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Why Lepton Number Violation?

Non-zero neutrino mass =⇒ physics beyond the SM

e µ τ

u

d

c

s b

t

T
e

V

G
e

V

M
e

V

k
e
V

e
V

m
e

V

neutrinos

Something beyond the Higgs mechanism?



Seesaw Mechanism

A natural way to generate neutrino masses.

Break 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 we probe the seesaw mechanism at the LHC (or future colliders)?

Experimentally feasible if the seesaw scale is (in)directly accessible.



(Minimal) Type-I Seesaw at the LHC

SM-singlet heavy Majorana neutrinos. [Minkowski (PLB ’77); Mohapatra, Senjanović (PRL ’80);

Yanagida ’79; Gell-Mann, Ramond, Slansky ’79; Glashow ’80]

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); · · · ]

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,
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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
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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

[Talks by A. Salvucci and J. Kim]



Type-II Seesaw at the LHC

SU(2)L-triplet scalar (Φ++,Φ+,Φ0). [Schechter, Valle (PRD ’80); Magg, Wetterich (PLB ’80); Cheng, Li

(PRD ’80); Lazarides, Shafi, Wetterich (NPB ’81); Mohapatra, Senjanović (PRD ’81)]

Multi-lepton signatures. [Akeroyd, Aoki (PRD ’05); Fileviez Perez, Han, Huang, Li, Wang (PRD ’08); del Aguila,

Aguilar-Saavedra (NPB ’09); Melfo, Nemevsek, Nesti, Senjanović, Zhang (PRD ’12)]

References 17
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represents the expected exclusion with the hashed region indicating the direction.

[Talks by A. Salvucci and C. Mills]



Type-III Seesaw at the LHC

SU(2)L-triplet fermion (Σ+,Σ0,Σ−). [Foot, Lew, He, Joshi (ZPC ’89)]

Multi-lepton signatures. [Franceschini, Hambye, Strumia (PRD ’08); Li, He (PRD ’09); Arhrib, Bajc, Ghosh, Han,

Huang, Puljak, Senjanović (PRD ’10); Ruiz (JHEP ’15)]
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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

⌃+
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⌫
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⌫`/⌫̄l

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

6 6 Backgrounds

Figure 4: Branching ratios from the pair-produced fermions to the bosonic level of the most
relevant decay modes.

Table 1: Background control regions (left) are defined by the criteria listed at the top. ST is the
scalar sum of the lepton transverse momenta, the transverse momenta of jets, and Emiss

T .

nleptons OS pair nb-tags ST [GeV] Emiss
T [GeV]

tt 2 1 opposite flavor � 1 > 300
Z + jets 3 1 same flavor, on-Z < 50

WZ 3 1 same flavor, on-Z 50–150
ZZ � 4 2 same flavor, at least one on-Z < 50

The prompt diboson backgrounds (WZ and ZZ) are obtained from simulation, but normalized
and validated in data control regions. For processes that contain misidentified leptons (Z or
tt accompanied by a third lepton), misidentification rates are measured in appropriate control
regions. The Z + jets estimate is fully data-driven using a method that also covers similar, albeit
smaller backgrounds like WW + jets. In our figures, this background is labeled “Misidentified”.

In the case of tt, the process-specific kinematics are harder to capture using a fully data-driven
method; we thus extract the kinematics from MC, while the misidentification rate remains data-
driven. The remaining 9 % of the background are due to rare processes like ttZ, ttW, and
H ! 4` which we obtain directly from MC simulation. In our figures, these backgrounds
are denoted “Rare MC” and “Higgs”, respectively.

Whenever MC simulation is used, we rely on the Powheg or MadGraph5 aMC@NLO genera-
tors. An overview of the control regions involved in our background studies is given in Table 1.

6.1 WZ Background

This is the primary background in our search (about 51 %). To estimate this process, we define
the WZ control region by 3 leptons, an on-Z OSSF pair, and 50 GeV < Emiss

T < 100 GeV. We
use WZ MC with fully leptonic decays and normalize the total number of events in the control
region, after subtracting other backgrounds. The normalization factor is 0.95 ± 0.07 (stat).
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Figure 3: The LT + Emiss
T distribution for events with four or more leptons and one OSSF pair

(left), and with four or more leptons and at least two OSSF pairs (right). The total SM back-
ground is shown as a stack of all contributing processes. The predictions for signal models
with mS = 700 GeV (solid line) and mS = 380 GeV (dashed line) (sum of all production and
decay modes) are also shown. The hatched gray band in the upper panel, and the dark and
light gray bands in the lower panel represent the total, statistical, and systematic uncertainties
on the expected background, respectively.
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Figure 4: The 95% confidence level upper limits on the cross section sum for production of
heavy fermion pairs (S0S+, S0S�, or S+S�). In the flavor-democratic scenario, we rule out
heavy fermion pair production for masses below 850 GeV (expected 790 GeV).
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Outline

Low-scale seesaw (mostly focus on type-I)

Lepton number violating and conserving signals (both are important)

Beyond the minimal seesaw (gauge extensions)

Complementarity with low-energy probes (LFV and 0νββ)

Consequences for leptogenesis



Why low-scale seesaw?
In flavor basis {νc ,N}, type-I seesaw mass matrix

Mν =

(
0 MD

MT
D MN

)
For ||MDM−1

N || � 1, M light
ν ' −MDM−1

N MT
D .

In traditional GUT models, MN ∼ 1014 GeV.

But in a bottom-up approach, allowed to be
anywhere (down to eV-scale).

GUT

LEW

reactor & LSND anomaly

mn
2=Dmatm

2

mn
2=Dmsol

2

eV keV GeV PeV ZeV MGUT MPl

Ytop

10-3

Ye

10-7

10-9

10-11

Sterile neutrino mass scale

N
eu

tr
in

o
Y

uk
aw

a
co

up
lin

g
y n

Figure 1: Sketch of the landscape of sterile neutrino extensions of the
SM. EW scale neutrino models with a protective “lepton number”-
like symmetry, such as the used SPSS benchmark model [3], can have
sterile neutrino masses in the relevant range for particle collider ex-
periments, shown by the green area, with Yukawa couplings above the
näıve expectation, which is denoted by the blue lines.

well as updated sensitivity estimates. We summarize the es-
timated sensitivites for the FCC-ee, CEPC, HL-LHC, FCC-
hh/SppC, LHeC and FCC-eh and compare them for the
di↵erent collider types.

For the sensitivity estimates we consider low scale seesaw
scenarios with a protective “lepton number”-like symmetry,
using the Symmetry Protected Seesaw Scenario (SPSS) as
benchmark model (cf. section 2.1), where the masses of the
sterile states can be around the electroweak scale (cf. fig. 1).

2 Theoretical framework

Mass terms for SM neutrino masses can be introduced when
right-handed (i.e. sterile) neutrinos are added to the field
content of the SM. These sterile neutrinos are singlets under
the gauge symmetries of the SM, which means they can
have a direct (so-called Majorana) mass term, that involves
exclusively the sterile neutrinos, as well as Yukawa couplings
to the three active (SM) neutrinos contained in the SU(2)L-
lepton doublets and the Higgs doublet.

In the simplistic case of only one active and one sterile
neutrino, with a large mass M and a Yukawa coupling y
such that M � y⌫ vEW, where vEW denotes the vacuum ex-
pectation value (vev) of the neutral component of the Higgs
SU(2)L-doublet, the mass of the light neutrino m is given
by m ⇡ y2

⌫ v2
EW/M , while the heavy state has a mass ⇠ M .

The prospects for observing such a sterile neutrino at col-
liders are not very promising, since in order to explain the
small mass of the light neutrinos (below, say, 0.2 eV), the
mass of the heavy state would either have to be of the order
of the Grand Unification (GUT) scale, for a Yukawa cou-
pling of O(1), or the Yukawa coupling would have to be tiny
and the active-sterile mixing would be highly suppressed.

However, in the realistic case of three active neutrinos

and two1 or more sterile neutrinos, the simple relation from
above no longer holds and the possible values of the masses
of the sterile neutrinos and the Yukawa couplings have to
be reconsidered. In particular, if the theory comprises for
instance an approximate “lepton number”-like symmetry or
a suitable discrete symmetry, one finds that sterile neutrinos
with masses around the electroweak (EW) scale and unsup-
pressed (up to O(1)) Yukawa couplings are theoretically al-
lowed, and due to the protective “lepton number”-like sym-
metry the scenario is stable under radiative corrections.

This scenario has the attractive features that the new
physics scale lies not (much) above the EW scale – which
avoids an explicit hierarchy problem – and that no unmoti-
vated tiny couplings have to be introduced. Various models
of this type are known in the literature (see e.g. [4–9]). One
example is the so-called “inverse seesaw” [4,5], where the re-
lation between the masses of the light and sterile neutrinos
are schematically given by m ⇡ ✏ y2

⌫v
2
EW/M2, where ✏ is a

small quantity that parametrizes the breaking of the pro-
tective symmetry. As ✏ controls the magnitude of the light
neutrino masses, the coupling y⌫ can in principle be large
for any given M .

2.1 Sterile neutrinos with EW scale masses

The relevant features of seesaw models with such a protec-
tive “lepton number”-like symmetry were for instance dis-
cussed in refs. [4–9]), and may be represented by the bench-
mark model that was introduced in [3], referred to as the
Symmetry Protected Seesaw Scenario (SPSS) in the follow-
ing. The Lagrangian density of the SPSS, considering a pair
of sterile neutrinos N1

R and N2
R, is given in the symmetric

limit (✏ = 0) by

L = LSM � N1
RMN2 c

R � y⌫↵
N1

R
e�† L↵ + H.c. + . . . , (1)

where LSM contains the usual SM field content and with L↵,
(↵ = e, µ, ⌧), and � being the lepton and Higgs doublets, re-
spectively. The dots indicate possible terms for additional
sterile neutrinos, which we explicitly allow for provided that
their mixings with the other neutrinos are negligible, or that
their masses are very large, such that their e↵ects are irrel-
evant for collider searches. The y⌫↵

are the complex-valued
neutrino Yukawa couplings, and the mass M can be chosen
real without loss of generality.

As explained above, masses for the light neutrinos are gen-
erated when the protective symmetry gets broken. In this
rather general framework, the neutrino Yukawa couplings
y⌫↵ and the sterile neutrino mass scale M are essentially
free parameters, and M can well be around the EW scale.2

1With two mass di↵erences observed in oscillations of the light neu-
trinos, at least two sterile neutrinos are required to give mass to at least
two of the active neutrinos.

2In specific models there are correlations among the y⌫↵ . The strat-
egy of the SPSS is to study how to measure the y⌫↵ independently, in
order to test (not a priori assume) such correlations.
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Figure 5: Bounds on Im[z] as a function of MN , with the same notation as in figure 4.

is a slowly varying function of x ranging from 0 to 1 for x 2 [0,1]. The elements of the

matrix T denote the light-heavy mixing which is responsible for the non-unitarity of the

lepton mixing matrix. In our scenario, T = m†
D(M�1)⇤UR [cf. Eq. (2.4)], and mD is given in

terms of the CI parametrization which introduces a dependence on the PMNS matrix. The

result for
���TeiT

†
iµ

���
2

is a lengthy expression including the PMNS matrix elements, light and

heavy neutrino masses, as well as z, which is solved numerically. The resulting branching

ratio has to be confronted with the latest experimental limit [84] of

Br (µ ! e�) < 4.2 ⇥ 10�13 . (4.7)

The LFV constraints on Im[z] and MN , are displayed in Figure 5. In obtaining this, we

vary the light neutrino mass and mixing parameters within their 3� allowed range, the phases

in the range 0 � 2⇡ and take the extreme value that gives maximum disallowed region. The
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Similar naturalness arguments in the context of neutral top partners [Batell, McCullough (PRD

’15)] and warped seesaw [Agashe, Hong, Vecchi (PRD ’16)] also predict a low seesaw scale.



Why low-scale seesaw?
In flavor basis {νc ,N}, type-I seesaw mass matrix

Mν =

(
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)
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In traditional GUT models, MN ∼ 1014 GeV.
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Figure 1: Sketch of the landscape of sterile neutrino extensions of the
SM. EW scale neutrino models with a protective “lepton number”-
like symmetry, such as the used SPSS benchmark model [3], can have
sterile neutrino masses in the relevant range for particle collider ex-
periments, shown by the green area, with Yukawa couplings above the
näıve expectation, which is denoted by the blue lines.

well as updated sensitivity estimates. We summarize the es-
timated sensitivites for the FCC-ee, CEPC, HL-LHC, FCC-
hh/SppC, LHeC and FCC-eh and compare them for the
di↵erent collider types.

For the sensitivity estimates we consider low scale seesaw
scenarios with a protective “lepton number”-like symmetry,
using the Symmetry Protected Seesaw Scenario (SPSS) as
benchmark model (cf. section 2.1), where the masses of the
sterile states can be around the electroweak scale (cf. fig. 1).

2 Theoretical framework

Mass terms for SM neutrino masses can be introduced when
right-handed (i.e. sterile) neutrinos are added to the field
content of the SM. These sterile neutrinos are singlets under
the gauge symmetries of the SM, which means they can
have a direct (so-called Majorana) mass term, that involves
exclusively the sterile neutrinos, as well as Yukawa couplings
to the three active (SM) neutrinos contained in the SU(2)L-
lepton doublets and the Higgs doublet.

In the simplistic case of only one active and one sterile
neutrino, with a large mass M and a Yukawa coupling y
such that M � y⌫ vEW, where vEW denotes the vacuum ex-
pectation value (vev) of the neutral component of the Higgs
SU(2)L-doublet, the mass of the light neutrino m is given
by m ⇡ y2

⌫ v2
EW/M , while the heavy state has a mass ⇠ M .

The prospects for observing such a sterile neutrino at col-
liders are not very promising, since in order to explain the
small mass of the light neutrinos (below, say, 0.2 eV), the
mass of the heavy state would either have to be of the order
of the Grand Unification (GUT) scale, for a Yukawa cou-
pling of O(1), or the Yukawa coupling would have to be tiny
and the active-sterile mixing would be highly suppressed.

However, in the realistic case of three active neutrinos

and two1 or more sterile neutrinos, the simple relation from
above no longer holds and the possible values of the masses
of the sterile neutrinos and the Yukawa couplings have to
be reconsidered. In particular, if the theory comprises for
instance an approximate “lepton number”-like symmetry or
a suitable discrete symmetry, one finds that sterile neutrinos
with masses around the electroweak (EW) scale and unsup-
pressed (up to O(1)) Yukawa couplings are theoretically al-
lowed, and due to the protective “lepton number”-like sym-
metry the scenario is stable under radiative corrections.

This scenario has the attractive features that the new
physics scale lies not (much) above the EW scale – which
avoids an explicit hierarchy problem – and that no unmoti-
vated tiny couplings have to be introduced. Various models
of this type are known in the literature (see e.g. [4–9]). One
example is the so-called “inverse seesaw” [4,5], where the re-
lation between the masses of the light and sterile neutrinos
are schematically given by m ⇡ ✏ y2

⌫v
2
EW/M2, where ✏ is a

small quantity that parametrizes the breaking of the pro-
tective symmetry. As ✏ controls the magnitude of the light
neutrino masses, the coupling y⌫ can in principle be large
for any given M .

2.1 Sterile neutrinos with EW scale masses

The relevant features of seesaw models with such a protec-
tive “lepton number”-like symmetry were for instance dis-
cussed in refs. [4–9]), and may be represented by the bench-
mark model that was introduced in [3], referred to as the
Symmetry Protected Seesaw Scenario (SPSS) in the follow-
ing. The Lagrangian density of the SPSS, considering a pair
of sterile neutrinos N1

R and N2
R, is given in the symmetric

limit (✏ = 0) by

L = LSM � N1
RMN2 c

R � y⌫↵
N1

R
e�† L↵ + H.c. + . . . , (1)

where LSM contains the usual SM field content and with L↵,
(↵ = e, µ, ⌧), and � being the lepton and Higgs doublets, re-
spectively. The dots indicate possible terms for additional
sterile neutrinos, which we explicitly allow for provided that
their mixings with the other neutrinos are negligible, or that
their masses are very large, such that their e↵ects are irrel-
evant for collider searches. The y⌫↵

are the complex-valued
neutrino Yukawa couplings, and the mass M can be chosen
real without loss of generality.

As explained above, masses for the light neutrinos are gen-
erated when the protective symmetry gets broken. In this
rather general framework, the neutrino Yukawa couplings
y⌫↵ and the sterile neutrino mass scale M are essentially
free parameters, and M can well be around the EW scale.2

1With two mass di↵erences observed in oscillations of the light neu-
trinos, at least two sterile neutrinos are required to give mass to at least
two of the active neutrinos.

2In specific models there are correlations among the y⌫↵ . The strat-
egy of the SPSS is to study how to measure the y⌫↵ independently, in
order to test (not a priori assume) such correlations.
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D(M�1)⇤UR [cf. Eq. (2.4)], and mD is given in

terms of the CI parametrization which introduces a dependence on the PMNS matrix. The

result for
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is a lengthy expression including the PMNS matrix elements, light and

heavy neutrino masses, as well as z, which is solved numerically. The resulting branching

ratio has to be confronted with the latest experimental limit [84] of

Br (µ ! e�) < 4.2 ⇥ 10�13 . (4.7)

The LFV constraints on Im[z] and MN , are displayed in Figure 5. In obtaining this, we

vary the light neutrino mass and mixing parameters within their 3� allowed range, the phases

in the range 0 � 2⇡ and take the extreme value that gives maximum disallowed region. The
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Figure 1: Sketch of the landscape of sterile neutrino extensions of the
SM. EW scale neutrino models with a protective “lepton number”-
like symmetry, such as the used SPSS benchmark model [3], can have
sterile neutrino masses in the relevant range for particle collider ex-
periments, shown by the green area, with Yukawa couplings above the
näıve expectation, which is denoted by the blue lines.

well as updated sensitivity estimates. We summarize the es-
timated sensitivites for the FCC-ee, CEPC, HL-LHC, FCC-
hh/SppC, LHeC and FCC-eh and compare them for the
di↵erent collider types.

For the sensitivity estimates we consider low scale seesaw
scenarios with a protective “lepton number”-like symmetry,
using the Symmetry Protected Seesaw Scenario (SPSS) as
benchmark model (cf. section 2.1), where the masses of the
sterile states can be around the electroweak scale (cf. fig. 1).

2 Theoretical framework

Mass terms for SM neutrino masses can be introduced when
right-handed (i.e. sterile) neutrinos are added to the field
content of the SM. These sterile neutrinos are singlets under
the gauge symmetries of the SM, which means they can
have a direct (so-called Majorana) mass term, that involves
exclusively the sterile neutrinos, as well as Yukawa couplings
to the three active (SM) neutrinos contained in the SU(2)L-
lepton doublets and the Higgs doublet.

In the simplistic case of only one active and one sterile
neutrino, with a large mass M and a Yukawa coupling y
such that M � y⌫ vEW, where vEW denotes the vacuum ex-
pectation value (vev) of the neutral component of the Higgs
SU(2)L-doublet, the mass of the light neutrino m is given
by m ⇡ y2

⌫ v2
EW/M , while the heavy state has a mass ⇠ M .

The prospects for observing such a sterile neutrino at col-
liders are not very promising, since in order to explain the
small mass of the light neutrinos (below, say, 0.2 eV), the
mass of the heavy state would either have to be of the order
of the Grand Unification (GUT) scale, for a Yukawa cou-
pling of O(1), or the Yukawa coupling would have to be tiny
and the active-sterile mixing would be highly suppressed.

However, in the realistic case of three active neutrinos

and two1 or more sterile neutrinos, the simple relation from
above no longer holds and the possible values of the masses
of the sterile neutrinos and the Yukawa couplings have to
be reconsidered. In particular, if the theory comprises for
instance an approximate “lepton number”-like symmetry or
a suitable discrete symmetry, one finds that sterile neutrinos
with masses around the electroweak (EW) scale and unsup-
pressed (up to O(1)) Yukawa couplings are theoretically al-
lowed, and due to the protective “lepton number”-like sym-
metry the scenario is stable under radiative corrections.

This scenario has the attractive features that the new
physics scale lies not (much) above the EW scale – which
avoids an explicit hierarchy problem – and that no unmoti-
vated tiny couplings have to be introduced. Various models
of this type are known in the literature (see e.g. [4–9]). One
example is the so-called “inverse seesaw” [4,5], where the re-
lation between the masses of the light and sterile neutrinos
are schematically given by m ⇡ ✏ y2

⌫v
2
EW/M2, where ✏ is a

small quantity that parametrizes the breaking of the pro-
tective symmetry. As ✏ controls the magnitude of the light
neutrino masses, the coupling y⌫ can in principle be large
for any given M .

2.1 Sterile neutrinos with EW scale masses

The relevant features of seesaw models with such a protec-
tive “lepton number”-like symmetry were for instance dis-
cussed in refs. [4–9]), and may be represented by the bench-
mark model that was introduced in [3], referred to as the
Symmetry Protected Seesaw Scenario (SPSS) in the follow-
ing. The Lagrangian density of the SPSS, considering a pair
of sterile neutrinos N1

R and N2
R, is given in the symmetric

limit (✏ = 0) by

L = LSM � N1
RMN2 c

R � y⌫↵
N1

R
e�† L↵ + H.c. + . . . , (1)

where LSM contains the usual SM field content and with L↵,
(↵ = e, µ, ⌧), and � being the lepton and Higgs doublets, re-
spectively. The dots indicate possible terms for additional
sterile neutrinos, which we explicitly allow for provided that
their mixings with the other neutrinos are negligible, or that
their masses are very large, such that their e↵ects are irrel-
evant for collider searches. The y⌫↵

are the complex-valued
neutrino Yukawa couplings, and the mass M can be chosen
real without loss of generality.

As explained above, masses for the light neutrinos are gen-
erated when the protective symmetry gets broken. In this
rather general framework, the neutrino Yukawa couplings
y⌫↵ and the sterile neutrino mass scale M are essentially
free parameters, and M can well be around the EW scale.2

1With two mass di↵erences observed in oscillations of the light neu-
trinos, at least two sterile neutrinos are required to give mass to at least
two of the active neutrinos.

2In specific models there are correlations among the y⌫↵ . The strat-
egy of the SPSS is to study how to measure the y⌫↵ independently, in
order to test (not a priori assume) such correlations.
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Similar naturalness arguments in the context of neutral top partners [Batell, McCullough (PRD
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Low-scale seesaw with large mixing

Naively, active-sterile neutrino mixing is small for low-scale seesaw:

VlN ' MDM−1
N '

√
Mν

MN
. 10−6

√
100 GeV

MN

‘Large’ mixing effects possible with special structures of MD and MN . [Pilaftsis (ZPC ’92);

Kersten, Smirnov (PRD ’07); Gavela, Hambye, Hernandez, Hernandez (JHEP ’09); Ibarra, Molinaro, Petcov (JHEP ’10);

Deppisch, Pilaftsis (PRD ’11); Adhikari, Raychaudhuri (PRD ’11); Mitra, Senjanović, Vissani (NPB ’12)]

One example: [Kersten, Smirnov (PRD ’07)]

MD =

 m1 δ1 ε1

m2 δ2 ε2

m3 δ3 ε3

 and MN =

 0 M1 0
M1 0 0
0 0 M2

 with εi , δi � mi .

In the limit εi , δi → 0, all three light neutrino masses vanish at tree-level, while the
mixing given by Vij ∼ mi/Mj can still be large.
The textures can be stabilized by invoking discrete symmetries. [Kersten, Smirnov (PRD

’07); BD, Lee, Mohapatra (PRD ’13)]

But LNV is suppressed, as generically expected due to constraints from neutrino
oscillation data and 0νββ. [Abada, Biggio, Bonnet, Gavela, Hambye (JHEP ’07); Ibarra, Molinaro, Petcov

(JHEP ’10); Fernandez-Martinez, Hernandez-Garcia, Lopez-Pavon, Lucente (JHEP ’15)]
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An Exception

For suitable choice of CP phases, resonant enhancement of the LNV amplitude for
∆mN . ΓN . [Bray, Pilaftsis, Lee (NPB ’07)]

ALNV ∝ V 2
`N

2∆mN

∆m2
N + Γ2

N

+O
(

∆mN

mN

)
Just like resonant enhancement of CP-asymmetry.

Ve1 = Vµ1 = Vµ2 = 0.05,Ve2 = 0.05i



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

)
M light
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

as long as constraints

from EWPD [Akhmedov, Kartavtsev, Lindner, Michaels, Smirnov (JHEP ’13); de Blas ’13] are satisfied.
Potentially large (LNC) signals at colliders. [del Aguila, Aguilar-Saavedra (PLB ’09); Chen, BD (PRD

’12); Das, BD, Okada (PLB ’14); Dev, Mohapatra (PRL ’15); Anamiati, Hirsch, Nardi (JHEP ’16)]

Important to also look for opposite-sign dilepton and trilepton signals.
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New Contributions to Heavy Neutrino Production

Collinear-enhancement mechanism [BD, Pilaftsis, Yang (PRL ’14); Alva, Han, Ruiz (JHEP ’15); Degrande,

Mattelaer, Ruiz, Turner (PRD ’16); Das, Okada (PRD ’16)]
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RG-Improved Heavy N Production at Hadron Colliders9

σN3LL
GF /σLO

GF ∼ 2 − 3

GF formally O(α2
s ) correction

to neutral current DY, so
should be summed coherently

Neutral current production of
N is the largest rate at LHC
[Preliminary]

9RR, Spannowsky, Waite [Very Soon]
R. Ruiz Colorful Nu Production - Pheno 2017 13 / 15
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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
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FIG. 3. Upper bound on the mixing angle from the h ! 2`2⌫ channel at the LHC. The left panel

in the upper row stands for 2µ2⌫, the right panel shows the result for 2e2⌫ final state, and the

lower row stands for eµ2⌫ channel. The shaded regions in each panel is experimentally excluded

from a combination of low and high-energy searches for sterile neutrinos. For comparison, we also

show the correspondings current/future limits from a few other relevant experiments. For details,

see text.

this limit significantly, as shown in the bottom panel of Fig. 3. Here we have also included

the LFV limits from direct heavy neutrino searches at CMS [72].

We find that the limits derived from Higgs decay are the strongest when MN is in the

vicinity, but below the Higgs mass. The limits derived from
p

s = 8 TeV LHC Higgs data are

better than the current global constraints on sterile neutrinos in the mass range 70-110 GeV

for |V`N |2, whereas for V ⇤
eNVµN , the MEG limit is still the most stringent one. The Higgs

decay limits become ine↵ective as MN approaches Mh for kinematic reasons. Nevertheless,

with more precision Higgs measurements in the near future, the limits derived from the

Higgs decay could be improved substantially.
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[BD, Franceschini, Mohapatra (PRD ’12); Cely, Ibarra, Molinaro, Petcov (PLB ’13); Das, BD, Kim (PRD ’17)]

Also potentially measurable effects in triple Higgs coupling [Baglio, Weiland (PRD ’16, JHEP ’17)]



Z Decay
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Figure 7: Sketch of the topology of a Z ! ⌫N decay,
with N subsequently decaying into µ+W�.

the crab-waist scheme would lead an error of less than
�N⌫ = ±0.0004, or a sensitivity of |U |2 ⇠ 3 ⇥ 10�4 for a
sterile neutrino search.

These results are extremely important in the context
where the Z invisible width can reveal dark matter can-
didates, as pointed out in e.g. [38]. It is clear, however,
that this method cannot reach the precision required to
detect sterile neutrinos with the very small mixings ex-
pected from see-saw models.

5. Direct search in Z decays

The direct search for sterile neutrinos in Z decays
consists in looking for events with one light neutrino
produced in association with a heavy one, that de-
cays according to the diagrams of Figure 4. This is
the method already used at LEP [32, 33]. The limi-
tation comes from the four fermion processes such as
Z ! W?W ! `⌫qq. If it were not for the lifetime of the
heavy neutrino this method would be quickly limited by
the background to a sensitivity of around |U |2 ⇠ 10�6.

A dramatic change arises when the lifetime of the
heavy neutrino is taken into account. For very small
mixings that are indeed expected, the decay length
shown in Figure 5 becomes substantial, and a detached
vertex topology will arise. Note that, while the neu-
tral current decays N ! ⌫ + �/Z always feature miss-
ing neutrinos in the final state, charged current decays
N ! W` can be completely reconstructed when the W
decays into hadrons.

It is di�cult to imagine any significant background to
the search for a 20-80 GeV object decaying 1 m away
from the interaction point, in an e+e� machine with no
pile up. Atmospheric neutrino interactions in the detec-
tor will arise at the rate of a few tens per year, but the
requirement that the observed detached particles form
a vertex pointing back to the IP, with the correct mass

and time-of-flight, is expected to kill backgrounds very
e�ciently.

An exposure of a few years at Z peak with the
maximal luminosity would yield 1013 Z particles, thus
2⇥1012 Z ! ⌫⌫̄ events. A mixing of |U |2 ⇠ 10�12 would
yield a few dramatic candidates.

A first analysis of the sensitivity has been performed
to evaluate the region of heavy neutrino mass and mix-
ing in which the heavy neutrinos could be detected. So
far the only requirement has been that the decay length
is larger than a minimal vertex displacement and con-
tained within a detector of given radius. Several exam-
ples are given in Figure 8 for the normal hierarchy and
in Figure 9 for the more favorable case of the inverted
hierarchy. It is clear that the ability to detect long decays
is the most e�cient way to push the sensitivity to small
couplings. For a 5 m detector the full region of interest
is covered for heavy neutrino masses between 30 and
80 GeV. The region of sensitivity of the proposed SHiP
experiment [39] is also shown, displaying sensitivity for
masses up to the charm mass.

6. Conclusions

The prospect of an e+e� multi-Tera Z factory would
make the hunt for the right-handed partners of the light
neutrinos an exciting and distinct possibility. Significant
work remains to be done, in order to solidly demonstrate
that no unforeseen background can mimic the rather
dramatic signature of a heavy neutrino decaying in the
e+e� detector. However, the preliminary studies pre-
sented here look extremely promising and should mo-
tivate further studies.
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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
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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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FIG. 1: Constraints on sterile neutrinos from DELPHI [2],

compared with double beta decay and the region in parameter

space where a displaced vertex search at LHC will be sensitive.

(a) top, cuts: pe1
T > 30 GeV, pe2

T > 7 GeV, 30 GeV, 35

GeV, 45 GeV and |ηe| < 2.5. Luminosity: L = 300 fb−1.

(b) bottom using pe2
T > 7 GeV, pj

T > 10, 15 and 20 GeV,

pe1
T > 30GeV and |ηe,j | < 2.5. The limit from double beta

decay applies only to l = e, see text.

|Vl4|2. In this plot we assume a luminosity of L = 300

fb−1.

The red dashed lines are the expected sensitivity for

the LHC assuming less than five signal events as the ex-

perimental upper limit. Different cuts on energies and

pT have then be used to estimate the sensitivty of the

LHC. Consider the top panel first. Here, |ηe| < 2.5 and

the pT of the first electron is required to be pe1

T > 30

GeV, while for the second electron (the one coming from

the displaced vertex, not necessarily the softer of the two

electrons) we require different values of pT > 7, 30, 35

and 45 GeV. It is clear that lowering the cut on the dis-

placed vertex electron as much as possible is absolutely

essential in this search. However, the plot shown in the

top of fig. (1) does not show a (completely) realistic sit-

uation, since no cut on the jet energy was applied. Thus,

while these events would show clearly two electrons, with

one coming from the displaced vertex, the hadronic activ-

ity at the displaced vertex might be too soft to allow for

jet reconstruction. For a more realistic estimate we thus

show in the same figure in the bottom panel the reach

of the LHC, requiring pe2

T > 7 GeV, pj
T > 10, 15 and 20

GeV, pe1

T > 30GeV and |ηe,j | < 2.5. The additional cut

on the jet pT again leads to a rapid loss of sensitivity,

thus for this search to be effective, experimentalists will

have to lower the threshold for jet search in displaced

vertices as much as possible.
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FIG. 2: Constraints on sterile neutrinos from DELPHI [2],

compared with double beta decay and the region in parameter

space where displaced vertex search at LHC will be sensitive.

Cuts: pe1
T > 30 GeV, pe2

T > 7 GeV, pj
T > 15GeV and |η| < 2.5.

Lines for different values for luminosity: L = 50, 300 and 3000

fb−1. The limit from double beta decay applies only to l = e,

see text.

In fig. (2) we then show the sensitivity of the LHC in

the same plane as fig. (1), but now for fixed values of the

cuts and for different assumed values of the luminosity:

L = 50, 300 and 3000 fb−1. LHC could probe for l = µ so

far unexplored ranges of |Vl4|2 for luminosities as small

as L = 50 fb−1. To do better than the current limit from

0νββ on |Ve4|2, very large luminosities or significantly

lower pT cuts will be necessary.

B. Left-right symmetric model

Now we will discuss the results for the left-right sym-

metric model. For the sake of simplicity we will start

our discussion assuming “manifest” L-R symmetry, i.e.

gR = gL. In the LRSM the decay length can be written

as function of the two masses mN and mWR :

L = cγ̄τ
N

≃ 0.12 γ̄

(
10GeV

mN

)5 ( mWR

1 TeV

)4

[mm] (12)

HL-LHC

FCC-hh/SppC
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Figure 11: First look at the sensitivity of the HL-LHC and the FCC-
hh/SppC to sterile neutrinos via displaced vertex searches, where
|✓|2 =

P
↵ |✓↵|2. For our estimate, we have considered vertex dis-

placements between 1 mm and 1 m as background-free, 100% signal
e�ciency, and an average Lorentz factor of 40 and 100 for the HL-LHC
and the FCC-hh/SppC, respectively.

analogously to ref. [56]. We assume that vertices with a
displacement from the interaction region of at least 1 mm
and at most 1 m have no background and can be measured
with 100% e�ciency (as in [98]). Furthermore, from the
kinematics of the heavy neutrinos we assume an average
Lorentz factor of 40 and 100 from proton-proton collisions
at 14 and 100 TeV, respectively. We show the estimated sen-
sitivity of the pp colliders to |✓|2 corresponding to at least
four events in fig. 11. We stress that due to the much more
challenging experimental environment, we expect that the
signal e�ciency will be much lower than at e�e+ colliders.
For a realistic estimate of the sensitivity a thorough study
of the detector response and the backgrounds is required.

4.3 Proton-proton colliders: summary

In this section we summarize our findings regarding the sen-
sitivities for sterile neutrinos at future pp colliders, for which
we presented a complete list of signatures at leading order
in the previous section.

We present here a “first look” at the possible sensitivities
of sterile neutrino searches via lepton-number-conserving
final states and for sterile neutrino masses larger than
200 GeV in fig. 10, assuming a total integrated luminos-
ity of 3 ab�1 and 20 ab�1 for the HL-LHC and the FCC-
hh/SppC, respectively. We emphasize that our estimates are
calculated at the parton level, and for all the new signatures
a more thorough analysis on the reconstructed level should
be done in the future. In the figure, the grey dashed hori-
zontal line denotes the present upper bound on the mixing
angle |✓⌧ |2 at the 90% confidence level.

We note that the hadron colliders are sensitive to |✓e| ,
|✓µ| and |✓⌧ | independently, and it is in principle possible to
infer the relative strength of the |✓↵| e.g. via the lepton-dijet
final states.

We find that the HL-LHC can test sterile neutrinos with
masses up to ⇠ 450 GeV that are compatible with present
constraints on active-sterile mixing. The FCC-hh/SppC en-
hances this mass reach to ⇠ 2 TeV. The best sensitivities
for M > 200 GeV are given by the lepton-flavour violating
dilepton-dijet final states `↵`�jj for ↵ 6= �, which can test
the active-sterile mixing combinations |✓e✓µ|2/✓2, |✓e✓⌧ |2/✓2

and |✓µ✓⌧ |2/✓2 down to ⇠ 10�4 and ⇠ 10�5 at the HL-LHC
and the FCC-hh, respectively, for M ⇠ 200 GeV. It is in-
teresting to note that already run 2 at the LHC can provide
sensitivities ⇠ 10�3 via this channel. The increase in center-
of-mass energy from 14 TeV to 100 TeV and in luminosity
improves the sensitivities of all signatures.

As for the LHC, we expect that also at future pp colliders
the search via displaced vertices is possible for masses M
below ⇠ 100 GeV. We presented a first look at the possible
sensitivities of the HL-LHC and the FCC-hh/SppC in fig. 11,
which show that |✓|2 as small as ⇠ 2⇥10�10 and ⇠ 3⇥10�11

may yield a visible signal at the HL-LHC and the FCC-
hh/SppC, respectively, given a signal e�ciency of 100%.

Furthermore, the lepton-number-violating final states give
rise to exotic signals without SM backgrounds at the par-
ton level, which may in principle provide good prospects for
testing sterile neutrinos, but are suppressed by the (approx-
imate) “lepton number”-like protective symmetry.

Furthermore, we expect that for M above about 1 TeV
the lepton number conserving but lepton flavour violating
dilepton-trijet signature via W� fusion could also have a
competitive sensitivity.

5 Searches at e�p colliders

Electron-proton colliders are hybrids between e�e+ and pp
colliders, which consist of a hadron ring with an intersecting
electron beam. They allow for a cleaner collision environ-
ment compared to the pp colliders and for higher center-of-
mass energies than the e�e+ colliders.

Currently, a future e�p collider is discussed as an upgrade
of the LHC, the Large Hadron-electron Collider (LHeC),
which comprises a 60 GeV electron beam and possible elec-
tron polarization of up to 80% [101–103] that will collide
with the 7 TeV proton beam inside the LHC tunnel. The
machine is planned to deliver up to 100 fb�1 integrated lumi-
nosity per year at a center-of-mass energy of ⇠ 1.0 TeV, col-
lecting ⇠1 ab�1 over its lifetime. A more ambitious design
for an e�p collider is presently discussed among the Future
Circular Collider design study, namely the Future Circular
electron-hadron Collider (FCC-eh) [104], which features a
60 GeV electron beam (higher energies are also possible)
that is brought into collision with the 50 TeV proton beam
from the FCC-hh. This would result in center-of-mass en-
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Displaced Vertex in Higgs Decay
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Figure 4. Higgs decay to two heavy neutrinos leading to displaced vertices

Our aim in this section is to do a simple estimate of the bounds on the coupling ↵N�/⇤

from searches of higgs decays to two displaced vertices at LHC. A closely related calculation

has been done in the context of U(1)0 models in [50], where the signal selection has been

performed following recent searches by the CMS collaboration [51, 52]. We have considered

two di↵erent analyses: 1) a search of displaced tracks in the inner tracker where at least one

displaced lepton, e or µ, is reconstructed from each vertex; 2) a search for displaced tracks

in the muon chambers and outside the inner tracker where at least one µ is reconstructed

from each vertex. The charges are not restricted and therefore events with same-sign or

opposite sign leptons are possible.

For simplicity we will consider only semileptonic decays of the Ni which give rise to

two lepton final states through the decay

Ni ! l±W⌥ ! l±qq̄0. (3.17)

We consider a parton-level Monte Carlo analysis using Madgraph5 [53] at LHC with

a center-of-mass energy of 13TeV and 300 fb�1 luminosity. We include only the dominant

gluon fusion higgs production and we consider the production of just one neutrino species,

N1. The production cross section pp ! h ! N1N1 is shown in Fig. 5 as a function of the

heavy neutrino mass for various values of the coupling gN� ⌘ v(↵N�)11p
2⇤

. In Fig. 6 we show

the Br(H ! N1N1) as a function of gN� for various values of the mass (here we assume

the higgs decays just to one neutrino).

The pT of the two leading leptons is shown in Fig. (7). Following [50], the signal

selection is done by requiring two lepton tracks, e or µ that satisfy the following kinematical

cuts on transverse momentum, pseudorapidity and isolation of the two tracks:

pT (l) > 26 GeV, |⌘| < 2, �R > 0.2, cos ✓µµ > �0.75. (3.18)

In the case of muons a constraint in the opening angle ✓µµ is imposed in order to reduce

the cosmic muon background. The e�ciencies resulting from these consecutive cuts for

– 8 –
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LNV in B-meson decays

B� ! ⇡+µ�µ� is carried out in two steps, the first being the two body decay B� ! Nµ�,
where N is a putative Majorana neutrino, and the second N ! ⇡+µ�.

In both categories S and L, only tracks that start in the VELO are used. We require
muon candidates to have p > 3 GeV and pT > 0.75 GeV, as muon detection provides fewer
fakes above these values. The hadron must have p > 2 GeV and pT > 1.1 GeV, in order to
be tracked well. Muon candidate tracks are required to have hits in the muon chambers.
The same criteria apply for the channel we use for normalization purposes, B� ! J/ K�

with J/ ! µ+µ�. Pion and kaon candidates must be positively identified in the RICH
systems. For the S case and the normalization channel, candidate B� combinations must
form a common vertex with a �2 per number of degrees of freedom (ndf) less than 4. For
the L candidates we require that the ⇡+µ� tracks form a neutrino candidate (N) decay
vertex with a �2 < 10. A B� candidate decay vertex is searched for by extrapolating
the N trajectory back to a near approach with another µ� candidate, which must form a
vertex with the other muon having a �2 < 4. The distance between the ⇡+µ� and the
primary vertex divided by its uncertainty must be greater than 10. The pT of the ⇡+µ�

pair must also exceed 700 MeV. For both S and L cases, we require that the cosine of the
angle between the B� candidate momentum vector and the line from the PV to the B�

vertex be greater than 0.99999. The two cases are not exclusive, with 16% of the event
candidates appearing in both.

The mass spectra of the selected candidates are shown in Fig. 2. An extended unbinned
likelihood fit is performed to the J/ K� mass spectrum with a double-Crystal Ball
function [12] plus a triple-Gaussian background to account for partially reconstructed B
decays and a linear function for combinatoric background. We find 282 774 ± 543 signal
events in the normalization channel. Backgrounds in the ⇡+µ�µ� final state come from B
decays to charmonium and combinatoric sources. Charmonium backgrounds are estimated
using fully reconstructed J/ K�(⇡�) and  (2S)K�(⇡�) events and are indicated by
shaded regions; they can peak at the B� mass. No signal is observed in either the S or L
samples.

We use the CLs method to set upper limits [13], which requires the determination
of the expected background yields and total number of events in the signal region. We
define the signal region as the mass interval within ±2� of the B� mass where � is

W

+

!+

u

"

"

N
W

b

B

Figure 1: Feynman diagram for B� ! ⇡+µ�µ� decay via a Majorana neutrino labelled N .

2

previously determined upper limit value (see Fig. 5). The resulting 95% C.L. limit on
|Vµ4|2 is shown in Fig. 6 as a function of mN . Limits have been derived by Atre et al. [4] 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], significantly improve the limits
on the B� ! ⇡+µ�µ� branching fraction and extend the lifetime range of the Majorana
neutrino search from a few picoseconds to one nanosecond.

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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LNV in B-meson decays

B� ! ⇡+µ�µ� is carried out in two steps, the first being the two body decay B� ! Nµ�,
where N is a putative Majorana neutrino, and the second N ! ⇡+µ�.

In both categories S and L, only tracks that start in the VELO are used. We require
muon candidates to have p > 3 GeV and pT > 0.75 GeV, as muon detection provides fewer
fakes above these values. The hadron must have p > 2 GeV and pT > 1.1 GeV, in order to
be tracked well. Muon candidate tracks are required to have hits in the muon chambers.
The same criteria apply for the channel we use for normalization purposes, B� ! J/ K�

with J/ ! µ+µ�. Pion and kaon candidates must be positively identified in the RICH
systems. For the S case and the normalization channel, candidate B� combinations must
form a common vertex with a �2 per number of degrees of freedom (ndf) less than 4. For
the L candidates we require that the ⇡+µ� tracks form a neutrino candidate (N) decay
vertex with a �2 < 10. A B� candidate decay vertex is searched for by extrapolating
the N trajectory back to a near approach with another µ� candidate, which must form a
vertex with the other muon having a �2 < 4. The distance between the ⇡+µ� and the
primary vertex divided by its uncertainty must be greater than 10. The pT of the ⇡+µ�

pair must also exceed 700 MeV. For both S and L cases, we require that the cosine of the
angle between the B� candidate momentum vector and the line from the PV to the B�

vertex be greater than 0.99999. The two cases are not exclusive, with 16% of the event
candidates appearing in both.

The mass spectra of the selected candidates are shown in Fig. 2. An extended unbinned
likelihood fit is performed to the J/ K� mass spectrum with a double-Crystal Ball
function [12] plus a triple-Gaussian background to account for partially reconstructed B
decays and a linear function for combinatoric background. We find 282 774 ± 543 signal
events in the normalization channel. Backgrounds in the ⇡+µ�µ� final state come from B
decays to charmonium and combinatoric sources. Charmonium backgrounds are estimated
using fully reconstructed J/ K�(⇡�) and  (2S)K�(⇡�) events and are indicated by
shaded regions; they can peak at the B� mass. No signal is observed in either the S or L
samples.

We use the CLs method to set upper limits [13], which requires the determination
of the expected background yields and total number of events in the signal region. We
define the signal region as the mass interval within ±2� of the B� mass where � is
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Figure 1: Feynman diagram for B� ! ⇡+µ�µ� decay via a Majorana neutrino labelled N .
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Figure 1: Upper limit on |Vµ4|2 at 95% confidence level from the LHCb experiment. The
dashed line shows the limit from [1]. The solid line shows the limit that would be extracted
using the decay width formulae in this paper. For comparison, the lower dotted line shows
the recently revised limit from Belle [8,9]. All three limit curves are constructed with the
assumption Ve4 = V⌧4 = 0.

evaluate (3), we use the same values as LHCb to facilitate comparison: fB = 0.19
GeV, f⇡ = 0.131 GeV, |Vub| = 0.004, |Vud| = 0.9738, MB = 5.279 GeV, ⌧B = 1.671
ps. The uncertainties in these quantities have only a small e↵ect on the quoted limits.

The e↵ect of the updated analysis, shown in Fig. 1, is substantial. To understand
this, first note that BR(N ! ⇡+µ�) includes the factor ��1

N and so is linearly pro-
portional to ⌧N . With this in mind, the di↵erences between our result and that of
[1] come from two e↵ects: At low values of mN (below 2 GeV), the change in eq. (3)
leads to a substantially smaller event rate at low values of mN (below 2 GeV). In this
region, the limit on the mixing angle is largely insensitive to the lifetime ⌧N . The
reason for this is that the decay length is su�ciently long that the decay acceptance
is inversely proportional to ⌧N , cancelling the factor of ⌧N from BR(N ! µ+⇡�). At
high values of mN (above 3 GeV), the updated ⌧N is significantly larger than before,
leading to a larger BR(N ! µ+⇡�). In this region, most N decays occur inside the
detector and so this change is mainly reflected in a larger signal rate predicted by
theory and, consequently, a stronger limit.

We look forward to a substantial improvement in the limits on |Vµ4|2 from LHCb
using the large data sets that will be available from the LHC Run 2 and beyond.
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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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U(1)B−L Extension
2

within the standard minimal seesaw sector by choosing
specific flavour textures in the mass matrix of the type-I
seesaw, see for example [12–14].

For definiteness here we focus on LFV in the electron-
muon sector induced by the mixing between isodoublet
and isosinglet neutrinos, via the corresponding Yukawa
couplings. As a result, the heavy neutrinos couple to
charged leptons via their small isodoublet components
✓e,µ, which we treat as free parameters. It is convenient
to write these couplings in terms of an overall mixing
strength, ✓ ⌘

p
✓e✓µ and the ratio of mixing strengths,

reµ ⌘ ✓e/✓µ. These parameters are unrestricted by
the smallness of neutrino masses; however they are con-
strained by weak universality precision measurements to
be ✓e,µ . 10�2 [15]. We do not take into account possi-
ble constraints on ✓ from neutrinoless double beta decay
searches. Although highly stringent for a heavy Majo-
rana neutrino, they are avoided in the presence of can-
cellations, such as in the quasi-Dirac neutrino case.

Z0 MODELS

Various physics scenarios beyond the Standard Model
predict di↵erent types of TeV-scale Z 0 gauge bosons as-
sociated with an extra U(1) that could arise, say, from
unified SO(10) or E(6) extensions. An introduction and
extensive list of references can be found in Ref. [16]. Elec-
troweak precision measurements restrict the mass and
couplings of a Z 0 boson. For example, lepton universal-
ity at the Z peak places lower limits on the Z 0 boson
mass of the order O(1) TeV [17] depending on hyper-
charge assignments. From the same data, the mixing
angle between Z 0 and the SM Z is constrained to be
⇣Z < O(10�4). For a discussion of direct limits on Z 0

masses see [15]. Recent limits from searches at the LHC
will be discussed in more detail below.

In the following we work in a simplified U(1)0 scenario
with only a Z 0 and N present beyond the SM. For the
mechanism described here to work, it is crucial that there
are no other particles present through which the heavy
neutrino can decay unsuppressed. For definiteness we
assume two reference model cases: the SO(10) derived
U(1)0 coupling strength with the charge assignments of
the model described in [6], and a leptophobic variant
where the U(1)0 charges of SM leptons are set to zero.

Z
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FIG. 1: Feynman diagram for heavy Majorana neutrino pro-
duction through the Z0 portal at the LHC.

LOW ENERGY LEPTON FLAVOUR VIOLATION

In the scenario considered here, the LFV branching
ratio for the process µ ! e� can be expressed as [18]

Br(µ ! e�) = 3.6 ⇥ 10�3G2
�

✓
m2

N

m2
W

◆
⇥ ✓4, (3)

with G� = �2x3 + 5x2 � x

4(1 � x)3
� 3x3

2(1 � x)4
log(x),

where the loop function G�(x) is of order one with the
limits G� ! 1/8 for mN ! mW and G� ! 1/2 for
mN � mW . This prediction should be compared with
the current experimental limit [1],

BrMEG(µ ! e�) < 5.7 ⇥ 10�13 (90% C.L.), (4)

from the MEG experiment which aims at a final sensitiv-
ity of Br(µ ! e�) ⇡ 10�13. The expression (3) therefore
results in a current upper limit on the mixing parame-
ter ✓ . 0.5 ⇥ 10�2 for mN = 1 TeV. In contrast, the
mixing strength ✓ ⇡ 10�7 expected in the standard high-
scale type-I seesaw mechanism Eq. (1) would lead to an
unobservable LFV rate with Br(µ ! e�) ⇡ 10�31.

If the photonic dipole operator responsible for µ ! e�
and also contributing to µ ! eee and µ� e conversion in
nuclei is dominant, searches for the latter two processes
do not provide competitive bounds on the LFV scenario
at the moment. Depending on the breaking of the ad-
ditional U(1)0 symmetry, non-decoupling e↵ects may ap-
pear which can boost the e↵ective Z 0eµ vertex contribut-
ing to µ ! eee and µ � e conversion in nuclei [19].

HEAVY NEUTRINOS FROM THE Z0 PORTAL

The process under consideration is depicted in Fig-
ure 1. As shown, we will focus on the channel where the
heavy neutrinos decay into SM W bosons which in turn
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FIG. 2: Average decay length of a heavy neutrino N produced
in Z0 ! NN with mZ0 = 3 TeV as a function of its mass
mN and the light-heavy mixing ✓ (solid blue contours). The
dashed red contours denote constant values for Br(µ ! e�)
whereas the grey shaded band corresponds to parameter val-
ues which produce light neutrino mass scales m⌫ = ✓2mN

between
p

�m2
sol and 0.3 eV within the canonical type-I see-

saw mechanism.

decay hadronically. The cross section of the production
part pp ! Z 0 can be approximated by [20]

�(pp ! Z 0) ⇡ K ⇥ C ⇥ 4⇡2

3s

�Z0

mZ0
⇥ exp

✓
�A

mZ0p
s

◆

⇥

Br(Z 0 ! uū) +

1

2
Br(Z 0 ! dd̄)

�
, (5)

with C = 600, A = 32 and the factor K ⇡ 1.3 describing
higher order QCD corrections. The target LHC beam
energy is

p
s = 14 TeV. Here we focus on LFV at the

LHC but not on lepton number violation. The latter
is usually considered as a smoking gun signal of heavy
Majorana neutrinos but realistic models with TeV scale
neutrinos such as inverse [10] and linear seesaw [6] sce-
narios usually lead to a quasi-Dirac nature for the heavy
neutrinos [21]. It is strictly required in case of large light-
heavy mixing ✓ in order to ensure adequately small neu-
trino masses m⌫ ⇡ 0.1 eV [12]. We therefore perform
our calculations assuming a Dirac heavy neutrino pro-
ducing only opposite sign leptons. If it were a genuine
Majorana neutrino, inclusion of the same sign lepton sig-
nature would improve the discovery potential by taking
advantage of the low background expected for same sign
lepton signatures. From this point of view the results
obtained here are conservative.

The total cross section of the LFV signal process pp !

Z 0 ! NN ! e±µ⌥ + 4j is then given by

�eµ = �(pp ! Z 0) ⇥ Br(Z 0 ! NN) ⇥ Br(N ! e±W⌥)

⇥ Br(N ! µ⌥W±) ⇥ Br2(W± ! 2j). (6)

The neutrino N can decay via the channels `±W⌥, ⌫`Z
and ⌫`h, all of which are suppressed by the small mixing
parameters ✓`, ` = e, µ. In the presence of multiple heavy
neutrinos with small mass di↵erences we neglect the de-
cays involving either real or virtual Z 0, Ni ! NjZ

0. The
branching ratio of the above channels into a given lepton
flavour is independent of the overall mixing strength ✓.

As long as the total decay width �N is large enough
so that the heavy neutrino decays within the detector,
the LHC LFV process rate is unsuppressed by the over-
all mixing strength ✓. The decay length of the heavy
neutrino (in the rest frame of a 3 TeV Z 0) is shown in
Figure 2 as a function of mN and the light-heavy mix-
ing ✓, in comparison with Br(µ ! e�). For ✓ & 10�7

and mN & 0.3 TeV, the neutrino decays promptly with
a decay length L < 1 mm, and the LHC LFV process
considered here is independent of and completely unsup-
pressed by ✓. The inclusion of the Z 0 boost in the de-
tector frame does not significantly alter this conclusion,
but in general leads to a slight broadening of the yellow
region. For lengths between 1 mm - 10 m, the N decay
may still be observable with potentially spectacular sig-
natures such as displaced vertices or in-detector decays.
Figure 2 also indicates the parameter area corresponding
to the observed neutrino mass scale m⌫ = ✓2mN in the
standard type-I seesaw mechanism, clearly showing that
this regime cannot be probed by low energy searches but
potentially by the LHC process considered here.

The total cross section (6) only depends on the ratio
reµ of the flavour couplings, �eµ / r2

eµ/(r2
eµ + 1)2, and is

maximal for reµ = 1. This is very much in contrast to
Br(µ ! e�) in Eq. (3) which is heavily suppressed by a
small value of ✓, though is independent of the ratio reµ.

In order to examine the viability of observing the signal
at the 14 TeV run of the LHC we perform a simulation
of pp ! Z 0 ! NN ! `+1 W�`�2 W+ using Pythia 8 [22]
with both W bosons decaying into quarks producing a
2`+4j final state. Possible SM backgrounds arise from the
channels (tt̄, Z, tW, WW, WZ, ZZ)+nj which we sim-
ulate using Madgraph 5 [23]. We include parton show-
ering and hadronization for both signal and background
using Pythia 8. We apply the following selection crite-
ria: (i) An event must have four jets with a transverse
momentum of at least 40 GeV each and (ii) two opposite-
sign leptons with transverse momenta pT > 120 GeV;
(iii) since there is no source of missing transverse energy
(MET) in the signal, we require MET < 30 GeV and (iv)
a large dilepton invariant mass M`` > 400 GeV further
reduces the tt̄ background and reduces the Z + nj and
V V + nj to negligible amounts. In addition, the heavy
neutrino mass could be determined through a peak in
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FIG. 3: Cross section �(pp ! Z0 ! NN ! e±µ⌥ +4j) at the
LHC with 14 TeV as a function of mZ0 and mN for maximal
LFV (dotted contours). The solid and long dashed contours
give the required luminosity at the LHC for a 5� discovery,
in the case of SO(10) and leptophobic charges, respectively.
The vertical lines denote the upper limit on mZ0 from existing
LHC searches in dijet and dilepton channels.

the invariant mass m`jj , although the sharpness of such
a peak is likely to be reduced due to the combinatorics
of identifying the correct final particles.

Figure 3 shows the cross section of the process pp !
Z 0 ! NN ! e±µ⌥ + 4j at the LHC with 14 TeV as
a function of mZ0 and mN for maximal LFV, reµ = 1.
In addition, it provides an estimate of the required lu-
minosity at the LHC to observe a 5� LFV signal over
background significance, as derived using the simulation
procedure described above. In addition to the case with
SO(10) derived U(1)0 charges, it also shows the expected
significance for a leptophobic Z 0 with the lepton dou-
blet and charged lepton singlet charges put to zero. This
increases the signal cross section by about 25% due to
the increased Z 0 decay branching ratio into heavy neu-
trinos. We find that LFV can potentially be discovered
for heavy neutrinos and Z 0 with masses mN . 0.9 TeV
and mZ0 . 2.5 TeV, respectively. In the case of three
degenerate neutrinos with identical reµ = 1, this reach
would increase to mN . 1.1 TeV and mZ0 . 3.0 TeV.

In determining the LHC potential to discover LFV
through the process considered here, we must take into
account existing Z 0 LHC searches. The vertical lines in
Figure 3 indicate the upper limits on mZ0 from the LHC
8 TeV run in the dijet channel pp ! Z 0 ! 2j [24] (assum-
ing SM charges and couplings) and the dilepton channel
pp ! Z 0 ! `+`�, ` = e, µ [25] (assuming SO(10) de-
rived couplings and charges). The corresponding limit
from dilepton searches reported by CMS [26] is slightly
stronger with mZ0 & 2.6 TeV but di�cult to consistently
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FIG. 4: Signal over background significance of �(pp ! Z0 !
NN ! `` + 4j) (`` = µ±e⌥, e+e�, µ+µ�) at the LHC with
14 TeV and L = 300 fb�1 as a function of reµ. The masses are
(mZ0 , mN ) = (2.4, 0.75) TeV. The dashed black curve gives
the significances added in quadrature and the horizontal lines
denote 5� and 90% significance thresholds.

apply in our case as it is quoted only in terms of the
cross section ratio to the SM Z production. The param-
eter space of the scenario with SO(10) derived charges is
strongly constrained by dilepton searches. On the other
hand, the leptophobic scenario, only limited by the di-
jet searches, still allows a large parameter space where a
strong LFV signature could be observed.

The e↵ect of the coupling ratio reµ on all three flavour
channels µ±e⌥, e+e� and µ+µ� is shown in Figure 4
where the signal significances as well as their sum in
quadrature are plotted. Strongly non-universal cou-
plings, i.e. with the neutrino coupling dominantly to
either e or µ, result in the largest overall significance
as the flavour content of the background is N(µ±e⌥) :
N(e+e�) : N(µ+µ�) ⇡ 2 : 1 : 1. In contrast, the unam-
biguous discovery of LFV requires approximately univer-
sal couplings, reµ ⇡ 1.

CONCLUSIONS

The seesaw mechanism and its low-scale variants pro-
vide a well motivated scenario for neutrino mass gener-
ation in many new physics models. The experimental
non-observation of low energy lepton flavour violating
processes puts stringent constraints on the scale and the
flavour structure of such models. This usually means
that the discovery of related LFV processes or heavy
resonances at the LHC is already ruled out. Here we
discussed a scenario with negligible lepton flavour vio-
lating rates in low energy rare process, while testable at
the high energies accessible at the LHC. The scenario
described here illustrates a general mechanism, namely,
(i) a LFV messenger particle is produced through a por-
tal via an unsuppressed coupling but (ii) can only decay

Displaced vertex signal (LNV/LFV)
[Fileviez Perez, Han, Li (PRD ’09); Deppisch, Desai, Valle (PRD ’14); Heeck, Teresi (PRD ’16)]



Probing Neutrino Mass Hierarchy at the LHC
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Left-Right Seesaw

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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Displaced Vertex Signal
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Extended Higgs Sector

Under SU(3)c × SU(2)L × SU(2)R × U(1)B−L,

Φ =

(
φ0
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)
: (1, 2, 2, 0), ∆R =

(
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√
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)
: (1, 1, 3, 2).

(See [Fileviez Perez, Murgui, Ohmer (PRD ’16)] for a simple alternative)
8 physical scalar fields, denoted by {h, H0

1 , A0
1, H0

3 , H±
1 , H±±

2 }.
FCNC constraints require the bidoublet scalars (H0

1 , A0
1, H±

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

Doubly-charged scalars can give rise to distinct LNV signals at the LHC.

LHC8 excl.

H2
++H2

--

H2
±±jj (0.6)

H2
±±jj (1.0)

5 6 7 8 9 10
0.2

0.4

0.6

0.8

1.0

vR [TeV]

M
H

2±
±
[T

e
V
]

s = 14 TeV, ℒ = 3 ab-1

LHC8 excl.

H2
++H2

--

H2
±±jj (0.6)

H2
±±jj (1.0)

H2
±±jj (1.5)

H2
±±WR

∓ (0.6)

H2
±±WR

∓ (1.0)

H2
±±WR

∓ (1.5)

5 10 15 20 25 30 35
0.2

0.5

1

2

5

10

vR [TeV]

M
H

2±
±
[T

e
V
]

s = 100 TeV

ℒ = 30 ab-1

[BD, Mohapatra, Zhang (JHEP ’16)]



Extended Higgs Sector

Under SU(3)c × SU(2)L × SU(2)R × U(1)B−L,

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).

(See [Fileviez Perez, Murgui, Ohmer (PRD ’16)] for a simple alternative)
8 physical scalar fields, denoted by {h, H0

1 , A0
1, H0

3 , H±
1 , H±±

2 }.
FCNC constraints require the bidoublet scalars (H0

1 , A0
1, H±

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

Doubly-charged scalars can give rise to distinct LNV signals at the LHC.

LHC8 excl.

H2
++H2

--

H2
±±jj (0.6)

H2
±±jj (1.0)

5 6 7 8 9 10
0.2

0.4

0.6

0.8

1.0

vR [TeV]

M
H

2±
±
[T

e
V
]

s = 14 TeV, ℒ = 3 ab-1

LHC8 excl.

H2
++H2

--

H2
±±jj (0.6)

H2
±±jj (1.0)

H2
±±jj (1.5)

H2
±±WR

∓ (0.6)

H2
±±WR

∓ (1.0)

H2
±±WR

∓ (1.5)

5 10 15 20 25 30 35
0.2

0.5

1

2

5

10

vR [TeV]

M
H

2±
±
[T

e
V
]

s = 100 TeV

ℒ = 30 ab-1

[BD, Mohapatra, Zhang (JHEP ’16)]



Light Scalar as a New Probe of Seesaw

The CP-even neutral triplet component H0
3 can be light (GeV-scale).

Suppressed coupling to SM particles (either loop-level or small mixing).
FCNC constraints necessarily require it to be long-lived.
Unique displaced diphoton signal at the LHC.
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Falsifying Leptogenesis

Any observation of LNV signal at the LHC will falsify high-scale leptogenesis.
[Deppisch, Harz, Hirsch (PRL ’14)]
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In specific seesaw models, can also falsify low-scale leptogenesis. [Blanchet, Chacko,

Granor, Mohapatra (PRD ’10); Frere, Hambye, Vertongen (JHEP ’09); BD, Lee, Mohapatra ’15; Dhuria, Hati, Rangarajan,

Sarkar (PRD ’15)]
where x = s/M2

N . The total Z ′ decay width in this model
is given by

ΓZ′ =
g′2
1

24π
MZ′

(
13 + 3(1 − 4M2

N/M2
Z′)3/2

)
. (8)

If one were to plot SZ′(z) and D(z), one would imme-
diately see that SZ′ ≫ D for z ≪ 1, implying that es-
sentially no asymmetry is produced at high temperatures
T ≫ MN . The asymmetry is created once the Boltzmann
suppression in N eq

Ni
starts acting, when T <∼ MN . It

turns out that the maximal efficiency occurs at very
large values of K, of the order of 103–104 [7]. We
will be more conservative, and simply assume values of∑

i Kiα that are motivated by neutrino masses, and for
definiteness further assume that Kiα = Ki/3 for each
flavor α, except in the case of normal hierarchy, where
the washout in the e flavor is typically suppressed [15].
Note that both the assumption of flavor universality and
K ∼ mν/m⋆ are conservative in the sense that relaxing
them, we would get (slightly) larger efficiency factors.
Since we know that

∑
i Ki > Ksol + Katm (2 Katm)

for normal (inverted) hierarchy, and
∑

i Ki > 300 if
m1 ≃ m2 ≃ m3 ≃ 0.1 eV, i.e. for a quasi-degenerate
spectrum, we will consider the following three benchmark
points:

∑
i Kiτ,µ = 25,

∑
i Kie = 5 for normal hierarchy,∑

i Kiα = 30 for inverted hierarchy, and finally
∑

i Kiα =
100 for a quasi-degenerate spectrum. With reasonable
assumptions about the flavored CP asymmetries εiα,
it turns out that the normal hierarchy and inverted
hierarchy cases lead to very similar results. This is
because of the weak dependence of the final efficiency
factor on

∑
i Kiα. In what follows we therefore present

the results for these two cases together.
We have numerically integrated Eq. (5), and assumed

for concreteness that ε1 = ε2 = ε3 ≡ ε and K1 = K2 =
K3, in order to get a typical region in the plane MZ′–MN

where leptogenesis is successful. We have assumed that
the production of asymmetry stops immediately once
T < Tsph, the sphaleron freeze-out temperature. For a
Higgs mass of 120 GeV, this is given by 130 GeV [16].
The results are shown in Figs. 1 and 2 for the value of
the new gauge coupling g′

1 = 0.2. The allowed regions
are to the right and above the colored lines. Inside the
contour of ε = 1, the efficiency factor is κfin(∞) >∼ 10−8,
and inside ε = 0.1, the efficiency factor calculated is
κfin(∞) >∼ 10−7. As mentioned above, we are showing
only one plot for the normal and inverted hierarchy
cases because the allowed regions are almost identical.
We have restricted the plane to MZ′ ≤ 5 TeV and
MN ≤ MZ′/2, which is favored for discovery at the LHC.
Note however that leptogenesis is also successful in the
region MN ≥ MZ′/2, as shown in [7]. As pointed out
earlier, the efficiency factor is maximal at large values of
K. This upper bound implies an absolute lower bound
for the Z ′ mass in order to have successful leptogenesis:
MZ′ > 2.6 (2.1) TeV for g′

1 = 0.2 (0.1). For smaller
values, a CP asymmetry parameter greater than one
would be required, which is unphysical. Therefore, if a Z ′
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FIG. 1: Regions in the space (MZ′–MN ) where leptogenesis
can be tested for the case of normal or inverted hierarchy. The
regions to the right and above the colored curves are allowed.
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FIG. 2: Same as Fig. 1 but for the case of quasi-degenerate
neutrinos.

with a mass below 2 TeV is discovered at the LHC, and
RH neutrinos are observed with masses below MZ′/2,
then leptogenesis is not possible, and some alternative
mechanism of baryogenesis must be present. In any
such scenario, the bounds on any pre-existing asymmetry
derived in [15] must be taken into account.

III. EXPERIMENTAL PROSPECTS

We show in Fig. 3 the total LHC cross section cal-
culated using CalcHEP [17] at 14 TeV to any pair of
RH neutrinos, pp → Z ′ → NN [18]. We have fixed
g′
1 = 0.2 and varied MZ′ between 2.5 and 5 TeV in steps

of 500 GeV. For MZ′ = 3 TeV and MN = 500 GeV,
we see that we obtain a total cross-section of about 1 fb,
corresponding to about 300 signal events with 300 fb−1

of data. With 1000 fb−1 of data this increases to 1000
signal events. The decay modes of the RH neutrino that
are relevant for us are N → ℓ±W∓, which constitute
half of the total decay rate of each RH neutrino in the
limit MN ≫ MW ±,Z,H , as a consequence of the Gold-
stone boson equivalence theorem. We will concentrate
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Figure 4: Contour plots of |⌘�L(zc)| = 2.47⇥ 10�8 for h = 10�3.8 (dashed lines) and h = 10�3.5

(solid lines) with "Ytot = 1 (red lines) and "Ytot = 3 (blue lines). The green dot corresponds to the
example fit value presented in Section 3.

5. Summary
In this proceedings, we address two issues related to seesaw models for neutrino masses. The
first one deals with whether the TeV scale can be naturally in the TeV range without fine-tuning
of parameters. We present a natural TeV scale left-right model which achieves this goal and
therefore provides a counterexample to the common lore that either the seesaw scale must be
superheavy or the active-sterile neutrino mixing must be tiny in a UV-complete seesaw model.
The second issue addresses the important question: Whether in such low scale models, one can
have successful leptogenesis, and if so, what constraints are implied by this on the mass of the
RH gauge boson. In an explicit TeV-scale LR model, with an explicit fermion mass fit, we find
the lower bound to be 13.1 TeV and for generic models in this class of L-R seesaw with enhanced
neutrino Yukawa couplings compared to the canonical seesaw case and with maximal possible
CP asymmetry for each flavor, this bounds becomes 9.9 TeV.
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Conclusion

Neutrino mass is so far the only laboratory evidence for BSM physics.

Understanding the neutrino mass mechanism will provide important insights into
the BSM world.

LHC provides a ripe testing ground for low-scale neutrino mass models.

Important to search for both lepton number violating and conserving channels.

Healthy complementarity at the intensity frontier (e.g. LFV and 0νββ experiments).

LNV searches have important consequences for leptogenesis.


