the steady increase in instantaneous luminosity in 2011, some of the
lepton pT thresholds were increased over time to keep the trigger rates within the capabilities
of the data acquisition system. For the two-muon trigger, the pT requirements evolved from
7 GeV for each muon to asymmetric requirements of 17 GeV for the highest-pT (leading) muon
and 8 GeV for the second-highest pT muon. For the two-electron trigger, the requirement is
asymmetric, with a threshold applied to the energy of an ECAL cluster projected onto the plane
transverse to the beam line (ET = E sin θ). The cluster of the leading electron is required to have
ET > 17 GeV, and that of the next-to-leading electron to have ET > 8 GeV. For the electron-
muon trigger, the thresholds are either ET > 17 GeV for the electron and pT > 8 GeV for the
muon, or ET > 8 GeV for the electron and pT > 17 GeV for the muon. The selected events must
contain at least two lepton candidates with trajectories that have a transverse impact parameter
of less than 0.2 mm relative to the principal interaction vertex. The chosen vertex is defined as
the one with the largest value for the sum of the p2

T of the emanating tracks.

Muon candidates are reconstructed from a fit performed to hits in both the silicon tracker and
the outer muon detectors, thereby defining a ”global muon”. The specific selection require-
ments for a muon are: (i) pT > 10 GeV, (ii) |η| < 2.4, (iii) more than 10 hits in the silicon tracker,
and (iv) a global-muon fit with χ2/dof < 10, where dof is the number of degrees of freedom.

Electron candidates are reconstructed using clusters of energy depositions in the ECAL that
match the extrapolation of a reconstructed track. The electron track is fitted using a Gaussian-
sum filter [36], with the algorithm taking into account the emission of bremsstrahlung photons
in the silicon tracker. The specific requirements for a reconstructed electron are: (i) pT > 10 GeV,
(ii) |η| < 1.44, within the fully instrumented part of the central barrel, or 1.57 < |η| < 2.5
for the endcap regions, (iii) not being a candidate for photon conversion, and (iv) the tracks
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reconstructed using three independent algorithms [23] to give the same sign for the electric
charge.

All accepted lepton candidates are required to be isolated from other particles. In particular,
selected muons must have (∑ pT)/pµ

T < 0.15, where the sum over scalar pT includes all other
PF objects within a cone of radius ∆R =

√
(∆η)2 + (∆φ)2 = 0.3 of the muon track, where ∆η

and ∆φ are the differences in pseudorapidity and azimuthal angle between the lepton axis and
the positions of other particles. Similarly, an electron candidate is accepted if (∑ pT)/pe

T < 0.20
within a cone of ∆R = 0.3.

The candidate events used for the search are required to have: (i) three isolated charged leptons
originating from the same primary vertex, as defined above, (ii) sum of the lepton charges equal
to +1, (iii) Emiss

T > 30 GeV, (iv) pT > 18, 15, 10 GeV for the lepton of highest, next-to-highest,
and lowest pT, and (v) HT < 100 GeV, where HT is the scalar sum of the transverse momenta of
jets with pT > 30 GeV and |η| < 2.4, which reduces the background from tt events.

The selected events are classified into six categories that depend on lepton flavour and elec-
tric charge: µ−e+e+, µ−e+µ+, µ−µ+µ+, e−µ+µ+, e−e+µ+, and e−e+e+. Except for the first and
fourth categories, such configurations can also result from W+Z events. Figure 2 shows the dis-
tributions of the µ−µ+ invariant mass for µ−e+µ+ and µ−µ+µ+ events in data, before applying
any requirement on the µ−µ+ mass, compared to the sum of SM background contributions. A
peak in the µ+µ− effective mass close to that of the Z boson is evident in both simulated events
and in data. To reduce the background from W+Z events, a Z veto is added to the selection
requirements for the corresponding categories as follows. Events with at least one `+`− mass
combination in the range 82 < m`+`− < 102 GeV are rejected. To reject lepton pairs from decays
of heavy-flavour quarks, events with m`+`− < 12 GeV are also discarded.
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(b)

Figure 2: Distributions of the µ−µ+ invariant mass for (a) µ−e+µ+ and (b) µ−µ+µ+ events
in data (black points), before applying any requirement on the µ−µ+ mass to reject Z bosons,
compared to the sum of all major SM background contributions.

Other sources of background in final states with three leptons arise from conversions of pho-
tons into additional `+`− pairs through the process Z → `+`−γ → `+`−`

′+`
′−. If one of these

additional leptons carries most of the momentum of the photon, the final state can appear as a
three-lepton event. In such cases, the invariant mass of the `+`−`

′
state peaks close to the mass

of the Z boson [34]. Since the probability of a photon conversion to electrons is higher than to
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muons, an additional Z veto of 82 < m`+`−e+ < 102 GeV is applied to the µ−e+µ+ and e−e+e+

categories to reject such events. This is discussed further in the next section.

5 Background estimation
Three types of SM processes can produce a three-lepton final state: (i) events containing three or
more prompt leptons from production and leptonic decays of two or three EW bosons. This is
referred to as irreducible background, since it corresponds to the same final states as the signal
from Σ production, (ii) V+γ and V+γ∗ events, where V represents any EW boson, with the
accompanying photons converting to `+`−, and (iii) events with one or two prompt leptons and
additional non-prompt leptons that arise from leptonic decays of hadrons within jets, called
”misidentified jets”.

The irreducible background from more than two leptons is dominated by SM WZ production,
but also includes ZZ and three-boson events. The two-boson contribution, which is reduced
substantially by the Z mass veto, and the three-boson contribution, which is dominated by the
WWW channel, are both evaluated using MC simulation. The contribution from three-boson
production is small relative to the other sources, as shown in Table 1.

Table 1: Summary of the mean number of SM background events expected in each event cat-
egory, after final selections. V represents a Z or a W bosons and Vγ is the contribution from
external photon conversions. The column labelled ”Misidentified jets” includes backgrounds
with non-prompt leptons, the column γ∗ → µ+µ− shows background expectation from inter-
nal photon conversions, where a virtual photon converts to a muon pair, and one muon is lost.
The contribution of γ∗ → e+e− is removed by the rejection criteria on three-lepton masses.
Statistical uncertainties are included for the six categories, and systematic uncertainties on nor-
malizations are listed in the last row.

VV VVV Vγ Misidentified jets γ∗ → µ+µ−

µ−e+e+ 0.3±0.1 0.09±0.01 - 0.4± 0.4 -
µ−e+µ+ 4.0±0.3 0.19±0.01 - 3.1±1.2 -
µ−µ+µ+ 4.9±0.3 0.11±0.01 - 5.7±1.9 0.7± 0.2
e−µ+µ+ 0.3±0.1 0.09±0.01 - 0.8±0.5 -
e−e+µ+ 4.9±0.3 0.21±0.02 - 3.0±1.2 0.4± 0.1
e−e+e+ 2.5±0.2 0.06±0.01 1.4±1.0 1.1±0.6 -
Normalization
uncertainties 17% (WZ) 7.5% (ZZ) 50% 13% 50% 50%

As mentioned in Section 4, photon conversions in the presence of W or Z bosons can produce
isolated leptons that constitute another source of background. External conversions of photons,
namely of produced photons that interact with the material in the detector to yield primarily
e+e− pairs, are evaluated from simulation (Vγ in Table 1). Internal conversions, involving the
direct materialisation of virtual photons into µ+µ− or e+e− pairs, can also provide a similar
source of background. Both external and internal conversions can become problematic when
one of the two final-state leptons carries off most of the photon energy, and the second lepton
is not detected. The contribution of conversions to electrons is reduced by the additional three-
lepton-mass rejection applied to the µ−e+µ+ and e−e+e+ categories as discussed above. The
contribution from internal photon conversions to muons γ∗ → µ+µ− is evaluated according
to the method described in Ref. [34], where the ratio of `+`−µ± to `+`−γ events, in which the
mass is close to that of a Z boson, defines a conversion factor Cµ for muons. The background
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is estimated from Cµ and from the number of `+`−γ events in data that pass all selections,
except the three-lepton requirements. An alternative evaluation is obtained from events in an
independent Z-enriched control region, by reversing the Emiss

T requirement to Emiss
T < 20 GeV.

As mentioned before, events from Z decays into two muons or two electrons that contain an
additional muon from internal photon conversion, produce a peak in the three-lepton invariant
mass distribution close to the Z mass. The number of events expected in the final sample is
estimated from the ratio of simulated events for Z production with Emiss

T > 30 GeV to that
with Emiss

T < 20 GeV. This estimate agrees with that of the previous method. The γ∗ → µ+µ−

background contribution is small, as can be seen in Table 1. An overall uncertainty of ± 50%
is assumed for this source of background, which is limited by the statistical precision of both
estimates (30%), and has an additional contribution from the choice of normalization criteria
(40%).

The largest background, aside from the irreducible backgrounds, arises from the Z+jets process
(including the Drell–Yan contribution), in which the Z boson decays leptonically, and a jet in the
event is misidentified as a third lepton. Processes with non-prompt leptons from heavy-flavour
decays are not simulated with sufficient accuracy with the MC generators and we therefore use
a method based on data to estimate this contribution. The yield of such background in data
is estimated using a sample of leptons that pass less restrictive selection criteria than the ones
described previously. The lepton candidates passing all selection criteria are called ”tight lep-
tons”, while those passing all but the isolation requirements are called ”loose leptons”. The
probability for a non-prompt lepton to pass tight selection is called the misidentification rate,
and it is measured in samples of multijet events where a negligible fraction of the lepton candi-
dates is expected to be due to prompt leptons. The contribution to the background is obtained
from the lepton misidentification rate and the events that pass full selection of the analysis,
based on loose lepton identification. The misidentification rate depends on pT and η of the
lepton. However, only the average value is used, and an uncertainty of 50% is assigned to this
background estimate. Several cross checks of the method used to evaluate this background
contribution have been performed using data and simulation. They show agreement between
the number of observed leptons and the number of leptons predicted on the basis of the lepton
misidentification rate.

Events from tt production with two leptonic W decays and an additional coincident lepton, are
reduced through the PF isolation requirements for leptons and by the selection on HT. Simu-
lations show that the remaining tt background is negligible, and its contribution is included in
the estimate of non-prompt leptons.

SM background contributions expected in each of the six analyzed event categories are sum-
marised in Table 1.

6 Systematic uncertainties
Systematic uncertainties can be divided in two categories: those related to the extraction of the
signal and those relevant to the sources of background. The first group includes efficiencies
of trigger selections, particle reconstruction, and lepton identification. In the kinematic region
defined by the analysis, the trigger efficiency for the signal is very high because it is based on
a combination of three separate two-lepton triggers, each of which is found to be 92% to 100%
efficient, and the estimated overall efficiency is (99± 1)%.

Uncertainties on lepton selection efficiencies are determined using a “tag-and-probe” method [37],
both in data and through MC simulations, and the differences between these are taken as sys-
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tematic uncertainties on the efficiencies. Additional contributions include uncertainties on the
energy scales and on resolutions for leptons and for Emiss

T , as well as uncertainties in the mod-
eling of pileup, all of which are obtained from a full GEANT4 simulation. As mentioned in
Section 3, GEANT4 simulation of the signal is restricted to a limited number of MΣ masses. In
fact, the largest available value for this simulation is MΣ = 140 GeV. The efficiencies are there-
fore extrapolated to higher mass points using fast detector simulation. The difference between
the efficiencies evaluated with the full and fast simulation at 140 GeV is taken as an additional
contribution to the overall uncertainty. The largest difference is for the channel with three
muons. Statistical uncertainties of the extrapolation are also taken into account. The uncertain-
ties attributed to the expected signal efficiencies are summarised in Table 2 for MΣ = 180 GeV,
and are expected not to differ significantly for higher mass points [18].

Table 2: Uncertainties on signal efficiency for each event category for MΣ = 180 GeV. To-
tal systematic and total systematic + statistical (fourth and sixth columns) are calculated in
quadrature.

Source of uncertainty
Trigger Signal efficiency (Fullsim/Fastsim) Total (Fullsim/Fastsim) Total

(Full simulation) systematic systematic statistical syst.+stat.

µ−e+e+ 1.0% 6.3% 2.9% 7.0% 3.0% 7.6%
µ−e+µ+ 1.0% 4.5% 6.8% 8.2% 2.3% 8.5%
µ−µ+µ+ 1.0% 3.9% 11.1% 11.8% 3.3% 12.2%
e−µ+µ+ 1.0% 4.5% 8.5% 9.7% 2.9% 10.1%
e−e+µ+ 1.0% 6.3% 4.1% 7.6% 2.4% 7.9%
e−e+e+ 1.0% 7.6% 2.8% 8.0% 4.2% 9.1%

As mentioned above, the uncertainties on backgrounds are estimated using MC simulations or
control samples in data. For the dominant irreducible background of WZ production, we apply
a 17% uncertainty on the measured cross section [38]. Uncertainties of 7.5% for ZZ [39], and
13% for Vγ [40] cross sections are also taken into account. For very small backgrounds, such as
WWW, we assume a normalization uncertainty of 50%.

Uncertainties on background estimates from methods based on data were discussed in Sec-
tion 5, and those statistical and systematic uncertainties are summarized in Table 1.

The overall uncertainty on integrated luminosity is 2.2% [41]. For backgrounds determined
from simulation, the systematic uncertainties on efficiency and luminosity are common to all
signals.

7 Results
Table 3 presents the results of our search for the fermionic Σ triplet states in terms of the ex-
pected number of signal events, the expected number of events from SM background, and the
number of observed events in each of the analyzed event categories. Each of the three possibil-
ities for mixing (FDS, µS, eS) described in Section 1 is considered in the analysis.

No significant excess of events is observed relative to the SM expectations in any of the six
analysis channels. Combining all channels, we set upper limits at the 95% confidence level (CL)
on σ×B, on the product of the production cross section of Σ+Σ0 and its branching fraction (B)
to the three-lepton final states, where the lepton can be an electron, muon or τ (contributing
through τ → `ν`ντ). The branching fraction to three-lepton final states depends on MΣ [18],
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Table 3: Summary of the expected mean number of events for signal as a function of MΣ, for the
expected SM background, and the observed number of events in data, after implementing all
analysis selections. Each of the three possibilities for mixing (FDS, µS, eS) described in Section 1
are considered separately in the analysis.

Expected signal for MΣ (GeV) Expected Observed
FDS µS eS background in data

Category 120 130 140 180 200 180 200 180 200
µ−e+e+ 7.9 6.0 4.5 1.7 1.1 1.6 1.0 3.6 2.4 0.8±0.4 2
µ−e+µ+ 12.3 9.0 7.0 3.0 2.0 6.0 4.0 1.4 0.92 7.3±2.1 9
µ−µ+µ+ 7.8 5.2 3.6 1.4 0.93 6.1 4.0 - - 11.5±3.6 7
e−µ+µ+ 8.3 6.2 4.8 1.8 1.2 3.7 2.5 1.6 1.0 1.1±0.7 0
e−e+µ+ 13.2 9.5 6.9 2.7 1.8 1.1 0.75 5.7 3.8 8.6±2.2 7
e−e+e+ 3.9 2.8 2.0 1.0 0.63 - - 4.16 2.8 5.0±1.4 4

and is predicted to be about 9% for MΣ ≈ 200 GeV, where we extrapolate signal yields to
MΣ > 180 GeV using the results of Ref. [18].

The upper limits on σB as a function of fermion mass MΣ, combining for all channels by mul-
tiplying the corresponding likelihood functions, are shown in Fig. 3, 4, and 5, for FDS, µS,
and eS possibilities, respectively. The dashed lines correspond to the expected limits obtained
from MC pseudo-experiments, and are based on the CLs criterion [42, 43]. The observed lim-
its on data are computed following both a Bayesian approach [33, Ch. 33], and a frequentist
method also based on the CLs criterion. In the former, the assumed prior is a constant. In both
calculations, the uncertainties on efficiencies for detecting signal, the uncertainty on integrated
luminosity and on the expected SM background, are treated as uninteresting “nuisance” pa-
rameters with Gaussian or log-normal densities. Upper limits are computed at 95% CL using
the ROOSTATS software [44], and and the package developed to combine results from searches
for the Higgs boson [45]. The two results are similar, as shown in Figs. 3, 4, and 5. The results
are stable relative to variations of ±20% on the systematic uncertainties. Finally, we extract
lower limits on MΣ using the theoretical dependence of the cross section on MΣ, as represented
by the solid blue lines of Fig. 3, 4, and 5, for the three possibilities for the type III seesaw model
for signal. The expected and observed 95% CL limits obtained with the Bayesian method are
given in Table 4.

Table 4: The expected and observed limits on MΣ and on σB at the given mass are obtained
using the Bayesian method, specified at a 95% confidence level, for the three assumed sets of
branching fractions bα defined in Eq.(1).

Scenario 95% CL: σB (fb) 95% CL: MΣ (GeV)
Exp. Obs. Exp. Obs.

FDS 22 20 177 179
µS 13 11 201 211
eS 13 13 202 204

The reported limits are valid only for short Σ lifetimes, which hold for values of the matrix
elements Vα greater than ≈10−6. For smaller values, the analysis requires a different approach,
since the leptons can originate from displaced vertices in an environment that, as indicated
previously, is not considered in this analysis.
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Figure 3: The expected (dashed line) and observed (asterisks and black points) exclusion limits
at 95% confidence level on σB as a function of the fermion mass MΣ, assuming be = bµ = bτ =
1/3 (FDS) for the signal. The solid (blue) curve represents the predictions of the LO type III
seesaw models. The light (yellow) and dark (green) shaded areas represent, respectively, the 1
standard deviation (68% CL) and 2 standard deviations (95% CL) limits on the expected results
obtained from MC pseudo-experiments, which reflect the combined statistical and systematic
uncertainties of the SM contributions. The asterisks and the black points show, respectively,
the observed limits computed following a frequentist method based on the CLs criterion and a
Bayesian approach.

8 Summary
A search has been presented for fermionic triplet states expected in type III seesaw models.
The search was performed in events with three isolated leptons (muons or electrons), whose
charges sum to +1, and contain jets and an imbalance in transverse momentum. The data are
from proton-proton collisions at

√
s = 7 TeV, recorded during 2011 by the CMS experiment at

the CERN LHC, and correspond to an integrated luminosity of 4.9 fb−1.

No evidence for pair production of Σ+Σ0 states has been found, and 95% confidence upper
limits are set on the product of the production cross section of Σ+Σ0 and its branching fraction
to the examined three-lepton final states. Comparing the results with predictions from type III
seesaw models, lower bounds are established at 95% confidence on the mass of the Σ states.
Limits are reported for three choices of mixing possibilities between the Σ states and the three
lepton generations. Depending on the considered scenarios, lower limits are obtained on the
mass of the heavy partner of the neutrino that range from 180 to 210 GeV. The results are valid
only if at least one of the mixing matrix elements is larger than≈ 10−6. These are the first limits
on the production of type III seesaw fermionic triplet states reported by an experiment at the
LHC.
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Figure 4: The expected (dashed line) and observed (asterisks and black points) exclusion limits
at 95% confidence level on σB as a function of the fermion mass MΣ, assuming be = 0, bµ =
1, bτ = 0 (µS) for the signal . The solid (blue) curve represents the predictions of the LO type III
seesaw models. The light (yellow) and dark (green) shaded areas represent, respectively, the 1
standard deviation (68% CL) and 2 standard deviations (95% CL) limits on the expected results
obtained from MC pseudo-experiments, which reflect the combined statistical and systematic
uncertainties of the SM contributions. The asterisks and the black points show, respectively,
the observed limits computed following a frequentist method based on the CLs criterion and a
Bayesian approach.
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Figure 5: The expected (dashed line) and observed (black points) exclusion limits at 95% con-
fidence level on σB as a function of the fermion mass MΣ, assuming be = 1, bµ = 0, bτ = 0
(eS) for the signal. The solid (blue) curve represents the predictions of the LO type III seesaw
models. The light (yellow) and dark (green) shaded areas represent, respectively, the 1 stan-
dard deviation (68% CL) and 2 standard deviations (95% CL) limits on the expected results
obtained from MC pseudo-experiments, which reflect the combined statistical and systematic
uncertainties of the SM contributions. The asterisks and the black points show, respectively,
the observed limits computed following a frequentist method based on the CLs criterion and a
Bayesian approach.
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l’Agriculture (FRIA-Belgium); the Agentschap voor Innovatie door Wetenschap en Technolo-
gie (IWT-Belgium); the Ministry of Education, Youth and Sports (MEYS) of Czech Republic; the
Council of Science and Industrial Research, India; the Compagnia di San Paolo (Torino); and
the HOMING PLUS programme of Foundation for Polish Science, cofinanced from European
Union, Regional Development Fund.

References
[1] M. C. Gonzalez-Garcia, M. Maltoni, and J. Salvado, “Updated global fit to three neutrino

mixing: status of the hints of θ13 > 0”, JHEP 04 (2010) 056,
doi:10.1007/JHEP04(2010)056, arXiv:1001.4524.

[2] T. Schwetz, M. Tortola, and J. W. F. Valle, “Where we are on θ13: addendum to ‘Global
neutrino data and recent reactor fluxes: status of three-flavour oscillation parameters’”,
New J. Phys. 13 (2011) 109401, doi:10.1088/1367-2630/13/10/109401,
arXiv:1108.1376.

[3] DAYA-BAY Collaboration, “Observation of electron-antineutrino disappearance at Daya
Bay”, Phys. Rev. Lett. 108 (2012) 171803, doi:10.1103/PhysRevLett.108.171803,
arXiv:1203.1669.

[4] RENO Collaboration, “Observation of reactor electron-antineutrinos disappearance in
the RENO experiment”, Phys. Rev. Lett. 108 (2012) 191802,
doi:10.1103/PhysRevLett.108.191802, arXiv:1204.0626.

[5] P. Minkowski, “µ to eγ at a rate out of one of 109 muon decays?”, Phys. Lett. B 67 (1977)
421, doi:10.1016/0370-2693(77)90435-X.

[6] R. N. Mohapatra and G. Senjanovic, “Neutrino Mass and Spontaneous Parity Violation”,
Phys. Rev. Lett. 44 (1980) 912, doi:10.1103/PhysRevLett.44.912.

[7] M. Magg and C. Wetterich, “Neutrino mass problem and gauge hierarchy”, Phys. Lett. B
94 (1980) 61, doi:10.1016/0370-2693(80)90825-4.

http://dx.doi.org/10.1007/JHEP04(2010)056
http://www.arXiv.org/abs/1001.4524
http://dx.doi.org/10.1088/1367-2630/13/10/109401
http://www.arXiv.org/abs/1108.1376
http://www.arXiv.org/abs/1108.1376
http://dx.doi.org/10.1103/PhysRevLett.108.171803
http://www.arXiv.org/abs/1203.1669
http://www.arXiv.org/abs/1203.1669
http://dx.doi.org/10.1103/PhysRevLett.108.191802
http://www.arXiv.org/abs/1204.0626
http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1016/0370-2693(80)90825-4


References 13

[8] J. Schechter and J. W. F. Valle, “Neutrino masses in SU(2) x U(1) theories”, Phys. Rev. D
22 (1980) 2227, doi:10.1103/PhysRevD.22.2227.

[9] C. Wetterich, “Neutrino masses and the scale of B-L violation”, Nucl. Phys. B 187 (1981)
343, doi:10.1016/0550-3213(81)90279-0.

[10] G. Lazarides, Q. Shafi, and C. Wetterich, “Proton Lifetime and Fermion Masses in an
SO(10) Model”, Nucl. Phys. B 181 (1981) 287,
doi:10.1016/0550-3213(81)90354-0.

[11] T. P. Cheng and L.-F. Li, “Neutrino masses, mixings and oscillations in SU(2) x U(1)
models of electroweak interactions”, Phys. Rev. D 22 (1980) 2860,
doi:10.1103/PhysRevD.22.2860.

[12] R. Foot et al., “Seesaw neutrino masses induced by a triplet of leptons”, Zeit. Phys. C 44
(1989) 441, doi:10.1007/BF01415558.

[13] E. Ma, “Pathways to Naturally Small Neutrino Masses”, Phys. Rev. Lett. 81 (1998) 1171,
doi:10.1103/PhysRevLett.81.1171, arXiv:hep-ph/9805219v4.

[14] F. del Aguila and J. A. Aguilar-Saavedra, “Electroweak scale seesaw and heavy Dirac
neutrino signals at LHC”, Phys. Lett. B 672 (2009) 158,
doi:10.1016/j.physletb.2009.01.010, arXiv:0809.2096.

[15] F. del Aguila and J. A. Aguilar-Saavedra, “Distinguishing seesaw models at LHC with
multi-lepton signals”, Nucl. Phys. B 813 (2009) 22,
doi:10.1016/j.nuclphysb.2008.12.029, arXiv:0808.2468.

[16] R. Franceschini, T. Hambye, and A. Strumia, “Type-III see-saw at LHC”, Phys. Rev. D 78
(2008) 033002, doi:10.1103/PhysRevD.78.033002, arXiv:0805.1613v1.

[17] B. Bajc and G. Senjanovic, “Seesaw at LHC”, JHEP 08 (2007) 014,
doi:10.1088/1126-6708/2007/08/014, arXiv:0612029v2.

[18] C. Biggio and F. Bonnet, “Implementation of the type III seesaw model in
FeynRules/MadGraph and prospects for discovery with early LHC data”, Eur. Phys. J. C
72 (2012) 1899, doi:10.1140/epjc/s10052-012-1899-z, arXiv:1107.3463.

[19] L3 Collaboration, “Search for heavy neutral and charged leptons in e+e− annihilation at
LEP”, Phys. Lett. B 517 (2001) 75, doi:10.1016/S0370-2693(01)01005-X,
arXiv:0107015v1.

[20] A. Abada et al., “Low energy effects of neutrino masses”, JHEP 12 (2007) 061,
doi:10.1088/1126-6708/2007/12/061, arXiv:0707.4058.

[21] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 03 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

[22] CMS Collaboration, “Particle–Flow Event Reconstruction in CMS and Performance for
Jets, Taus, and Emiss

T ”, CMS Physics Analysis Summary CMS-PAS-PFT-09-001, (2009).

[23] CMS Collaboration, “Commissioning of the Particle-flow Event Reconstruction with the
first LHC collisions recorded in the CMS detector”, CMS Physics Analysis Summary
CMS-PAS-PFT-10-001, (2010).

http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1016/0550-3213(81)90279-0
http://dx.doi.org/10.1016/0550-3213(81)90354-0
http://dx.doi.org/10.1103/PhysRevD.22.2860
http://dx.doi.org/10.1007/BF01415558
http://dx.doi.org/10.1103/PhysRevLett.81.1171
http://www.arXiv.org/abs/hep-ph/9805219v4
http://dx.doi.org/10.1016/j.physletb.2009.01.010
http://www.arXiv.org/abs/0809.2096
http://dx.doi.org/10.1016/j.nuclphysb.2008.12.029
http://www.arXiv.org/abs/0808.2468
http://dx.doi.org/10.1103/PhysRevD.78.033002
http://www.arXiv.org/abs/0805.1613v1
http://dx.doi.org/10.1088/1126-6708/2007/08/014
http://www.arXiv.org/abs/0612029v2
http://dx.doi.org/10.1140/epjc/s10052-012-1899-z
http://www.arXiv.org/abs/1107.3463
http://dx.doi.org/10.1016/S0370-2693(01)01005-X
http://www.arXiv.org/abs/0107015v1
http://www.arXiv.org/abs/0107015v1
http://dx.doi.org/10.1088/1126-6708/2007/12/061
http://www.arXiv.org/abs/0707.4058
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://cdsweb.cern.ch/record/1194487
http://cdsweb.cern.ch/record/1194487
http://cdsweb.cern.ch/record/1247373
http://cdsweb.cern.ch/record/1247373


14 References

[24] CMS Collaboration, “Commissioning of the Particle-Flow Reconstruction in
Minimum-Bias and Jet Events from pp Collisions at 7 TeV”, CMS Physics Analysis
Summary CMS-PAS-PFT-10-002, (2010).

[25] M. Cacciari, G. P. Salam, and G. Soyez, “The anti-kt jet clustering algorithm”, JHEP 04
(2008) 063, doi:10.1088/1126-6708/2008/04/063, arXiv:0802.1189.

[26] CMS Collaboration, “Determination of jet energy calibration and transverse momentum
resolution in CMS”, JINST 6 (2011) P11002,
doi:10.1088/1748-0221/6/11/P11002.
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P. Nef, F. Nessi-Tedaldi, F. Pandolfi, L. Pape, F. Pauss, M. Peruzzi, F.J. Ronga, M. Rossini, L. Sala,
A.K. Sanchez, A. Starodumov39, B. Stieger, M. Takahashi, L. Tauscher†, A. Thea, K. Theofilatos,
D. Treille, C. Urscheler, R. Wallny, H.A. Weber, L. Wehrli
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