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Yet to be discovered in the  
neutrino sector

Type/s of 
neutrino mass

Dirac

Neutrino'Mass':'What'Type'

Eeore'Majorana','(1906['?')' Paul'Dirac,'FRS'(1902[1984)'

or

Lmass = m⇥⇤c
L⇤L (Majorana mass) (1.43)

The detailed discussion on neutrino mass generation will be given in the next

section.

The current experiments with the solar, atmospheric, reactor and accelerator

neutrinos give very strong evidences of the neutrino flavor oscillations [22], [23],

[24], [25], [26]. This tells us about the existence of the neutrino mass and the

flavor mixing. The LEP analysis provides a very strong bound on the number of

neutrino generations as N⇥ = 2.980 ± 0.0082 ⇥ 3 [27, 28]. Using the flavor basis

we can write the Charged Current (CC) interaction in the lepton sector in the

flavor basis as
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The particles propagate as their mass eigenstates. The SM neutrinos are trans-

formed from the flavor basis (⇤�L) into the mass basis (⇤̃iL) as

⇤�L = U ⇤̃ıL (1.45)

where U is 3� 3 unitarity matrix. Commonly known as the neutrino mixing ma-

trix as described by UPMNS where PMNS stands for Pontecorvo-Maki-Nakagawa-

sakata [29, 30]. UPMNS is parameterized by three Euler angles and a phase along
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at the 95% C. L [21]. The quarks masses obtained experimentally are given as

mu = 2.3 MeV,

md = 4.8 MeV,

ms = 95 MeV,

mc = 1.275 GeV,

mb = 4.18 GeV,

mt = 173.21 GeV.

(1.41)

This kind of mixing can not take place in the lepton sector because the SM

neutrinos are considered to be massless.

1.2 Neutrino mass and oscillation

Since neutrino mass generation will be discussed in detail in the following

section, we may simply consider the neutrino mass term here

Lmass = m�⇤R⇤L (Dirac mass) (1.42)
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Inverse seesaw Mechanism

• Model accounting for neutrino masses and mixing
•Lmass ⊃ −µN̄c
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νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M
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• The light neutrino Majorana mass matrix

mν = (mDM
−1)µ(mDM

−1)T (1)

•If µ is very small, O (mν), the mixing mDM
−1 ∼ O(1)

→Large mixing between light and heavy neutrinos
→Heavy neutrino can be produced at high energy colliders

•It will be discussed later that due to the phenomenological constraints
mDM

−1 ≪ 1, but not so small .
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The detailed discussion on neutrino mass generation will be given in the next

section.

The current experiments with the solar, atmospheric, reactor and accelerator

neutrinos give very strong evidences of the neutrino flavor oscillations [22], [23],

[24], [25], [26]. This tells us about the existence of the neutrino mass and the

flavor mixing. The LEP analysis provides a very strong bound on the number of

neutrino generations as N⇥ = 2.980 ± 0.0082 ⇥ 3 [27, 28]. Using the flavor basis

we can write the Charged Current (CC) interaction in the lepton sector in the

flavor basis as

LCC =
g⇤
2
��=e,µ,⇤�L⇥

µ⇤�LW
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The particles propagate as their mass eigenstates. The SM neutrinos are trans-

formed from the flavor basis (⇤�L) into the mass basis (⇤̃iL) as

⇤�L = U ⇤̃ıL (1.45)

where U is 3� 3 unitarity matrix. Commonly known as the neutrino mixing ma-

trix as described by UPMNS where PMNS stands for Pontecorvo-Maki-Nakagawa-

sakata [29, 30]. UPMNS is parameterized by three Euler angles and a phase along
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where sij = sin ⇥ij, cij = cos ⇥ij, � is the Dirac CP- violating phase. The experi-

mental value of the VCKM is well measured and given as

VCKM =
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at the 95% C. L [21]. The quarks masses obtained experimentally are given as

mu = 2.3 MeV,

md = 4.8 MeV,

ms = 95 MeV,

mc = 1.275 GeV,

mb = 4.18 GeV,

mt = 173.21 GeV.

(1.41)

This kind of mixing can not take place in the lepton sector because the SM

neutrinos are considered to be massless.

1.2 Neutrino mass and oscillation

Since neutrino mass generation will be discussed in detail in the following

section, we may simply consider the neutrino mass term here

Lmass = m�⇤R⇤L (Dirac mass) (1.42)
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section.
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[24], [25], [26]. This tells us about the existence of the neutrino mass and the

flavor mixing. The LEP analysis provides a very strong bound on the number of

neutrino generations as N⇥ = 2.980 ± 0.0082 ⇥ 3 [27, 28]. Using the flavor basis

we can write the Charged Current (CC) interaction in the lepton sector in the

flavor basis as
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The particles propagate as their mass eigenstates. The SM neutrinos are trans-

formed from the flavor basis (⇤�L) into the mass basis (⇤̃iL) as

⇤�L = U ⇤̃ıL (1.45)

where U is 3� 3 unitarity matrix. Commonly known as the neutrino mixing ma-

trix as described by UPMNS where PMNS stands for Pontecorvo-Maki-Nakagawa-

sakata [29, 30]. UPMNS is parameterized by three Euler angles and a phase along
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where sij = sin ⇥ij, cij = cos ⇥ij, � is the Dirac CP- violating phase. The experi-

mental value of the VCKM is well measured and given as

VCKM =

�
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at the 95% C. L [21]. The quarks masses obtained experimentally are given as

mu = 2.3 MeV,

md = 4.8 MeV,

ms = 95 MeV,

mc = 1.275 GeV,

mb = 4.18 GeV,

mt = 173.21 GeV.

(1.41)

This kind of mixing can not take place in the lepton sector because the SM

neutrinos are considered to be massless.

1.2 Neutrino mass and oscillation

Since neutrino mass generation will be discussed in detail in the following

section, we may simply consider the neutrino mass term here

Lmass = m�⇤R⇤L (Dirac mass) (1.42)
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neutrinos give very strong evidences of the neutrino flavor oscillations [22], [23],

[24], [25], [26]. This tells us about the existence of the neutrino mass and the

flavor mixing. The LEP analysis provides a very strong bound on the number of

neutrino generations as N⇥ = 2.980 ± 0.0082 ⇥ 3 [27, 28]. Using the flavor basis

we can write the Charged Current (CC) interaction in the lepton sector in the

flavor basis as
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µ⇤�LW
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The particles propagate as their mass eigenstates. The SM neutrinos are trans-

formed from the flavor basis (⇤�L) into the mass basis (⇤̃iL) as

⇤�L = U ⇤̃ıL (1.45)

where U is 3� 3 unitarity matrix. Commonly known as the neutrino mixing ma-

trix as described by UPMNS where PMNS stands for Pontecorvo-Maki-Nakagawa-

sakata [29, 30]. UPMNS is parameterized by three Euler angles and a phase along
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where sij = sin ⇥ij, cij = cos ⇥ij, � is the Dirac CP- violating phase. The experi-

mental value of the VCKM is well measured and given as

VCKM =
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at the 95% C. L [21]. The quarks masses obtained experimentally are given as

mu = 2.3 MeV,

md = 4.8 MeV,

ms = 95 MeV,

mc = 1.275 GeV,

mb = 4.18 GeV,

mt = 173.21 GeV.

(1.41)

This kind of mixing can not take place in the lepton sector because the SM

neutrinos are considered to be massless.

1.2 Neutrino mass and oscillation

Since neutrino mass generation will be discussed in detail in the following

section, we may simply consider the neutrino mass term here

Lmass = m�⇤R⇤L (Dirac mass) (1.42)
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where sij = sin ⇥ij, cij = cos ⇥ij, � is the Dirac CP- violating phase. The experi-

mental value of the VCKM is well measured and given as

VCKM =

�

⇧⇧⇧⇧⇧⇧⇧⇤

0.97428± 0.00015 0.2253± 0.0007 0.00347+0.00016
�0.00012

0.2252± 0.0007 0.97345+0.00015
�0.00016 0.0410+0.0011

�0.0007

0.00862+0.00026
�0.00020 0.0403+0.0011

�0.0007 0.999152+0.000030
�0.000045

⇥

⌃⌃⌃⌃⌃⌃⌃⌅

(1.40)

at the 95% C. L [21]. The quarks masses obtained experimentally are given as

mu = 2.3 MeV,

md = 4.8 MeV,

ms = 95 MeV,

mc = 1.275 GeV,

mb = 4.18 GeV,

mt = 173.21 GeV.

(1.41)

This kind of mixing can not take place in the lepton sector because the SM

neutrinos are considered to be massless.
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Since neutrino mass generation will be discussed in detail in the following

section, we may simply consider the neutrino mass term here
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Particle content of the model

3 generations of 
SM singlet right handed  
neutrinos (anomaly free)

SU(3)c SU(2)L U(1)Y U(1)X

q
i

L
3 2 +1/6 xq = 1

6xH + 1
3x�

u
i

R
3 1 +2/3 xu = 2

3xH + 1
3x�

d
i

R
3 1 �1/3 xd = �1

3xH + 1
3x�

`
i

L
1 2 �1/2 x` = �1

2xH � x�

e
i

R
1 1 �1 xe = �xH � x�

H 1 2 +1/2 x
0
H

= 1
2xH

N
i

R
1 1 0 x⌫ = �x�

� 1 1 0 x
0
� = 2x�

Table 1. The particle content of the model including the three generations of the right-handed
neutrinos (N i

R, i = 1, 2, 3) and a new scalar field (�).

The Yukawa sector of the model can be written in a gauge invariant way as

LY = �
3X

↵,�=1

Y
↵�

u q
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R + h.c., (2.2)

where H̃ ⌘ i⌧
2
H

⇤ and C is the charge conjugate. Due to the gauge invariance the Yukawa

interactions impose

x
0
H = �xq + xu = xq � xd = �x` + x⌫ = x` � xe,

x
0
� = �2x⌫ . (2.3)

Further more using Eq. 2.1 the solutions to these conditions are listed in Table 1. Finally

we obtain that the charges of the particles are controlled by the two parameters, xH

and x� only. Hence we conclude that the U(1)X gauge group can be defined as a linear

combination of the SM U(1)Y and the U(1)B�L. Putting xH = 0 and x� = 1 we can

be reduced to the B�L scenario. Therefore without the loss of generality we fix x� = 1

in our analysis through out the paper. The fourth and the fifth terms in Eq. 2.2 are the

Dirac and Majorana Yukawa terms. Without the loss of generality we use a diagonal basis

for the Majorana Yukawa coupling. After the breaking of theU(1)X and the electroweak

symmetries, the U(1)X gauge boson (Z 0) mass, Majorana masses of the RHNs and neutrino

Dirac masses are generated:

MZ0 = g
0
r
4v2� +

1

4
x
2
H
v2 ' 2g0v�,

MN↵ =
Y

↵

Np
2
v�,
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the anomaly cancellations
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anomaly 
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mZ′� = 2 gXvΦ

xH, xΦ will appear
the coupling with Z′�



three-generations of right-handed (or sterile) heavy neutrinosN , enabling the see-saw mech-

anism of light neutrino mass generation. In such models, N can be produced from a Higgs

boson, or pair produced at colliders via a Z
0. It can further decay with a displaced vertex

depending on its mass. Dedicated experimental searches for a Z 0 decaying to lepton pairs at

CMS place bounds on the Z 0 mass to be mZ0 > 4.5 TeV [9] (for a SM-like gauge coupling).

Recently the ATLAS collaboration analyzed the full Run 2 dataset [10], excluding a Z
0 just

below 5 TeV. For a broad review on models and early LHC strategies, see Ref. [11] and

references therein. To date, no public LHC searches exists yet that target displaced heavy

neutrinos as benchmark, making projections of current and proposed displaced strategies

in several models an attractive focus of research in recent years [12–33].

Current work on displaced neutrinos in U(1)B�L models have focused on displaced

signatures coming from Higgs bosons due to a higher production cross-section [22, 29].

For this reason, production via a Z
0 has had less attention. Early displaced strategies

for a simplified model were recasted in Ref. [27], with focus on a benchmark scenario

with relatively unboosted N . It was shown in Ref. [34] that an enhancement on the Z
0

production is possible, providing enhanced sensitivity to more complete scenarios in the

search for displaced heavy neutrinos when they come from a Z
0. Recently, LHC constrains

on the minimal B � L model were addressed in a global fit in [35] for several choices of

model parameters, but signatures involving displaced heavy neutrinos were not considered.

In this work, we propose to look for a pair of displaced heavy neutrinos in Z
0 decays from

two well-motivated models: the minimal U(1)B�L and the U(1)X version that provides

the cross-section enhancement described in [34]. We show that displaced vertex search

strategies CONCLUDE AFTER OUR FINAL FINDINGS, also if we are sensitive to higher

masses highlight that w.r.t Brian’s work .....

2 The Model

We consider a simple extension of the SM under the gauge group SU(3)c⇥SU(2)L⇥U(1)Y ⇥
U(1)X where U(1)X is realized as the linear combination of the SM U(1)Y and U(1)B�L

symmetry. The non-exotic U(1)X extension has been studied in [36]. The particle content

of the model is given in Teb. 1. In this model three generations of right-hand neutrinos

(RHNs) N i

R
are introduced to obtain an anomaly free scenario. A new scalar field � is also

introduced in the model. The charge assignment of the model does not depend upon the

generations of the fermions as a result the following gauge and gravitational anomalies will

be satisfied:

U(1)X ⇥ [SU(3)C ]
2 : 2xq � xu � xd = 0,

U(1)X ⇥ [SU(2)L]
2 : 3xq + x` = 0,

U(1)X ⇥ [U(1)Y ]
2 : xq � 8xu � 2xd + 3x` � 6xe = 0,

[U(1)X ]2 ⇥U(1)Y : x
2
q � 2x2u + x

2
d
� x

2
`
+ x

2
e = 0,

[U(1)X ]3 : 6x3q � 3x3u � 3x3
d
+ 2x3

`
� x

3
⌫ � x

3
e = 0,

U(1)X ⇥ [grav.]2 : 6xq � 3xu � 3xd + 2x` � x⌫ � xe = 0. (2.1)
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Gauge and gravitational anomaly-free conditions

Yukawa interactions

SU(3)c SU(2)L U(1)Y U(1)′

qiL 3 2 +1/6 xq = 1
3xH + 1

6xΦ

ui
R 3 1 +2/3 xu = 4

3xH + 1
6xΦ

diR 3 1 −1/3 xd = −2
3xH + 1

6xΦ

ℓiL 1 2 −1/2 xℓ = −xH − 1
2xΦ

νi
R 1 1 0 xν = −1

2xΦ

eiR 1 1 −1 xe = −2xH − 1
2xΦ

H 1 2 +1/2 xH = xH

Φ 1 1 0 xΦ = xΦ

Table 1: Particle contents. In addition to the SM particle contents, the right-handed neutrino
νi
R (i = 1, 2, 3 denotes the generation index) and a complex scalar Φ are introduced.

covariant derivatives relevant to U(1)Y× U(1)′ are defined as

Dµ ≡ ∂µ − i
!

Y1 YX

"

#

g1 g1X
gX1 gX

$#

Bµ

B′
µ

$

, (2.1)

where Y1 (YX) are U(1)Y (U(1)′) charge of a particle, and the gauge couplings gX1 and g1X are
introduced associated with a kinetic mixing between the two U(1) gauge bosons.

For generation-independent charge assignments, the U(1)′ charges of the fermions are defined
to satisfy the gauge and gravitational anomaly-free conditions:

U(1)′ × [SU(3)C ]
2 : 2xq − xu − xd = 0,

U(1)′ × [SU(2)L]
2 : 3xq + xℓ = 0,

U(1)′ × [U(1)Y ]
2 : xq − 8xu − 2xd + 3xℓ − 6xe = 0,

[U(1)′]2 ×U(1)Y : x2
q − 2x2

u + x2
d − x2

ℓ + x2
e = 0,

[U(1)′]3 : 6x3
q − 3x3

u − 3x3
d + 2x3

ℓ − x3
ν − x3

e = 0,

U(1)′ × [grav.]2 : 6xq − 3xu − 3xd + 2xℓ − xν − xe = 0. (2.2)

In order to reproduce observed fermion masses and flavor mixings, we introduce the following
Yukawa interactions:

LYukawa = −Y ij
u qiLH̃uj

R − Y ij
d qiLHdjR − Y ij

ν ℓiLH̃νj
R − Y ij
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Using the above equations, x′�H =
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xH and x′�Φ = 2xΦ we find the charges of the U(1)X

sector is the linear combination of the U(1)Y and U(1)B−L charges .
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of the gauge and the mixed-gravitational anomalies, a new Higgs field (�) which breaks the
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where the first and second terms are the Dirac and Majorana Yukawa couplings. Here we
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where gX is the U(1)X gauge coupling, v� is the � VEV, vh = 246 GeV is the SM Higgs VEV,
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where g
0 is the U(1)X gauge coupling, v� is the VEV of � and vSM = 246 GeV is the

SM Higgs VEV. Using the LEP constraints from [37, 38] we use v� >> vSM. In this

model through the U(1)X symmetry breaking, the Majorana mass terms of the RHNs are
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Due to the nonzero U(1)X charges the Z 0 boson interacts with the particles in the same way

as it does in the B�L scenario [22, 25, 29, 34, 39–44], however, the CV and CA components

of the interactions between the Z
0 and the other particles in the model will depend upon

the xH and x� parameters. As we have already used x� = 1, the corresponding partial

decay widths of Z 0 into the fermions will depend upon xH .

The interaction between the Z
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for the left (right) handed lepton. All these charges are given in Tab. 2.1. After writing

the model under the U(1)X and B�L frameworks respectively in the UFO [45] format,

we study the pp ! Z
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� for ` = e, µ process where the U(1)X coupling g

0 is

involved. Validating our analysis with the observed CMS [9] and ATLAS [10] bounds of

heavy resonance production under the SSM scenario [46], we recast the bounds on the g
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for the U(1)X (xH = �1.2, x� = 1) and B�L (xH = 0, x� = 1) scenarios respectively.

The corresponding bounds are given in Fig. 1. We finally use these bounds for the further
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0 in our work. A diagram showing sterile
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production cross-section of the heavy neutrino pair and the decay can be seen in Figure 3.
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Note that the generation indices have been suppressed here. Under Z2, the third generation of

⌫R and S, i.e., ⌫R3 and S3 are odd whereas all the other particles are even and we assume that this

Z2 is not broken.

The U(1)0 charges of the fermions are defined to satisfy the gauge and gravitational anomaly-free

conditions:

U(1)0 ⇥ [SU(3)c]
2 : 2xq � xu � xd = 0,

U(1)0 ⇥ [SU(2)L]
2 : 3xq + xl = 0,

U(1)0 ⇥ [U(1)Y ]
2 : xq � 8xu � 2xd + 3xl � 6xe = 0,

[U(1)0]2 ⇥ U(1)Y : x2

q
� 2x2

u
+ x2

d
� x2

l
+ x2

e
= 0,

[U(1)0]3 : 6x3

q
� 3x3

u
� 3x3

d
+ 2x3

l
� x3

⌫
� x3

e
= 0,

U(1)0 ⇥ [grav]2 : 6xq � 3xu � 3xd + 2xl � x⌫ � xe = 0. (2.5)

The most general Yukawa Lagrangian (along with the Majorana mass for S) invariant under

SU(3)c ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)0 that could be written using the fields given above is,

�LYukawa = YelLHeR+Y⌫lLH̃⌫R+YuQL
H̃uR+YdQL

HdR + yNS⌫R�S+
1

2
ScMµS + h.c., (2.6)

where H̃ = i�2H⇤. The invariance of this Yukawa Lagrangian under the U(1)0 symmetry gives us

the following conditions :

xH

2
= �xq + xu = xq � xd = �xl + x⌫ = xl � xe ; �x� = x⌫ . (2.7)

Using these conditions and the anomaly-free conditions, the U(1)0 charges of all the fermions could

be determined in terms of xH and x� as,

x⌫ = �x� ; xl = �x� �
xH

2
; xe = �x� � xH ,

xq =
1

6
(2x� + xH) ; xu =

1

3
(2xH + x�) ; xd =

1

3
(x� � xH), (2.8)

Note that the choice x� = 1 and xH = 0 correspond to the well known U(1)B�L model. From

Eq.(2.6), after symmetry breaking, the terms relevant for neutrino mass are,

� Lmass = ⌫LMD⌫R + ⌫R MRS +
1

2
ScMµS + h.c., (2.9)
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EWSB U(1)X breaking U(1)X charge neutral

where, MD = Y⌫hHi and MR = yNSh�i . The neutral fermion mass matrix M⌫ can be defined as,

� Lmass =
1

2
( ⌫c

L
⌫R Sc )

0

BBB@

0 M⇤
D

0

M †
D

0 MR

0 MT

R
Mµ

1

CCCA

0

BBB@

⌫L

⌫c

R

S

1

CCCA
+ h.c.. (2.10)

The mass scales of the three sub-matrices ofM⌫ may naturally have a hierarchy MR >> MD >>

Mµ . Then, the e↵ective light neutrino mass matrix in the seesaw approximation is given by,

Mlight = M⇤
D
(MT

R
)�1MµM

�1

R
M †

D
. (2.11)

Because of the extra Z2 symmetry, the Yukawa coupling matrices Y⌫ and yNS and hence the

mass matrices MD and MR will have the following textures,

MR = yNSh�i ⇠

0

BBB@

⇥ ⇥ 0

⇥ ⇥ 0

0 0 ⇥

1

CCCA
and MD = Y⌫hHi ⇠

0

BBB@

⇥ ⇥ 0

⇥ ⇥ 0

⇥ ⇥ 0

1

CCCA
. (2.12)

In addition, we will choose Mµ to be diagonal without loss of generality. Since ⌫R3 and S3 do not

mix with other neutral fermions, they will not contribute to the seesaw mechanism and we will

have a minimal inverse seesaw mechanism (3 ⌫L + 2 ⌫R + 2 S case) in which the lightest active

neutrino will be massless. The two fermions ⌫R3 and S3 mix among themselves and the lightest

mass eigenstate could be a stable DM candidate. In the heavy sector, we will have two pairs of

degenerate pseudo-Dirac neutrinos of masses of the order ⇠ MR ± Mµ that mix with the active

light neutrinos. Thus, we have an inverse seesaw mechanism in which the smallness of Mlight is

naturally attributed to the smallness of both Mµ and MD
MR

. For instance, Mlight ⇠ O (0.1) eV can

easily be achieved by taking MD
MR

⇠ 10�2 and Mµ ⇠ O (1) keV. Thus, the seesaw scale can be

lowered down considerably for typical values of the parameters – Y⌫ ⇠ O(0.1), MD ⇠ 10 GeV

and MR ⇠ 1 TeV.

III. SCALAR POTENTIAL OF THE MODEL AND SYMMETRY BREAKING

The scalar potential of the model is given by,

V (�, H) = m2

1
H†H + �1(H

†H)2 + �3H
†H �†� + m2

2
�†� + �2(�

†�)2 . (3.1)
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Inverse seesaw mechanism to generate the light neutrino mass
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Couplings and the partial decay widths of        

Z′� → 2ν Z′� → 2ℓ

Z′� → 2u

Z′� → 2d

Γ[Z′� → 2ν] =
MZ′�

24π
gν

L[gx, xH]2

Γ[Z′� → 2ℓ] =
MZ′ �

24π
(ge

L[gx, xH]2 + ge
R[gx, xH]2)

Γ[Z′� → 2u] =
MZ′�

24π
(gu

L[gx, xH]2 + gu
R[gx, xH]2)

Γ[Z′� → 2d] =
MZ′�

24π
(gd

L[gx, xH]2 + gd
R[gx, xH]2)

Z′�



Interaction of      with the Higgs
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FIG. 2: Production mechanism of the SM Higgs boson in association with a Z boson at the LHC

(left panel) and ILC (right panel) through the Z
0 boson.

A. LHC

B. ILC

The interaction between electron and Z boson

LZ

int
= gZe�

µ

⇣
CV + CA�5

⌘
eZµ (5)

where CV = gz

⇣
� 1

4 + sin2
✓W

⌘
and CA = gz

4 . The interaction between Z
0 and the electron

can be written as
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(6)

where C 0
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. The di↵erential cross section of the Zh
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0 interference process can be written as
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respectively. MZ(MZ0) and

�Z(�Z0) are the mass and decay width of the Z(Z 0) boson.

The deviation of the Zh production cross section in the U(1)X model from that in the

SM can be calculated from

Deviation[%] = Abs[1�
�U(1)X [E

ILC

CM
, g

max

x
, xH ,MZ0 ]

�SM [ECM ]
]⇥ 100%. (8)

5

FIG. 4: Zh production cross section at the ILC from the SM (blue, solid) and U(1)X model (red,

dashed) as a function of the center of mass energy (
p
s) of the ILC. The interference between the

Z and Z
0 is involved in the U(1)X scenario.
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FIG. 1: Bound on the maximum U(1)X gauge coupling (gmax
x ) for MZ

0 = 7.5 TeV.
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Properties of the model and phenomenology

New particles Z′� boson
Heavy Majorana Neutrino

U(1)X Higgs boson

Phenomenology Z′� boson production and decay
Z′� boson mediated processes
Heavy neutrino production

U(1)XHiggs phenoemenology : Vacuum Stability
collider

Dark Matter
Leptogenesis and many more

We focus on the Z′� boson and heavy neutrino phenomenology



Heavy neutrino interactions
with SM sector

with BSM sector

W, Z, H

through the light
−heavy mixing

Z′�, BSM Higgs
Search strategy

visible final sates

Prompt/ boosted/ displaced

Multi − lepton/ multi − jet

Limits mass − mixing plane

Pair procuction

Direct

Prompt/ boosted/ displaced

Limits mass − mixing plane
mass reconstruction :

BSM gauge boson search
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Interactions between the RHNs and SM − BSM sectors

Seesaw Mechanism
right-handed neutrinos N j

R
(j = 1, 2). The relevant part of the Lagrangian is written as
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where ` i

L
(i = 1, 2, 3) and H are the SM lepton doublet of the i-th generation and the SM

Higgs doublet, respectively, and the Majorana mass matrix of the right-handed neutrinos is

taken to be diagonal without loss of generality. After the electroweak symmetry breaking,

we obtain the Dirac mass matrix as mD = YDp
2
v, where v = 246 GeV is the Higgs vacuum

expectation value. Using the Dirac and Majorana mass matrices, the neutrino mass matrix

is expressed as
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| ⌧ 1, we diagonalize the mass matrix and obtain the

seesaw formula for the light Majorana neutrinos as
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We express the light neutrino flavor eigenstate (⌫) in terms of the mass eigenstates of the
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In the presence of ✏, the mixing matrix N is not unitary, namely N †N 6= 1.

In terms of the neutrino mass eigenstates, the charged current interaction can be written
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(1� �5)/2. Similarly, the neutral current interaction is given by
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Extending the SM with  SM-singlet heavy neutrino 
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diagonalizing

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2

W

M2
N

#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W
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W
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#
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"
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;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
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M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
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;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W
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1−
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N

#
2
"
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#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N

M2
W

"
1 −

M2
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#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
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N

M2
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"
1þ 2M2

W

M2
N

#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
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;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2
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h
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2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
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;
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ΓðN → νlZÞ ¼
g2jVlN j2
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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Neutral Current interaction Expanding         (twice)

The interaction between the heavy right handed neutrinos 
and the SM gauge bosons are suppressed by the powers 
of the mixing (V) parameter.

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2

W

M2
N

#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2

W

M2
N

#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton

ARINDAM DAS, P. S. BHUPAL DEV, and C. S. KIM PHYSICAL REVIEW D 95, 115013 (2017)

115013-2

Charged Current interaction

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2

W

M2
N

#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2

W
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N

#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
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N
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W
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1 −

M2
Z
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2
"
1þ 2M2
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;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h
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N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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Neutral Current interaction Expanding         (twice)

The interaction between the heavy right handed neutrinos 
and the SM gauge bosons are suppressed by the powers 
of the mixing (V) parameter.

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2

W

M2
N

#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2
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#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
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M2
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"
1 −

M2
Z
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#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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Charged Current interaction

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2
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M2
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#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
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M2
W

"
1 −

M2
Z
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#
2
"
1þ 2M2

Z

M2
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;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
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#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−
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W
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N

#
2
"
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;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
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2
"
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;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N
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W

"
1 −

M2
h
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2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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Neutral Current interaction Expanding         (twice)

The interaction between the heavy right handed neutrinos 
and the SM gauge bosons are suppressed by the powers 
of the mixing (V) parameter.

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N
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;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2
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;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2

W

M2
N

#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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Neutral Current interaction Expanding         (twice)

The interaction between the heavy right handed neutrinos 
and the SM gauge bosons are suppressed by the powers 
of the mixing (V) parameter.

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
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N

M2
W
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2
"
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;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2
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"
1 −

M2
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#
2
"
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#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
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#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
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ΓðN → νlZÞ ¼
g2jVlN j2
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ΓðN1 → νlhÞ ¼
jVlN j2
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h
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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Neutral Current interaction Expanding         (twice)

The interaction between the heavy right handed neutrinos 
and the SM gauge bosons are suppressed by the powers 
of the mixing (V) parameter.

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
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;
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ΓðN → νlZÞ ¼
g2jVlN j2
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;
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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Yukawa Interaction

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
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;
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ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw
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μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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;
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
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ΓðN → νlZÞ ¼
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;
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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Mixing

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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;
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ΓðN → νlZÞ ¼
g2jVlN j2
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;
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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g2jVlN j2
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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SM Higgs boson, physical remnant of  

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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ΓðN → νlZÞ ¼
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ΓðN1 → νlhÞ ¼
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
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s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton

ARINDAM DAS, P. S. BHUPAL DEV, and C. S. KIM PHYSICAL REVIEW D 95, 115013 (2017)

115013-2

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the
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¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the
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¼ 14 TeV high-luminosity LHC as

well as a futuristic
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p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw
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μPLνn

þ ðU†VÞmn ν̄mγ
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þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the
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¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the
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s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
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p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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Mixing

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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ΓðN → νlZÞ ¼
g2jVlN j2
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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ΓðN → νlZÞ ¼
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128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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SM Higgs boson, physical remnant of  

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
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¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
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¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the
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s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
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s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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;
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ΓðN1 → νlhÞ ¼
jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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ΓðN → νlZÞ ¼
g2jVlN j2
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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Mixing

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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ΓðN → νlZÞ ¼
g2jVlN j2
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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ΓðN → νlZÞ ¼
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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SM Higgs boson, physical remnant of  

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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ΓðN → νlZÞ ¼
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2

W

M2
N

#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the
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¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the
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s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
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p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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ΓðN1 → νlhÞ ¼
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton

ARINDAM DAS, P. S. BHUPAL DEV, and C. S. KIM PHYSICAL REVIEW D 95, 115013 (2017)

115013-2

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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ΓðN1 → νlhÞ ¼
jVlN j2
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: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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Mixing

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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ΓðN → νlZÞ ¼
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ΓðN1 → νlhÞ ¼
jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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ΓðN → νlZÞ ¼
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ΓðN1 → νlhÞ ¼
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128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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SM Higgs boson, physical remnant of  

suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

production and decay at the LHC, followed by the sterile
neutrino decay to a charged lepton and W boson, which
mimics the SM h → WW! channel. So, using the

ffiffiffi
s

p
¼

8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
constraints on the active-sterile neutrino mixing parameter
VlN as a function of the sterile neutrino mass. Based on this
analysis, we also make conservative predictions for the
future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

as future circular collider-proton-proton (FCC-hh) or super
proton-proton collider (SPPC). We find that our limits
could be comparable to, or in some cases better than, the
current best limits for sterile neutrino masses in the vicinity
of the Higgs boson mass. Our study includes two pos-
sibilities for the W decay, namely, (i) the leptonic mode
leading to a 2l2ν final state and (ii) the hadronic mode
leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

we review the decay modes of the sterile neutrino both
above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
Higgs boson decay and analyze the resultant 2l2ν final
state to derive constraints on the sterile neutrino parameter
space. In Sec. IV, we analyze a new final state from the
sterile neutrino production, namely, the lνjj channel and
its discovery prospects at

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

We consider the minimal singlet seesaw extension of
the SM, where the production and decay properties of the
sterile neutrino are governed by its mass and mixing with
the active neutrinos. We do not want to go into the specific
details of neutrino mass models but keep our discussion
generic, regardless of whether the sterile neutrinos are
Majorana or pseudo-Dirac particles. In this sense, our
results are applicable to all low-scale singlet seesaw models
with the SM gauge group, including the minimal type-I
seesaw [2–7], as well as its variants, such as the inverse
[8,9], linear [10,11] and generalized [12,13] seesaws.
Due to the active-sterile neutrino mixing, a light neutrino

flavor eigenstate (νl) is a linear combination of the light
(νm) and heavy (Nm) neutrino mass eigenstates,

νl ≃Ulmνm þ VlnNn; ð1Þ

where U is the 3 × 3 light neutrino mixing matrix (which is
the same as the Pontecorvo-Maki-Nakagawa-Sakata mixing

matrix to leading order, if we ignore the nonunitarity effects)
and V ≃MDM−1

N is the active-sterile mixing parameter.
The charged-current (CC) interaction in the lepton sector is
then given by

LCC ¼ −
gffiffiffi
2

p Wμl̄γμPL½Ulmνm þ VlnNn ' þ H:c:; ð2Þ

where g is the SUð2ÞL gauge coupling andPL ¼ ð1 − γ5Þ=2
is the left-chiral projection operator. Similarly, the neutral-
current (NC) interaction is given by

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

where θw is the weak mixing angle. Thus, the interactions
of the sterile neutrino with the SM gauge sector are all
suppressed by powers of the mixing matrix V.
Similarly, the relevant Yukawa interaction is given by

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

where L and ϕ are the SUð2ÞL lepton and Higgs doublets,
respectively. After electroweak symmetry breaking by the
vacuum expectation value of the Higgs doublet, hϕ0i ¼ v,
we get the Dirac mass term MD ¼ vYD. So the Yukawa
coupling of the sterile neutrino to the SM Higgs is given by
YD ¼ VMN=v, which is also suppressed by V.
For simplicity, we will assume that only the lightest

heavy neutrino mass eigenstate (denoted here simply by N)
is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
apart from the sterile neutrino massMN . From Eqs. (2), (3)
and (4), we see that there are three decay modes for the
sterile neutrino, if kinematically allowed:N → l−Wþ, νlZ,
νlh, where h is the SM Higgs boson (the only physical
scalar remnant of the doublet ϕ). The corresponding partial
decay widths are, respectively, given by

ΓðN → l−WþÞ ¼ g2jVlN j2
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The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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Figure 2. Representative Feynman diagrams for the leading order Nℓ production from the qq′

process at hadron collider at the Born process or LO(a). Corresponding NLO diagrams including
Virtual Corrections(b − d) and Real Emissions(e − h) contributing from different initial states are
shown in rest of the diagrams.

extract easily from figure 2. We have computed the LO cross-sections for the fixed mass

with the variation of factorisation scale (µF ). Since the LO cross-section depends only on

the µF through LO PDFs and we varied as

µF = ξmN (3.1)

where ξ is the scale factor varying between 0.1 to 10. Whereas the NLO cross-section

depends on both the scale, namely, the factorization scale (µF ) through PDFs and the

renormalisation scale (µR) through NLO partonic cross-section (mainly due to the couplings

renormalisation). For simplicity, throughout the present analysis we have considered to

vary both these scales as,

µF = µR = ξmN with 0.1 ≤ ξ ≤ 10. (3.2)

We have produced the scale dependent cross-sections normalized by the square of the

mixing angle |VℓN |2 for a fixed choice of heavy neutrino mass mN at 100GeV, 400GeV,

800GeV and 1TeV at the 14TeV LHC for the LO and NLO processes with varying ξ

between 0.1 to 10. This scale dependence are shown in figure 3. In the same plot, we

also display the theoretical scale uncertainty in NLO calculation due to µF alone by fixing

the renormalisation scale at the corresponding heavy neutrino mass (µR = mN ). Since

later dependence only enters at the the NLO level in the form of αs(µR), one expects

the µF scale dependence which actually soften in NLO calculation. The other scenario

by fixing the factorization scale at the corresponding heavy neutrino mass (µF = mN )

is also shown by changing only the µR scale in the same plot. For mN = 100GeV, the

leading order cross-section σLO varies sharply and increasing almost monotonically by a

factor of two approximately with increase in scale factor (ξ), which indicates a substantial

amount of theoretical uncertainty present in the LO result. This is because of only the LO

quark-antiquark flux with varying scale factor ξ2. Whereas in NLO, it is three fold - the

scale dependent logarithmic terms present in partonic cross-sections, the NLO PDF fluxes

(namely, quark-antiquark, quark-gluon and antiquark-gluon) as well as strong coupling

constant and hence the strong scale dependent part cancels among themselves. Therefore
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Figure 5. Heavy neutrino production cross-section from pp → ℓN at the 14TeV LHC as a function
of mN . Both LO and NLO predictions are shown with the scale variation effect as a band. The
cross-sections are normalized by the square of the mixing angles. Inset plots showing with zoomed
bands at different masses.

final state for a fixed scale. In case of inverse seesaw mechanism the Yukawa coupling

could be high enough to enhance the heavy neutrino production. However, due to the

small lepton number violating parameter2 the heavy neutrino becomes pseudo-Dirac. In

this analysis we consider the Single Flavor (SF) scenario, where only one heavy neutrino

is light and accessible to the high energy colliders. It couples with one generation of the

lepton flavor. For simplicity, we consider that the heavy neutrino is coupled with the second

generation of the lepton flavor.3 As a result the golden channel for the final state signal is

the trilepton plus missing energy which is given by

pp → ℓ+1 N,N → ℓ−2 W
+,W+ → ℓ+3 νℓ3

pp → ℓ−1 N,N → ℓ+2 W
−,W− → ℓ−3 νℓ3 . (4.1)

Within the same set of the model parameters as described in the last section, we show the

differential distributions of scattering cross-section as a function of the transverse momenta

for these three leptons separately, pℓiT for i = 1, 2, 3 in figure 9 for the 14TeV LHC and

100TeV collider. In case of 14TeV, the NLO distributions dominate over the LO distri-

butions in the high transverse momentum region for ℓ1 and ℓ2. Whereas for ℓ3, the NLO

2See, [22] for the detailed discussion about the smallness of the lepton number violating parameter in

case of inverse seesaw mechanism.
3Another possibility could be possible where we can introduce two generations of the degenerate heavy

neutrinos and each generation couples with the single, corresponding lepton flavor which we can name as

Flavor Diagonal (FD) case. See, [23, 24] for the study on FD case.
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Figure 12. Figure shows the prospective upper bounds of square on the mixing angles as a function
of mN using the ATLAS data at the 8TeV [99] at 20.3 fb−1 luminosity for the same sign dileton
plus dijet case. The scale dependent LO and NLO prospective upper bounds at the 14TeV LHC
at 20.3 fb−1 luminosity (left panel, upper row), at 300 fb−1 luminosity (right panel, upper row)
and 1000 fb−1 (lower row) are given. These bounds are compared to (i) the χ2-fit to the LHC
Higgs data [100] (Higgs), (ii) from a direct search at LEP [101](L3), valid only for the electron
flavor, (iv) CMS limits from

√
s =8TeV LHC data [102] (CMS8) and ATLAS [99] (ATLAS8), for

a heavy Majorana neutrino of the muon flavor and (v) indirect limits from the global fit to the
electroweak precision data (EWPD) from [103–105] for electron (cyan, EWPD-e(old)) and muon
(cyan, EWPD-µ(old)) flavors(new values can be found from [106], for tau (dotted, EWPD- τ)
electron (solid, EWPD- e) and muon (dashed, EWPD- µ) flavors). The shaded region is excluded
by the 8TeV data.

20.3 fb−1 luminosity. We have noticed that for mN ! 250GeV, the mixing angle could

be a factor better than those given by EWPD. An improved prospective search reach by

an order of magnitude (more) for 300 fb−1(1000 fb−1) luminosity is also given in figure 12

for the 14TeV LHC. We have also calculated a prospective search reach for the 100TeV

Collider at 20.3 fb−1, 300 fb−1 and 1000 fb−1 luminosities in figure 13. The improvement

in search reach of the mixing angle from a factor to an order of magnitude with respect to

the EWPD can be obtained at the 100TeV.

Recently the CMS has performed the same-sign dilepton plus dijet search [102]. Using

this result and adopting the same procedure for the ATLAS result we calculate the prospec-

tive upper bound on the mixing angles at the 14TeV LHC for the LO and NLO cases at

19.7 fb−1. The results are shown in figure 13. A clear scale dependence is observed for

mN ! 300GeV for the LO case whereas the mixing angle around 120GeV is comparable
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Figure 16. The prospective upper bounds on the light-heavy neutrino mixing angles |VℓN |2
as a function of the heavy pseudo-Dirac neutrino mass mN at 14TeV LHC with 19.5 fb−1(left
panel) and 300 fb−1(right panel) luminosities, derived from the CMS trilepton data at

√
s =8TeV

LHC for 19.5 fb−1 luminosity [113] at 95 % CL. We have considered the scale dependent NLO
case(ξ = 0.1, 1.0, 10.0) for the trilepton plus missing energy final state. Some relevant existing up-
per limits (all at 95% CL) are also shown for comparison: (i) from a χ2-fit to the LHC Higgs
data [100] (Higgs), (ii) from a direct search at LEP [101](L3), valid only for the electron flavor, (iii)
ATLAS limits from

√
s = 7TeV LHC data [122, 123] (ATLAS7) and

√
s =8TeV LHC data [99] (AT-

LAS8), valid for a heavy Majorana neutrino of the muon flavor, (iv) CMS limits from
√
s =8TeV

LHC data [102] (CMS8), for a heavy Majorana neutrino of the muon flavor and (v) indirect limits
from the global fit to the electroweak precision data (EWPD) from [103–105] for electron (cyan,
EWPD-e(old)) and muon (cyan, EWPD-µ(old)) flavors(new values can be found from [106], for tau
(dotted, EWPD- τ) electron (solid, EWPD- e) and muon (dashed, EWPD- µ) flavors). Here SF75

and FD75 are the single flavor and flavor diagonal cases below the Z-pole whereas SF105 and FD105

are the same above the Z-pole.

process with associated light neutrino. We have demonstrated that the heavy neutrino pro-

duction cross-sections at the next-to-leading order QCD accuracy are quite stable against

the scale variations, where as leading order estimated can change substantially. We also

exhibit the scale dependance in different differential distributions related with the leptons

and correlations between them.

We have obtained the prospective scale dependent search reach at the 14TeV LHC and

as well as at the 100TeV collider for the Majorana heavy neutrino through the same sign

dilepton plus dijet final state. Using the pseudo-Dirac heavy neutrinos we have studied

the trilepton plus missing energy final state with jets and obtained the prospective search

reach at the 14TeV. A collider with a higher energy can probe the mixing angle more

precisely improving the 14TeV result up to an order of magnitude or more.
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Figure 6: Observed 95% confidence-level exclusion in |Uµ |2 (top) and |Ue |2 (bottom) versus the HNL mass for the
prompt signature (the region above the black line is excluded) and the displaced signature (the region enclosed by the
red line is excluded). The solid lines show limits assuming lepton-number violation (LNV) for 50% of the decays
and the long-dashed line shows the limit in the case of lepton-number conservation (LNC). The dotted lines show
expected limits and the bands indicate the ranges of expected limits obtained within 1� and 2� of the median limit,
reflecting uncertainties in signal and background yields.

7 Conclusions

A search for heavy neutral leptons (HNLs) produced in leptonic decays of on-shell W bosons has been
performed using data recorded by the ATLAS detector at the LHC in proton–proton collisions at a
centre-of-mass energy of 13 TeV corresponding to an integrated luminosity of up to 36.1 fb�1, using two
distinct signatures. The prompt signature requires three prompt leptons (either muons or electrons) with no
same-flavour opposite-charge configuration. It probes mean HNL proper decay lengths of 1 mm or less,
with the assumption of lepton-number violation. The displaced signature, explored for the first time at the
LHC, features a prompt muon accompanied by a vertex displaced in the radial direction by 4–300 mm
from the beam line containing two opposite-charge leptons (either two muons or a muon and an electron)
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state, which is complementary to the 2 ≪ 2ν channel
discussed in the last section. Since the hadronic branching
ratio of W (67%) is almost three times the leptonic
branching ratio (22%, for e, μ combined), the lνjj final
state is supposed to give a larger signal cross section at the
LHC. However, the pure leptonic modes are much cleaner
in the hadron collider environment, whereas the lνjj
channel suffers from a much larger irreducible background,
mostly fromWW andWZ. Thus, it turns out that the signal
sensitivity in the lνjj channel is smaller than the 2l2ν
channel. Nevertheless, due to the presence of only one
neutrino in the final state, the event reconstruction is easier

in this case. So this section is devoted to the discussion of
this channel.
Apart from its production from Higgs decay mediated

by the Dirac Yukawa coupling (4), the heavy neutrino can
also be produced at colliders through the CC interaction in
Eq. (2) and the NC interaction in Eq. (3), which in turn
could contribute to the lνjj channel, as shown in Fig. 4.
We include all these processes in our analysis of the lνjj
signal.
We use the event generator MadGraph5-aMC@NLO [117]

to produce the events at parton level and perform the
showering and hadronization of the events with PYTHIA6.4

FIG. 3. Upper bound on the mixing angle from the h → 2l2ν channel at the LHC. The left panel in the upper row stands for 2μ2ν, the
right panel shows the result for the 2e2ν final state, and the lower row stands for the eμ2ν channel. The shaded regions in each panel are
experimentally excluded from a combination of low- and high-energy searches for sterile neutrinos. For comparison, we also show the
corresponding current/future limits from a few other relevant experiments. For details, see the text.

(a) (b) (c)

FIG. 4. lνjj final state from heavy neutrino production and decay at the hadron colliders.
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The relevant backgrounds to these final states is mainly
from WW (irreducible), top quarks (both single and pair
produced), misidentified leptons (from Wj and jj), other
dibosons (Wγ, Zγ, WZ, ZZ) and Drell-Yan processes
(Z=γ! → ll). The distinguishing features of these back-
grounds motivate the definition of the event categories
based on the lepton flavor, as mentioned above. For a
detailed discussion of the background separation using
specific kinematic features, see Refs. [111–114]. Here, we
just illustrate a few relevant distributions in Fig. 2, namely,
the invariant masses of the dileptonþMET and leptonþ
MET events for a typical value of MN ¼ 100 GeV. As
expected, the dileptonþMET distribution peaks around
the Higgs boson mass, which is one of the main features of
the signal not exhibited by the background.
After imposing the selection cuts from ATLAS listed

above, we calculate the yield of events from the detector
simulation for the three different final states (OSSF and
OSOF) to compute the corresponding bounds on the square
of the light-heavy neutrino mixing parameter as a function
of the heavy neutrino mass,

NðMN; jVlN j2Þ ¼ L · σSMh

!
ϵSM

Γðh→ WW! → ll̄νν̄Þ
ΓSM þ ΓNew

þ
X

j;k

ϵjk
Γðh→ ν̄N þ c:c: → ljl̄kνν̄Þ

ΓSM þ ΓNew

"
;

ð17Þ

where L is the is the integrated luminosity, σSMh ðpp → hÞ is
the SM Higgs production cross section (which is domi-
nantly from the gluon-gluon fusion through a top-quark
loop and not affected by the new Yukawa interaction), j
and k are flavor indices e and μ and ϵSM and ϵjk are the
efficiencies for the decays mediated by the SM and in the
presence of the sterile neutrino, respectively, calculated
using the selection cuts listed above. For the total width
of the SM Higgs boson ΓSM and the partial width
Γðh→ WW! → ll̄νν̄Þ, we take the reference values given
in Ref. [106] for Mh ¼ 125 GeV. For the production cross
sections at the

ffiffiffi
s

p
¼ 8 TeV LHC, we use the reference

values from Ref. [122], and for those at the 14 TeV LHC
and 100 TeV hadron collider, we take the results from
Ref. [123].
To derive an upper bound on the mixing parameter,

we compute the maximal value of jVlN j2 such that
NðMN; jVlN j2Þ < N expt, where N expt ¼ 169 denotes the
95% C.L. upper limit on the number of excess 2l2ν events
for Mh ¼ 125 GeV at

ffiffiffi
s

p
¼ 8 TeV with L ¼ 20.3 fb−1

[112]. We plot this bound on the mixing parameter as a
function of the MN in Fig. 3 (blue solid curves) for three
different cases, depending on whether the N mass eigen-
state only couples to the electron flavor (top left panel),
muon flavor (top right panel) or both (bottom panel).
Assuming the same N expt for

ffiffiffi
s

p
¼ 14 and 100 TeV

colliders, but with an integrated luminosity of 3000 fb−1,
we also show the corresponding future limits (blue dashed
and dot-dashed curves, respectively).
For comparison, we also show in Fig. 3 various

other constraints from both low- and high-energy searches
for sterile neutrinos. The shaded region is excluded
from a combination of the large electron-positron collider,
LHC and electroweak precision data and lepton flavor
violation (LFV). For a detailed discussion of these con-
straints, see, e.g., Refs. [27,40,86,87,124–127] and refer-
ences therein. The future limits from W decay atffiffiffi
s

p
¼ 14 TeV LHC [97] and Z decay at future circular

collider-electron-electron (FCC-ee) [96] are also shown.
For the electron flavor, the most stringent limit is obtained
from the nonobservation of 0νββ [128,129], as shown by
the brown solid curve in the top left panel of Fig. 3. For
deriving this limit, we have assumed the heavy neutrino
to be Majorana and dominantly contributing to 0νββ [83].
For (pseudo-)Dirac neutrinos, this limit does not apply.
Similarly, the Bob observation of LFV processes such as
μ → eγ [130] puts stringent constraints on the mixing
combination V!

eNVμN , and the future MEG 2 upgrade
can improve 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 [74].
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

ffiffiffi
s

p
¼ 8 TeV LHC Higgs

data are better than the current global constraints on sterile
neutrinos in the mass range 70–110 GeV for jVlN j2,
whereas for V!

eNVμN, the MEG limit is still the most
stringent one. The Higgs decay limits become ineffective
asMN approachesMh for kinematic reasons. Nevertheless,
with more precision Higgs measurements in the near future,
the limits derived from the Higgs decay could be improved
substantially.

IV. STERILE NEUTRINO PRODUCTION
WITH lνjj FINAL STATE

If the W boson produced in the Higgs decay to νN →
νlW decays hadronically, it will give rise to the lνjj final

FIG. 2. 2l2ν event distributions for MN ¼ 100 GeV.
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and the types of hierarchical light neutrino mass spectra.
We find that in some cases, the signal of the heavy neutrino
productions can be observed in the future collider experi-
ments with a large statistical significance for the final states
with different charged lepton flavors.

This paper is organized as follows. In Sec. II, we in-
troduce a model for the inverse seesaw in the context of the
NMSSM. In Sec. III, we give the explicit formulas of the
heavy neutrino production cross sections at the LHC and
ILC and of the partial decay widths, which are used in our
numerical analysis. In Sec. IV, we first fix the model
parameters in simple parametrizations so as to satisfy the
experimental constraints, assuming two typical flavor
structures of our model and two types of hierarchical
neutrino mass spectra. For completeness, we also consider
a general parametrization of the neutrino Dirac mass ma-
trix. In Sec. V, the signals of the heavy neutrinos at the
LHC and ILC are investigated. For the general parametri-
zation, we perform parameter scans to identify the parame-
ter region to satisfy all experimental constraints, for
which we examine how much the heavy neutrino signal
is enhanced. Section VI is devoted to our conclusions.

II. INVERSE SEESAW IN THE NMSSM

As a simple realization of the inverse seesaw mecha-
nism, we consider an extension of the NMSSM [10]. In the
NMSSM, we introduce one gauge singlet chiral super-
field S with even Z2 matter parity through the following
superpotential terms:

W ! !SHuHd þ
"

3
S3 (1)

where ! and " are the dimensionless constants, and Hu and
Hd are the MSSM Higgs doublets. We assume that the
hidden sector breaks supersymmetry (SUSY) and induces
soft SUSY breaking terms for the MSSM scalars and
gauginos at the TeV scale, by which the scalar S and the
MSSM Higgs doublets develop vacuum expectation
values (VEVs). The VEV of S generates the MSSM #
term: # ¼ !hSi.

We extend the NMSSM by introducing new particles
and a discrete Z3 symmetry [9]. The charge assignments
for particles relevant to the inverse seesaw mechanism are
shown in Table I. Here, Nc

j and Nj are the MSSM singlet

particles, heavy neutrinos of the jth generation, and
!¼ ei2$=3. There are several possibilities for the Z3 charge
assignments; see [9] for complete lists.
The renormalizable superpotential involving the new

particles and being consistent with all the symmetries is
given by

W ! YijLiHuN
c
j þ

ð!NÞij
2

SNiNj þmiiNiN
c
i : (2)

Without loss of generality, we have worked in the
basis where the charged lepton Yukawa matrix and m are
diagonalized. When the VEVs of S and Hu are developed,
we rewrite the superpotential as

W ! %TmD N
c þ 1

2
NT#N þ NTmNc; (3)

where we have used the matrix notation for generation
indices, % is the MSSM neutrino chiral superfield, mD ¼
Yv sin&=

ffiffiffi
2

p
, with v ¼ 246 GeV, is the neutrino Dirac

mass matrix, and # ¼ !NhSi. For m larger than the elec-
troweak scale, we integrate out the heavy fields Nc and N
under the SUSY vacuum conditions,

@W

@N
¼ 0 ! Nc ¼ &m&1#N;

@W

@Nc ¼ 0 ! N ¼ &ðmD m
&1ÞT%;

(4)

and we arrive at the effective superpotential at low
energies,

Weff ¼
1

2
%T½ðmD m

&1Þ# ðmD m
&1ÞT(%: (5)

Note that the light Majorana neutrino mass matrix, m% ¼
ðmD m

&1Þ# ðmD m
&1ÞT , is proportional to # , so tiny neu-

trino masses can be realized by a small # even for both m
andmD at the electroweak scale. This is the inverse seesaw
mechanism, where the tiny neutrino mass corresponds to
the breaking of the lepton number by tiny # values.
Note that the heavy fields being integrated out also has

an impact on the Kähler potential. Substituting the SUSY
vacuum conditions into the canonical Kähler potential for
the heavy fields,

R
d4'ðNyN þ NcyNcÞ, we obtain

Keff ¼ %y½ðmD m
&1Þ)ðmD m

&1ÞT(%þ * * * ; (6)

where the ellipsis denotes higher order terms. Following
the electroweak symmetry breaking, this dimension-six
operator induces flavor-dependent corrections to the
kinetic terms of the left-handed neutrinos [11].
Assuming mD m

&1 + 1, we can express the flavor
eigenstates (%) of the light Majorana neutrinos in terms
of the mass eigenstates of the light (%m) and heavy (Nm)
Majorana neutrinos such as

% ’ N %m þRNm; (7)

where

TABLE I. The charge assignments of the NMSSM superfields.

SU(2) Uð1ÞY Z3 Z2

L 2 &1=2 1 &
Ec 1 þ1 !2 &
Hu 2 þ1=2 ! þ
Hd 2 &1=2 ! þ
S 1 0 ! þ
Nc

j 1 0 !2 &
Nj 1 0 ! &

ARINDAM DAS AND NOBUCHIKA OKADA PHYSICAL REVIEW D 88, 113001 (2013)

113001-2

R ¼ m Dm
"1; N ¼

!
1" 1

2
!
"
UMNS (8)

with ! ¼ R#RT , and UMNS is the usual neutrino mixing
matrix by which the mass matrix m " is diagonalized as

UT
MNSm "UMNS ¼ diag ðm 1; m 2; m 3Þ: (9)

In the presence of !, the mixing matrix N is not unitary.
Using the mass eigenstates, the charged current interaction
in the Standard Model is given by

LCC ¼ " gffiffiffi
2

p W# !e$
#PLðN "m þRNm Þ þ H:c:; (10)

where e denotes the three generations of charged leptons
in the vector form, and PL ¼ 1

2 ð1" $5Þ is the projection
operator. Similarly, the neutral current interaction is
given by

LNC ¼ " g

2cw
Z# ½"m $

#PLðN yN Þ"m

þ Nm $
#PLðRyRÞNm

þ f"m $
#PLðN yRÞNm þ H:c:g(; (11)

where cw ¼ cos%w is the weak mixing angle. Because of
the nonunitarity of the matrix N , N yN ! 1 and the
flavor-changing neutral current occurs.

III. PRODUCTION AND DECAY OF HEAVY
NEUTRINOS AT COLLIDERS

In the previous section, we found the charged and
neutral current interactions involving the heavy neutrinos.
For detailed analysis, we need information about the mix-
ing matrices N and R. In the next section, we fix all the
elements of the matrices by considering the current experi-
mental results. Before the analysis for fixing the parame-
ters, in this section we give the formulas for the production
cross sections and the partial decay widths of the heavy
neutrinos in the limit of one generation and N ¼ R ¼ 1.

A. Production cross section at the LHC

At the LHC, the heavy neutrinos can be produced
through the charged current interactions by the s-channel
exchange of the W boson. The main production process at
the parton level is u !d ! eþN1 (and !ud ! e"N1), and the
differential cross section is

d&̂LHC

d cos %
¼ ð3:89 ) 108 pb Þ '

32(ŝ

ŝþM2

ŝ

!
1

2

"
2
3
!
1

3

"
2

) g4

4

ðŝ2 "M4Þð2þ 'cos 2%Þ
ðŝ" m 2

WÞ2 þ m 2
W"

2
W

; (12)

where
ffiffiffi
ŝ

p
is the center-of-mass energy of the colliding

partons,M is the mass ofN1, and' ¼ ðŝ"M2Þ=ðŝþM2Þ.

The total production cross section at the LHC is
given by

&LHC ¼
Z

d
ffiffiffi
ŝ

p Z
dcos%

Z 1

ŝ=E2
CMS

dx
4ŝ

xE2
CMS

fuðx;Q Þ

) f !d

!
ŝ

xECMS
;Q

"
d&̂LHC

d cos%
þ ðu! !u; !d! dÞ; (13)

where we have taken ECMS ¼ 14 TeV for the center-of-
mass energy of the LHC. In our numerical analysis, we
employ CTEQ5M [12] for the parton distribution func-
tions for the u quark (fu) and !d quark (f !d) with the
factorization scale Q ¼

ffiffiffi
ŝ

p
. The total cross section as a

function of M is depicted in Fig. 1. Since we have fixed
N ¼ R ¼ 1 in this analysis, the resultant cross section
shown in Fig. 1 corresponds to the maximum values for a
fixed M. In our analysis, we find that most of the heavy
neutrinos produced have energies in the vicinity of the
mass threshold.
There are three main modes for the heavy neutrino

decays: N1 ! e"Wþ, "1Z, "1h. The corresponding partial
decay widths are, respectively, given by

"ðN1 ! e"WþÞ ¼ g2

64(

ðM2 " m 2
WÞ2ðM2 þ 2m 2

WÞ
M3m 2

W

;

"ðN1 ! "1ZÞ ¼
g2

128(c2w

ðM2 " m 2
ZÞ2ðM2 þ 2m 2

ZÞ
M3m 2

Z

;

"ðN1 ! "1hÞ ¼
ðM2 " m 2

hÞ2
32(M

!
1

v sin '

"
2
: (14)

The long-sought-after Higgs boson was finally discovered
by the ATLAS [13] and the CMS [14] collaborations at
the LHC. According to the discovery, we use m h ¼
125:3 GeV [14] in the following analysis. Our results are
almost independent of the choice of the Higgs boson mass
in the range of 125–126 GeV.
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FIG. 1. The total production cross section of the heavy neu-
trino as a function of its mass at the LHC with

ffiffiffi
s

p ¼ 14 TeV
(solid line). As a reference, the production cross section at the
LHC with

ffiffiffi
s

p ¼ 8 TeV is also plotted (dashed line).

INVERSE SEESAW NEUTRINO SIGNATURES AT THE LHC . . . PHYSICAL REVIEW D 88, 113001 (2013)

113001-3

R ¼ m Dm
"1; N ¼

!
1" 1

2
!
"
UMNS (8)

with ! ¼ R#RT , and UMNS is the usual neutrino mixing
matrix by which the mass matrix m " is diagonalized as

UT
MNSm "UMNS ¼ diag ðm 1; m 2; m 3Þ: (9)

In the presence of !, the mixing matrix N is not unitary.
Using the mass eigenstates, the charged current interaction
in the Standard Model is given by

LCC ¼ " gffiffiffi
2

p W# !e$
#PLðN "m þRNm Þ þ H:c:; (10)
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given by
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where cw ¼ cos%w is the weak mixing angle. Because of
the nonunitarity of the matrix N , N yN ! 1 and the
flavor-changing neutral current occurs.
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In the previous section, we found the charged and
neutral current interactions involving the heavy neutrinos.
For detailed analysis, we need information about the mix-
ing matrices N and R. In the next section, we fix all the
elements of the matrices by considering the current experi-
mental results. Before the analysis for fixing the parame-
ters, in this section we give the formulas for the production
cross sections and the partial decay widths of the heavy
neutrinos in the limit of one generation and N ¼ R ¼ 1.

A. Production cross section at the LHC

At the LHC, the heavy neutrinos can be produced
through the charged current interactions by the s-channel
exchange of the W boson. The main production process at
the parton level is u !d ! eþN1 (and !ud ! e"N1), and the
differential cross section is
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given by
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ŝ

xECMS
;Q

"
d&̂LHC

d cos%
þ ðu! !u; !d! dÞ; (13)

where we have taken ECMS ¼ 14 TeV for the center-of-
mass energy of the LHC. In our numerical analysis, we
employ CTEQ5M [12] for the parton distribution func-
tions for the u quark (fu) and !d quark (f !d) with the
factorization scale Q ¼

ffiffiffi
ŝ

p
. The total cross section as a

function of M is depicted in Fig. 1. Since we have fixed
N ¼ R ¼ 1 in this analysis, the resultant cross section
shown in Fig. 1 corresponds to the maximum values for a
fixed M. In our analysis, we find that most of the heavy
neutrinos produced have energies in the vicinity of the
mass threshold.
There are three main modes for the heavy neutrino

decays: N1 ! e"Wþ, "1Z, "1h. The corresponding partial
decay widths are, respectively, given by
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The long-sought-after Higgs boson was finally discovered
by the ATLAS [13] and the CMS [14] collaborations at
the LHC. According to the discovery, we use m h ¼
125:3 GeV [14] in the following analysis. Our results are
almost independent of the choice of the Higgs boson mass
in the range of 125–126 GeV.
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FIG. 1. The total production cross section of the heavy neu-
trino as a function of its mass at the LHC with
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p ¼ 14 TeV
(solid line). As a reference, the production cross section at the
LHC with

ffiffiffi
s

p ¼ 8 TeV is also plotted (dashed line).
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neutrinos in the limit of one generation and N ¼ R ¼ 1.

A. Production cross section at the LHC

At the LHC, the heavy neutrinos can be produced
through the charged current interactions by the s-channel
exchange of the W boson. The main production process at
the parton level is u !d ! eþN1 (and !ud ! e"N1), and the
differential cross section is
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W

; (12)

where
ffiffiffi
ŝ

p
is the center-of-mass energy of the colliding

partons,M is the mass ofN1, and' ¼ ðŝ"M2Þ=ðŝþM2Þ.

The total production cross section at the LHC is
given by
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Z

d
ffiffiffi
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dx
4ŝ

xE2
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!
ŝ
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d cos%
þ ðu! !u; !d! dÞ; (13)

where we have taken ECMS ¼ 14 TeV for the center-of-
mass energy of the LHC. In our numerical analysis, we
employ CTEQ5M [12] for the parton distribution func-
tions for the u quark (fu) and !d quark (f !d) with the
factorization scale Q ¼

ffiffiffi
ŝ

p
. The total cross section as a

function of M is depicted in Fig. 1. Since we have fixed
N ¼ R ¼ 1 in this analysis, the resultant cross section
shown in Fig. 1 corresponds to the maximum values for a
fixed M. In our analysis, we find that most of the heavy
neutrinos produced have energies in the vicinity of the
mass threshold.
There are three main modes for the heavy neutrino

decays: N1 ! e"Wþ, "1Z, "1h. The corresponding partial
decay widths are, respectively, given by
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M3m 2
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;
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hÞ2
32(M

!
1
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"
2
: (14)

The long-sought-after Higgs boson was finally discovered
by the ATLAS [13] and the CMS [14] collaborations at
the LHC. According to the discovery, we use m h ¼
125:3 GeV [14] in the following analysis. Our results are
almost independent of the choice of the Higgs boson mass
in the range of 125–126 GeV.
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FIG. 1. The total production cross section of the heavy neu-
trino as a function of its mass at the LHC with

ffiffiffi
s

p ¼ 14 TeV
(solid line). As a reference, the production cross section at the
LHC with

ffiffiffi
s

p ¼ 8 TeV is also plotted (dashed line).
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
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0 ð!m 2
23 þ !m 2

12Þ
1
4

0
BB@

1
CCA;

ffiffiffiffiffiffiffiffi
DIH

p
¼

ð!m 2
23 ' !m 2

12Þ
1
4 0

0 ð!m 2
23Þ

1
4

0 0

0
BB@

1
CCA:

(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0
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(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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Non-unitarity

m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
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0 ð!m 2
23 þ !m 2

12Þ
1
4

0
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1
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ffiffiffiffiffiffiffiffi
DIH
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¼

ð!m 2
23 ' !m 2

12Þ
1
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23Þ

1
4
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0
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(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH
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are defined as
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Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
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1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
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The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that
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From this formula, we parametrize the neutrino Dirac mass
matrix as
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where the matrices denoted as
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Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have
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Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3
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The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
4 0

0 ð!m 2
23 þ !m 2

12Þ
1
4

0
BB@

1
CCA;

ffiffiffiffiffiffiffiffi
DIH

p
¼

ð!m 2
23 ' !m 2

12Þ
1
4 0

0 ð!m 2
23Þ

1
4

0 0

0
BB@

1
CCA:

(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
4 0

0 ð!m 2
23 þ !m 2

12Þ
1
4

0
BB@

1
CCA;

ffiffiffiffiffiffiffiffi
DIH

p
¼

ð!m 2
23 ' !m 2

12Þ
1
4 0

0 ð!m 2
23Þ

1
4

0 0

0
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(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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Molinaro, Fernandez-Martinez
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General Parametrization of the neutrino Dirac mass matrix

m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
4 0

0 ð!m 2
23 þ !m 2

12Þ
1
4

0
BB@

1
CCA;

ffiffiffiffiffiffiffiffi
DIH

p
¼

ð!m 2
23 ' !m 2

12Þ
1
4 0

0 ð!m 2
23Þ

1
4

0 0

0
BB@

1
CCA:

(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
4 0

0 ð!m 2
23 þ !m 2

12Þ
1
4
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ffiffiffiffiffiffiffiffi
DIH

p
¼

ð!m 2
23 ' !m 2
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1
4 0
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23Þ

1
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0
BB@

1
CCA:
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Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼
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Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
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1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.

INVERSE SEESAW NEUTRINO SIGNATURES AT THE LHC . . . PHYSICAL REVIEW D 88, 113001 (2013)

113001-5

Flavor non-diagonal case 

mD
carries the off-diagonal 

entries

μ, M diagonal

general orthogonal matrixwhere O is a general orthogonal matrix expressed as

O ¼
cos! sin!

" sin! cos!

 !
¼

coshy i sinhy

"i sinhy coshy

 !
cos x sin x

" sin x coshx

 !
; (30)

with a complex number ! ¼ xþ iy, and the general form of the neutrino mixing matrix,

UMNS ¼
C12C13 S12C13 S13e

i"

"S12C23 " C12S23S13e
i" C12C23 " S12S23S13e

i" S23C13

S12S23 " C12C23S13e
i" "C12S23 " S12C23S13e

i" C23C13

0
BB@

1
CCA

1 0 0

0 ei# 0

0 0 1

0
BB@

1
CCA : (31)

Here, Cij ¼ cos$ij, Sij ¼ sin $ij, " is the Dirac phase, and
# is the Majorana phase. Thus, in this general parametri-
zation, we have

%ð";#; yÞ ¼ R&RT

¼ 1

&
UMNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O&OT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q T
Uy

MNS: (32)

Note that

O&OT ¼ cosh2yþ sinh2y "2i coshy sinhy

2i coshy sinhy cosh2yþ sinh2y

 !
(33)

is independent of x, and hence the % matrix is a function of
", # and y.

In the next section, we perform a parameter scan under
the experimental constraints and identify an allowed region
for the parameter set f";#; yg. Then, we calculate the heavy
neutrino production cross section for the parameter set
and examine how much the production cross section is
enhanced, satisfying the experimental constraints.

V. COLLIDER SIGNATURES
OF HEAVY NEUTRINOS

Let us now investigate the collider signatures of the
heavy neutrinos with the information of R and N deter-
mined in the previous sections. In Sec. III, we have already
given the formulas used in our analysis in the limit ofR ¼
N ¼ 1. It is easy to generalize the formulas with the

concrete R and N . The production cross section of
the ith generation heavy neutrino at the LHC, through
the process q !q0 ! ‘Ni (u !d ! ‘þ!Ni and !ud ! ‘"!Ni), is
given by

'ðq !q0 ! ‘!NiÞ ¼ 'LHCjR!ij2; (34)

where 'LHC is the cross section given in Eq. (13).
Similarly, the production cross section at the ILC is

'ðeþe" ! (!NiÞ ¼ 'ILCjR!ij2; (35)

where 'ILC is given in Eq. (15), and we have used the
approximation N yR ’ Uy

MNSR because j%!)j ' 1, as
discussed in the previous section. The partial decay widths
for the process Ni ! ‘"!W

þ=(!Z=(!h are obtained by
multiplying Eq. (14) by the factor jR!ij2.

A. Heavy neutrino signal at the LHC
with simple parametrizations

As has been studied in Ref. [24] (see also [25] for the
study of the left-right symmetric model), the most prom-
ising signal of the heavy neutrino productions at the LHC
is obtained by the final state with three charged leptons
(‘(‘(‘) with the total charge (1) through the process
q !q0 ! N‘( followed by N ! ‘(W) and W)! ‘)(. In
this work, detailed studies have been performed for the
signal of the heavy neutrino with a 100 GeV mass, which
couples with either the electron or the muon. The events
were preselected for two like-sign charged leptons
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q T
Uy

MNS: (32)
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where O is a general orthogonal matrix expressed as

O ¼
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", # and y.

In the next section, we perform a parameter scan under
the experimental constraints and identify an allowed region
for the parameter set f";#; yg. Then, we calculate the heavy
neutrino production cross section for the parameter set
and examine how much the production cross section is
enhanced, satisfying the experimental constraints.
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OF HEAVY NEUTRINOS

Let us now investigate the collider signatures of the
heavy neutrinos with the information of R and N deter-
mined in the previous sections. In Sec. III, we have already
given the formulas used in our analysis in the limit ofR ¼
N ¼ 1. It is easy to generalize the formulas with the

concrete R and N . The production cross section of
the ith generation heavy neutrino at the LHC, through
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given by
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where 'ILC is given in Eq. (15), and we have used the
approximation N yR ’ Uy

MNSR because j%!)j ' 1, as
discussed in the previous section. The partial decay widths
for the process Ni ! ‘"!W

þ=(!Z=(!h are obtained by
multiplying Eq. (14) by the factor jR!ij2.
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As has been studied in Ref. [24] (see also [25] for the
study of the left-right symmetric model), the most prom-
ising signal of the heavy neutrino productions at the LHC
is obtained by the final state with three charged leptons
(‘(‘(‘) with the total charge (1) through the process
q !q0 ! N‘( followed by N ! ‘(W) and W)! ‘)(. In
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signal of the heavy neutrino with a 100 GeV mass, which
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where O is a general orthogonal matrix expressed as

O ¼
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 !
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coshy i sinhy
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We can parametrize  the mixing in terms of the 
phases and the general parameter considering 

bounds from non-unitarity



FIG. 5 (color online). Signal cross sections providing the trilepton final states as a function of the Dirac phase (!) and y for the heavy
neutrino mass of 100 GeV, at the LHC with

ffiffiffi
s

p ¼ 14 TeV. Each dot satisfies the experimental constraints on all the elements in the "
matrix. The first (second) column corresponds to the results for the NH (IH) case. The first two rows are for the final states with two
electrons, while the last two are for the final states with two muons.
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Cross section reach for the trilepton final state

where !LHC is the cross section given in Eq. (13).
Similarly, the production cross section at the ILC is

!ðeþ e# ! "#NiÞ ¼ !ILCjR#ið$;%; yÞj2; (37)

where !ILC is given in Eq. (15), and we have used the
approximation N yR ’ Uy

MNSR because j&#'j & 1 as
discussed in the previous section. The partial decay widths
for the process Ni ! ‘##W

þ ="#Z="#h are obtained by
multiplying Eq. (14) by the factor jR#ið$;%; yÞj2.

Figure 5 shows the results of the parameter scan for the
heavy neutrino production cross section with the trilepton
final states at the LHC. Each dot satisfies the experimental
constraints on all the &-matrix elements. The first (second)
column shows the results for the NH (IH) case. In the first
(second) row, the results are shown as a function of $ (y)
for the final state with two electrons, while the correspond-
ing results for the final state with two muons are shown in
the third and fourth rows. Comparing the results with those
for the simple parametrizations, the signal cross sections
for the NH case receive significant enhancements for a
certain parameter set, while for the IH case, we only have
an enhancement by a factor 2–4. The maximum signal
cross sections we can achieve in the general parametriza-
tion are listed on Table V. Interestingly, the maximum cross
section for the NH case with a final state including two
muons can even be larger than the one for the FD case.

Figure 6 shows the cross section for the process eþ e# !
"N, followed by the decays N ! ‘W andW ! q !q0, at the
ILC with

ffiffiffi
s

p ¼ 500 GeV. Here, we have fixed the heavy
neutrino mass to be 150 GeV. Each dot satisfies the experi-
mental constraints on all the &-matrix elements. The first
(second) column shows the results for the NH (IH) case.
In the first (second) row, the results are shown as a function
of $ (y) for the case of ‘ ¼ e, while the corresponding
results for the case of ‘ ¼ ( are shown in the third and
fourth rows. Similarly to the LHC results, we have found
significant enhancements for the NH case compared with
the results for the simple parametrizations, while we have
no significant enhancement for the IH case. The maximum
signal cross sections we can achieve in the general parame-
trization are listed on Table VI. The maximum cross sec-
tion for the NH case with ‘ ¼ ( can even be larger than the
one for the FD case. We have performed the same analysis
also for the ILC with

ffiffiffi
s

p ¼ 1 TeV. The maximum signal
cross sections in this case are listed in Table VII. We have
about a 30%–40% enhancement in the cross sections by
increasing the collider energy.

The maximum signal cross sections for
ffiffiffi
s

p ¼ 1 TeV and
the same luminosityL ¼ 500 fb# 1 are listed in Table VII.
We have only listed e þ jj and ( þ jj signal cross
sections as functions of $, % and y.
From Tables VI and VII the signal cross sections for

( þ jj in NH dominates over IH by an order of magnitude
for both the collider energies,

ffiffiffi
s

p ¼ 500 GeV and
ffiffiffi
s

p ¼
1 TeV. The signal cross sections for e þ jj in NH are
almost the same as those in the IH case for both the collider
energies,

ffiffiffi
s

p ¼ 500 GeV and
ffiffiffi
s

p ¼ 1 TeV. The (( case
cross sections at

ffiffiffi
s

p ¼ 500 GeV and
ffiffiffi
s

p ¼ 1 TeV are
some factors greater than the corresponding FD cases.

VI. CONCLUSIONS

We have studied the inverse seesaw scenario and the
signature of the pseudo-Dirac heavy neutrino production at
the LHC and ILC. In the inverse seesaw scenario, the light
neutrino masses are realized by small lepton-number-
violating parameters, and hence the SM singlet neutrinos
have sizable Dirac Yukawa couplings with the SM lepton
doublets and Higgs doublet even for mass scales at the TeV
scale or smaller. As a result, the heavy neutrinos can be
produced at the LHC and ILC. Based on a concrete model
realizing the inverse seesaw in the context of the NMSSM,
we have fixed the model parameters so as to satisfy the
experimental results such as the neutrino oscillation data,
the precision measurements of the weak boson decays, and
the lepton-flavor-violating decays of charged leptons. We
have considered two typical cases for the neutrino flavor
structures of themodel, namely, the FND andFDcases.With
the fixed parameters, we have calculated the production
cross sections of the heavy neutrinos at the LHC and ILC.
First we have considered simple parametrizations with

all zero CP phases. For the LHC with
ffiffiffi
s

p ¼ 14 TeV, we
have analyzed the productions of the heavy neutrinos with a
degenerate 100 GeV mass, providing the trilepton final
states with the like-sign electrons or muons. After imposing
suitable cuts, we have found that the 5-! statistical signifi-
cance of the signal events over the SM background can be
achieved for a luminosity around 11 fb# 1 in the FD case.
On the other hand, the production cross sections in the FND
case are too small to observe the heavy neutrino signal.
We have also studied the heavy neutrino production

at the ILC with
ffiffiffi
s

p ¼ 500 GeV–1 TeV, where the final
state with a single, isolated electron and a dijet with large
missing energy is considered. For the luminosity

ffiffiffi
s

p ¼
500 fb# 1, we can obtain clear signatures of the heavy
neutrinos with mass 150 GeV for the IH mass spectrum
in the FND case and the FD case. On the other hand, the
significance for the NHmass spectrum in the FND case has
been found to be low. Since we can expect similar efficien-
cies of the signal and SM background for the final states
with different lepton flavors, muon or tau, the heavy neu-
trinos can be detected with a large statistical significance in
the modes for all FND and FD cases.

TABLE V. The maximum LHC cross sections for the final
states with two electrons and two muons, respectively, at the
LHC with

ffiffiffi
s

p ¼ 14 TeV.
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where !LHC is the cross section given in Eq. (13).
Similarly, the production cross section at the ILC is

!ðeþ e# ! "#NiÞ ¼ !ILCjR#ið$;%; yÞj2; (37)

where !ILC is given in Eq. (15), and we have used the
approximation N yR ’ Uy

MNSR because j&#'j & 1 as
discussed in the previous section. The partial decay widths
for the process Ni ! ‘##W

þ ="#Z="#h are obtained by
multiplying Eq. (14) by the factor jR#ið$;%; yÞj2.

Figure 5 shows the results of the parameter scan for the
heavy neutrino production cross section with the trilepton
final states at the LHC. Each dot satisfies the experimental
constraints on all the &-matrix elements. The first (second)
column shows the results for the NH (IH) case. In the first
(second) row, the results are shown as a function of $ (y)
for the final state with two electrons, while the correspond-
ing results for the final state with two muons are shown in
the third and fourth rows. Comparing the results with those
for the simple parametrizations, the signal cross sections
for the NH case receive significant enhancements for a
certain parameter set, while for the IH case, we only have
an enhancement by a factor 2–4. The maximum signal
cross sections we can achieve in the general parametriza-
tion are listed on Table V. Interestingly, the maximum cross
section for the NH case with a final state including two
muons can even be larger than the one for the FD case.

Figure 6 shows the cross section for the process eþ e# !
"N, followed by the decays N ! ‘W andW ! q !q0, at the
ILC with

ffiffiffi
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p ¼ 500 GeV. Here, we have fixed the heavy
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(second) column shows the results for the NH (IH) case.
In the first (second) row, the results are shown as a function
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cross sections in this case are listed in Table VII. We have
about a 30%–40% enhancement in the cross sections by
increasing the collider energy.

The maximum signal cross sections for
ffiffiffi
s

p ¼ 1 TeV and
the same luminosityL ¼ 500 fb# 1 are listed in Table VII.
We have only listed e þ jj and ( þ jj signal cross
sections as functions of $, % and y.
From Tables VI and VII the signal cross sections for

( þ jj in NH dominates over IH by an order of magnitude
for both the collider energies,
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ffiffiffi
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p ¼
1 TeV. The signal cross sections for e þ jj in NH are
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energies,
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p ¼ 1 TeV. The (( case
cross sections at
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p ¼ 1 TeV are
some factors greater than the corresponding FD cases.
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violating parameters, and hence the SM singlet neutrinos
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doublets and Higgs doublet even for mass scales at the TeV
scale or smaller. As a result, the heavy neutrinos can be
produced at the LHC and ILC. Based on a concrete model
realizing the inverse seesaw in the context of the NMSSM,
we have fixed the model parameters so as to satisfy the
experimental results such as the neutrino oscillation data,
the precision measurements of the weak boson decays, and
the lepton-flavor-violating decays of charged leptons. We
have considered two typical cases for the neutrino flavor
structures of themodel, namely, the FND andFDcases.With
the fixed parameters, we have calculated the production
cross sections of the heavy neutrinos at the LHC and ILC.
First we have considered simple parametrizations with

all zero CP phases. For the LHC with
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p ¼ 14 TeV, we
have analyzed the productions of the heavy neutrinos with a
degenerate 100 GeV mass, providing the trilepton final
states with the like-sign electrons or muons. After imposing
suitable cuts, we have found that the 5-! statistical signifi-
cance of the signal events over the SM background can be
achieved for a luminosity around 11 fb# 1 in the FD case.
On the other hand, the production cross sections in the FND
case are too small to observe the heavy neutrino signal.
We have also studied the heavy neutrino production

at the ILC with
ffiffiffi
s

p ¼ 500 GeV–1 TeV, where the final
state with a single, isolated electron and a dijet with large
missing energy is considered. For the luminosity

ffiffiffi
s

p ¼
500 fb# 1, we can obtain clear signatures of the heavy
neutrinos with mass 150 GeV for the IH mass spectrum
in the FND case and the FD case. On the other hand, the
significance for the NHmass spectrum in the FND case has
been found to be low. Since we can expect similar efficien-
cies of the signal and SM background for the final states
with different lepton flavors, muon or tau, the heavy neu-
trinos can be detected with a large statistical significance in
the modes for all FND and FD cases.

TABLE V. The maximum LHC cross sections for the final
states with two electrons and two muons, respectively, at the
LHC with
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where !LHC is the cross section given in Eq. (13).
Similarly, the production cross section at the ILC is

!ðeþ e# ! "#NiÞ ¼ !ILCjR#ið$;%; yÞj2; (37)

where !ILC is given in Eq. (15), and we have used the
approximation N yR ’ Uy

MNSR because j&#'j & 1 as
discussed in the previous section. The partial decay widths
for the process Ni ! ‘##W

þ ="#Z="#h are obtained by
multiplying Eq. (14) by the factor jR#ið$;%; yÞj2.

Figure 5 shows the results of the parameter scan for the
heavy neutrino production cross section with the trilepton
final states at the LHC. Each dot satisfies the experimental
constraints on all the &-matrix elements. The first (second)
column shows the results for the NH (IH) case. In the first
(second) row, the results are shown as a function of $ (y)
for the final state with two electrons, while the correspond-
ing results for the final state with two muons are shown in
the third and fourth rows. Comparing the results with those
for the simple parametrizations, the signal cross sections
for the NH case receive significant enhancements for a
certain parameter set, while for the IH case, we only have
an enhancement by a factor 2–4. The maximum signal
cross sections we can achieve in the general parametriza-
tion are listed on Table V. Interestingly, the maximum cross
section for the NH case with a final state including two
muons can even be larger than the one for the FD case.

Figure 6 shows the cross section for the process eþ e# !
"N, followed by the decays N ! ‘W andW ! q !q0, at the
ILC with

ffiffiffi
s

p ¼ 500 GeV. Here, we have fixed the heavy
neutrino mass to be 150 GeV. Each dot satisfies the experi-
mental constraints on all the &-matrix elements. The first
(second) column shows the results for the NH (IH) case.
In the first (second) row, the results are shown as a function
of $ (y) for the case of ‘ ¼ e, while the corresponding
results for the case of ‘ ¼ ( are shown in the third and
fourth rows. Similarly to the LHC results, we have found
significant enhancements for the NH case compared with
the results for the simple parametrizations, while we have
no significant enhancement for the IH case. The maximum
signal cross sections we can achieve in the general parame-
trization are listed on Table VI. The maximum cross sec-
tion for the NH case with ‘ ¼ ( can even be larger than the
one for the FD case. We have performed the same analysis
also for the ILC with

ffiffiffi
s

p ¼ 1 TeV. The maximum signal
cross sections in this case are listed in Table VII. We have
about a 30%–40% enhancement in the cross sections by
increasing the collider energy.

The maximum signal cross sections for
ffiffiffi
s

p ¼ 1 TeV and
the same luminosityL ¼ 500 fb# 1 are listed in Table VII.
We have only listed e þ jj and ( þ jj signal cross
sections as functions of $, % and y.
From Tables VI and VII the signal cross sections for

( þ jj in NH dominates over IH by an order of magnitude
for both the collider energies,

ffiffiffi
s

p ¼ 500 GeV and
ffiffiffi
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p ¼
1 TeV. The signal cross sections for e þ jj in NH are
almost the same as those in the IH case for both the collider
energies,
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p ¼ 500 GeV and
ffiffiffi
s

p ¼ 1 TeV. The (( case
cross sections at

ffiffiffi
s

p ¼ 500 GeV and
ffiffiffi
s

p ¼ 1 TeV are
some factors greater than the corresponding FD cases.

VI. CONCLUSIONS

We have studied the inverse seesaw scenario and the
signature of the pseudo-Dirac heavy neutrino production at
the LHC and ILC. In the inverse seesaw scenario, the light
neutrino masses are realized by small lepton-number-
violating parameters, and hence the SM singlet neutrinos
have sizable Dirac Yukawa couplings with the SM lepton
doublets and Higgs doublet even for mass scales at the TeV
scale or smaller. As a result, the heavy neutrinos can be
produced at the LHC and ILC. Based on a concrete model
realizing the inverse seesaw in the context of the NMSSM,
we have fixed the model parameters so as to satisfy the
experimental results such as the neutrino oscillation data,
the precision measurements of the weak boson decays, and
the lepton-flavor-violating decays of charged leptons. We
have considered two typical cases for the neutrino flavor
structures of themodel, namely, the FND andFDcases.With
the fixed parameters, we have calculated the production
cross sections of the heavy neutrinos at the LHC and ILC.
First we have considered simple parametrizations with

all zero CP phases. For the LHC with
ffiffiffi
s

p ¼ 14 TeV, we
have analyzed the productions of the heavy neutrinos with a
degenerate 100 GeV mass, providing the trilepton final
states with the like-sign electrons or muons. After imposing
suitable cuts, we have found that the 5-! statistical signifi-
cance of the signal events over the SM background can be
achieved for a luminosity around 11 fb# 1 in the FD case.
On the other hand, the production cross sections in the FND
case are too small to observe the heavy neutrino signal.
We have also studied the heavy neutrino production

at the ILC with
ffiffiffi
s

p ¼ 500 GeV–1 TeV, where the final
state with a single, isolated electron and a dijet with large
missing energy is considered. For the luminosity

ffiffiffi
s

p ¼
500 fb# 1, we can obtain clear signatures of the heavy
neutrinos with mass 150 GeV for the IH mass spectrum
in the FND case and the FD case. On the other hand, the
significance for the NHmass spectrum in the FND case has
been found to be low. Since we can expect similar efficien-
cies of the signal and SM background for the final states
with different lepton flavors, muon or tau, the heavy neu-
trinos can be detected with a large statistical significance in
the modes for all FND and FD cases.

TABLE V. The maximum LHC cross sections for the final
states with two electrons and two muons, respectively, at the
LHC with

ffiffiffi
s

p ¼ 14 TeV.
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113001-10(ee or !!) to have transverse momentum pT > 30 GeV.
The decay mode N ! "Z, followed by Z ! ‘þ‘", is
rejected by a cut for the invariant mass of the charge
neutral dilepton. After elaborate selections, it has been
concluded [24] that the heavy neutrino coupling to the
muon could be observed at the LHC through the trilepton
final states.

In our analysis, we follow the procedure in [24]. Since
we are considering the general case with R and N con-
sistent with the updated experimental data, the production
cross sections of the heavy neutrinos are different from
the ones in [24]. Figure 3 shows the signal cross section
providing trilepton final states with ee or !! for the FND
(left panel) and FD (right panel) cases, as a function of

the heavy neutrino mass. In the left panel, the dashed and
solid lines correspond to the NH and IH cases, respectively.
The upper solid (dashed) line shows the cross sections with
ee (!!).
We adopt the same efficiency for the signal events and

the SM background events as found in [24]. The number of
events for trilepton final states with ee and !!, respec-
tively, are listed in Table II, for the luminosity 30 fb"1.
Unfortunately, the number of events for the FND case are
found to be too small. This is because the component ofR
is severely constrained to be small by the current experi-
ments. On the other hand, the FD case results in a large
number of signal events, especially in the !! case, with a
significance of more than 5-#. If we naively estimate the
significance by S=

ffiffiffiffi
B

p
, the luminosity of 25 fb"1 (11 fb"1)

is required to achieve 5-# significance for the (!!) final
states.

B. Heavy neutrino signal at the ILC
with simple parametrizations

The signature of heavy neutrinos at the ILC has been
studied in detail based on the realistic Monte Carlo simu-
lations in [26]. In those studies, a five-dimensional model
with bulk right-handed neutrinos [27] is considered, and its
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FIG. 4 (color online). The production cross sections for the process eþe" ! "N, followed by the decays N ! ‘W (‘ ¼ e, !, $)
andW ! q !q0, as a function of the heavy neutrino mass. The upper-left panel shows the results for the FND case with

ffiffiffi
s

p ¼ 500 GeV.
The upper-right panel is the same as the upper-left panel but for the case with

ffiffiffi
s

p ¼ 1 TeV. The results for the FD case are shown in
the lower panel for

ffiffiffi
s

p ¼ 500 GeV (solid line) and
ffiffiffi
s

p ¼ 1 TeV (dashed line), respectively.

TABLE II. Number of events at the LHC with
ffiffiffi
s

p ¼ 14 TeV
and 30 fb"1 luminosity, for the heavy neutrino mass M ¼
100 GeV.

ee !!

FND (NH) 0.254 1.61
FND (IH) 7.00 3.38
FD 58.7 56.2
SM background 116.4 45.6
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456 events

= 1785 events

300 fb−1
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where C denotes taking charge-conjugation, and the first and second terms on the right-

hand side are the Dirac and Majorana Yukawa couplings, respectively. In order to break the

electroweak and the U(1)X gauge symmetries, we assume a suitable Higgs potential for H
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respectively at the potential minimum (with v ' 246 GeV and v� hitherto a free parameter).

After the symmetry breaking, the mass of the U(1)X gauge boson (Z 0 boson), the Majorana

masses for the RHNs and the neutrino Dirac masses are generated as follows:
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where gX is the U(1)X gauge coupling. Here we have used the LEP [77], Tevatron [78]

and LHC [79] constraints which generically imply mZ0/gX & 6.9 TeV at 95% CL (for the

B � L case) to assume v2
�
� v2. Also, without loss of generality, we have set our basis

in which YN is diagonal. With the generation of the Dirac and Majorana masses, type-I

seesaw mechanism can be used to account for tiny Majorana masses of the light neutrino

mass eigenstates (see Section IV for more details).

B. Case-II: Alternative U(1)X Model

The other model we consider is the alternative U(1)X model, whose minimal particle

content is listed in Table II.1 Except for the alternative U(1)X charge assignment for the

RHNs, the fermion particle content is the same as in Table I. Note that when we assume the

1 Here, we list the scalar content essential for our discussion in this paper. With only this scalar particle

content, we have Nambu-Goldstone modes more than those eaten by the weak bosons and Z
0 boson since

mixing mass terms for the scalars are forbidden by the gauge symmetry. Thus, we need to introduce

additional (SM-singlet) scalar fields to eliminate phenomenologically dangerous massless modes. Since

there are many possibilities for new scalars and it is easy to arrange a suitable Higgs potential, we do not

discuss a complete Higgs sector in this paper.
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FIG. 2. Left: The lightest RHN pair-production cross sections (normalized by g
2

X
) from the Z

0

boson resonance for xH = 0 (solid), �1.2 (dashed) and 1 (dotted) in Case-I. Right: The production

cross sections (normalized by g
2

X
) for dilepton (solid) a pair of N1’s (dashed) and a pair of N2’s

(dotted) as a function of xH . Here we have chosen mN1 = 500 GeV, mN2 = 1 TeV and mN3 = 2

TeV. In the right panel, we have fixed mZ0 = 4 TeV.

a function of Z 0 boson mass.

Similarly, in the left panel of Fig. 2, we show the RHN pair production cross sections

from the Z 0 boson resonance for xH = 0 (solid), �1.2 (dashed) and 1 (dotted), respectively,

as a function of Z 0 boson mass. Here we have chosen mN1 = 500 GeV, mN2 = 1 TeV and

mN3 = 2 TeV, as in Fig. 1. For mZ0 = 4 TeV, we show in the right panel of Fig. 2 the

production cross sections for the dilepton (solid), a pair of N1’s (dashed) and a pair of N2’s

(dotted) as a function of xH . We can see that the RHN production cross section is enhanced

for xH . �1.5. As has been pointed out in Refs. [43, 44], the ratio of BR(Z 0
! NiNi) to

BR(Z 0
! `+`�) is maximized at xH = �1.2. For this choice, the RHN production process

from Z 0 boson resonance is optimized under the severe LHC dilepton constraints.

B. Case-II

We now repeat the same analysis for the alternative U(1)X model. For simplicity, we

assume all extra scalar fields are very heavy and cannot be produced on-shell from Z 0 boson

decay. Because of the alternative U(1)X charge assignment for the RHNs (see Table II),

the partial decay widths to RHNs in Eq. (12) are enhanced. As discussed in Ref. [86], the
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Figure 1: The branching ratios of Z 0 boson as a function of xH with a fixed mZ0 = 3 TeV.
The solid lines correspond to mN1 = mZ0/4 and mN2,3 > mZ0/2; the dashed (dotted) lines
correspond to mN1,2 = mZ0/4 and mN3 > mZ0/2 (mN1,2,3 = mZ0/4 ). From top to bottom, the
solid (red, black and blue) lines at xH = �1 are the branching ratios to the first generations of
jets (up and down quarks), RHNs , and charged leptons, respectively. The lines for the RHN
final states correspond to the sum of the branching ratio to all possible RHNs.

by

�(Z 0
! fLfL) = Nc

g2
X

24⇡
Q2

fL
mZ0 ,

�(Z 0
! N iN i) =

g2

24⇡
mZ0

✓
1�

4m2
N i

m2
Z0

◆3/2

, (5)

where Nc = 1(3) is the color factor for lepton (quark), QfL is the U(1)X charge of the SM
fermion, and we have neglected all the SM fermion masses. In Fig. 1, we show the Z 0 bo-
son branching ratios for mZ0 = 3 TeV. The solid lines correspond to mN1 = mZ0/4 and
mN2,3 > mZ0/2, the dashed (dotted) lines correspond to mN1,2 = mZ0/4 and mN3 > mZ0/2
(mN1,2,3 = mZ0/4). For the SM final states, we show branching ratios to only the first gener-
ation dilepton and jets (sum of the jets from up and down quarks). The lines for the RHN
final states correspond to the sum of the branching ratio to all possible RHNs. The plot shows
the enhancement of RHNs branching ratios around xH = �0.8 with the maximum values of
the branching ratios, 0.09, 0.16, and 0.23 for the cases with one, two, and three generations
of RHNs, respectively. For the minimal B � L model (xH = 0), the branching ratios are 0.05,
0.09, and 0.13, respectively.

As we have discussed above, the current LHC bound on the Z 0 boson production into the
dilepton final states, which is very severe, requires BR(Z0!NN)

BR(Z0!`+`�) � 1 for the discovery of RHNs at

the future LHC. This ratio is nothing but the ratio between the partial decay widths, �(Z0!NN)
�(Z0! ¯̀̀ )
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background arising from W+jets and multijet events in which one or more jets satisfy the
electron selection criteria is not included in the study.

The SSM signal Z0 ! ee was generated at leading-order (LO) in QCD using PYTHIA 8.186 [59]
with the NNPDF23LO PDF set [70] and the ATLAS A14 set of tuned parameters [71] for
event generation, parton showering and hadronization. The Z0

SSM boson is assumed not
to couple to the SM W and Z bosons and interference between the Z0 boson and the SM Z
boson production amplitudes is neglected. Higher-order QCD corrections were computed
with the same methodology and applied as for the DY background.

The event selection is similar to the one developed for Run 2 [66]. The events have to be
accepted by the single electron trigger which requires at least one electron with transverse
momentum pT > 22 GeV in |h| < 2.5. Events are required to contain exactly two electrons
fulfilling the medium identification working point and have pT > 25 GeV in |h| < 2.47
excluding 1.37 < |h| < 1.52. The electrons are reconstructed and identified as detailed in
Section 4.2.
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Figure 4.20: (a) Invariant mass distribution for events satisfying all selection criteria in the dielectron
channel. The expected background is shown together with a SSM Z0 boson with a mass of 5 TeV.
(b) Observed (solid black line) and expected (dashed black line) upper limits on cross section times
branching ratio (s ⇥ BR) as a function of the SSM Z0 boson mass in the dielectron channel. The
1s (green) and 2s (yellow) expected limit bands are also shown. The predicted s ⇥ BR for SSM Z0

production is shown as a black line. The vertical dashed line indicates the observed mass limit of the
ATLAS Run 2 results using 36.1 fb�1 of

p
s = 13 TeV data [66].

The resulting dielectron invariant mass spectrum (mee) is shown in Figure 4.20(a) for the DY
background as well as for an example Z0 boson with a mass of 5 TeV.

The statistical analysis is performed for the search for a Z0

SSM boson using the mee distribution.
The same methodology is used as in the Run 2 analysis which uses a Bayesian analysis [72].
Upper limits on the cross section for producing a Z0

SSM boson times its branching ratio
(s ⇥ BR) are computed at the 95% CL as a function of the Z0

SSM boson mass. The 95% CL
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FIG. 1. Left: The dilepton production cross sections (normalized by g
2

X
) from the Z

0 boson

resonance for xH = 0 (solid), �1.2 (dashed) and 1 (dotted) in Case-I. Right: The corresponding

upper bounds on gX from the recent ATLAS result.

wherefq (fq̄) is the parton distribution function (PDF) for a quark (anti-quark), ŝ = xys is

the invariant mass squared of the colliding quarks with
p
s = 13 TeV for the LHC Run-2,

and the NWA cross section of the colliding quarks to produce Z 0 boson is given by

�̂(ŝ) =
4⇡2

3

�(Z 0
! qq̄)

mZ0
�(ŝ�m2

Z0). (14)

For the PDFs, we employ CTEQ6L [108] with a factorization scale Q = mZ0 for simplicity.

In our calculation, we scale our result by a k-factor of k = 0.947 to match the recent ATLAS

analysis [41]. See Ref. [109] for a procedure to obtain a suitable k-factor. Note that in the

NWA, the cross section is proportional to g2
X
.

In the left panel of Fig. 1, we show the dilepton production cross sections �(pp !

Z 0)BR(Z 0
! `+`�) from the Z 0 boson resonance for xH = 0 (solid), �1.2 (dashed) and

1 (dotted), respectively, as a function of Z 0 boson mass. In this analysis, we have set the

RHN mass spectrum as mN1 = 500 GeV, mN2 = 1 TeV and mN3 = 2 TeV for the calculation

of the dilepton branching ratio. Since the cross section is proportional to g2
X
, we have shown

the cross section normalized by g2
X
. From this figure, we can read o↵ an upper bound on

gX from the LHC upper limit on the dilepton cross section as a function of the dilepton

invariant mass, i.e. mZ0 in our case. For example, using the recent ATLAS result for the

upper bound on �(pp ! Z 0)BR(Z 0
! `+`�)  0.027 fb for mZ0 = 4 TeV [41], we obtain an

upper bound on gX  0.12 for xH = 0 (B � L limit). In the right panel of Fig. 1, we show

these upper bounds on gX for xH = 0 (solid), �1.2 (dashed) and 1 (dotted), respectively, as
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FIG. 2. Left: The lightest RHN pair-production cross sections (normalized by g
2

X
) from the Z

0

boson resonance for xH = 0 (solid), �1.2 (dashed) and 1 (dotted) in Case-I. Right: The production

cross sections (normalized by g
2

X
) for dilepton (solid) a pair of N1’s (dashed) and a pair of N2’s

(dotted) as a function of xH . Here we have chosen mN1 = 500 GeV, mN2 = 1 TeV and mN3 = 2

TeV. In the right panel, we have fixed mZ0 = 4 TeV.

a function of Z 0 boson mass.

Similarly, in the left panel of Fig. 2, we show the RHN pair production cross sections

from the Z 0 boson resonance for xH = 0 (solid), �1.2 (dashed) and 1 (dotted), respectively,

as a function of Z 0 boson mass. Here we have chosen mN1 = 500 GeV, mN2 = 1 TeV and

mN3 = 2 TeV, as in Fig. 1. For mZ0 = 4 TeV, we show in the right panel of Fig. 2 the

production cross sections for the dilepton (solid), a pair of N1’s (dashed) and a pair of N2’s

(dotted) as a function of xH . We can see that the RHN production cross section is enhanced

for xH . �1.5. As has been pointed out in Refs. [43, 44], the ratio of BR(Z 0
! NiNi) to

BR(Z 0
! `+`�) is maximized at xH = �1.2. For this choice, the RHN production process

from Z 0 boson resonance is optimized under the severe LHC dilepton constraints.

B. Case-II

We now repeat the same analysis for the alternative U(1)X model. For simplicity, we

assume all extra scalar fields are very heavy and cannot be produced on-shell from Z 0 boson

decay. Because of the alternative U(1)X charge assignment for the RHNs (see Table II),

the partial decay widths to RHNs in Eq. (12) are enhanced. As discussed in Ref. [86], the

11

2N1

2N2

2ℓ N production dominates

Pair Production of the RHNs as function of !xH

MZ′� = 4 TeV

MN1
= 500 GeV, MN2

= 1 TeV, MN3
= 2 TeV

Figure 2: The ratio of the partial decay widths of Z 0 boson into RHNs and dilepton final states
as a function of xH . The solid lines correspond to mN1 = mZ0/4 and mN2,3 > mZ0/2; the dashed
(dotted) lines correspond to mN1,2 = mZ0/4 and mN3 > mZ0/2 (mN1,2,3 = mZ0/4 ).

which is calculated from Eq. (5) to be (per generation)

�(Z 0
! NN)

�(Z 0 ! `+`�)
=

4

8 + 12xH + 5x2
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4m2
N

m2
Z0
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. (6)

With the same parameter choice as in Fig. 1, we show this ratio as a function of xH in Fig. 2.
We find the peaks at xH = �1.2 with the maximum values of 3.25, 6.50, and 9.75, respectively.
Although we have obtained remarkable enhancement factors, they do not reach the values
required in the worst case scenario (see Eq. (2)). Since the enhancement required for the
trilepton final states is extremely large, in the following we focus on the same sign dimuon and
diboson final state, which is the smoking-gun signature of the Majorana RHN production.

Let us now consider an optimistic case and assume that the LHC experiment starts observing
the Z 0 boson production through a dilepton final states with a luminosity below 300 fb�1. In
this case we remove the constraint �(pp ! Z 0

! `+`�) . 2.4 ⇥ 10�2 fb. Instead, we estimate
the cross section �(pp ! Z 0

! `+`�) in order to achieve the RHN production cross section
�(pp ! Z 0

! NN) ' 0.8 fb required for the 5� discovery with the 300 fb�1 luminosity
[17]. Let us fix xH = �1.2 for which the ratio BR(Z 0

! NN)/BR(Z 0
! `+`�) reaches the

maximum values of 3.25, 6.50, and 9.75 for the cases with one, two, and three degenerate RHNs,
respectively. Hence, we obtain �(pp ! Z 0

! `+`�) ' 0.246, 0.123, and 0.0821 fb for each case.
The case with only one generation of RHN is already excluded by the current LHC results at
95 % confidence (see Eq. (1)). Since the number of SM background events is very small for a
high Z 0 boson mass region (mZ0 & 3 TeV), let us here naively require 25 signal events for a
5-� discovery of the Z 0 boson production. Hence, the corresponding luminosities are found to
be L(fb�1) = 203 and 305 for the case with two and three RHNs, respectively. The required
luminosities will be reached at the future LHC.
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oscillation data [1], charged LFV phenomena [110–112] and electroweak precision measure-

ments [113–115]. The smallness of the mixing (R↵j) between the light and heavy neutrinos

implies an RHN mass eigenstate can be long-lived. If this is the case, a long-lived RHN, once

produced at collider experiments through the Z 0-portal which is unsuppressed by the small

mixing, decays into the SM particles after propagating over a measurable distance. This

displaced vertex phenomenon is a characteristic signature of the production of long-lived

particles. For RHNs with mass of the TeV-scale scale or smaller, collider searches for the

RHNs with displaced vertex provide a promising probe of the seesaw mechanism [24].

Let us now evaluate the lifetime of RHNs in a general parametrization of neutrino mixing.

We first consider Case-I in which three RHNs are involved in the seesaw mechanism. As

we will discuss later, the results for Case-II with only two RHNs can be obtained from the

results in Case-I in a special limit. The elements of the matrix R are constrained so as

to reproduce the neutrino oscillation data. In our analysis, we adopt the following best-

fit values for the neutrino oscillation parameters: �m2

12
= m2

2
� m2

1
= 7.6 ⇥ 10�5 eV2,

�m2

23
= |m2

3
�m2

2
| = 2.4⇥ 10�3 eV2, sin2 2✓12 = 0.87, sin2 2✓23 = 1.0, and sin2 2✓13 = 0.092,

from a recent global fit [116]. The 3⇥ 3 neutrino mixing matrix is given by

UPMNS =

0

BBB@

c12c13 s12c13 s13ei�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12c23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

CCCA

0

BBB@

1 0 0

0 ei⇢1 0

0 0 ei⇢2

1

CCCA
, (21)

where cij = cos ✓ij and sij = sin ✓ij. In our analysis, we set the Dirac CP -phase as � = 3⇡

2

as indicated by the recent NO⌫A [117] and T2K [118] data while the Majorana phases ⇢1,2

are set as free parameters.

We consider both normal hierarchy (NH) where the light neutrino mass eigenvalues are

ordered as m1 < m2 < m3 and inverted hierarchy (IH) where the light neutrino mass

eigenvalues are ordered as m3 < m1 < m2. We vary the lightest mass eigenvalue mlightest up

to sub-eV scale, to be consistent with the Planck upper limit on the sum of light neutrino

masses:
P

i
mi < 0.12 eV [119].

The seesaw formula allows us to parameterize the mixing angle between the light and

heavy neutrinos as [120]

R
NH/IH = U⇤

PMNS

p

DNH/IH O
q

m�1

N
, (22)
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Generalizing the mixing parameter

general orthogonal matrix
where O is a general orthogonal matrix:

O =

0

BBB@

1 0 0

0 cosx sin x

0 � sin x cos x

1

CCCA

0

BBB@

cos y 0 sin y

0 1 0

� sin y 0 cos y

1

CCCA

0

BBB@

cos z sin z 0

� sin z cos z 0

0 0 1

1

CCCA
(23)

with the angles, x, y, z being complex numbers, and DNH/IH is the light neutrino mass

eigenvalue matrix:

DNH = diag
�
mlightest,m

NH

2
,mNH

3

�
, (24)

with mNH

2
=

q
�m2

12
+m2

lightest
and mNH

3
=

p
�m2

23
+ (mNH

2
)2, while the mass eigenvalue

matrix for the IH case is

DIH = diag
�
mIH

1
,mIH

2
,mlightest

�
(25)

with mIH

2
=

q
�m2

23
+m2

lightest
and mIH

1
=

p
(mIH

2
)2 ��m2

12
. In both cases, the RHN mass

matrix is defined as

mN = diag (mN1 ,mN2 ,mN3) (26)

with an ordering of mN1  mN2  mN3 . Hence, the matrix R in Eq. (22) is a function of ⇢1,2,

mlightest, mNi (i = 1, 2, 3), and the three complex angles. A generalization of the formula of

R at the one loop level has been studied in Ref. [121], which are however not important for

our analysis.

The two-body partial decay widths of the RHNs are given by [22]

�(Ni ! `↵W )NH/IH =
|R

NH/IH

↵i
|
2

16⇡

(m2

Ni
�m2

W
)2(m2

Ni
+ 2m2

W
)

m3

Ni
v2

,

�(Ni ! ⌫↵Z)NH/IH =
|R

NH/IH

↵i
|
2

32⇡

(m2

Ni
�m2

Z
)2(m2

Ni
+ 2m2

Z
)

m3

Ni
v2

,

�(Ni ! ⌫↵h)NH/IH =
|R

NH/IH

↵i
|
2

32⇡

(m2

Ni
�m2

h
)2

mNiv
2

. (27)

respectively. In the limit of mNi � mW ,mZ ,mh, the ratio among the partial decay widths

is found to be �(Ni ! `↵W )NH/IH : �(Ni ! ⌫↵Z)NH/IH : �(Ni ! ⌫↵h)NH/IH = 2 : 1 : 1. This

result is consistent with the Goldstone boson equivalence theorem, since the RHN decay
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Neutrino oscillation data

oscillation data [1], charged LFV phenomena [110–112] and electroweak precision measure-

ments [113–115]. The smallness of the mixing (R↵j) between the light and heavy neutrinos

implies an RHN mass eigenstate can be long-lived. If this is the case, a long-lived RHN, once

produced at collider experiments through the Z 0-portal which is unsuppressed by the small

mixing, decays into the SM particles after propagating over a measurable distance. This

displaced vertex phenomenon is a characteristic signature of the production of long-lived

particles. For RHNs with mass of the TeV-scale scale or smaller, collider searches for the

RHNs with displaced vertex provide a promising probe of the seesaw mechanism [24].

Let us now evaluate the lifetime of RHNs in a general parametrization of neutrino mixing.

We first consider Case-I in which three RHNs are involved in the seesaw mechanism. As

we will discuss later, the results for Case-II with only two RHNs can be obtained from the

results in Case-I in a special limit. The elements of the matrix R are constrained so as

to reproduce the neutrino oscillation data. In our analysis, we adopt the following best-

fit values for the neutrino oscillation parameters: �m2

12
= m2

2
� m2

1
= 7.6 ⇥ 10�5 eV2,

�m2

23
= |m2

3
�m2

2
| = 2.4⇥ 10�3 eV2, sin2 2✓12 = 0.87, sin2 2✓23 = 1.0, and sin2 2✓13 = 0.092,

from a recent global fit [116]. The 3⇥ 3 neutrino mixing matrix is given by

UPMNS =

0

BBB@

c12c13 s12c13 s13ei�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12c23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

CCCA

0

BBB@

1 0 0

0 ei⇢1 0

0 0 ei⇢2

1

CCCA
, (21)

where cij = cos ✓ij and sij = sin ✓ij. In our analysis, we set the Dirac CP -phase as � = 3⇡

2

as indicated by the recent NO⌫A [117] and T2K [118] data while the Majorana phases ⇢1,2

are set as free parameters.

We consider both normal hierarchy (NH) where the light neutrino mass eigenvalues are

ordered as m1 < m2 < m3 and inverted hierarchy (IH) where the light neutrino mass

eigenvalues are ordered as m3 < m1 < m2. We vary the lightest mass eigenvalue mlightest up

to sub-eV scale, to be consistent with the Planck upper limit on the sum of light neutrino

masses:
P

i
mi < 0.12 eV [119].

The seesaw formula allows us to parameterize the mixing angle between the light and

heavy neutrinos as [120]

R
NH/IH = U⇤

PMNS

p

DNH/IH O
q
m�1

N
, (22)
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originates from the Dirac Yukawa coupling in Eq. (1). The total decay width of the RHN

Ni is just the sum of the partial widths:

�NH/IH

Ni
=

X

↵=e,µ,⌧

⇥
�(Ni ! `↵W )NH/IH + �(Ni ! ⌫↵Z)

NH/IH + �(Ni ! ⌫↵h)
NH/IH

⇤
, (28)

and the total proper decay length of the RHN Ni is

LNH/IH

i
=

1.97⇥ 10�13

�NH/IH

Ni
[GeV]

[mm]. (29)

Employing the general parametrization for the neutrino Dirac mass matrix in Eq. (22),

we perform a parameter scan with free parameters, 0  ⇢1,2  2⇡, mlightest, x, y, and z, to

evaluate LNH/IH

i
while satisfying all the phenomenological constraints listed in Ref. [11]. For

concreteness, we fix mN1 = 500 GeV, mN2 = 1 TeV and mN3 = 2 TeV in our analysis. See

Ref. [11] for a detail of this parameter scan procedure. The most stringent lower bound on

the decay length of the RHN Ni comes from two experimental constraints. The first is from

LFV muon decay process of µ ! e�, whose branching ratio must be  4.2 ⇥ 10�13 [110]

which provides an upper bound on |✏12| < 1.3⇥ 10�5. The second is from the lower limit on

the half-life of neutrino-less double beta decay: T 0⌫

1/2
(76Ge) � 8⇥1025yr [122] that translates

into an upper limit on the amplitude for the contribution mediated by the RHNs [123, 124]:

�����

3X
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mNj [GeV]

����� . 7.8⇥ 10�8 . (30)

Our results for the upper and lower bounds on LNH/IH

i
as a function of the lightest neutrino

mass eigenvalue are shown in Fig. 5 for the NH (left panel) and IH (right panel) cases in the

minimal U(1)X scenario. We also show as horizontal bands typical decay lengths relevant to

the displaced vertex search at the LHC and at MATHUSLA. The vertical shaded region is

excluded by the cosmological upper bound on the sum of light neutrino masses ⌃imi < 0.12

eV from the Planck 2018 results [119]. We find that the maximum proper decay length of

an RHN can be approximately expressed as
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with the angles, x, y, z being complex numbers, and DNH/IH is the light neutrino mass

eigenvalue matrix:
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12
. In both cases, the RHN mass

matrix is defined as

mN = diag (mN1 ,mN2 ,mN3) (26)

with an ordering of mN1  mN2  mN3 . Hence, the matrix R in Eq. (22) is a function of ⇢1,2,

mlightest, mNi (i = 1, 2, 3), and the three complex angles. A generalization of the formula of

R at the one loop level has been studied in Ref. [121], which are however not important for

our analysis.

The two-body partial decay widths of the RHNs are given by [22]
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respectively. In the limit of mNi � mW ,mZ ,mh, the ratio among the partial decay widths

is found to be �(Ni ! `↵W )NH/IH : �(Ni ! ⌫↵Z)NH/IH : �(Ni ! ⌫↵h)NH/IH = 2 : 1 : 1. This

result is consistent with the Goldstone boson equivalence theorem, since the RHN decay
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FIG. 1: The experimental constraints on the mixing matrix elements |R↵i|2 = |V↵i|2 in the NH

case. The allowed region is shaded. The results are shown with respect to �⇡ < � < ⇡.

in Table I the upper bounds on the mixing parameters from the collider experiments, for

MN = 100 GeV. We can see that the upper bounds on the mixing we have obtained are

more severe than those listed in Table I.

In summary, we have studied the minimal type-I seesaw scenario and the current experi-

mental bounds on the mixing between the heavy Majorana neutrinos and the SM neutrinos.

We have employed the general parameterization for the neutrino Dirac mass matrix so as

to reproduce all neutrino oscillation data. In this way, the model is controlled by only

three parameters, the Dirac CP -phase, one Majorana phase, and the (complex) angle of the
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to reproduce all neutrino oscillation data. In this way, the model is controlled by only
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2⇥ 2 orthogonal matrix with the degenerate heavy neutrino mass MN = 100 GeV. We have

performed the parameter scan to identify the allowed parameter region which satisfies the

experimental constraints from the electroweak precision measurements and the lepton-flavor

violations. For the allowed parameter region, we have found the upper bound on the mixing

parameters to be |R↵i|2 . 10�4, which is more severe than those obtained from the search

for heavy Majorana neutrinos at the current LHC experiments. The region |R↵i|2 . 10�4

we have found can be tested at the High-Luminosity LHC or at a 100 TeV pp-collider in the

future. We have also performed parameter scan for the e↵ective neutrino mass relevant to

the neutrinoless double beta decay and found the range of 0.00154  |m⌫

ee
|(eV)  0.00389
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(NH case) and 0.0167  |m⌫

ee
|(eV)  0.0473 (IH case), which are consistent with the current

experimental bound . 0.1 eV [83].

From Figs. 2 and 4, we can see that the upper bounds on the mixing parameters are ob-

tained for Y ⇠ 12. For such a Y value, the matrix in Eq. (19) is approximately proportional

to e2Y , and hence ✏ / e2Y /MN in Eq. (18) and the upper bound on e2Y /MN is determined

from the constraint of Eq (17). In this case, the mixing matrix is roughly proportional to

eY /
p
MN =

p
e2Y /MN and its upper bound is fixed accordingly. Although the value of

Y to yield the upper bound is a function of MN , the upper bounds on the mixing matrix

elements are almost independent of MN . However, the cross section of the heavy neutrino
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FIG. 5. Decay length of RHNs neutrinos as a function of lightest active neutrino mass for the NH

(IH) case in the left (right) panel for the three generations of RHNs with mN1 = 500 GeV, mN2 = 1

TeV and mN3 = 2 TeV. The upper (lower) curves correspond to the maximum (minimum) allowed

decay lifetime, taking into account various phenomenological constraints (see text). The horizontal

red (green) band indicates the typical range relevant for observable displaced vertex signal at the

LHC (MATHUSLA). The vertical shaded region is excluded by Planck upper limit on the sum of

neutrino masses.

Very interestingly, Lmax is controlled by the lightest neutrino mass eigenvalue mlighest, and

if mlighest is small enough, one RHN becomes long-lived even if its mass is of order of 1

TeV. This is contrary to the common lore that RHNs can be long-lived only for the sub-

electroweak scale mass range. We find that for mlighest . 10�5 eV (10�8 eV), the RHN can be

long-lived enough to be explored by the HL-LHC (MATHUSLA).2 For a di↵erent RHN mass

spectrum than that chosen in our illustrative benchmark, the corresponding decay lifetime

and the possibility of having a long-lived RHN can be easily obtained from Eqs. (31) and

(32).

In other words, once a displaced vertex signal is observed in future collider experiments,

we can measure the decay length and the mass of the RHN from the invariant mass of

its decay products. Fig. 5 indicates that with such measurements we can obtain an upper

bound on mlighest. On the other hand, the remaining two RHNs promptly decay to the SM

2 A detailed sensitivity study based on the expected number of events, which depends on other details, such

as the flavor of the final state lepton and the Lorentz boost factor of the RHN (which depends on the

specific production mode, i.e. the Z
0 boson mass in our case), is beyond the scope of this paper and is

postponed to a future work.
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FIG. 4. Proper decay distance c⌧N as a function of N mass and light-heavy neutrino mixing |VlN |
2.

The shaded region represents roughly the region that can be accessed with current DV searches at

CMS [65] and the ATLAS inner tracker [66].

A. Reach with ATLAS 1DV ID

The 8-TeV ATLAS 1DV ID search [64] looks for high track-multiplicity DVs in events

possessing at least one DV and either leptons, jets or missing transverse momenta. The

13-TeV version of the search in Ref. [66] only triggers on missing transverse momenta, but

provides a prescription to implement parametrized e�ciencies for DVs as a function of the

vertex invariant mass and number of charged tracks. Therefore, in this work we propose a

13-TeV search with the same displaced reconstruction but with a lepton trigger (as in the

8-TeV search).

The DV reconstruction in both 8- and 13-TeV searches is very similar to the experiment’s

recent search for displaced heavy neutrinos in Ref. [18]. Tunes of the former ATLAS multi-

track search to target at displaced neutrinos were proposed in Ref. [28], matching closely the

actual experimental cuts in Ref. [18]. Our vertex implementation in this work is basically

the same as done in Ref. [28].
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ATLAS − 1DV
Trigger Muon: |⌘| < 1.07 and pT > 55 GeV

Electron: |⌘| < 2.47 and pT > 120 GeV

DV region DV within 4 mm < rDV < 300 mm and |zDV | < 300 mm

DV selection Made from tracks with |d0| > 2 mm and with pT > 1 GeV

DV track multiplicity Ntrk � 4 and invariant mass mDV � 5 GeV

TABLE II. Cuts for the ATLAS 1DV ID proposed search. These are optimized as in Ref. [27],

and are inspired by the ATLAS search [64].

The event level e�ciency of this strategy, after all selections, is shown in Figure 5 for

the U(1)X model. The e�ciency has a cigar-like shape, and is bounded by the case when

the neutrinos are decaying either too promptly or too far away, outside of the detector’s

acceptance. For a fixed mass, such as mN = 100 GeV, and mixings bigger than ⇠ 10�10, the

neutrino already decays too promptly. The e�ciency in this case goes down with increasing

mixing for a fixed heavy neutrino mass. For fixed mixing and smaller masses, the neutrinos

are decaying outside of the tracker’s acceptance.

FIG. 5. Representative event level e�ciency of the ATLAS 1DV ID search as a function of mN

and |VµN |
2.
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CMS − 2DV
Trigger HT > 1000 GeV

Jet selection At least 4 jets with pT > 20 GeV and |⌘| < 2.5

DV region 2 DVs within 0.1 mm < rDV < 20 mm and dV V > 0.4 mm

DV selection Made from tracks with |d0| � 0.1 mm, pT > 20 GeV and |⌘| < 2.5.
P

pT � 350 GeV, correcting for b quarks.

TABLE III. Cuts for the CMS 2DV + jets search following the reinterpretation procedure in [65].

lived neutralinos �̃0
1 by quark-antiquark annihilation. The neutralino then decays into a top

anti-quark and a virtual top squark, and the virtual top squark decays into strange and

bottom anti-quarks. The model spectrum is generated with SOFTSUSY 3.6.1 [71], and is

read as input to Pythia8 using the SLHA structure [72].

Figure 8 shows our recast 95% CL limit taken with zero background and 3 signal events,

against the CMS exclusion for three di↵erent benchmarks.

FIG. 8. Validation of the 95% CL observed CMS upper limits [65] for three mass points in the

MFV RPV SUSY model: m
�̃
0
1
= 800, 1600, 2400 GeV.

The event-level e�ciency is shown in Figure 9 for the U(1)X model. We note the same
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FIG. 7. Number of signal events for the U(1)X model at
p
s = 13 TeV expected in L = 3000 fb�1

with the ATLAS 1DV ID search. Reach for mixings in the electron (left) and muon (right) sector

are shown.

with pair-produced long-lived particles. Here we validate this method3, which is based on

generator-level selections that approximately replicate the vertex-reconstruction e�ciency.

We reconstruct jets with FastJet 3.1.3 [70] using the anti-kt clustering algorithm with

jet radius parameter R = 0.4. At least four jets are required with pT > 20 GeV and |⌘| < 2.5.

The variable HT , which is the scalar sum of the pT of all generated jets with pT > 40 GeV,

is computed and events must have HT > 1000 GeV.

Two DVs are required, both within a transverse distance between 0.1 and 20 mm (near

the CMS beampipe). The two DVs must also be separated from each other in the transverse

plane, with distance dV V > 0.4 mm. All daughter particles coming from the DVs (namely,

u, d, s, c, b quarks and electrons, muons and tau leptons) must satisfy pT > 20 GeV and

|⌘| < 2.5, and have impact parameter |d0| � 0.1 mm. In addition, the sum of the pT of the

daughter particles has to be at least 350 GeV. When calculating this value, we multiply the

pT of b quarks by 0.65 to account for lower reconstruction e�ciency due to the long lifetime

of B hadrons, as instructed in Ref. [65]. All selections are summarized in Table III.

As no prior validation has been done before, we validate this search on a minimal flavour

violating model of R-parity violating supersymmetry (MFV RPV SUSY), same as the CMS

benchmark signal model. We generate events in Pythia8 [62] for pair production of long-

3 Another reinterpretation of this procedure in the context of Twin Higgs Doublet models was done recently

in Ref. [69].
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We show in Figure 6 the estimated number of signal events at 13 TeV and 3000 fb�1 for

both electron and muon mixing, for the U(1)B�L model. One can set a 95%CL exclusion

region with at least 3 signal events, which is reasonable to set as a requirement for discovery

in the absence of background. Analogous plots for the U(1)X model are shown in Figure 7. A

larger parameter region can be excluded in the U(1)X model due to its higher cross section,

although the strategy is sensitive to both models. Mixings as low as ⇠ 10�16 can be accessed
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sector are shown.

B. Reach with CMS 2DV + jets

The above search required at least one DV reconstructed in the inner tracker. Now

we explore the reach with a search requiring exactly two DVs. This has the immediate

advantage of being a search free from backgrounds. In addition, with the identification of

two DVs we can access the mass of the Z
0 boson, when combining the kinematics with DV

information [68].

The CMS search in Ref. [65] looked for two DVs in the CMS inner tracker in addition

to jets in the final state. The original search targeted at supersymmetric models, but the

collaboration provided a reinterpretation method for extending the results to other models
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FIG. 10. Number of signal events for the U(1)B�L model at
p
s = 13 TeV expected for L = 3000

fb�1 with the CMS 2DV+jets strategy. Reach for mixings in the electron (left) and muon (right)

sector are shown.
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Figure 6: Observed 95% confidence-level exclusion in |Uµ |2 (top) and |Ue |2 (bottom) versus the HNL mass for the
prompt signature (the region above the black line is excluded) and the displaced signature (the region enclosed by the
red line is excluded). The solid lines show limits assuming lepton-number violation (LNV) for 50% of the decays
and the long-dashed line shows the limit in the case of lepton-number conservation (LNC). The dotted lines show
expected limits and the bands indicate the ranges of expected limits obtained within 1� and 2� of the median limit,
reflecting uncertainties in signal and background yields.

7 Conclusions

A search for heavy neutral leptons (HNLs) produced in leptonic decays of on-shell W bosons has been
performed using data recorded by the ATLAS detector at the LHC in proton–proton collisions at a
centre-of-mass energy of 13 TeV corresponding to an integrated luminosity of up to 36.1 fb�1, using two
distinct signatures. The prompt signature requires three prompt leptons (either muons or electrons) with no
same-flavour opposite-charge configuration. It probes mean HNL proper decay lengths of 1 mm or less,
with the assumption of lepton-number violation. The displaced signature, explored for the first time at the
LHC, features a prompt muon accompanied by a vertex displaced in the radial direction by 4–300 mm
from the beam line containing two opposite-charge leptons (either two muons or a muon and an electron)
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Fig. 2 The plot shows the luminosity required to obtain 25 signal
events of the Z ′ boson as a function of xH , for fixed values of mZ ′ = 3
TeV and BR(N → Wµ) ≃ 0.5. The solid lines correspond to
mN1 = mZ ′/4 and mN2,3 > mZ ′/2; the dashed (dotted) lines corre-
spond to mN1,2 = mZ ′/4 and mN3 > mZ ′/2 (mN1,2,3 = mZ ′/4)

σ (pp → Z ′ → NN → µ±µ±W∓W∓)
σ (pp → Z ′ → ℓ+ℓ−)

≃0.1
25
L

. (8)

For a degenerate mass spectrum for the RHNs, σ (pp →
Z ′ → NN → µ±µ±W∓W∓) = σ (pp → Z ′ →
Ni
mN

i
m)×

!
i BR(Ni

mN
i
m → µ±µ±W∓W∓), and we obtain

L(fb−1) ≃250 ×
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i=1

BR(Ni
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i
m → µ±µ±W∓W∓)

× #(Z ′ → Ni
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i
m)

#(Z ′ → ℓ+ℓ−)
, (9)

where #(Z ′→Ni
m Ni

m )

#(Z ′→ℓ+ℓ−) is shown in the right panel of Fig. 1.
For the fixed values of mZ ′ = 3 TeV and BR(N →

Wµ) ≃ 0.5, we employ Eq. (9) and show the luminosity
(L) as a function of xH in Fig. 2. The solid lines corre-
spond to mN1 = mZ ′/4 and mN2,3 > mZ ′/2, while the
dashed (dotted) lines correspond to mN1,2 = mZ ′/4 and
mN3 > mZ ′/2 (mN1,2,3 = mZ ′/4 ). Hence, xH is con-
strained to be in the range of −2 ! xH ! 0. For example,
let us consider the case of xH = −1.2 for which the ratio
#(Z ′ → NN )/#(Z ′ → ℓ̄ℓ) reaches the maximum values
of 3.25, 6.50, and 9.75 for one, two, and three degener-
ate RHNs, respectively. Hence, we obtain the luminosities
L(fb−1) ≃102, 203 and 305 for one, two and three gener-
ations of degenerate RHNs, respectively. These luminosities
will be reached in the near future.

3 Alternative U(1)X model

There is another way to assign the B−L charges for the three
RHNs to achieve gauge anomaly cancellations. The B −L
charge −4 is assigned to the first two generation of RHNs
(N 1,2), while −5 for N 3 [38]. In addition to the SM particle

Table 2 New particle content of the alternative U(1)X model

SU(3)c SU(2)L U(1)Y U(1)X

N 1
R 1 1 0 −4

N 2
R 1 1 0 −4

N 3
R 1 1 0 5

HE 1 2 −1
2 (−1/2)xH + 3

$A 1 1 0 +8

$B 1 1 0 −10

2 doublet, 1 singlet

content, the new particle content of this “alternative U(1)X
model” is listed in Table 2. The U(1)X charge assignment for
the SM particles is exactly the same as in the minimal U(1)X
model. Here, we have introduced additional scalar fields, HE
and $A,B .5 The new Higgs doublet HE generates the Dirac
masses for the neutrinos, while the singlet scalars $A and $B
generate Majorana masses for N 1,2

R and N 3
R , respectively.

The Yukawa sector of the SM is extended to include

LY ⊃−
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We assume a suitable scalar potential for H , HE , $A, and
$B , in which these scalars develop their vacuum expectation
values as follows:

⟨H⟩ =
#
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, (11)

where we require that v2
h + ṽ2

h = (246 GeV)2. Associated
with the U(1)X symmetry breaking, the RHNs and the U(1)X
gauge boson (Z ′) acquire their masses as
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After the electroweak symmetry breaking, the neutrino Dirac
masses,

mi j
D = Y i j

D√
2
ṽh , (13)

5 One may consider an extended particle content (and some additional
global symmetry) to forbid the seesaw mechanism at the tree level and
generate neutrino mass at the quantum levels [39,40].
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SU(3)c SU(2)L U(1)Y U(1)X

qLi 3 2 1/6 (1/6)xH + (1/3)

uRi 3 1 2/3 (2/3)xH + (1/3)

dRi 3 1 �1/3 �(1/3)xH + (1/3)

`Li 1 2 �1/2 (�1/2)xH � 1

eRi 1 1 �1 �xH � 1

H 1 2 �1/2 (�1/2)xH

NR1,2 1 1 0 �4

NR3 1 1 0 +5

HE 1 2 �1/2 (�1/2)xH + 3

�A 1 1 0 +8

�B 1 1 0 �10

�C 1 1 0 �3

TABLE II. Minimal particle content of the “alternative” U(1)X -extended SM. In addition to the SM

particle content, three RHNs (NRi) and three new Higgs fields (HE ,�A,�B, �C) are introduced.

Here i = 1, 2, 3 stands for the family index and xH is a real parameter.

same charge for two RHNs among three RHNs in total, this alternative charge assignment

is a unique choice in order to cancel all the anomalies [86].

For generating neutrino masses, we have introduced additional scalar fields: one SU(2)

doublet HE and two SM-singlets �A,B,C . The new Higgs doublet (HE) generates the neu-

trino Dirac masses, while the SM-singlet scalars generate the Majorana mass terms for

{NR,1, NR,2} and NR,3, respectively. The Yukawa Lagrangian of the SM is extended to

include

�LY �

3X

i=1

2X

j=1

Y ij

D
`LiHENRj +

1

2

2X

k=1

Y A,k

N
NC
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�ANRk

+
1

2
Y B

N
NC

R3
�BNR3 +H.c. , (6)

where we have assumed a basis in which Y A

N
is diagonal, without loss of generality. We also

assume a suitable potential for the Higgs fields H, HE, �A, �B and �C to develop their

7

Possible alternative B − L, with xH = 0

Detailed scalar sector study
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Fig. 3 For the alternative U(1)X model, the left panel shows the
branching ratios of Z ′ as a function of xH with a fixed mZ ′ = 3 TeV.
The solid lines correspond to mN1 = mZ ′/4 and mN2 > mZ ′/2, and
the dashed lines correspond to mN1,2 = mZ ′/4. From top to bottom, the
solid (red, black and blue) lines at xH = − 1 are the branching ratios to
the first generations of jets (up and down quarks), RHNs, and charged

leptons, respectively. The lines for the RHN final states correspond to
the sum of the branching ratio to all possible RHNs. In the right panel,
we show the ratio of the partial decay widths of Z ′ boson into RHNs
and dilepton final states. The line codings are the same as in the left
panel

are generated, and hence the seesaw mechanism is automat-
ically implemented.

Let us now consider the branching ratios for Z ′ decay.
Note that in the alternative U(1)X model, the charge assign-
ment ensures the stability of N 3

R and it is naturally a dark
matter (DM) candidate [41]. We may consider the scenario
where the DM particle N 3 mainly communicates with the
SM sector via Z ′ boson exchange (Z ′ portal DM). In this
case, we expect that the relic abundance constraint leads to
m3

N ≃ mZ ′/2. In the following, we consider this case and
the partial decay width of the Z ′ into N 3 is neglected. The Z ′

boson decay width formulas are given by Eqs. (5) and (6). In
the alternative U(1)X model, QNR = − 4 for N 1,2

R in Eq. (6).
For the alternative U(1)X model with a fixedmZ ′ = 3 TeV,

we show the Z ′ branching ratios In the left panel of Fig. 3. The
solid lines correspond to mN1 = mZ ′/4 and mN2, > mZ ′/2.
The dashed lines correspond to mN1,2 = mZ ′/4. For the SM
final states, we show branching ratios to only the first gen-
eration dilepton and jets (sum of the jets from up and down
quarks). The lines for the RHN final states correspond to the
sum of the branching ratio to all possible RHNs. The plot
shows the enhancement of RHNs branching ratios around
xH = − 0.8, with the maximum values of the branching
ratios, 0.612 and 0.760, for the cases with one and two
generations of RHNs, respectively. Note that even for the
B − L limit (xH = 0), the branching ratios are remarkably
enhanced, 0.444 and 0.615, compared to those obtained for
the conventional charge assignment, 0.05 and 0.09, respec-
tively.

In the right panel, we show the ratio of the partial decay
widths into a pair of NN and dilepton final states (see Eq. (7)).
For U(1)X model with alternative charge assignment, we find
the peaks in the ratio at xH = − 1.2, with the maximum

Fig. 4 The plot shows the luminosity required to obtain 25 signal
events of the Z ′ boson as a function of xH , for fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5. The solid line corresponds to
mN1 = mZ ′/4 and mN2 > mZ ′/2, while the dashed line corresponds to
mN1,2 = mZ ′/4. The vertical solid line marks the B − L limit (xH = 0).
The solid horizontal line corresponds to a luminosity value of 300 fb− 1
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values of 52.0 and 104, respectively. Note that even for the
B − L limit (xH = 0), we have significant enhancements
for the ratios of the partial decay widths with the maximum
values of 5.20 and 10.4, respectively, compared to 0.5 for
the conventional charge assignment. The maximum values
of the enhancement factor for xH = − 1.2 are sufficiently
large for the RHN discovery with a same-sign dimuon and a
boosted diboson final state (see Eq. (2)).

Let us now consider the luminosity required for 25 signal
events of the Z ′ boson production. For fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5, we employ Eq. (9)
and show the luminosity (L) as a function of xH in Fig. 4. The
solid line corresponds to mN1 = mZ ′/4 and mN2 > mZ ′/2,
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are generated, and hence the seesaw mechanism is automat-
ically implemented.

Let us now consider the branching ratios for Z ′ decay.
Note that in the alternative U(1)X model, the charge assign-
ment ensures the stability of N 3

R and it is naturally a dark
matter (DM) candidate [41]. We may consider the scenario
where the DM particle N 3 mainly communicates with the
SM sector via Z ′ boson exchange (Z ′ portal DM). In this
case, we expect that the relic abundance constraint leads to
m3

N ≃ mZ ′/2. In the following, we consider this case and
the partial decay width of the Z ′ into N 3 is neglected. The Z ′

boson decay width formulas are given by Eqs. (5) and (6). In
the alternative U(1)X model, QNR = − 4 for N 1,2

R in Eq. (6).
For the alternative U(1)X model with a fixedmZ ′ = 3 TeV,

we show the Z ′ branching ratios In the left panel of Fig. 3. The
solid lines correspond to mN1 = mZ ′/4 and mN2, > mZ ′/2.
The dashed lines correspond to mN1,2 = mZ ′/4. For the SM
final states, we show branching ratios to only the first gen-
eration dilepton and jets (sum of the jets from up and down
quarks). The lines for the RHN final states correspond to the
sum of the branching ratio to all possible RHNs. The plot
shows the enhancement of RHNs branching ratios around
xH = − 0.8, with the maximum values of the branching
ratios, 0.612 and 0.760, for the cases with one and two
generations of RHNs, respectively. Note that even for the
B − L limit (xH = 0), the branching ratios are remarkably
enhanced, 0.444 and 0.615, compared to those obtained for
the conventional charge assignment, 0.05 and 0.09, respec-
tively.

In the right panel, we show the ratio of the partial decay
widths into a pair of NN and dilepton final states (see Eq. (7)).
For U(1)X model with alternative charge assignment, we find
the peaks in the ratio at xH = − 1.2, with the maximum

Fig. 4 The plot shows the luminosity required to obtain 25 signal
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values of 52.0 and 104, respectively. Note that even for the
B − L limit (xH = 0), we have significant enhancements
for the ratios of the partial decay widths with the maximum
values of 5.20 and 10.4, respectively, compared to 0.5 for
the conventional charge assignment. The maximum values
of the enhancement factor for xH = − 1.2 are sufficiently
large for the RHN discovery with a same-sign dimuon and a
boosted diboson final state (see Eq. (2)).

Let us now consider the luminosity required for 25 signal
events of the Z ′ boson production. For fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5, we employ Eq. (9)
and show the luminosity (L) as a function of xH in Fig. 4. The
solid line corresponds to mN1 = mZ ′/4 and mN2 > mZ ′/2,
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are generated, and hence the seesaw mechanism is automat-
ically implemented.

Let us now consider the branching ratios for Z ′ decay.
Note that in the alternative U(1)X model, the charge assign-
ment ensures the stability of N 3

R and it is naturally a dark
matter (DM) candidate [41]. We may consider the scenario
where the DM particle N 3 mainly communicates with the
SM sector via Z ′ boson exchange (Z ′ portal DM). In this
case, we expect that the relic abundance constraint leads to
m3

N ≃ mZ ′/2. In the following, we consider this case and
the partial decay width of the Z ′ into N 3 is neglected. The Z ′

boson decay width formulas are given by Eqs. (5) and (6). In
the alternative U(1)X model, QNR = − 4 for N 1,2

R in Eq. (6).
For the alternative U(1)X model with a fixedmZ ′ = 3 TeV,

we show the Z ′ branching ratios In the left panel of Fig. 3. The
solid lines correspond to mN1 = mZ ′/4 and mN2, > mZ ′/2.
The dashed lines correspond to mN1,2 = mZ ′/4. For the SM
final states, we show branching ratios to only the first gen-
eration dilepton and jets (sum of the jets from up and down
quarks). The lines for the RHN final states correspond to the
sum of the branching ratio to all possible RHNs. The plot
shows the enhancement of RHNs branching ratios around
xH = − 0.8, with the maximum values of the branching
ratios, 0.612 and 0.760, for the cases with one and two
generations of RHNs, respectively. Note that even for the
B − L limit (xH = 0), the branching ratios are remarkably
enhanced, 0.444 and 0.615, compared to those obtained for
the conventional charge assignment, 0.05 and 0.09, respec-
tively.

In the right panel, we show the ratio of the partial decay
widths into a pair of NN and dilepton final states (see Eq. (7)).
For U(1)X model with alternative charge assignment, we find
the peaks in the ratio at xH = − 1.2, with the maximum

Fig. 4 The plot shows the luminosity required to obtain 25 signal
events of the Z ′ boson as a function of xH , for fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5. The solid line corresponds to
mN1 = mZ ′/4 and mN2 > mZ ′/2, while the dashed line corresponds to
mN1,2 = mZ ′/4. The vertical solid line marks the B − L limit (xH = 0).
The solid horizontal line corresponds to a luminosity value of 300 fb− 1
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and a diboson final states

values of 52.0 and 104, respectively. Note that even for the
B − L limit (xH = 0), we have significant enhancements
for the ratios of the partial decay widths with the maximum
values of 5.20 and 10.4, respectively, compared to 0.5 for
the conventional charge assignment. The maximum values
of the enhancement factor for xH = − 1.2 are sufficiently
large for the RHN discovery with a same-sign dimuon and a
boosted diboson final state (see Eq. (2)).

Let us now consider the luminosity required for 25 signal
events of the Z ′ boson production. For fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5, we employ Eq. (9)
and show the luminosity (L) as a function of xH in Fig. 4. The
solid line corresponds to mN1 = mZ ′/4 and mN2 > mZ ′/2,
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leptons, respectively. The lines for the RHN final states correspond to
the sum of the branching ratio to all possible RHNs. In the right panel,
we show the ratio of the partial decay widths of Z ′ boson into RHNs
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are generated, and hence the seesaw mechanism is automat-
ically implemented.

Let us now consider the branching ratios for Z ′ decay.
Note that in the alternative U(1)X model, the charge assign-
ment ensures the stability of N 3

R and it is naturally a dark
matter (DM) candidate [41]. We may consider the scenario
where the DM particle N 3 mainly communicates with the
SM sector via Z ′ boson exchange (Z ′ portal DM). In this
case, we expect that the relic abundance constraint leads to
m3

N ≃ mZ ′/2. In the following, we consider this case and
the partial decay width of the Z ′ into N 3 is neglected. The Z ′

boson decay width formulas are given by Eqs. (5) and (6). In
the alternative U(1)X model, QNR = − 4 for N 1,2

R in Eq. (6).
For the alternative U(1)X model with a fixedmZ ′ = 3 TeV,

we show the Z ′ branching ratios In the left panel of Fig. 3. The
solid lines correspond to mN1 = mZ ′/4 and mN2, > mZ ′/2.
The dashed lines correspond to mN1,2 = mZ ′/4. For the SM
final states, we show branching ratios to only the first gen-
eration dilepton and jets (sum of the jets from up and down
quarks). The lines for the RHN final states correspond to the
sum of the branching ratio to all possible RHNs. The plot
shows the enhancement of RHNs branching ratios around
xH = − 0.8, with the maximum values of the branching
ratios, 0.612 and 0.760, for the cases with one and two
generations of RHNs, respectively. Note that even for the
B − L limit (xH = 0), the branching ratios are remarkably
enhanced, 0.444 and 0.615, compared to those obtained for
the conventional charge assignment, 0.05 and 0.09, respec-
tively.

In the right panel, we show the ratio of the partial decay
widths into a pair of NN and dilepton final states (see Eq. (7)).
For U(1)X model with alternative charge assignment, we find
the peaks in the ratio at xH = − 1.2, with the maximum

Fig. 4 The plot shows the luminosity required to obtain 25 signal
events of the Z ′ boson as a function of xH , for fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5. The solid line corresponds to
mN1 = mZ ′/4 and mN2 > mZ ′/2, while the dashed line corresponds to
mN1,2 = mZ ′/4. The vertical solid line marks the B − L limit (xH = 0).
The solid horizontal line corresponds to a luminosity value of 300 fb− 1

required for the discovery of RHNs at the future LHC with a dimuon
and a diboson final states

values of 52.0 and 104, respectively. Note that even for the
B − L limit (xH = 0), we have significant enhancements
for the ratios of the partial decay widths with the maximum
values of 5.20 and 10.4, respectively, compared to 0.5 for
the conventional charge assignment. The maximum values
of the enhancement factor for xH = − 1.2 are sufficiently
large for the RHN discovery with a same-sign dimuon and a
boosted diboson final state (see Eq. (2)).

Let us now consider the luminosity required for 25 signal
events of the Z ′ boson production. For fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5, we employ Eq. (9)
and show the luminosity (L) as a function of xH in Fig. 4. The
solid line corresponds to mN1 = mZ ′/4 and mN2 > mZ ′/2,
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are generated, and hence the seesaw mechanism is automat-
ically implemented.

Let us now consider the branching ratios for Z ′ decay.
Note that in the alternative U(1)X model, the charge assign-
ment ensures the stability of N 3

R and it is naturally a dark
matter (DM) candidate [41]. We may consider the scenario
where the DM particle N 3 mainly communicates with the
SM sector via Z ′ boson exchange (Z ′ portal DM). In this
case, we expect that the relic abundance constraint leads to
m3

N ≃ mZ ′/2. In the following, we consider this case and
the partial decay width of the Z ′ into N 3 is neglected. The Z ′

boson decay width formulas are given by Eqs. (5) and (6). In
the alternative U(1)X model, QNR = − 4 for N 1,2

R in Eq. (6).
For the alternative U(1)X model with a fixedmZ ′ = 3 TeV,

we show the Z ′ branching ratios In the left panel of Fig. 3. The
solid lines correspond to mN1 = mZ ′/4 and mN2, > mZ ′/2.
The dashed lines correspond to mN1,2 = mZ ′/4. For the SM
final states, we show branching ratios to only the first gen-
eration dilepton and jets (sum of the jets from up and down
quarks). The lines for the RHN final states correspond to the
sum of the branching ratio to all possible RHNs. The plot
shows the enhancement of RHNs branching ratios around
xH = − 0.8, with the maximum values of the branching
ratios, 0.612 and 0.760, for the cases with one and two
generations of RHNs, respectively. Note that even for the
B − L limit (xH = 0), the branching ratios are remarkably
enhanced, 0.444 and 0.615, compared to those obtained for
the conventional charge assignment, 0.05 and 0.09, respec-
tively.

In the right panel, we show the ratio of the partial decay
widths into a pair of NN and dilepton final states (see Eq. (7)).
For U(1)X model with alternative charge assignment, we find
the peaks in the ratio at xH = − 1.2, with the maximum

Fig. 4 The plot shows the luminosity required to obtain 25 signal
events of the Z ′ boson as a function of xH , for fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5. The solid line corresponds to
mN1 = mZ ′/4 and mN2 > mZ ′/2, while the dashed line corresponds to
mN1,2 = mZ ′/4. The vertical solid line marks the B − L limit (xH = 0).
The solid horizontal line corresponds to a luminosity value of 300 fb− 1

required for the discovery of RHNs at the future LHC with a dimuon
and a diboson final states

values of 52.0 and 104, respectively. Note that even for the
B − L limit (xH = 0), we have significant enhancements
for the ratios of the partial decay widths with the maximum
values of 5.20 and 10.4, respectively, compared to 0.5 for
the conventional charge assignment. The maximum values
of the enhancement factor for xH = − 1.2 are sufficiently
large for the RHN discovery with a same-sign dimuon and a
boosted diboson final state (see Eq. (2)).

Let us now consider the luminosity required for 25 signal
events of the Z ′ boson production. For fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5, we employ Eq. (9)
and show the luminosity (L) as a function of xH in Fig. 4. The
solid line corresponds to mN1 = mZ ′/4 and mN2 > mZ ′/2,
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the first generations of jets (up and down quarks), RHNs, and charged

leptons, respectively. The lines for the RHN final states correspond to
the sum of the branching ratio to all possible RHNs. In the right panel,
we show the ratio of the partial decay widths of Z ′ boson into RHNs
and dilepton final states. The line codings are the same as in the left
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are generated, and hence the seesaw mechanism is automat-
ically implemented.

Let us now consider the branching ratios for Z ′ decay.
Note that in the alternative U(1)X model, the charge assign-
ment ensures the stability of N 3

R and it is naturally a dark
matter (DM) candidate [41]. We may consider the scenario
where the DM particle N 3 mainly communicates with the
SM sector via Z ′ boson exchange (Z ′ portal DM). In this
case, we expect that the relic abundance constraint leads to
m3

N ≃ mZ ′/2. In the following, we consider this case and
the partial decay width of the Z ′ into N 3 is neglected. The Z ′

boson decay width formulas are given by Eqs. (5) and (6). In
the alternative U(1)X model, QNR = − 4 for N 1,2

R in Eq. (6).
For the alternative U(1)X model with a fixedmZ ′ = 3 TeV,

we show the Z ′ branching ratios In the left panel of Fig. 3. The
solid lines correspond to mN1 = mZ ′/4 and mN2, > mZ ′/2.
The dashed lines correspond to mN1,2 = mZ ′/4. For the SM
final states, we show branching ratios to only the first gen-
eration dilepton and jets (sum of the jets from up and down
quarks). The lines for the RHN final states correspond to the
sum of the branching ratio to all possible RHNs. The plot
shows the enhancement of RHNs branching ratios around
xH = − 0.8, with the maximum values of the branching
ratios, 0.612 and 0.760, for the cases with one and two
generations of RHNs, respectively. Note that even for the
B − L limit (xH = 0), the branching ratios are remarkably
enhanced, 0.444 and 0.615, compared to those obtained for
the conventional charge assignment, 0.05 and 0.09, respec-
tively.

In the right panel, we show the ratio of the partial decay
widths into a pair of NN and dilepton final states (see Eq. (7)).
For U(1)X model with alternative charge assignment, we find
the peaks in the ratio at xH = − 1.2, with the maximum

Fig. 4 The plot shows the luminosity required to obtain 25 signal
events of the Z ′ boson as a function of xH , for fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5. The solid line corresponds to
mN1 = mZ ′/4 and mN2 > mZ ′/2, while the dashed line corresponds to
mN1,2 = mZ ′/4. The vertical solid line marks the B − L limit (xH = 0).
The solid horizontal line corresponds to a luminosity value of 300 fb− 1

required for the discovery of RHNs at the future LHC with a dimuon
and a diboson final states

values of 52.0 and 104, respectively. Note that even for the
B − L limit (xH = 0), we have significant enhancements
for the ratios of the partial decay widths with the maximum
values of 5.20 and 10.4, respectively, compared to 0.5 for
the conventional charge assignment. The maximum values
of the enhancement factor for xH = − 1.2 are sufficiently
large for the RHN discovery with a same-sign dimuon and a
boosted diboson final state (see Eq. (2)).

Let us now consider the luminosity required for 25 signal
events of the Z ′ boson production. For fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5, we employ Eq. (9)
and show the luminosity (L) as a function of xH in Fig. 4. The
solid line corresponds to mN1 = mZ ′/4 and mN2 > mZ ′/2,
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we show the ratio of the partial decay widths of Z ′ boson into RHNs
and dilepton final states. The line codings are the same as in the left
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are generated, and hence the seesaw mechanism is automat-
ically implemented.

Let us now consider the branching ratios for Z ′ decay.
Note that in the alternative U(1)X model, the charge assign-
ment ensures the stability of N 3

R and it is naturally a dark
matter (DM) candidate [41]. We may consider the scenario
where the DM particle N 3 mainly communicates with the
SM sector via Z ′ boson exchange (Z ′ portal DM). In this
case, we expect that the relic abundance constraint leads to
m3

N ≃ mZ ′/2. In the following, we consider this case and
the partial decay width of the Z ′ into N 3 is neglected. The Z ′

boson decay width formulas are given by Eqs. (5) and (6). In
the alternative U(1)X model, QNR = − 4 for N 1,2

R in Eq. (6).
For the alternative U(1)X model with a fixedmZ ′ = 3 TeV,

we show the Z ′ branching ratios In the left panel of Fig. 3. The
solid lines correspond to mN1 = mZ ′/4 and mN2, > mZ ′/2.
The dashed lines correspond to mN1,2 = mZ ′/4. For the SM
final states, we show branching ratios to only the first gen-
eration dilepton and jets (sum of the jets from up and down
quarks). The lines for the RHN final states correspond to the
sum of the branching ratio to all possible RHNs. The plot
shows the enhancement of RHNs branching ratios around
xH = − 0.8, with the maximum values of the branching
ratios, 0.612 and 0.760, for the cases with one and two
generations of RHNs, respectively. Note that even for the
B − L limit (xH = 0), the branching ratios are remarkably
enhanced, 0.444 and 0.615, compared to those obtained for
the conventional charge assignment, 0.05 and 0.09, respec-
tively.

In the right panel, we show the ratio of the partial decay
widths into a pair of NN and dilepton final states (see Eq. (7)).
For U(1)X model with alternative charge assignment, we find
the peaks in the ratio at xH = − 1.2, with the maximum

Fig. 4 The plot shows the luminosity required to obtain 25 signal
events of the Z ′ boson as a function of xH , for fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5. The solid line corresponds to
mN1 = mZ ′/4 and mN2 > mZ ′/2, while the dashed line corresponds to
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The solid horizontal line corresponds to a luminosity value of 300 fb− 1

required for the discovery of RHNs at the future LHC with a dimuon
and a diboson final states

values of 52.0 and 104, respectively. Note that even for the
B − L limit (xH = 0), we have significant enhancements
for the ratios of the partial decay widths with the maximum
values of 5.20 and 10.4, respectively, compared to 0.5 for
the conventional charge assignment. The maximum values
of the enhancement factor for xH = − 1.2 are sufficiently
large for the RHN discovery with a same-sign dimuon and a
boosted diboson final state (see Eq. (2)).

Let us now consider the luminosity required for 25 signal
events of the Z ′ boson production. For fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5, we employ Eq. (9)
and show the luminosity (L) as a function of xH in Fig. 4. The
solid line corresponds to mN1 = mZ ′/4 and mN2 > mZ ′/2,
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Fig. 3 For the alternative U(1)X model, the left panel shows the
branching ratios of Z ′ as a function of xH with a fixed mZ ′ = 3 TeV.
The solid lines correspond to mN1 = mZ ′/4 and mN2 > mZ ′/2, and
the dashed lines correspond to mN1,2 = mZ ′/4. From top to bottom, the
solid (red, black and blue) lines at xH = − 1 are the branching ratios to
the first generations of jets (up and down quarks), RHNs, and charged

leptons, respectively. The lines for the RHN final states correspond to
the sum of the branching ratio to all possible RHNs. In the right panel,
we show the ratio of the partial decay widths of Z ′ boson into RHNs
and dilepton final states. The line codings are the same as in the left
panel

are generated, and hence the seesaw mechanism is automat-
ically implemented.

Let us now consider the branching ratios for Z ′ decay.
Note that in the alternative U(1)X model, the charge assign-
ment ensures the stability of N 3

R and it is naturally a dark
matter (DM) candidate [41]. We may consider the scenario
where the DM particle N 3 mainly communicates with the
SM sector via Z ′ boson exchange (Z ′ portal DM). In this
case, we expect that the relic abundance constraint leads to
m3

N ≃ mZ ′/2. In the following, we consider this case and
the partial decay width of the Z ′ into N 3 is neglected. The Z ′

boson decay width formulas are given by Eqs. (5) and (6). In
the alternative U(1)X model, QNR = − 4 for N 1,2

R in Eq. (6).
For the alternative U(1)X model with a fixedmZ ′ = 3 TeV,

we show the Z ′ branching ratios In the left panel of Fig. 3. The
solid lines correspond to mN1 = mZ ′/4 and mN2, > mZ ′/2.
The dashed lines correspond to mN1,2 = mZ ′/4. For the SM
final states, we show branching ratios to only the first gen-
eration dilepton and jets (sum of the jets from up and down
quarks). The lines for the RHN final states correspond to the
sum of the branching ratio to all possible RHNs. The plot
shows the enhancement of RHNs branching ratios around
xH = − 0.8, with the maximum values of the branching
ratios, 0.612 and 0.760, for the cases with one and two
generations of RHNs, respectively. Note that even for the
B − L limit (xH = 0), the branching ratios are remarkably
enhanced, 0.444 and 0.615, compared to those obtained for
the conventional charge assignment, 0.05 and 0.09, respec-
tively.

In the right panel, we show the ratio of the partial decay
widths into a pair of NN and dilepton final states (see Eq. (7)).
For U(1)X model with alternative charge assignment, we find
the peaks in the ratio at xH = − 1.2, with the maximum

Fig. 4 The plot shows the luminosity required to obtain 25 signal
events of the Z ′ boson as a function of xH , for fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5. The solid line corresponds to
mN1 = mZ ′/4 and mN2 > mZ ′/2, while the dashed line corresponds to
mN1,2 = mZ ′/4. The vertical solid line marks the B − L limit (xH = 0).
The solid horizontal line corresponds to a luminosity value of 300 fb− 1

required for the discovery of RHNs at the future LHC with a dimuon
and a diboson final states

values of 52.0 and 104, respectively. Note that even for the
B − L limit (xH = 0), we have significant enhancements
for the ratios of the partial decay widths with the maximum
values of 5.20 and 10.4, respectively, compared to 0.5 for
the conventional charge assignment. The maximum values
of the enhancement factor for xH = − 1.2 are sufficiently
large for the RHN discovery with a same-sign dimuon and a
boosted diboson final state (see Eq. (2)).

Let us now consider the luminosity required for 25 signal
events of the Z ′ boson production. For fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5, we employ Eq. (9)
and show the luminosity (L) as a function of xH in Fig. 4. The
solid line corresponds to mN1 = mZ ′/4 and mN2 > mZ ′/2,
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Fig. 3 For the alternative U(1)X model, the left panel shows the
branching ratios of Z ′ as a function of xH with a fixed mZ ′ = 3 TeV.
The solid lines correspond to mN1 = mZ ′/4 and mN2 > mZ ′/2, and
the dashed lines correspond to mN1,2 = mZ ′/4. From top to bottom, the
solid (red, black and blue) lines at xH = − 1 are the branching ratios to
the first generations of jets (up and down quarks), RHNs, and charged

leptons, respectively. The lines for the RHN final states correspond to
the sum of the branching ratio to all possible RHNs. In the right panel,
we show the ratio of the partial decay widths of Z ′ boson into RHNs
and dilepton final states. The line codings are the same as in the left
panel
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ically implemented.

Let us now consider the branching ratios for Z ′ decay.
Note that in the alternative U(1)X model, the charge assign-
ment ensures the stability of N 3

R and it is naturally a dark
matter (DM) candidate [41]. We may consider the scenario
where the DM particle N 3 mainly communicates with the
SM sector via Z ′ boson exchange (Z ′ portal DM). In this
case, we expect that the relic abundance constraint leads to
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N ≃ mZ ′/2. In the following, we consider this case and
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boson decay width formulas are given by Eqs. (5) and (6). In
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R in Eq. (6).
For the alternative U(1)X model with a fixedmZ ′ = 3 TeV,

we show the Z ′ branching ratios In the left panel of Fig. 3. The
solid lines correspond to mN1 = mZ ′/4 and mN2, > mZ ′/2.
The dashed lines correspond to mN1,2 = mZ ′/4. For the SM
final states, we show branching ratios to only the first gen-
eration dilepton and jets (sum of the jets from up and down
quarks). The lines for the RHN final states correspond to the
sum of the branching ratio to all possible RHNs. The plot
shows the enhancement of RHNs branching ratios around
xH = − 0.8, with the maximum values of the branching
ratios, 0.612 and 0.760, for the cases with one and two
generations of RHNs, respectively. Note that even for the
B − L limit (xH = 0), the branching ratios are remarkably
enhanced, 0.444 and 0.615, compared to those obtained for
the conventional charge assignment, 0.05 and 0.09, respec-
tively.

In the right panel, we show the ratio of the partial decay
widths into a pair of NN and dilepton final states (see Eq. (7)).
For U(1)X model with alternative charge assignment, we find
the peaks in the ratio at xH = − 1.2, with the maximum

Fig. 4 The plot shows the luminosity required to obtain 25 signal
events of the Z ′ boson as a function of xH , for fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5. The solid line corresponds to
mN1 = mZ ′/4 and mN2 > mZ ′/2, while the dashed line corresponds to
mN1,2 = mZ ′/4. The vertical solid line marks the B − L limit (xH = 0).
The solid horizontal line corresponds to a luminosity value of 300 fb− 1

required for the discovery of RHNs at the future LHC with a dimuon
and a diboson final states

values of 52.0 and 104, respectively. Note that even for the
B − L limit (xH = 0), we have significant enhancements
for the ratios of the partial decay widths with the maximum
values of 5.20 and 10.4, respectively, compared to 0.5 for
the conventional charge assignment. The maximum values
of the enhancement factor for xH = − 1.2 are sufficiently
large for the RHN discovery with a same-sign dimuon and a
boosted diboson final state (see Eq. (2)).

Let us now consider the luminosity required for 25 signal
events of the Z ′ boson production. For fixed values of the
mZ ′ = 3 TeV and BR(N → Wµ) ≃ 0.5, we employ Eq. (9)
and show the luminosity (L) as a function of xH in Fig. 4. The
solid line corresponds to mN1 = mZ ′/4 and mN2 > mZ ′/2,

123

696 Page 4 of 11 Eur. Phys. J. C (2018) 78 :696

3 2 1 0 1 2
0.00

0.05

0.10

0.15

0.20

0.25

0.30

xH

3 2 1 0 1
0

2

4

6

8

10

xH

Z'
N
N

Z'
ll

Fig. 1 For the minimal U(1)X model, the left panel shows the branch-
ing ratios of Z ′ as a function of xH with a fixed mZ ′ = 3 TeV. The
solid lines correspond to mN1 = mZ ′/4 and mN2,3 > mZ ′/2; the
dashed (dotted) lines correspond to mN1,2 = mZ ′/4 and mN3 > mZ ′/2
(mN1,2,3 = mZ ′/4 ). From top to bottom, the solid (red, black and blue)
lines at xH = − 1 are the branching ratios to the first generations of jets

(up and down quarks), RHNs, and charged leptons, respectively. The
lines for the RHN final states correspond to the sum of the branching
ratio to all possible RHNs. In the right panel, we show the ratio of the
partial decay widths of Z ′ boson into RHNs and dilepton final states.
The line codings are the same as in the left panel

usedm2
fL

≪ m2
Z ′ in the final expression. Similarly, the partial

Z ′ boson decay width into a pair of single generation of
Majorana RHNs is given by

!(Z ′ → NN ) = g 2
X

24π
Q2

NR
mZ ′

!

1 − 4m2
N

m2
Z ′

"3/2

, (6)

where, mN and QNR are the mass and the U(1)X charge of
the RHN, respectively.

In the left panel of Fig. 1, we show the Z ′ branching ratios
for the minimal U(1)X model with a fixed mZ ′ = 3 TeV. The
solid lines correspond to mN1 = mZ ′/4 and mN2,3 > mZ ′/2;
the dashed (dotted) line corresponds to mN1,2 = mZ ′/4 and
mN3 > mZ ′/2 (mN1,2,3 = mZ ′/4). For the SM final states, we
show branching ratios to only the first generation dilepton and
jets (sum of the jets from up and down quarks). The lines for
the RHN final states correspond to the sum of the branching
ratio to all possible RHNs. The plot shows the enhancement
of the branching ratios into RHNs around xH = − 0.8, with
the maximum values of the branching ratios, 0.09, 0.16, and
0.23, for the cases with one, two, and three generations of
RHNs, respectively. For the minimal B − L model (xH = 0),
the branching ratios are only 0.05, 0.09, and 0.13, respec-
tively.

As discussed in Sect. 1, the discovery of RHNs at the col-
lider via the Z ′ decay requires some enhancement of the RHN
production cross section, because the LHC Run-2 results
already set the very severe upper bound on the Z ′ production
cross section with the dilepton final states. To see how much
enhancement can be achieved in the minimal U(1)X model,
let us now consider a ratio of the partial decay widths into
a pair of NN and dilepton final states, which is nothing but
the ratio of the NN and dilepton production cross section.
Using Eqs. (5) and (6), this ratio is given by

!(Z ′ → NN )

!(Z ′ → ℓ̄ℓ)
=

4Q2
NR

8 + 12xH + 5x2
H

!

1 − 4m2
N

m2
Z ′

"3/2

, (7)

for only one generation of RHNs and charged leptons in the
final states.

In the right panel of Fig. 1, we show the ratio as a function
of xH . We find the peaks at xH = − 1.2 with the maximum
values of 3.25, 6.50, and 9.75, respectively.4 Although we
have obtained remarkable enhancement factors, these are not
large enough, compared to the values required in the worst
case scenario (see Eq. (2)). Since the enhancement required
for the trilepton final states is extremely large, we focus on
the same sign dilepton and diboson final states in the rest of
this section.

Let us now consider an optimistic case and assume that
the Z ′ boson has been discovered at the LHC. In this case, we
remove the constraint σ (pp → Z ′ → ℓ+ℓ− ) ! 2.4 × 10− 2

fb. According to [17], the cross section required for the 5σ

discovery of the RHNs at the LHC with a 300 fb− 1 luminos-
ity is σ (pp → Z ′ → NN → µ±µ±W∓W∓) ≃ 0.1 fb.
Although it is difficult for us to evaluate systematic errors,
we here very naively require ad-hoc benchmark number of
signal events to be 25 for the discovery of the Z ′ boson pro-
duction, since the number of SM background events for a
high Z ′ boson mass region (mZ ′ " 3 TeV) is very small.
Hence, we estimate the luminosity (L) for 25 signal events
of the Z ′ boson production as follows:

4 In the left panel of Fig. 1, we can see that the branching ratio to the
dijet final states is also significantly enhanced. As we have commented
in Ref. [23], the LHC constraint on the Z ′ boson production cross section
with the dilepton final states is still stronger than that with the dijet final
states even with such an enhancement.
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Constraints on the atlternative B − L model
A. Das et al. / Physics Letters B 797 (2019) 134849 3

Fig. 1. The lower bounds on mZ ′ /gBL as a function of mZ ′ from the ATLAS 2017 
result and the HL-LHC search reach [19], along with the LEP constraint of mZ ′ /gBL >

6.9 TeV (dotted horizontal line) [11].

where we have neglected all SM fermion masses, and Q N j is the 
U(1)B−L charge of the RHN N j

R . For the minimal (alternative) B − L
model, let us consider two benchmark (degenerate) mass spec-
tra for the RHNs: mN1,2,3(mN1,2 ) = mN = 50 GeV and 100 GeV. It 
has been recently shown in Ref. [13] that in the alternative B − L
model, N3

R plays the role of DM in the Universe, reproducing the 
observed DM relic abundance with mN3 ≃ mZ ′/2. Motivated by the 
discussion, we set mN3 ≃ mZ ′/2, so that the N3 contribution to !Z ′

is neglected.
In our LHC analysis, we employ CTEQ6L [16] for the parton dis-

tribution functions and calculate the cross section of the dilepton 
production through the Z ′ boson exchange in the s-channel. Ne-
glecting the mass for the RHNs in our LHC analysis, the resultant 
cross section is controlled by only two parameters: gBL and mZ ′ . 
To derive a constraint for these parameters from the ATLAS 2017 
results [14], we follow the strategy in Refs. [17,18]: we first calcu-
late the cross section of the process, pp → Z ′ + X → ℓ+ℓ− + X , for 
the sequential SM Z ′ boson and find a k-factor (k = 1.31) by which 
our cross section coincides with the cross section for the sequen-
tial SM Z ′ boson presented in the ATLAS paper [14]. We employ 
this k-factor for all of our LHC analysis, and find an upper bound 
on gBL as a function of mZ ′ from the ATLAS 2017 results. For the 
prospect of the future constraints to be obtained after the HL-LHC 
experiment with the 3000/fb integrated luminosity, we refer the 
simulation result presented in the ATLAS Technical Design Report 
[19]. Figure 4.20 (b) in this report shows the prospective upper 
bound on the cross section, pp → Z ′ + X → e+e− + X , as low as 
10−5 fb over the range of 2.5 ≤ mZ ′ [TeV] ≤ 7.5, which results in a 
lower bound on mZ ′ > 6.4 TeV for the sequential SM Z ′ boson.

For the following ILC analysis, instead of the LHC upper bound 
on gBL as a function of mZ ′ , it is more useful to plot the LHC lower 
bound on mZ ′/gBL , which is shown in Fig. 1. The lower and upper 
solid lines correspond to the lower bound from the ATLAS 2017 
and the prospective HL-LHC bound, respectively, for the minimal 
B − L model. The corresponding lower bounds for the alternative 
B − L model are depicted as the dashed lines. In the alternative 
B − L model, the Z ′ boson decay to a pair of RHNs dominates 
the total decay width and hence the branching ratio into dileptons 
is relatively suppressed, resulting in the LHC constraints weaker 
than those for the minimal B − L model. Note that the LHC con-
straint for mZ ′/gBL becomes dramatically weaker as mZ ′ increases. 
Since the ILC energy is much smaller than mZ ′ , the Z ′ boson medi-
ated processes at the ILC are described by effective higher dimen-
sional operators which are proportional to (mZ ′/gBL)

2. Therefore, 
the plots in Fig. 1 imply that the ILC can be a more powerful ma-

Fig. 2. The RHN pair production cross sections at the 250 GeV ILC, along the 
prospective HL-LHC bounds shown in Fig. 1. The upper (black) and lower (red) 
solid lines are the results for the minimal B − L model with mN1,2,3 = 50 GeV and 
100 GeV, respectively. The results for the alternative B − L model are shown as the 
upper (black) and lower (red) dashed lines corresponding to mN1,2 = 50 GeV and 
100 GeV, respectively.

chine than the LHC to explore the B − L models, if the Z ′ boson 
mass is beyond the search reach of the HL-LHC experiment.

Let us now investigate the RHN pair production at the 250 GeV 
ILC. The relevant process is e+e− → Z ′∗ → Ni Ni mediated by a 
virtual Z ′ boson in the s-channel. Since the collider energy 

√
s =

250 GeV is much smaller than mZ ′ , the RHN pair production cross 
section is approximately given by

σ (e+e− → Z ′∗ → Ni Ni)

≃ (Q Ni )2

24π
s
!

gBL

mZ ′

"4
#

1 −
4m2

Ni

m2
Z ′

$ 3
2

. (8)

For our benchmark RHN mass spectra, we show in Fig. 2 the 
RHN pair production cross sections at the 250 GeV ILC, along 
the prospective HL-LHC bounds on mZ ′/gBL shown in Fig. 1. For 
mZ ′ = 7.5 TeV, we have found σ (e+e− → Z ′∗ → Ni Ni) = 0.0085
and 0.14 fb for mN1,2,3 = 50 GeV and mN1,2 = 50 GeV, respectively, 
for the minimal and alternative B − L models. For the degenerate 
RHN mass spectra, we have 

%3
i=1 σ (e+e− → Z ′∗ → Ni Ni) = 0.026

fb and 
%2

i=1 σ (e+e− → Z ′∗ → Ni Ni) = 0.29 fb for each model, and 
thus 52 and 576 events with the 2000/fb goal luminosity of the 
250 GeV ILC, while satisfying the prospective constraints after the 
HL-LHC with the 3000/fb integrated luminosity. Considering the 
smoking-gun signature of the RHN pair production for which the 
SM backgrounds are few, the 250 GeV ILC can operate as a Majo-
rana RHN discovery machine towards confirming the type-I seesaw 
mechanism. In the second stage of the ILC with 

√
s = 500 GeV [9]

we expect roughly 4 times more events with the same goal lumi-
nosity.

For detailed discussion about the ILC phenomenology, we need 
to consider the decay processes of the heavy neutrinos. Assuming 
|mij

D/mN j | ≪ 1 in Eq. (2) or Eq. (4), the type-I seesaw mechanism 
leads to the light Majorana neutrino mass matrix of the form:

mν ≃ mD M−1
N mT

D = 1
mN

mD mT
D , (9)

where MN = mN 1 with the 3 × 3 (2 × 2) identity matrix 1 for 
the minimal (alternative) B − L model. Through the seesaw mech-
anism, the SM neutrinos and the RHNs are mixed in the mass 
eigenstates. The flavor eigenstates of the SM neutrinos (ν) are ex-
pressed in terms of the light (νm) and heavy (Nm) Majorana neu-

Compared with ATLAS 2ℓ search
1707.02424, ATLAS − TDR, k − factor = 1.31

LHC constraints become dominantly weaker with heavier Z′ �

LEP limit
B − L, ATLAS − TDR

B − L, ATLAS 2017
Dashed lines are for the Atl . B − L case
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resonance for xH = 0 (solid), �1.2 (dashed) and 1 (dotted) in Case-II. Right: The corresponding

upper bounds on gX from the recent ATLAS result.

RHN with U(1)X charge �5 is a natural DM candidate and the observed DM relic density

is reproduced with mN3 ' mZ0/2. Taking this possibility into account, we neglect the Z 0

boson decay process to a pair of NR3 .

As in Case-I, we evaluate the Z 0 boson production cross section by using the NWA. In

the left panel of Fig. 3 (which corresponds to the left panel of Fig. 1), we show the dilepton

production cross sections from the Z 0 resonance for xH = 0(solid), xH = �1.2 (dashed) and

xH = 1 (dotted), respectively, as a function of mZ0 for mN1 = 500 GeV and mN2 = 1TeV.

In the right panel (which corresponds to the right panel of Fig. 1), we show the LHC upper

bound on gX derived from recent ATLAS results for xH = 0 (solid), �1.2 (dashed) and

1 (dotted), respectively, as a function of Z 0 boson mass. Comparing the results in the

left panels of Fig. 1 and 3, we can see that the dilepton production cross section for the

alternative U(1)X model is smaller than that for the minimal U(1)X model. This is because

the partial Z 0 boson decay widths into the RHNs in the alternative model are much larger

than those in the minimal model due to their di↵erent charge assignments. As a result, the

LHC dilepton constraint is milder in this case than that for the minimal U(1)X model.

In the left panel of Fig. 4 (which corresponds to the left panel of Fig. 2) we show the

lightest RHN (N1) pair-production cross section from the Z 0 boson resonance for xH = 0

(solid), �1.2 (dashed) and 1 (dotted), respectively, as a function ofmZ0 . Comparing with the

left panel of Fig. 2, we can see about an order of magnitude enhancement for the production

13

2 3 4 5 6
0.005

0.010

0.050

0.100

0.500

1

mZ' [TeV]

g X
m
ax

FIG. 3. Left: The dilepton production cross sections (normalized by g
2

X
) from the Z

0 boson

resonance for xH = 0 (solid), �1.2 (dashed) and 1 (dotted) in Case-II. Right: The corresponding

upper bounds on gX from the recent ATLAS result.

RHN with U(1)X charge �5 is a natural DM candidate and the observed DM relic density

is reproduced with mN3 ' mZ0/2. Taking this possibility into account, we neglect the Z 0

boson decay process to a pair of NR3 .

As in Case-I, we evaluate the Z 0 boson production cross section by using the NWA. In

the left panel of Fig. 3 (which corresponds to the left panel of Fig. 1), we show the dilepton

production cross sections from the Z 0 resonance for xH = 0(solid), xH = �1.2 (dashed) and

xH = 1 (dotted), respectively, as a function of mZ0 for mN1 = 500 GeV and mN2 = 1TeV.

In the right panel (which corresponds to the right panel of Fig. 1), we show the LHC upper

bound on gX derived from recent ATLAS results for xH = 0 (solid), �1.2 (dashed) and

1 (dotted), respectively, as a function of Z 0 boson mass. Comparing the results in the

left panels of Fig. 1 and 3, we can see that the dilepton production cross section for the

alternative U(1)X model is smaller than that for the minimal U(1)X model. This is because
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FIG. 4. Left: The lightest RHN pair-production cross sections (normalized by g
2

X
) from the Z

0

boson resonance for xH = 0 (solid), �1.2 (dashed) and 1 (dotted) in Case-II. Right: The production

cross sections (normalized by g
2

X
) for dilepton (solid) a pair of N1’s (dashed) and a pair of N2’s

(dotted) as a function of xH . Here we have chosen mN1 = 500 GeV and mN2 = 1 TeV. In the right

panel, we have fixed mZ0 = 4 TeV.

cross section because of the larger U(1)X charge of �4 for N1. For mZ0 = 4 TeV, we show

in the right panel of Fig. 4 (which corresponds to the right panel of Fig. 2) the production

cross sections for the dilepton (solid), a pair of N1’s (dashed) and a pair of N2’s (dotted) as

a function of xH . As in Case-I, the ratio of BR(Z 0
! NiNi) to BR(Z 0

! `+`�) is maximized

at xH = �1.2 and the RHN production process is optimized under the severe LHC dilepton

constraints.

IV. LONG-LIVED RIGHT-HANDED NEUTRINOS

After the breaking of the electroweak and the U(1)X symmetries, we can write the full

neutrino mass matrix as

M⌫ =

0

@ 0 mD

mT

D
mN

1

A . (17)

Without loss of generality, we go to the basis in which the Majorana mass matrix mN is

diagonal, with eigenvalues given in Eqs. (4) (for Case-I) and (10), (11) (for Case-II). The

Dirac mass matrix (mD) elements are given in Eqs. (5) (for Case-I) and (13) (for Case-

II). Diagonalizing the mass matrix in Eq. (17), we obtain the seesaw formula for the light
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cross sections (normalized by g
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X
) for dilepton (solid) a pair of N1’s (dashed) and a pair of N2’s

(dotted) as a function of xH . Here we have chosen mN1 = 500 GeV and mN2 = 1 TeV. In the right

panel, we have fixed mZ0 = 4 TeV.

cross section because of the larger U(1)X charge of �4 for N1. For mZ0 = 4 TeV, we show

in the right panel of Fig. 4 (which corresponds to the right panel of Fig. 2) the production

cross sections for the dilepton (solid), a pair of N1’s (dashed) and a pair of N2’s (dotted) as

a function of xH . As in Case-I, the ratio of BR(Z 0
! NiNi) to BR(Z 0

! `+`�) is maximized

at xH = �1.2 and the RHN production process is optimized under the severe LHC dilepton

constraints.

IV. LONG-LIVED RIGHT-HANDED NEUTRINOS

After the breaking of the electroweak and the U(1)X symmetries, we can write the full

neutrino mass matrix as

M⌫ =

0

@ 0 mD

mT

D
mN

1

A . (17)

Without loss of generality, we go to the basis in which the Majorana mass matrix mN is

diagonal, with eigenvalues given in Eqs. (4) (for Case-I) and (10), (11) (for Case-II). The

Dirac mass matrix (mD) elements are given in Eqs. (5) (for Case-I) and (13) (for Case-

II). Diagonalizing the mass matrix in Eq. (17), we obtain the seesaw formula for the light
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Fig. 8 The luminosity required to obtain 25 signal events of the Z ′

boson as a function of xH for fixed values ofmZ ′ = 3 TeV andmN1,2,3 =
mZ ′/4. The dashed (dot-dashed) lines correspond to NH (IH) cases with!2

i=1 BR(Ni
mN

i
m → µ±µ±W∓W∓) = 0.148 (0.0634). The vertical

solid line marks the B −L limit (xH = 0). The solid horizontal line
corresponds to a luminosity value of 300 fb−1 required for the discovery
of RHNs at the future LHC with a dimuon and a diboson final states

the RHNs,
!2

i=1 BR(Ni
mN

i
m → µ±µ±W∓W∓) = 0.148

and 0.0634, the required luminosity is found to beL(fb−1) ≃
1923 and 824 for the NH and the IH cases, respectively. For
the B −L limit (xH = 0) case, we previously obtained
L(fb−1) ≃ 325, for BR(N → Wµ) ≃ 0.5. Using the
realistic branching ratios for the RHNs, the corresponding
luminosities are reduced to L(fb−1) ≃192 and 82 for the
NH and the IH cases, respectively. Accordingly, the allowed
range of xH values for the NH (IH) case is reduced to be
−4.1 ≤ xH ≤ 1.7 (−3.1 ≤ xH ≤ 0.7). The solid horizontal
line corresponds to a luminosity value of 300 fb−1 required
for the discovery of RHNs at the future LHC with a dimuon
and a diboson final states. Hence for the NH (IH), Fig. 8 indi-
cates that the RHNs will be discovered before the Z ′ boson
for −2.1 ! xH ! 0 (−1.7 ! xH ! −0.7).

5 Conclusions

We have investigated a prospect of discovering the RHNs in
type-I seesaw at the LHC, which are pair produced from the
decay of a resonantly produced Z ′ boson. Recent simulation
studies show that the discovery of the RHNs via Z ′ → NN
is promising at the future LHC with, for example, a 300
fb−1 luminosity. However, the production cross section of Z ′

boson into dilepton final states (pp → Z ′ → ℓ+ℓ−, where
ℓ± = e± or µ±) is very severely constrained by the current
LHC results. Imposing this constraint, we have found that
a significant enhancement of the branching ratio BR(Z ′ →
NN ) over BR(Z ′ → ℓ+ℓ−) is crucial for the future dis-
covery of RHNs. For the minimal gauged U(1)X extension
of the SM with the conventional and the alternative charge
assignments, we have found that a significant enhancement,

BR(Z ′ → NN )/BR(Z ′ → ℓ+ℓ−) ≃3.25 and 52 (per gen-
eration), respectively, can be achieved for xH = −1.2, with
mZ ′ = 3 TeV, and mN = mZ ′/4. This is in sharp contrast
with the ratio, BR(Z ′ → NN )/BR(Z ′ → ℓ+ℓ−) ≃0.5, in
the minimal B−L model which is commonly used in the sim-
ulation studies. The branching ratio of BR(N → Wµ) = 0.5
is commonly assumed in the simulation studies. However,
this branching ratio is not consistent with the neutrino oscil-
lation data. Employing the general parameterization of the
neutrino Dirac mass matrix to reproduce the neutrino oscil-
lation data, we have performed a parameter scan to evaluate
the maximal value for BR(N → Wµ). With the maximum
enhancement factors and the maximum branching ratio, we
have concluded for the minimal U(1)X model that a 5σ dis-
covery of RHNs in the future according to the simulation
studies implies that the Z ′ boson must be discovered before
the RHNs. In the alternative U(1)X model, we have obtained
further enhancement of the signal cross section than the con-
ventional case, and found a possibility of discovering the
RHNs even before the Z ′ boson at the future LHC experi-
ment.
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FIG. 3: Top panel: The lifetime (times speed of light) of N1 (solid),
N2 (dashed) and N3 (dotted) for the NH light neutrino mass spec-
trum, for mN = 50 GeV. Bottom panel: Same as the top panel but
for the IH light neutrino mass spectrum.

for the NH case is given by the lifetime of N2,3, respectively,
in the limit of mlightest → 0. For the IH case, the lifetime
of N1,2 corresponds to the lifetime of N1,2, respectively, in
the limit of mlightest → 0. However, we have to be careful.
These results are true only if vν = 246 GeV in Eq. (4). In the
alternative B−L model, the neutrino Dirac mass is generated
from the VEV of the new Higgs doublet Hν which only cou-
ples with neutrinos. This structure is nothing but the one in the
so-called neutrinophilic two Higgs doublet model [24]. In or-
der to avoid a significant change of the SM Yukawa couplings,
we normally take vν ≪ vh ≃ 246 GeV. This means that the
actual lifetime of N1,2 is shorten by a factor of (vν/vh)2 ≪ 1.
However, N1 or N2 can still be long-lived.
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Remaining interesting things

Ditect heavy neutrino searches

prompt/boosted/long − lived
from the heavy resonance induced

pair production
Bossted objects like : W, Higgs

displaced decay of the heavy neutrino
discriminator : leptons insde the jet cone

Such sceanrios will appear in pair
rare to find from SM

paired displaced RHN decay
is possible in this scenario

small to heavy mass range
can be successfully probed

when produced from the heavy resonance

studying the tracks

Such models can successfully fit
a potential Dark matter candidate (N3)

Depending upon the model parameters

Z′� portal, Higgs portal

Mono − jet, mono − photon

D
irectsearch

Relic

LHC ILC



A slice of BSM Scenarios
Vacuum stability

CP Asymmetry

Leptogenesis, Baryogenesis, 
Cosmological implications

Models generated neutrino 
mass at one loop or more loops 

which include dark matter, Z’, extra 
scalar, Scotogenic models

scenario where a variety of searches have been performed 
including    and heavy neutrinos at the LHC, even people studied 
dark matter. ATLAS rules out (1809.11105)  
for Majorana and Dirac heavy neutrinos for

SU(3) × SU(2)L × SU(2)R × U(1)B−L

WR

MWR
= 4.7 TeV

MNR
= 1.2 TeV for eejj MNR

= 1 TeV for μμjj

Also long lived,  
Charged Higgs, Higgs 

inflation, Hierarchy 
problem, Topological 

aspects-2HDM, Higgs 
Instability, CLFV

Discovery 
in 

future

Dark matter, 
Long-lived 

Tree level 
neutrinos mass, BSM 
gauge bosons (! ) and 

Higgs
Z′�

Includes (plenty 
of) scalars, at 

different varieties

(Multi-)Higgs scenarios, Future colliders, 
Composite Higgs, Higgs couplings, Exotic 
contributions, Light scalars, EFT, Precision

250 GeV ILC/collider/ 
associate production, QCD 

Gauge Higgs 
Unification
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