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Harbinger of New Physics

Non-zero neutrino mass =⇒ physics beyond the SM.
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Seesaw Mechanism

A natural way to generate neutrino masses is by breaking the
(B− L)-symmetry of the SM.

Parametrized by the dim-5 operator 1
Λ (LLHH). [Weinberg (PRL ’79)]

Three tree-level realizations: Type I, II, III seesaw mechanisms.
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Generically predict lepton number and/or charged lepton flavor violation.

Pertinent question in the LHC era:

Can the seesaw mechanism be tested at the LHC (and beyond)?



Type-I Seesaw

[Minkowski (PLB ’77); Mohapatra, Senjanović (PRL ’80); Yanagida ’79; Gell-Mann, Ramond, Slansky ’79]

Seesaw messenger: SM-singlet fermions (sterile neutrinos).

In the flavor basis {νC
L ,N}, leads to the mass matrix

Mν =

(
0 MD

MT
D MN

)

In the seesaw approximation ||MDM−1
N || � 1,

Mlight
ν ' −MDM−1

N MT
D is the light neutrino mass matrix.

V`N ≡ MDM−1
N is the active-sterile neutrino mixing.

From a bottom-up approach, no definite prediction for the seesaw scale.

Suggestive upper limit MN . 107 GeV from naturalness arguments.
[Vissani (PRD ’98); Clarke, Foot, Volkas (PRD ’15); Bambhaniya, BD, Goswami, Khan, Rodejohann

(ongoing)]



Low-scale Type-I Seesaw

In ‘traditional’ seesaw, light-heavy neutrino mixing is small at EW-scale:

VlN ' MDM−1
N '

√
Mν

MN
. 10−6

√
100 GeV

MN

Strictly true only for the one generation case.

‘Large’ mixing effects possible with special structures of MD and MN .
[Pilaftsis (ZPC ’92); Gluza (APPB ’02); de Gouvea ’07; Kersten, Smirnov (PRD ’07); Gavela, Hambye,

Hernandez, Hernandez (JHEP ’09); Ibarra, Molinaro, Petcov (JHEP ’10); Mitra, Senjanović, Vissani (NPB

’12); BD, Lee, Mohapatra (PRD ’13)]

Can be motivated/stabilized from symmetry arguments.

LNV is usually suppressed due to constraints from neutrino oscillation
data and 0νββ, while observable LFV still possible.

Sizable LNV possible with an extended gauge sector.



A Natural Low-scale Seesaw

Inverse seesaw mechanism [Mohapatra (PRL ’86); Mohapatra, Valle (PRD ’86)]

Add two sets of singlet fermions carrying opposite lepton numbers.

Neutrino mass matrix in the flavor basis {νC
L,l ,NR,α , SC

L,β}:

Mν =




0 MD 0
MT

D 0 MT
N

0 MN µ


 ≡

(
0 MD

MT
D MN

)

Mlight
ν = MDM−1

N µM−1T

N MT
D +O(µ3).

L-symmetry is restored when µ→ 0.

Naturally allows for large mixing:

VlN '
√

Mν

µ
≈ 10−2

√
1 keV
µ

Rich phenomenological implications.



Seesaw Signal at the LHC

2 1 Introduction

where j runs over heavy neutrino flavour states. However, the neutrinoless double beta decay
experiments can only set limits on mixing with first generation leptons. Collider experiments
on the other hand can also search for mixing with second and third generation fermions. If VeNj

saturates Wee in Eq. (2), the limit on VeN from neutrinoless double beta decay can be satisfied
either by demanding that mN is beyond the TeV scale, or that there are cancellations among
the different terms in Eq. (3), as may happen in certain models [27]. Other models with heavy
neutrinos have also been examined. The ATLAS and CMS collaborations at the LHC have
reported limits on heavy Majorana neutrino production in the context of the Left-Right Sym-
metric Model [28, 29]. The ATLAS experiment also set limits based on an effective Lagrangian
approach [28].

Because of the Majorana nature of the heavy neutrino considered here, both opposite- and
same-sign lepton pairs can be produced. This search concentrates on the same-sign dilepton
signatures since these final states have very low SM backgrounds. In addition to these leptons,
the Majorana neutrino also produces an accompanying W boson when it decays. We search for
W decays to two jets, as this allows reconstruction of the mass of the heavy neutrino without
missing any transverse momentum associated with SM neutrinos.

The dominant production mode of the heavy neutrino under consideration is shown in Fig. 1.
In this process the heavy Majorana neutrino is produced by s-channel production of a W boson,

q'

q

N
W +

 +

 +

W 
q
q

V N 

V N 

'

Figure 1: The Feynman diagram for resonant production of a Majorana neutrino (N). The
charge-conjugate diagram results in a `�`�qq0 final state.

which decays via W+ ! N`+. The N can decay via N ! W�`+ with W� ! qq 0, resulting in a
`+`+qq 0 final state. The charge-conjugate decay chain also contributes and results in a `�`�qq0

final state. In the this analysis, only ` = e or µ is considered. In a previous publication [30]
by the CMS Collaboration a search for heavy neutrinos in events with a dimuon final state
was reported. In the present paper the search is expanded to include events with e±e±qq 0

and e±µ±qq 0 final states. These decay modes are referred to as the dielectron and electron-
muon channels, respectively. The lowest order parton subprocess cross section ŝ(ŝ) for qq 0 !
(W±)⇤ ! N`± at a parton center-of-mass energy

p
ŝ is given by is given [31] by:

ŝ(ŝ) =
pa2

W

72ŝ2
⇥
ŝ � (mW � i

2 GW)2
⇤ |V`N|2(ŝ � m2

N)2(2ŝ + m2
N), (4)

where aW is the weak coupling constant, and mW and GW are the W boson mass and width,
respectively.

Observation of a `�`(0)�qq 0 signature would constitute direct evidence of lepton number vi-
olation. The study of this process in different dilepton channels brings greater likelihood for
the discovery of a Majorana neutrino, and constrains the mixing elements. The dielectron and

(Same-sign) dilepton plus jets without /ET [Keung, Senjanović (PRL ’83); Datta, Guchait,

Pilaftsis (PRD ’94); Han, Zhang (PRL ’06); Bray, Lee, Pilaftsis (NPB ’07); del Aguila, Aguilar-Saavedra, Pittau

(JHEP ’07)] – talk by Un-ki Yang
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Figure 4: Exclusion region at 95% CL in the square of the heavy Majorana neutrino mixing
parameter as a function of the heavy Majorana neutrino mass: (|VµN|2 vs. mN). The long-
dashed black curve is the expected upper limit, with one and two standard-deviation bands
shown in dark green and light yellow, respectively. The solid black curve is the observed upper
limit. Also shown are the upper limits from other direct searches: L3 [20], DELPHI [21], and
the upper limits from CMS obtained with the 2011 LHC data at

p
s = 7 TeV [22]. The regions

above the exclusion curves are ruled out at 95% CL. The lower panel shows an expanded view
of the region 40 GeV < mN < 250 GeV.
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Figure 8: Observed and expected 95% confidence level upper limits on the cross-section times branching ratio for
the production of mTISM heavy Majorana neutrinos as a function of the heavy neutrino mass for (a) the ee channel
and (c) the µµ channel. The limits on the mixing between the heavy Majorana neutrinos and the SM neutrinos are
shown in (b) and (d). Values larger than the solid black line are excluded by this analysis.

7.2 Results in the LRSM signal region

The observed and expected numbers of events for the LRSM signal regions are shown in table 5. There
are no excesses observed above the expected numbers of background events.

The LRSM signal is expected to produce a peak in the invariant mass of the decay products of the heavy
gauge boson. This would be observed in the invariant mass distribution m`` j( j) (m`` j j( j j)) in the WR (Z0)
signal regions, as described in section 4. The observed and predicted distributions are shown in figures 9
and 10. Binned likelihood fits are performed to the invariant mass distributions and the profile-likelihood
test statistic is used to assess the compatibility of the data with the background-only and signal-plus-
background hypotheses. No significant excess is observed in the data compared to the background ex-
pectation and 95% CL upper limits on the cross-section of the production of heavy gauge bosons decaying
to heavy neutrinos within the LRSM are set using the CLs method. The expected and observed cross-
section exclusion limits as a function of the masses of the heavy gauge bosons and heavy neutrino are
shown for example mass points for both channels, ee and µµ, in table 6. The full cross-section limits

20



New Contribution
Collinear-enhancement mechanism [BD, Pilaftsis, Yang (PRL ’14); Alva, Han, Ruiz (JHEP ’15)]
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FIG. 2: Heavy N NLO production rate in (a) 14 and (b) 100 TeV pp collisions as a function of mN , divided by active-heavy
mixing |VℓN |2, for the inclusive CC (circle) and NC (triangle) DY, Nℓ± + 1j (diamond), and VBF (upside-down triangle)
processes, as well as the LO GF process matched up to 1j (star). Lower: Ratio of NLO and LO rates.

√
s 14 TeV 100 TeV

mN 500 GeV 1 TeV 500 GeV 1 TeV
σ / |VℓN |2 [fb] LO NLO K LO NLO K LO NLO K LO NLO K

CC DY 52.8 61.1+1.9%
−1.6% 1.16 2.96 3.40+2.2%

−2.4% 1.15 674 804+2.4%
−3.4% 1.19 80.8 93.5+1.4%

−1.6% 1.16

NC DY 30.4 35.2+1.8%
−1.5%

1.16 1.56 1.81+2.4%
−2.5%

1.16 537 638+2.5%
−3.6%

1.19 55.9 64.4+1.5%
−1.7%

1.15

CC DY+1j 14.5 17.0+3.2%
−4.5% 1.17 0.970 1.17+4.0%

−5.6% 1.21 238 280+2.1%
−3.0% 1.18 35.8 40.3+2.0%

−2.4% 1.13

GF+0, 1j 17.9 . . . . . . 0.967 . . . . . . 1,260 . . . . . . 200 . . . . . .

VBF 15.0 15.0+7.8%
−7.3% 0.998 4.97 5.28+6.3%

−5.4% 1.06 139 128+12.3%
−11.7% 0.918 78.4 73.2+10.0%

−9.7% 0.932

TABLE I: LO and NLO heavy neutrino production rates, divided by active-heavy mixing |VℓN |2, and scale dependence (%) in√
s = 14 and 100 TeV pp collisions for representative heavy neutrino masses mN .

RESULTS

As a function of mN , we present in Fig. 2 the (a) 14 and
(b) 100 TeV heavy N production rates, divided by active-
heavy mixing. At NLO are the CC DY (circle), NC DY
(triangle), Nℓ± + 1j (diamond), and VBF (upside-down
triangle) processes; at LO is GF (star). In the lower panel
is the ratio of the NLO and LO rates, the so-called NLO
K-factor:

KNLO = σNLO/σLO. (22)

For select mN , we summarize our results in Tb. I.

For mN = 100−1000 (100−1500) GeV, NLO produc-
tion rates for the DY channels at 14 (100) TeV span:

CC DY : 3.4 fb − 16 pb (25 fb − 94 pb), (23)

+1j : 1.2 fb − 2.1 pb (12 fb − 15 pb), (24)

NC DY : 1.8 fb − 23 pb (16 fb − 180 pb), (25)

with corresponding scale uncertainties:

CC DY : ±1 − 5% (±1 − 11%), (26)

+1j : ±2 − 6% (±1 − 7%), (27)

NC DY : ±1 − 5% (±1 − 13%), (28)

and nearly identical K-factors:

CC DY, + 1j, NC : 1.15 − 1.25 (1.11 − 1.37). (29)

The increase over LO rates is due to the opening of the

g
(−)
q and gg channels for the DY and +1 jet processes,

respectively. Since the gluon PDF is largest at Bjorken-
x ∼ mN/

√
s ≪ 1, the biggest change is at low mN . The

DY+2j channels at NLO were found to give consistent
K-factors with SM high-mass DY in SHERPA [52]1. The
modest size of these corrections validates our approach.

1 Silvan Kuttimalai and Tom Morgan are thanked for their checks.

[Degrande, Mattelaer, Ruiz, Turner ’16]



Inverse Seesaw Signal

For small L-breaking, LNV signal of same-sign dileptons is suppressed:

ALNV(s̄) = −V2
lN

2∆MN

∆M2
N + Γ2

N
+O

(
∆MN

MN

)

for ∆MN . ΓN , where ∆MN ' µ. [BD, Pilaftsis, Yang (PRL ’14); Anamiati, Hirsch, Nardi ’16]

Exception: Resonant enhancement for ∆MN ' ΓN . [Bray, Lee, Pilaftsis (NPB ’07)]

Look for opposite-sign dilepton signal (large SM background).
Or trilepton channel. [del Aguila, Aguilar-Saavedra (NPB ’09); Chen, BD (PRD ’12); Das, Okada

(PRD ’14); Das, BD, Okada (PLB ’14)]

q

q̄′

W +

l+

N
l−

W +
l+

ν



Constraints from LHC Higgs Data
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FIG. 1: The Higgs decay modes into 2`2⌫ mediated by the ISS couplings.

the limits derived in [11] for M > 60 GeV or so are very weak. Furthermore constraints

from neutrino-less double beta decay [12] derived on heavy sterile neutrinos do not apply to

this case since in our model, the N and S form a pseudo-Dirac pair and lepton number is

almost exactly conserved.

In order to use the LHC data to explore constraints on y and M in the 100 GeV range,

we will assume that (i) vBL � vwk and (ii) the mass of Re(�0) is heavy compared to the SM

Higgs boson so that neither the heavy gauge boson associated with (B � L)-symmetry nor

the interactions of Re(�0) a↵ect the Higgs boson decay modes we consider.

It follows from the above Lagrangian that if one of the singlet fermions has mass in the

100 GeV range, it will a↵ect the Higgs branching ratios: for instance if MN < Mh, then this

opens up a new mode for SM Higgs decay, i.e., h ! ⌫̄aNb, and the collider signal will arise

from N � ⌫ mixing diagram in Fig. 1 where N ! ⌫Z, `W . Folding W, Z decays, one will

get final states with ⌫⌫̄`a`b where in the final state both charged leptons and anti-leptons

will appear and the existing LHC data on these final states will provide constraints on y.

Clearly, which charged lepton appears will depend on the flavor structure of y and f . For

f we will go to a basis so that it is diagonal, i.e. a linear combination of ⌫ and N are mass

eigenstates with S field providing the chiral Dirac partner.

B. Type-I seesaw case

Turning to the type-I case, as noted earlier, in generic models, the Dirac Yukawa couplings

are very small for the seesaw scale in the TeV regime. However, for specific textures for y,

it is possible to attain singlet fermion mass in the 100 GeV range with Dirac Yukawa y’s

of order O(1) while still satisfying the neutrino oscillation data. In this case the singlet
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[BD, Franceschini, Mohapatra (PRD ’12); Das, BD, Kim (in preparation)]



Lepton Collider Searches
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(a) (b)

FIG. 2. (a) The s-channel and (b) t-channel Feynman diagrams for the process e+e� ! N⌫`.

10

20

30

40

50

60

70

80

90

100

100 150 200 250 300 350 400 450 500

�
(e

+
e�

!
N
⌫ e

)/
|V

eN
|2

(p
b
)

MN (GeV)

p
s = 350 GeVp
s = 500 GeV

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

100 150 200 250 300 350 400 450 500

�
(e

+
e�

!
N
⌫ `

)/
|V

`N
|2

(p
b
)

MN (GeV)

p
s = 350 GeVp
s = 500 GeV

(a) (b)

FIG. 3. Normalized heavy neutrino production cross section for the channel e+e� ! ⌫`N for
p

s = 350 and 500
GeV. The left panel corresponds to ` = e (both s and t channels), whereas the right panel corresponds to ` = µ, ⌧
(only the s channel).

` = e, there is an additional t-channel W -exchange process, as shown in Figure 2 (b). The di↵erential
cross section for this process can be found in [73, 75]. The numerical values of the total production
cross sections are shown in Figure 3 for two di↵erent values of

p
s = 350 and 500 GeV. The left panel of

Figure 3 corresponds to the case ` = e and the right panel is for the case ` = µ, ⌧ .
The enhanced cross section in the electron channel is due to the additional t-channel contribution.

Similarly, for the heavy neutrino decay, N ! eW has the largest branching ratio, as evident from
Figure 1. Thus, the channel e+e� ! N⌫e, followed by N ! eW and W ! jets, has the largest signal
cross section, and hence, can act as the most promising channel for the discovery of heavy neutrino
mixing with electron neutrinos at a lepton collider. As a matter of fact, the existing direct search limit
from LEP [71] comes from this channel.

Due to the relative smallness of the s-channel contribution, this production mode does not provide a
very promising signal for probing |V`N |2 with ` = µ, ⌧ . Also note that the s-channel contribution to the
cross section decreases with increasing

p
s, except when the heavy neutrino mass is close to the kinematic

threshold, where the phase space suppression becomes more dominant. This is evident from Figure 3
(right panel). Using a suitable beam polarization might increase the signal sensitivity for ` = µ, ⌧ [94],
but this is of limited practical interest for a small VeN .

We note here that since the hadronic activity at an e+e� collider is very limited, the background can
be easily controlled with the help of simple kinematic cuts. Therefore, the other decay channels of the
heavy neutrino, i.e. N ! Z⌫`, H⌫`, can also be used as complementary search channels, even though
the corresponding BR are about a factor of two smaller than the N ! W` mode. This will be illustrated
in Section IV.

B. e+e� ! N`±W⌥

The signal discussed in Section IIA is insensitive to the Majorana nature of the heavy neutrino,
and hence, does not probe LNV at a lepton collider. Here we present a new production mechanism
e+e� ! N`±W⌥ that can probe the Majorana nature of the heavy neutrinos at an e+e� collider. This
is due to the fact that for a Majorana neutrino, both `±W⌥ decay modes are allowed; hence, we get
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FIG. 10. Feynman diagram for the process e+e� ! ZH ! ZN⌫`.
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decay width will get significantly modified due to the new decay channels available, and using the Higgs
signal strength data, one can also derive indirect constraints on the mixing parameter [98, 99].

E. e�e� ! W�W�

FIG. 12. Feynman diagram for the t-channel N exchange.
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Summary Plot (Muon Sector)
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Summary Plot (Tau Sector)
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Left-Right Seesaw

Provides a natural framework for type-I seesaw (at TeV scale).
[Pati, Salam (PRD ’74); Mohapatra, Pati (PRD ’75); Senjanović, Mohapatra (PRD ’75)]

New contribution to Drell-Yan process via WR exchange.
[Keung, Senjanović (PRL ’83)] q
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12 8 Summary

We additionally consider the case where all N` masses are degenerate and can be produced
via WR boson production and decay in 8 TeV pp collisions. In this case, the electron and muon
results can be combined as shown in Fig. 5. The (MWR, MN`

) exclusion for the combination
extends slightly further than the single-channel exclusion limits, with an observed (expected)
exclusion for the combined channel of MWR < 3.01 (3.10) TeV for MN`

= 1
2 MWR.
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Figure 5: The 95% CL exclusion region in the (MWR, MN`
) plane (left), and as a function of WR

boson mass with MN = 1
2 MWR (right) obtained combining the electron and muon channels.

The signal cross section PDF uncertainties (red band surrounding the theoretical WR-boson
production cross section curve) are included for illustration purposes only. Neutrino masses
greater than MWR (yellow shaded region in the left figure) are not considered in this search.

8 Summary
A search for right-handed bosons (WR) and heavy right-handed neutrinos (N`) in the left-right
symmetric extension of the standard model has been presented. The data sample is in agree-
ment with expectations from standard model processes in the µµjj final state. An excess is
observed in the electron channel with a local significance of 2.8s at Meejj ⇡ 2.1 TeV. The excess
does not appear to be consistent with expectations from left-right symmetric theory. Consider-
ing WR ! eNe and WR ! µNµ searches separately, regions in the (MWR, MN`

) mass space are
excluded at 95% confidence level that extend up to MWR < 3.0 TeV for both channels. Assum-
ing WR ! `N` with degenerate N` mass for ` = e, µ, WR boson production is excluded at 95%
confidence level up to MWR < 3.0 TeV. This search has significantly extended the exclusion
region in the two-dimensional (MWR, MN`

) mass plane compared to previous searches, and for
the first time this search has excluded MWR values beyond the theoretical lower mass limit of
MWR & 2.5 TeV.
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Figure 11: Observed and expected exclusion contour at 95% confidence level as a function of the mass of a heavy
Majorana neutrino and of a WR (left) or Z0 boson (right) within the LRSM. The limits in (a) and (b) show the
scenario where the heavy neutrino has electron flavour and those in (c) and (d) show the scenario where it has muon
flavour. The limits in (e) and (f) show the case of two degenerate neutrinos, one has electron flavour, and the other
muon flavour (no mixing between lepton flavours is assumed).

24



L-R Seesaw Phase Diagram
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Lepton Flavor Violation

10-14 10-13 10-12

10-16

10-15

10-14

10-13

10-12

BRHΜ®eΓL

R
Μ

®
e

A
u

SINDRUM-II Au

Mu2e�COMET

M
E

G

U
pg

ra
de

d
M

E
G

[BD, Lee, Mohapatra (PRD ’13)]



Complementarity with the LHC
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Type-II Seesaw Signal

2 2 The CMS Detector

Table 1: Branching fraction scenarios for the decays of F±±.

Benchmark Point ee eµ et µµ µt tt

BP1 0 0.01 0.01 0.30 0.38 0.30
BP2 1/2 0 0 1/8 1/4 1/8
BP3 1/3 0 0 1/3 0 1/3
BP4 1/6 1/6 1/6 1/6 1/6 1/6
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F��
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q
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`+j

`+i

(a) 4`

W±
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F±±
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q0
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`⌥k

`±j

`±i

(b) 3`

Figure 1: Feynman diagrams for the four (a) and three (b) lepton final states

The first experimental limits on the mass of F++ were derived from measurements at PEP
and PETRA e+e� storage rings [15–20]. Further limits were set at the MARK II detector at
SLAC [21], the H1 detector at HERA [22], and the LEP experiments [23–26]. The lowest mass
excluded by CDF was 112 GeV in the 100% µt final state [27, 28], and D0 excluded a mass of
127 GeV in the 100% µµ final state [29]. The most recent searches were performed by CMS
and ATLAS. ATLAS has performed searches utilizing both 7 TeV [30] and 8 TeV data [31]. The
8 TeV analysis places the highest limits on the mass of a left-handed doubly-charged Higgs
boson. They searched for 100% decays to ee, µµ, and eµ, which were excluded up to masses of
551 GeV, 516 GeV, and 468 GeV respectively.

CMS has performed a search utilizing the 7 TeV proton-proton collision dataset [7]. The analy-
sis searched for 100% decays to ee, µµ, tt, eµ, et, and µt, as well as the benchmark points listed
in Table 1. The lowest mass excluded was 169 GeV for tt, and the highest was 395 GeV for µµ.
The analysis presented here is a continuation of this search utilizing the 8 TeV proton-proton
collision dataset.

2 The CMS Detector
A superconducting solenoid is the central feature of the CMS detector, providing an axial mag-
netic field of 3.8 T parallel to the beam direction. A silicon pixel and strip tracker, a crystal
electromagnetic calorimeter, and a brass/scintillator hadron calorimeter are located within the
solenoid. A quartz-fiber Cherenkov calorimeter extends the coverage to |h| < 5.0, where
h = � ln[tan (q/2)]. Muons are measured in gas-ionization detectors embedded in the steel
flux return yoke outside the solenoid. The first level of the CMS trigger system, composed of
custom hardware processors, is designed to select the most interesting events using informa-
tion from the calorimeters and muon detectors. A high-level trigger processor farm decreases
the event rate to a few hundred hertz, before data storage. A more detailed description of
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Prospects at 100 TeV
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Type-III Seesaw Signal

1

1 Introduction
The discovery of neutrino oscillations shows that neutrinos are massive [1], which is unam-
biguous evidence for physics beyond the Standard Model (SM). Many extensions of the SM
have been proposed so far, among which the seesaw mechanism is an appealing possibility
[2–12]. The seesaw mechanism introduces new heavy particles coupling both to leptons and
to Higgs doublets, and accounts for both the neutrino masses and their smallness (six or more
orders of magnitude smaller than that of the electron).

Within the type-III seesaw model [11], the neutrino is considered a Majorana particle whose
mass arises via the mediation of massive fermion partners. These massive partners are the
fermionic SU(2) triplet of the heavy Dirac charged leptons S±, and the heavy Majorana neu-
tral lepton S0, coupling both to the leptons and to the Higgs doublets. During proton-proton
collisions, the heavy fermion particles may be pair-produced through electroweak interactions
in both charged-charged and charged-neutral pairs as can be seen in Fig. 1.

P1

P2

Z/�⇤/h

⌃�

⌃+

P1

P2

W±

⌃0

⌃±

Figure 1: Examples of Feynman diagrams for heavy fermion production in the type-III seesaw
model.

We conduct a search for this signal by examining the final state with at least three electrons
or muons. The primary decay channels of interest are S± ! W±n, S± ! Z`±, S± ! H`±,
S0 ! W±`⌥, S0 ! Zn, S0 ! Hn, where ` = e, µ. Decays of S0S± and S+S� pairs result in
27 different production 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. An example Feynman
diagram for one of the most relevant processes with three leptons in the final state, S±S0 !
W±nW±`⌥ with leptonic W± decays, is shown in Fig. 2. The decay rate of a S to a given lepton
` is proportional to v`N = V`p

|Ve|2+|Vµ|2+|Vt |2 . In the democratic scenario, the mixing parameters

V` are the same for all the leptons.

d̄
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⌃0
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`±

⌫`/⌫̄l

`+

⌫`

Figure 2: Feynman diagram example of the fermion production and decay in the type-III see-
saw model.
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Conclusion

Understanding the neutrino mass mechanism will provide important
insights into the BSM world.
Might also shed light on other puzzles (e.g., baryon asymmetry and dark
matter).
Colliders provide a ripe testing ground for low-scale neutrino mass
models.
Healthy complementarity at the intensity and cosmic frontiers.


