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Largest Microscope

What could it tell about neutrinos?
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Harbinger of New Physics

Non-zero neutrino mass =⇒ physics beyond the SM
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Something beyond the Higgs mechanism?
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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 (LLHH)/Λ. [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)?
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Type-I Seesaw

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

Messengers: SM-singlet Majorana fermions (sterile neutrinos).

In the flavor basis {νc,N}, leads to the seesaw mass matrix

Mν =

(
0 MD

MT
D MN

)

In the seesaw approximation (||MDM−1
N || � 1), Mlight

ν ' −MDM−1
N MT

D.

Traditionally MN is assumed to be at very high (close to GUT) scale.

However, no definite prediction in a bottom-up approach.

Suggestive upper limit MN . 107 GeV from naturalness arguments.
[Vissani (PRD ’98); Clarke, Foot, Volkas (PRD ’15); Bambhaniya, BD, Goswami, Khan, Rodejohann ’16]

Bhupal Dev (Washington U.) LHC-13 and Neutrinos NeuTel (03/15/17) 5 / 26



Low-scale Type-I Seesaw

In ‘traditional’ seesaw, active-sterile neutrino mixing is small at EW-scale:

VlN ' MDM−1
N '

√
Mν

MN
. 10−6

√
100 GeV

MN

Strictly valid 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); Adhikari, Raychaudhuri (PRD

’11); 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.

Possible exception: resonant enhancement of LNV signal for ∆MN ∼ ΓN .
[Bray, Pilaftsis, Lee (NPB ’07)]
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A Natural Low-scale Seesaw

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

Two sets of SM-singlet fermions with opposite lepton numbers.

Neutrino mass matrix in the flavor basis {νc,N, Sc}:

Mν =




0 MD 0
MT

D 0 MT
N

0 MN µ


 ≡

(
0 MD

MT
D MN

)

Mlight
ν = (MDM−1

N ) µ (MDM−1
N )T +O(µ3).

L-symmetry is restored when µ→ 0.

Naturally allows for large mixing:

VlN '
√

Mν

µ
≈ 10−2

√
1 keV
µ

Potentially large LFV signals at colliders, as well as in low-energy expts.
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Seesaw Signals 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); 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

20

Important to also look for opposite-sign dilepton and trilepton signals.
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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 (PRD ’16]
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Higgs Decay
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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

5
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FIG. 7: Production and decay of N for our proposed prompt
trilepton search with no OSSF lepton pairs.

competitive with, but does not quite surpass, the LEP
and CMS µ±µ±jj analyses for 20 GeV . MN . MW .
Given, however, that a non-optimized analysis in the
OSSF-0 trilepton channel already gives a bound com-
petitive with other search channels, this suggests that a
targeted search for N in the trilepton final state would
give a significant improvement in sensitivity.

Monte Carlo simulations: We perform a Monte Carlo
(MC) analysis to estimate the improvement in sensitivity
that can be obtained with a targeted trilepton search
for sterile neutrinos. We simulate parton-level processes
in Madgraph 5 [75] and shower the events in Pythia 6
[81]. For background processes, matrix elements with
up to two extra partons are simulated and matched to
the shower using the MLM-based shower-k? scheme [82].
The dominant backgrounds are �⇤/Z+ jets, tt̄, and WZ+
jets. Jets are clustered using the anti-kT algorithm [83]
implemented with the Fastjet 3 package [84]. Signal
and background cross sections are normalized to their
next-to-leading-order values [85–87].

A major obstruction to background simulation is that
the dominant backgrounds for OSSF-0, low-�ET and
low-HT trilepton searches come from processes where
one or more “non-prompt” (fake) leptons are present
in the final state. For example, Z/�⇤+ jets and tt̄
backgrounds can fake trilepton signatures if one of the
final-state jets is mis-tagged as a lepton; this “fake” can
either come from an actual lepton originating from a
heavy-flavor meson decay, or from light hadrons that
are mis-reconstructed as leptons. Because fake leptons
are very rare and may rely on improperly modelled jet
fragmentations, MC estimates for fake leptons are unre-
liable, and the ATLAS and CMS collaborations instead
use a data-driven approach to estimate lepton fakes
in their multilepton analyses [38, 80, 88]. Since we do
not have access to the resources needed for data-driven
estimates, we adopt an approach proposed by Ref. [89],
which takes jet-enriched samples and constructs a map
from jet kinematics to fake lepton kinematics. This
method allows for the use of reasonably sized samples of
Z/�⇤+ jets and tt̄ events to obtain su�cient statistics
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FIG. 8: Histograms of M
`±
1 `±

2 `⌥ in the OSSF-0, 0-b, HT < 200

GeV, ⇢ET < 50 GeV bin. For both signal mass points, there
is a cuto↵ in the distribution at MW , with the peak more
prominent for smaller MN .

for estimating fake lepton backgrounds. We describe the
procedure and validation of this method in Appendix A.

Signal kinematics: We apply basic selection criteria
similar to the OSSF-0, 0 b-jet bin for the CMS trilepton
analysis [80]. Requiring a leading lepton with pT > 20
GeV and all subleading leptons with pT > 10 GeV, we
demand exactly three leptons, zero OSSF lepton pairs,
and zero b-tagged jets with pT > 30 GeV (using the b-
tagging working point from Ref. [80]). Defining HT as the
scalar pT sum of jets with pT > 20 GeV, we apply upper
cuts on HT and �ET to suppress tt̄ backgrounds. For the
histograms shown below, we apply HT < 200 GeV and

�ET < 50 GeV, although stricter cuts are applied for the
final analysis.

Taking as our convention that `±1 (`±2 ) is the hardest
(softest) same-sign lepton, and `⌥ is the lepton of op-
posite sign, we study various kinematic distributions of
the charged leptons. In particular, we find two observ-
ables that are powerful discriminants between signal and
background. The first is the trilepton invariant mass,
M`±

1 `±
2 `⌥ ; because the invariant mass of the three leptons

6
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FIG. 6: 95% confidence level reach of our proposed lepton
jet and trilepton searches in terms of the sterile neutrino
simplified model parameters. The blue lines show the reach
of the displaced lepton jet search at (dot-dashed)

p
s = 8

TeV with 20 fb�1, (dashed)
p

s = 13 TeV with 300 fb�1.
The brown lines show the prompt trilepton reach with (dot-
dashed)

p
s = 8 TeV with 20 fb�1 and 50% systematic un-

certainty, (dashed)
p

s = 13 TeV with 300 fb�1 and 20% sys-
tematic uncertainty. The thin red dotted line shows the reach
for the proposed SHiP experiment from Ref. [25]. The shaded
region is excluded.

could be further reduced by using the high granularity
of the tracker and requiring that the two muon tracks
within the µJ reconstruct to the same vertex (which was
not required in Ref. [77]). Kinematic features such as the
invariant mass of the µJ and the alignment of /ET with
the µJ could be used to further suppress backgrounds.
Therefore, we assume a background-free search with in-
tegrated luminosity of 300 fb�1, and define our 2� ex-
clusion reach contours by requiring 3 signal events after
cuts.

We perform the simulation for the low-mass N signal
region using Madgraph 5 [75]. Because of the all-muon fi-
nal state, we consider only parton-level events. We show
our estimated sensitivity at the LHC for this signal re-
gion in Fig. 6, both for 8 TeV with 20 fb�1 and for 13
TeV with 300 fb�1. For masses near MN ⇡ 15 GeV,
the sensitivity of this analysis could be further improved
by increasing the �R0 in the definition of µJ as the N
decay products’ separation increases. Furthermore, the
requirement that the µJ appear at a displaced vertex in
the tracker (|d0| . 1m) could also be relaxed to consider
DVs in the calorimeters and the muon spectrometer, but
the background estimate from Ref. [77] has to be modi-
fied for this case.

IV. PROMPT TRILEPTON SEARCHES FOR
RH NEUTRINOS

For masses MN & 15 GeV, N typically decays
promptly, and the reconstruction of the decay vertex no

longer provides significant discriminating power from SM
backgrounds. In this section, we investigate the most
promising final states for discovering N in the prompt
regime. In particular, we find that targeted searches
in the trilepton final state with no opposite-sign, same-
flavor (OSSF) leptons can suppress SM backgrounds and
give a smoking gun signature for lepton-number-violating
RH neutrinos with MN . MW . While trilepton final
states have been considered previously for MN & MW

and/or Dirac neutrinos [58, 59, 61, 63–66], we show
that the MN . MW regime presents the LHC experi-
ments with di↵erent kinematics than previously consid-
ered. By tailoring the signal selection to the softer kine-
matic regime, we show that trilepton searches have the
capability of probing Majorana N down to MN ⇠ 10
GeV.

The only current analysis at the LHC for N in the
MN . MW mass range is a CMS search in the W± !
µ±µ±jj final state [38]. This search was originally de-
signed for MN � MW [50–52], and has recently been
re-optimized for MN . MW [38]. The re-analysis re-
quires two same-sign muons with pT > 15 GeV and
two jets with pT > 20 GeV, and seeks to reconstruct
Mµ±µ±jj ⇠ MW . It is immediately obvious that, for N
produced in the decay of W±, there is insu�cient phase
space to pass all of the kinematic cuts unless the W± is
highly boosted; however, if the W± is boosted, the jets
in the decay of N are not separately resolved. Therefore,
this search su↵ers from extremely tiny signal e�ciencies
for MN < MW (⇠ 0.6�0.8%), and for signal events pass-
ing all cuts, one of the jets is typically not from the N
decay. This can be deduced from the fact that Mµ±µ±jj

peaks well above MW for the signal in Ref. [38], whereas
the correctly reconstructed decay products of N should
always give a mass below MW . This suggests that, even
for signal events, one of the final-state jets is uncorrelated
with the N decay products, and so the (small) back-
ground looks nearly identical to the signal. Thus, the
constraints from the µ±µ±jj search are only comparable
to or worse than the LEP constraints for MN . MW .

Given the challenges in reconstructing both quarks
from N ! µ±qq̄0 decay as separate jets, we consider in-
stead the purely leptonic decay, W± ! µ±N ! 3` + ⌫.
We propose exploiting the Majorana nature of the ster-
ile neutrino to look for W± ! µ±N ! µ±µ±e⌥⌫e final
states (see Fig. 7): because there are no OSSF lepton
pairs in the final state, SM backgrounds involving �⇤/Z
are greatly suppressed.

Current experimental searches in trilepton final states
have targeted supersymmetric final states with large

�ET, although CMS has an analysis with low �ET and
low HT [80]. This search has been recast for MN > MW

[65], and here we recast the analysis to determine the
constraints on the low-mass signal region MN . MW . In
particular, we use the OSSF-0 signal region to find the
most powerful bound. Using the data from the �ET < 50
GeV, HT < 200 GeV, OSSF-0 bin with 0 b-jets from
Ref. [80], we find that the CMS trilepton analysis is

[Izaguirre, Shuve (PRD ’15); Dib, Kim (PRD ’15); Dib, Kim, Wang, Zhang (PRD ’16)]
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Summary Plot (Electron Sector)
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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 embedding.

Based on the gauge group GLR ≡ SU(3)c × SU(2)L × SU(2)R × U(1)B−L.
[Pati, Salam (PRD ’74); Mohapatra, Pati (PRD ’75); Senjanović, Mohapatra (PRD ’75)]

QL,i =

(
uL

dL

)

i

:

(
3, 2, 1,

1
3

)
, QR,i =

(
uR

dR

)

i

:

(
3, 1, 2,

1
3

)
,

ψL,i =

(
νL

eL

)

i

: (1, 2, 1,−1) , ψR,i =

(
NR

eR

)

i

: (1, 1, 2,−1) .

RH neutrinos are an essential part of the theory (not put in ‘by hand’).

Seesaw scale intimately connected with the U(1)B−L symmetry breaking.

Can be realized at vR & 5 TeV scale, with many observable effects.
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Collider Signal
New contribution to Drell-Yan process via WR exchange. [Keung, Senjanović (PRL ’83);

Ferrari et al (PRD ’00); Nemevsek, Nesti, Senjanović, Zhang (PRD ’11); Das, Deppisch, Kittel, Valle (PRD ’12);

Lindner, Queiroz, Rodejohann, Yaguna (JHEP ’16); Mitra, Ruiz, Scott, Spannowsky (PRD ’16)]
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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).
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L-R Seesaw Phase Diagram
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Complementarity with Low-energy Experiments
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Displaced Vertex Signal
Applicable if the RH neutrino is light and/or the active-sterile mixing is very
small. [Helo, Hirsch, Kovalenko (PRD ’14); Deppisch, Desai, Valle (PRD ’14); Castillo-Felisola, Dib, Helo,

Kovalenko, Ortiz (PRD ’15)]
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Extended Higgs Sector

Φ =

(
φ0

1 φ+2
φ−1 φ0

2

)
: (1, 2, 2, 0),

∆R =

(
∆+

R /
√

2 ∆++
R

∆0
R −∆+

R /
√

2

)
: (1, 1, 3, 2).

SU(2)R × U(1)B−L → U(1)Y by 〈∆0
R〉 ≡ vR.

SU(2)L × U(1)Y → U(1)em by 〈φ〉 =

(
κ 0
0 κ′

)
.

Fermion masses arise from the Lagrangian

LY = ha
q,ijQ̄L,iΦaQR,j + h̃a

q,ijQ̄L,iΦ̃aQR,j + ha
`,ijψ̄L,iΦaψR,j + h̃a

`,ijψ̄L,iΦ̃aψR,j

+ fijψT
R,iCiτ2∆RψR,j + H.c.

Including the ∆L field could give rise to a type-II seesaw contribution.
The triplet scalar fields are hadrophobic.
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Physical Higgs Bosons

φ0
1 = κ+

1√
2
φ0 Re

1 +
i√
2
φ0 Im

1 ,

φ0
2 = κ′ +

1√
2
φ0 Re

2 +
i√
2
φ0 Im

2 ,

∆0
R = vR +

1√
2

∆0 Re
R +

i√
2

∆0 Im
R .

14 scalar fields:
{φ0 Re

1 , φ0 Re
2 , ∆0 Re

R , φ0 Im
1 , φ0 Im

2 , ∆0 Im
R } , {φ±1 , φ±2 , ∆±R } , {∆±±R }.

6 Goldstone modes eaten by (W±,Z,W±R ,ZR).

8 remaining physical fields, denoted by {h, H0
1 , A0

1, H0
3 , H±1 , H±±2 }.

Bhupal Dev (Washington U.) LHC-13 and Neutrinos NeuTel (03/15/17) 21 / 26



Heavy Neutral Higgs Bosons

FCNC constraints require the bidoublet scalars (H0
1 , A0

1, H±1 ) to be very
heavy & 10 – 20 TeV. [An, Ji, Mohapatra, Zhang (NPB ’08); Bertolini, Maiezza, Nesti (PRD ’14)]

C. Tree-Level FCNH Contribution and A Lower Bound on MH

In the LRSM, there is also a new contribution to the K0 − K
0

mixing mediated by the
FCNH. The FCNH boson is a complex field and can be expressed in terms of the two real
fields H0

1 and A0
1. The effective lagrangian follows from Eq. (48)

LFCNH =
GF√

2

⎡
⎣
(∑

i

λRL
i + λLR

i

2
mi

)2 [
(sd)2

m2
H0

1

− (sγ5d)2

m2
A0

1

]

−
(∑

i

λRL
i − λLR

i

2
mi

)2 [
(sd)2

m2
A0

1

− (sγ5d)2

m2
H0

1

]⎤
⎦ . (58)

The corresponding Feynman diagram is shown in Fig. 2. According to our previous discus-
sion, the two scalar fields H0

1 and A0
1 have the same masses, roughly corresponding to the

righthand scale, m2
H0

1
≃ m2

A0
1

≃ α3v
2
R. Therefore, it is convenient to rewrite Eq. (58) in a

more compact form

HFCNH ≃ − GF√
2m2

H0
1

∑

i,j

mimjλ
LR
i λRL

j

[
(sd)2 − (sγ5d)2

]
. (59)
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FIG. 2: ∆S = 2 effective interaction induced by flavor-changing neutral Higgses.

It is easy to check that the FCNH and the box diagram contributions have the same sign
because 4(1+lnxc)+ln η < 0, and thus they cannot cancel each other, even allowing possible
freedom in choosing the quark mass sign. Therefore, the lower bound on the righthanded-W
boson mass remains. One can also derive a lower bound on the masses of H0

1 and A0
1 using

∆MK . A straightforward calculation shows that if demanding the FCNH contribution is
less than the experimental data,

MH0
1
, MA0

1
> 15 TeV . (60)

which is about twice as large as in [5]. One can obtain this value presumably by a large α3

parameter in the Higgs potential. However, one cannot make α3 arbitrarily large. As we
shall discuss later, large α3 not only causes naturalness problem, but also leads to a large
SM Higgs mass which threatens the perturbative unitarity [25].

18

No hope for them at the LHC. Need a 100 TeV collider! [BD, Mohapatra, Zhang

(JHEP ’16)]
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Figure 3.3: Illustration of the CEPC-SPPC ring sited in Qinghuangdao. The small circle is 50 

km, and the big one 100 km. Which one will be chosen depends on the funding scenario. 

Figure 3.4 shows the CEPC ring on the map of Qinghuangdao. The Yellow River 
Engineering Consulting Co., Ltd., has done an extensive survey and geological study in 
this area [1]. 

 

 
Figure 3.4: A hypothetical location of the CEPC ring on the Qinghuangdao area map. 
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Charged Higgs (also in Type-II Seesaw)

References 17
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Figure 9: Summary of expected and observed limits for each production mode and the com-
bined limit. The shaded region represents the excluded mass points and the thick solid line
represents the expected exclusion with the hashed region indicating the direction.Bhupal Dev (Washington U.) LHC-13 and Neutrinos NeuTel (03/15/17) 23 / 26



A Light Neutral Higgs as a Probe of Seesaw

The CP-even neutral triplet component can be light (GeV-scale).
Suppressed coupling to SM particles (either loop-level or small mixing).
Necessarily long-lived at the LHC, with displaced vertex signals.
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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

u

W+

⌃0

⌃+

`⌥

W±

W+

⌫

`±

⌫`/⌫̄l

`+

⌫`

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

12 10 Conclusions
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Figure 9: Exclusion for the flavor-democratic type-III seesaw model (Ve = Vµ = Vt = 10�6). We
exclude heavy fermion pair production for masses below mS = 440 GeV (expected: 430 GeV)
and give upper limits on the pair production cross section.
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Conclusion

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