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Friends across 20 orders of magnitude

4 Intensity Frontier

Furthermore, while most of the data fit the three-flavor paradigm very well, some experiments have uncovered
intriguing anomalies that do not fit this simple picture. These exceptions include apparent short-baseline
⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e transitions, and the anomalous disappearance of reactor and radioactive source
electron-type antineutrinos and neutrinos. Although these hints currently have only modest statistical
significance, if confirmed they would be evidence for states or interactions present in theories beyond the
SM.

The observation of neutrino oscillations implies that neutrinos have nonzero masses, a discovery of fundamen-
tal significance. We do not know the mechanism responsible for the generation of neutrino masses, but we
can state with some certainty that new degrees of freedom are required. The number of options is enormous.
The current data do not reveal, for example, whether the new physics scale is very low (⇠ 1 eV) or very
high (⇠ 1015 GeV). The origin of neutrino masses is one of the biggest puzzles in particle physics today,
and will only be revealed, and perhaps only indirectly, with more experimental information from di↵erent
probes in the di↵erent frontiers of particle physics research. Furthermore, the pattern of lepton mixing is
very di↵erent from that of quarks. We do not yet know what that means, but precision studies of lepton
mixing via neutrino oscillations may reveal crucial information regarding the long-standing flavor puzzle.
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Figure 2-2. Neutrino interaction cross section as a function of energy, showing typical energy regimes
accessible by di↵erent neutrino sources and experiments. The curve shows the scattering cross section for
⌫̄e e� ! e� ⌫̄e on free electrons, for illustration. Figure is modified from [9]

Community Planning Study: Snowmass 2013

[Hewett et al. (Snowmass 2013 Neutrino Working Group)]
Bhupal Dev (MPIK) ν Portal to New Physics Katowice (15.05.2016) 2 / 45



Neutrinos have a Mass

16

NEWSPAPER HEADLINES AROUND THE WORLD PROCLAIMED THAT

NEUTRINOS
HAD MASS, BUT...

a different kind of neutrino has emerged ...

The New York Times, June 6, 1998.Bhupal Dev (MPIK) ν Portal to New Physics Katowice (15.05.2016) 3 / 45



Harbinger of New Physics
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Neutrinos are massless in the SM, because
No RH counterpart (i.e. no Dirac mass term).
νL part of SU(2)L doublet⇒ No Majorana mass term ν̄C

L νL.
Accidental global (B− L)-symmetry.

Simply adding RH neutrinos to write a Dirac mass term
Lν,Y = YN L̄HN + H.c. requires YN . 10−12.
A more natural way is to break (B− L).
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Majorana or Dirac?

University College London

4 / 39 Frank Deppisch | Neutrinos on Three Frontiers | 09/12/2015
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neutrino → Lepton Number Violation
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Can be tested in Neutrinoless Double Beta Decay and collider experiments.
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Normal or Inverted?

Can be tested in oscillation experiments and precision cosmology.
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Absolute neutrino mass?

Energy endpoint in β-decay
spectrum:

mβ =

√∑

i

U2
eim

2
i ≤ 2.2 eV

[C. Kraus et al., EPJC ’05)]

KATRIN sensitivity: mβ < 0.2 eV.

Impact on large scale structure:
∑

i

mi < 0.17− 0.72 eV

[Planck Collaboration ’15]

EUCLID sensitivity:
∑

i mi < 0.03 eV.

Planck Collaboration: Cosmological parameters
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Fig. 29. Samples from the Planck TT+lowP posterior in theP
m⌫–H0 plane, colour-coded by �8. Higher

P
m⌫ damps

the matter fluctuation amplitude �8, but also decreases H0
(grey bands show the direct measurement H0 = (70.6 ±
3.3) km s�1Mpc�1, Eq. 30). Solid black contours show the con-
straint from Planck TT+lowP+lensing (which mildly prefers
larger masses), and filled contours show the constraints from
Planck TT+lowP+lensing+BAO.

high multipoles produces a relatively small improvement to the
Planck TT+lowP+BAO constraint (and the improvement is even
smaller with the alternative CamSpec likelihood) so we consider
the TT results to be our most reliable constraints.

The constraint of Eq. (54b) is consistent with the 95 % limit
of

P
m⌫ < 0.23 eV reported in PCP13 for Planck+BAO. The

limits are similar because the linear CMB is insensitive to the
mass of neutrinos that are relativistic at recombination. There is
little to be gained from improved measurement of the CMB tem-
perature power spectra, though improved external data can help
to break the geometric degeneracy to higher precision. CMB
lensing can also provide additional information at lower red-
shifts, and future high-resolution CMB polarization measure-
ments that accurately reconstruct the lensing potential can probe
much smaller masses (see e.g. Abazajian et al. 2015b).

As discussed in detail in PCP13 and Sect. 5.1, the Planck
CMB power spectra prefer somewhat more lensing smoothing
than predicted in⇤CDM (allowing the lensing amplitude to vary
gives AL > 1 at just over 2�). The neutrino mass constraint
from the power spectra is therefore quite tight, since increas-
ing the neutrino mass lowers the predicted smoothing even fur-
ther compared to base ⇤CDM. On the other hand the lensing
reconstruction data, which directly probes the lensing power,
prefers lensing amplitudes slightly below (but consistent with)
the base ⇤CDM prediction (Eq. 18). The Planck+lensing con-
straint therefore pulls the constraints slightly away from zero to-
wards higher neutrino masses, as shown in Fig. 30. Although the
posterior has less weight at zero, the lensing data are incompati-
ble with very large neutrino masses so the Planck+lensing 95 %
limit is actually tighter than the Planck TT+lowP result:

X
m⌫ < 0.68 eV (95%,Planck TT+lowP+lensing). (55)
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Fig. 30. Constraints on
P

m⌫ for various data combinations.

Adding the polarization spectra improves this constraint slightly
to
X

m⌫ < 0.59 eV (95%,Planck TT,TE,EE+lowP+lensing).
(56)

We take the combined constraint further including BAO, JLA,
and H0 (“ext”) as our best limit

X
m⌫ < 0.23 eV

⌦⌫h2 < 0.0025

9>>=>>; 95%, Planck TT+lowP+lensing+ext.

(57)
This is slightly weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO, (which is tighter in both the
CamSpec and Plik likelihoods) but is immune to low level sys-
tematics that might a↵ect the constraints from the Planck polar-
ization spectra. Equation (57) is therefore a conservative limit.
Marginalizing over the range of neutrino masses, the Planck con-
straints on the late-time parameters are23

H0 = 67.7 ± 0.6

�8 = 0.810+0.015
�0.012

9>=>; Planck TT+lowP+lensing+ext. (58)

For this restricted range of neutrino masses, the impact on the
other cosmological parameters is small and, in particular, low
values of �8 will remain in tension with the parameter space
preferred by Planck.

The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to disre-
gard the Planck lensing information while retaining other astro-
physical data. The CMB lensing signal probes very-nearly lin-
ear scales and passes many consistency checks over the multi-
pole range used in the Planck lensing likelihood (see Sect. 5.1
and Planck Collaboration XV 2015). The situation with galaxy
weak lensing is rather di↵erent, as discussed in Sect. 5.5.2. In
addition to possible observational systematics, the weak lensing
data probe lower redshifts than CMB lensing, and smaller spa-
tial scales where uncertainties in modelling nonlinearities in the
matter power spectrum and baryonic feedback become impor-
tant (Harnois-Déraps et al. 2014).

23To simplify the displayed equations, H0 is given in units of
km s�1Mpc�1 in this section.

41
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Other unresolved issues
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3σ allowed range: [Particle Data Group (2016)]

θ12 = 31.3◦ − 35.9◦; θ23 = 38.3◦ − 53.3◦; θ13 = 7.9◦ − 9.1◦.

Value of δ? (Hints for δ ' −π/2 at T2K and NOvA)
Octant of θ23? (T2K+NOvA, PINGU, DUNE,....)
Values of α1,2? (Some ambitious proposals)
Number of light neutrino species? (Short-baseline experiments vs
cosmological observations)
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Connections to other Puzzles?
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A Synergistic Approach

ν

46 3 Project and Design

3.1 LBNE and the U.S. Neutrino Physics Program

Figure 3.1: Three frontiers of research in particle physics form an interlocking framework that addresses
fundamental questions about the laws of Nature and the cosmos. Each frontier, essential to the whole, has a
unique approach to making discoveries [14].

In its 2008 report, the U.S. Particle Physics Project Prioritization Panel (P5)ú recommended a
world-class neutrino physics program as a core component of a U.S. particle physics program [14]
that revolves around three research frontiers as shown in Figure 3.1. Included in the report is
the long-term vision of a large far detector at the site of the former Homestake Mine in Lead,
SD, and a high-intensity, wide-band neutrino source at Fermilab. At the time, the proposed Deep
Underground Science and Engineering Laboratory (DUSEL) was planned to occupy the site of the
former mine; it is now the Sanford Underground Research Facility.

úP5 is an advisory panel to the two main funding bodies for particle physics in the United States, the Department of
Energy (DOE) and the National Science Foundation (NSF).

The Long-Baseline Neutrino Experiment

A symbiosis between theory, experiment and observations.
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A Simple Paradigm

B− L violation through the dim-5 operator 1
Λ (LLHH). [Weinberg (PRL ’79)]

Simplest tree-level realization: Type I Seesaw mechanism.
[Minkowski (PLB ’77); Mohapatra, Senjanović (PRL ’80); Yanagida ’79; Gell-Mann, Ramond, Slansky ’79]

! masses beyond the SM : tree level

Fermionic Singlet 

Seesaw ( or type I)

2 x 2 = 1 + 3

! masses beyond the SM : tree level

Fermionic Triplet 

Seesaw ( or type III)

2 x 2 = 1 + 3

! masses beyond the SM : tree level

2 x 2 = 1 + 3

Scalar Triplet 

Seesaw ( or type II)

Fermion singlets:
(type-I seesaw)

Scalar triplet:
(type-II seesaw)

Fermion triplets:
(type-III seesaw)

m� = Y T
N

1

MN
YNv2 m� = Y�

µ�

M2
�

v2 m� = Y T
�

1

M�
Y�v2

Minkowski; Gellman, Ramon, Slansky; 
Yanagida;Glashow; Mohapatra, Senjanovic

Magg, Wetterich; Lazarides, Shafi; 
Mohapatra, Senjanovic; Schechter, Valle

Foot, Lew, He, Joshi; Ma; Ma, Roy;T.H., Lin, Notari, 
Papucci, Strumia; Bajc, Nemevsek,

Senjanovic; Dorsner, Fileviez-Perez;....

The 3 seesaw models

L ⇥ �Y��LiLj

�µ��HH + h.c.

L ⇥ �YNij
N̄iLjH

�mNi

2
N c

i Ni + h.c. �m�i

2
�c

i�i + h.c.

L ⇥ �Y�ij
�̄iLjH

NRi
�i � (�+

i ,�0
i ,�

�
i )

YN Y�

� � (�++,�+,�0)

for example with                                 requiresYN � 1, m� � 0.1 eV

requires

MN � 1015 GeV

with YN � 10�6, m� � 0.1 eV MN � TeV

µ�

Predicts lepton number and (charged) lepton flavor violation.
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Low-scale Seesaw

Upper limit on seesaw scale MN . 107 GeV from naturalness arguments.
[Vissani (PRD ’98); Casas, Espinosa, Hidalgo (JHEP ’04); Clarke, Foot, Volkas (PRD ’15)]

In the ‘traditional’ seesaw,

VlN ≡ MDM−1
N '

√
Mν

MN
. 10−6

√
100 GeV

MN

‘Large’ mixing effects allowed due to special structures of MD and MN .
[Pilaftsis (ZPC ’92); Gluza (APPB ’02); Kersten, Smirnov (PRD ’07); Gavela, Hambye, Hernandez2

(JHEP ’09); Ibarra, Molinaro, Petcov (JHEP ’10); Mitra, Senjanović, Vissani (NPB ’12)]

In the minimal scenario, essentially two ways: (i) symmetry (ii) anarchy.
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A Fine-tuned Example

[Pilaftsis (ZPC ’92)]

MD =




0 0
a b
c d


 and MN =

(
A 0
0 B

)
.

Assuming a 6= 0, Mν ' −MDM−1
N MT

D = 0 if

d =
bc
a
, B = −b2

a2 A.

For b 6= a, LNV in the µ and τ sectors can be potentially large.

Mixing in the electron sector cannot be large due to 0νββ constraints.
[Mitra, Senjanović, Vissani (NPB ’12); Lopez-Pavon, Molinaro, Petcov (JHEP ’15)]
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A Symmetry-protected Example

[Kersten, Smirnov (PRD ’07)]

MD =




m1 δ1

m2 δ2

m3 δ3


 and MN =

(
0 M1

M1 0

)
with δi � mi.

Can be embedded in higher gauge groups. [BD, Lee, Mohapatra (PRD ’13)]

In the minimal seesaw, LNV is suppressed due to quasi-degeneracy of
the heavy neutrinos. [Ibarra, Molinaro, Petcov (JHEP ’10)]

Sizable LNV in extended gauge theories. [BD, Mohapatra (Snowmass ’13)]
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Energy Frontier
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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 missing 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)]
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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
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New Dominant 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]
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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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R
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N
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j

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).
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L-R Seesaw Phase Diagram
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Same-sign vs. Opposite-sign

11
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Figure 3: The 95% CL exclusion region (hatched) in the (MWR, MN`
) plane, assuming the model

described in the text (see Section 1), for the electron (left) and muon (right) channels. Neutrino
masses greater than MWR (yellow shaded region) are not considered in this search.
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Figure 4: The 95% CL exclusion for WR boson production cross section times branching frac-
tion, computed as a function of MWR assuming the right-handed neutrino has half the mass of
the WR boson, for the electron (left) and muon (right) channels. The signal cross section PDF
uncertainties (red band surrounding the theoretical WR-boson production cross section curve)
are included for illustration purposes only.

Possible in the minimal LR model with special CP phases and
quasi-degenerate heavy neutrinos. [Gluza, Jeliński (PLB ’15); Gluza, Jeliński, Szafron ’16]

Other possibility: Inverse seesaw [BD, Mohapatra (PRL ’15); Deppisch et al (PRD ’16)]
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Lepton Collider Searches
[Buchmuller, Greub (NPB ’91); Azuelos, Djouadi (ZPC ’94); Ananthanarayan, Minkowski (PLB ’96); Gluza,

Zralek (PLB ’96); Gluza, Maalampi, Raidal, Zralek (PLB ’97); Rodejohann (PRD ’10); Asaka, Tsuyuki (PRD ’15)]6

(a) (b)

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

9
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FIG. 9. Heavy neutrino production cross section for the channel e±� ! N`±⌫`, with the real photon coming
from one of the electron or positron beams, for

p
s = 350 and 500 GeV, and with |VeN | = 0.04.

FIG. 10. Feynman diagram for the process e+e� ! ZH ! ZN⌫`.
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FIG. 11. Normalized heavy neutrino production cross section for the channel e+e� ! ZN⌫` for
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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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Figure 6: Observed and expected upper limits at the 95% confidence level on the mixing
amplitude |Ue|2 as a function of the heavy isosinglet neutrino mass mN.
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Future Prospects at ILC (or CEPC or FCC-ee)
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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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GeV range. We have focused on the cases where the electron or muon Yukawas are the

dominant ones and also discussed the case with flavor-democratic Yukawa. Our discussion

applies to the supersymmetric version of the model as well. It is perhaps worth pointing

out that in SUSY ISS model, there are additional D-term contributions [34] of order of a

few GeV as well as new F-term contributions [35] to the Higgs mass thus relieving some

MSSM parameter space. We find that for singlet fermion masses between 60 � 140 GeV,

useful bounds can be derived on the Yukawa couplings from the recent LHC data on Higgs

searches.

It is also worth noting that in the low-scale type-I and inverse seesaw models, there are

limits on the mixing parameter yv
M

from leptonic unitarity [36] and lepton flavor violation [37].

The current bounds for the electron-flavor is yvp
2M

<⇠ 0.044 and for the muon sector it is <⇠ 0.03

(see [36, 37] for details). These bounds are weaker than what we obtain in this paper for

M ⇠ 100 GeV from LHC data.

It is also worth pointing out that if we assumed a pattern for Dirac Yukawa couplings

similar to the charged fermion case i.e. y⌫⌧ � y⌫µ , y⌫e , then the dominant mode for h decay

will involve the ⌧ decay and our constraints will not apply in a straightforward manner.
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Constraints from LHCb

Search for Lepton Number Violation at the LHCb. An Update for Majorana . . . 1577

BR
�
B0 ! e±µ⌥� < 2.8(3.7) ⇥ 10�9 at 90% (95%) C.L.

These limits are the most restrictive to date and are a factor of 20 lower
than those set by any previous experiment [4].

2.3. Majorana neutrino search

New Physics models with Majorana neutrinos can be tested within LNV
processes. The observation of neutrino oscillation indisputably established
that neutrinos have non-zero mass which allows to perform the analysis of
the Majorana nature of neutrinos via the LNV processes involving charged
leptons in the final states. LHCb carries out such searches in a broad class
of exclusive B and D meson decays. These searches showed that B� !
⇡+µ�µ� process, illustrated in Fig. 1, is the most sensitive in B meson
decays [5].

Fig. 1. Feynman diagram for B� ! ⇡+µ�µ� decay via a Majorana neutrino
labeled N .

So far, a search for heavy Majorana neutrinos in B� decays using final
states containing a hadron and dimuon pair was performed at the LHCb
with 0.41 fb�1 of data collected at the centre-of-mass energy of 7 TeV. That
search was only sensitive to Majorana neutrinos with short lifetimes of the
order of 1 ps. Since in the B� signal region no statistically significant signal
has been found, an upper limit has been set

BR (B� ! ⇡+µ�µ�) < 1.3 ⇥ 10�8 at 90% C.L. [5] .

3. An update for Majorana neutrino search

As mentioned above, previous LHCb studies at B� ! ⇡+µ�µ� decay
quoted the branching ratio for short lifetimes of the order of 1 ps. An update
of this analysis has been performed with 3.0 fb�1 of data. Since the lifetimes
of Majorana neutrinos are not predicted, it is assumed that they are long
enough that the natural decay width is narrower than the mass resolution,
which varies between 0 and 20 MeV, depending on the mass. Improved
selection criteria allowed for efficient detection of neutrinos with lifetimes
up to 1 ns.

for other experiments using di↵erent assumptions about the dependence of �N with mN ,
and thus cannot be directly compared. More searches exist for higher mass neutrinos [16].
The results presented here supersede previous LHCb results [2] and significantly improve
the sensitivity.

In conclusion, we have searched for on-shell Majorana neutrinos coupling to muons in
the B� ! ⇡+µ�µ� decay channel as a function of mN between 250 � 5000 MeV and for
lifetimes up to ⇡1000 ps. In the absence of a significant signal, we set upper limits on the
B� ! ⇡+µ�µ� branching fraction and the coupling |Vµ4|2 as a function of the neutrino
mass.
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the excellent performance of the LHC. We thank the technical and administrative sta↵
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MinES, Rosatom, RFBR and NRC “Kurchatov Institute” (Russia); MinECo, XuntaGal
and GENCAT (Spain); SNSF and SER (Switzerland); NAS Ukraine (Ukraine); STFC
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BMBF (Germany), INFN (Italy), NWO and SURF (The Netherlands), PIC (Spain),
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Figure 6: Upper limits at 95% C.L. on |Vµ4|2 are shown as a function of mN for L events.
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Lepton Flavor Violation
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Neutrinoless Double Beta Decay
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FIG. 4. The updated Fig. 1 (left panel) and Fig. 2 (right panel) for 76Ge after including the recent GERDA phase I results.
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Further Complementarity (with LHC)
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Theoretical Constraint
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BBN Constraint
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Peak Searches in Meson Decay
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Beam Dump Searches
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Searches in Z-decay
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Direct Collider Searches
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EW Precision Constraint
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0νββ Constraint
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Future Prospects
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Muon Sector
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Tau Sector
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Cosmic Frontier
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Matter-Antimatter Asymmetry

Baryon Asymmetry via Leptogenesis [Fukugita, Yanagida (PLB ’86)].

Testable predictions for LFV and LNV in low-scale leptogenesis models.

Can be falsified at the LHC [Frere, Hambye, Vertongen (JHEP ’09); BD, Lee, Mohapatra

(PRD ’14, ’16); Deppisch, Harz, Hirsch (PRL ’14); Dhuria, Hati, Rangarajan, Sarkar (PRD ’15)].
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Dark Matter

Neutrino relic density: Ωνh2 = mν/91.5 eV. [Cowsik, McClelland (PRL ’72)]

A keV-scale sterile neutrino is still a good (warm) DM candidate.
[Adhikary et al. (White paper ’16)]
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Figure 4.22: The parameter space of sterile neutrino dark matter produced via mixing with the active
neutrinos (unshaded region). The two thick black lines bounding this region are production curves for non-
resonant production [727] (upper line, “NRP”) and for resonant production (RP) with the maximal lepton
asymmetry, attainable in the ⌫MSM (lower line, marked “Lmax

6 = 120”) [416, 696, 728] (L6 is defined as the
ratio of the lepton density to the entropy density times 106 ). The thin coloured curves between these lines
represent production curves for di↵erent values of lepton asymmetry. The red shaded upper right corner
represents X-ray constraints [738, 740, 741, 751, 755] (rescaled by a factor of two to account for possible
systematic uncertainties in the determination of DM content). The black dashed-dotted line approximately
shows the RP models with the largest cold component. The region below 1 keV is ruled out according to
the phase-space density arguments [725] (see text for details). The point at ⇠ 7.1 keV corresponds to the
unidentified spectral detected in stacked X-ray spectra of galaxies and galaxy clusters [297, 298]. Thick
errorbars are ±1� limits on the flux as determine from data. Thin errorbars correspond to the uncertainty
in the DM distribution.

4.8 ⌫MSM

Let us explain here the framework of the so-called ⌫MSM (neutrino Minimal Standard Model).

This is a simple extension of the SM by introducing N right-handed neutrinos NI (I = 1, 2, · · · , N )

in order to explain the three observational phenomenon which cannot be explained by the SM, i.e.,

the non-zero masses of active neutrinos, the cosmic dark matter, and the baryon asymmetry of the

universe. These right-handed neutrinos are introduced with Majorana masses MI

|mD|↵I ⌧ MI < O(102) GeV , (4.8.1)

where the Dirac mass is given by |mD|↵I = |F↵I |h�i. The first inequality between Dirac and

Majorana masses is imposed for the seesaw mechanism. The scale of Majorana mass for the seesaw

mechanism cannot be determined from active neutrino masses and can vary in a wide range (see

Sections 4.3.2.1–4.3.2.4). The possibility, discussed here, is to choose Majorana masses that are

comparable to or smaller than the electroweak scale O(102) GeV, so that masses of HNLs are

comparable to or smaller than masses of quarks and charged leptons. Interestingly, even when HNLs

are lighter than the electroweak scale, enough baryon asymmetry can be generate via oscillations,

as discussed in Section 4.6.4.

The two mass scales, �m2
atm and �m2

�, confirmed by various oscillation experiments require

that there must be at least two massive states of active neutrinos which mass eigenvalues are

In SUSY seesaw, lightest (RH) sneutrino is another natural DM candidate.

Distinct signals in direct detection [An, BD, Cai, Mohapatra (PRL ’12)] and collider
experiments [Belanger, Kraml, Lessa (JHEP ’11); BD, Mondal, Mukhopadhyaya, Roy (JHEP ’12)].
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Ultra-high Energy Neutrinosenergy spectrum (4 years)
energy deposited in the detector (lower limit on neutrino energy)

ν 37

Somewhat compatible with 
benchmark E-2 astrophysical 
model or single power-law 
model, but looks like things are 
more complicated 

Best fit assuming E-2 (not a very 
good fit anymore): 

0.84 ± 0.3 10-8 E-2 GeV cm-2 s-1 sr-1 

Best fit spectral index: E-2.58

[IceCube Collaboration (PRL ’13; Science ’14; PRL ’15; ICRC ’15)]

Unique opportunity to probe New Physics at highest possible energies.

E.g., PeV-scale decaying DM, NSI, leptoquarks, (RPV) SUSY.
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Conclusion

Neutrinos play an important role in our understanding of the Universe.
Neutrino oscillations: first conclusive evidence of BSM physics.
Understanding the neutrino mass mechanism is a key to the BSM world.

Rich phenomenology at the energy frontier.
Healthy complementarity at the intensity and cosmic frontiers.
Upcoming experiments could be game-changers.
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