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Development  of the neutrino oscillation experiments



More'Mysteries''
Super['Kamiokande,'Sudbury'Neutrino'Observatory''1999','
Neutrino'oscilla$on'between'mass'and'flavor'eigenstates'

Neutrinos'are'very'special''

Neutrino mass

16

NEWSPAPER HEADLINES AROUND THE WORLD PROCLAIMED THAT

NEUTRINOS
HAD MASS, BUT...

a different kind of neutrino has emerged ...

The New York Times, June 6, 1998.
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Neutrino'oscilla$on'data'

Some Results 
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Neutrino oscillations: theory and phenomenology 1

E K Akhmedov 2

Department of Theoretical Physics, Royal Institute of Technology, AlbaNova University
Center, SE-106 91 Stockholm, Sweden

E-mail: akhmedov@ictp.trieste.it

Abstract. A brief overview of selected topics in the theory and phenomenology of neutrino
oscillations is given. These include: oscillations in vacuum and in matter; phenomenology
of 3-flavour neutrino oscillations and e�ective 2-flavour approximations; CP and T violation
in neutrino oscillations in vacuum and in matter; matter e�ects on �µ � �� oscillations;
parametric resonance in neutrino oscillations inside the earth; oscillations below and above
the MSW resonance; unsettled issues in the theory of neutrino oscillations.

1. A bit of history...
The idea of neutrino oscillations was first put forward by Pontecorvo in 1957 [1]. Pontecorvo
suggested the possibility of � � �̄ oscillations, by analogy with K0K̄0 oscillations (only one
neutrino species – �e – was known at that time). Soon after the discovery of muon neutrino,
Maki, Nakagawa and Sakata [2] suggested the possibility of neutrino flavour transitions (which
they called “virtual transmutations”).

Figure 1. Bruno Pontecorvo (1913 - 1993), Shoichi Sakata (1911 - 1970), Ziro Maki (1929 –
2005) and Masami Nakagawa (1932 - 2001).

2. Theory
2.1. Neutrino oscillations in vacuum
Neutrino oscillations are a manifestation of leptonic mixing. For massive neutrinos, weak
(flavour) eigenstates do not in general coincide with mass eigenstates but are their linear
1 Talk given at the XXII International Conference on Neutrino Physics and Astrophysics “Neutrino 2006”, Santa
Fe, June 13-19, 2006
2 On leave from the National Research Center “Kurchatov Institute”, Moscow, Russia
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Other unresolved issues

�

⇤
⌅e

⌅µ
⌅�

⇥

⌅ =

�

⇤
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U�1 U�2 U�3

⇥

⌅

⌥ ⌃⇧ �

�

⇤
⌅1

⌅2

⌅3

⇥

⌅ .

�

⇤
1 0 0
0 c23 s23

0 �s23 c23

⇥

⌅

�

⇤
c13 0 s13e�i⇥

0 1 0
�s13ei⇥ 0 c13

⇥

⌅

�

⇤
c12 s12 0
�s12 c12 0

0 0 1

⇥

⌅

�

⇤
ei�1 0 0

0 ei�2 0
0 0 1

⇥

⌅

3⌃ allowed range from a recent global fit: [Particle Data Group (2014)]

sin2 ⇤12 = 0.259 � 0.359; sin2 ⇤23 = 0.34 � 0.64; sin2 ⇤13 = 0.015 � 0.036.

Is ⇥ ⇤= 0? (Mild indications for ⇥ ⇥ �⇧/2 at T2K and NOvA)
Is ⇤23 smaller, larger or equal to 45�? (may be resolved within the next few
years by T2K+NOvA, PINGU, DUNE,....)
Can we ever measure �1,2? (Some ambitious proposals)
Is the 3-neutrino mixing matrix unitary??
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with two additional phases if the neutrinos are Majorana in nature

UPMNS =

⇤

⌥⌥⌥⌥⌥⌥⌥⇧

c12c13 s12c13 s13e�i⇥
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⇥diag
�
1, ei⇤, ei⇧

⇥
, (1.46)

where sij = sin ⇤ij, cij = cos ⇤ij, ⇥ is the Dirac CP- violating phase and ⇧ , ⌃ are

the Majorana CP-violating phases. Therefore, for the Dirac neutrinos we have

seven free parameters which includes three neutrino masses, three mixing angles

and the Dirac CP-violating phase. For Majorana neutrinos we have additional

two Majorana phases.

Now using the unitary matrix one can transform Eq. 1.44 into the mass basis

(or mass eigenstate) of the neutrinos as

Lmass
CC =

g⌅
2
��=e,µ,⌅�ı=1,2,3e�L�

µU ⌅̃iLW
�
µ +H.c. (1.47)

We can write the Quantum Mechanical equation of the neutrinos in the mass basis

i
⌥⌅̃j

⌥t
= (U †HU)⌅̃j (1.48)

where H is the free Hamiltonian and according to relativistic theory H ⇤ E(1 +
m2

j

2E2 ) and solving Eq. 1.48 we write

˜⌅(t)j = e�iE(1+
m2

j
2E2 )t ˜⌅(0). (1.49)
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Can'we'measure''
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where sij = sin ⇤ij, cij = cos ⇤ij, ⇥ is the Dirac CP- violating phase and ⇧ , ⌃ are

the Majorana CP-violating phases. Therefore, for the Dirac neutrinos we have

seven free parameters which includes three neutrino masses, three mixing angles

and the Dirac CP-violating phase. For Majorana neutrinos we have additional

two Majorana phases.
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Nakagawa'
Shoichi'Sakata'

All the MYSTERIES are not solved 

Talk Equations

�⇡
2

SU(3)c SU(2)L SU(2)R U(1)B�L

QLi 3 2 1 1
3

QRi 3 1 2 1
3

LLi 1 2 1 -1
LRi 1 1 2 -1
� 1 2 2 0
HR 1 1 2 +1
SLi 1 1 1 0

Table 1: The particle content of the extended model

Weinberg operator in Dirac notation

`LH`cL
T
H

M
(1)

Weinberg operator in Majorana notation

`L
i
↵✏

↵�H�✏ij`
j
La✏

abH

M
(2)

µij (3)

⌫L !t
mD

NR ! v
M

NL ! r
µ
 NL v

M
 NR t

mD

 ⌫L

SU(3) SU(2) U(1)Y

`L =

✓
⌫L
eL

◆
1 2 �1

2

eR 1 1 �1
H =

✓
H0

H�

◆
1 2 �1

2

NR 1 1 0

Table 2: The particle content of the extended model

1



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

LCC =
g⇤
2
��=e,µ,⇤�L⇥

µ⇤�LW
�
µ +H.c. (1.44)

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

13

+'H.'c.'

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.

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)

12

+'H.'c.'

Fermion'Number'Viola$ng'

Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M

← NR !

mD

← νL

• 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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'Fermion'Number'Conserving'

Can'be'tested'in'neutrinoless'double'beta'decay'and'
collider'experiments'

Type of neutrino mass still unknown



m1 < m2 < m3 : Normal Hierarchy 
m3 < m1 < m2 : Inverted Hierarchy

Lightest mass eigenstate: Not fixed yet

Normal Hierarchy Inverted Hierarchy



Birth'of'(a)'new'idea/'s':'genera$on'of'neutrino'
mass'
Weinberg'Operator''in'SM'(d=5),'PRL'43,'1566(1979)'

Talk Equations
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Majorana'mass'term'is'generated'by'the'breaking'of'the'lepton'numbers'by'2'units.'



Seesaw'Mechanism' Minkowski(1977),'Yanagida'(1979),'Gell[Mann,'Ramond,'
Slansky'(1979),''Glashow'(1980),'Mohapatra'and'Senjanovic'
(1980)'
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Naturally'explains'the'small'
neutrino'mass''

Gell-Mann, Glashow, Minkowski, Mohapatra, Ramond, 
Senjanovic, Slansky, Yanagida



Inverse(Seesaw(Mechanism(:(Mohapatra(1986),(Mohapatra(&(Valle((1986)((((
Inverse seesaw Mechanism

SU(2) U(1)Y
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Table: The particle content of the extended model
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Relevant(Part(of(the(Lagrangian(
Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M

← NR !

mD

← νL

• 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 neutrino mass matrix is

Mν =

⎛

⎝

0 mD 0
mT

D 0 m
0 mT µ

⎞

⎠ (5)

The Dirac mass mD

mD =
YD√
2
v (6)

YD is the Dirac Yukawa couplig. v is the Higgs vacuum expectation
value.
Assuming mDm

−1 ≪ 1, diagonalising Mν we get the light neutrino mass
for a very small µ

mν = (mDM
−1)µ(mDM

−1)T (7)

• 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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• Assuming, R = mDM
−1 << 1

•The flavour eigenstate (ν) in terms of the mass eigenstates

ν ≃ Nνm +RNm, N = (1 − 1

2
R∗RT )UMNS (8)

•UMNS is the usual neutrino mixing matrix to diagonalize mν as

W+
µ

Nm

− g√
2
γµPLR

em

Z 0

Nm

− g
2cW

γµPLN †R

νm

LCC = − g√
2
Wµemγ

µPL (Nνm +RNm) + h.c ., (9)

LNC = − g

2cw
Zµ

[

νmγ
µPL(N †N )νm + Nmγ

µPL(R†R)Nm

]

− g

2cw
Zµ

[

νmγ
µPL(N †R)Nm + h.c .

]

(10)

em, νm, Nm are the three generations of the leptons in the vector form.
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Phenomenological Constraints on  N  and R 

right-handed neutrinos N j
R (j = 1, 2). The relevant part of the Lagrangian is written as

L � �
3

X

i=1

2
X

j=1

Y ij
D ` i

LHN j
R � 1

2

2
X

k=1

m k
NNkC

R Nk
R +H.c., (1)

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

M⌫ =

0

@

0 mD

mT
D mN

1

A . (2)

Assuming the hierarchy of |mij
D/m

k
N | ⌧ 1, we diagonalize the mass matrix and obtain the

seesaw formula for the light Majorana neutrinos as

m⌫ ' �mDm
�1
N mT

D. (3)

We express the light neutrino flavor eigenstate (⌫) in terms of the mass eigenstates of the

light (⌫m) and heavy (Nm) Majorana neutrinos such as ⌫ ' N ⌫m + RNm, where R =

mDm
�1
N , N =

⇣

1� 1
2
✏
⌘

UMNS with ✏ = R⇤RT and UMNS is the neutrino mixing matrix which

diagonalizes the light neutrino mass mass matrix as

UT
MNSm⌫UMNS = diag(m1,m2,m3). (4)

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

as

LCC = � gp
2
Wµ`↵�

µPL

�

N↵j⌫mj +R↵jNmj

�

+H.c., (5)

where `↵ (↵ = e, µ, ⌧) denotes the three generations of the charged leptons, and PL =

(1� �5)/2. Similarly, the neutral current interaction is given by

LNC = � g

2 cos ✓W
Zµ

h

⌫mi�
µPL(N †N )ij⌫mj +Nmi�

µPL(R†R)ijNmj

+
n

⌫mi�
µPL(N †R)ijNmj +H.c.

oi

, (6)
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Fixing the Matrices N and R
•We consider the two generations of heavy neutrinos

UMNS =

⎛

⎝

c12c13 s12c13 s13e
iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13

⎞

⎠

×diag(1, e iρ, 1)

•We fix the parameters by the following neutrino oscillation data

sin2θ12 = 0.87, sin2θ23 = 1.0, sin2θ13 = 0.092(DayaBay) (12)

∆m2
12 = m2

2 −m2
1 = 7.6× 10−5eV 2,∆m2

23 = |m2
3 −m2

2| = 2.4× 10−3eV 2 (13)

•We study the Normal and Inverted hierarchies.
•The lightest mass eigenstate is massless. The diagonal mass matrices in
the NH and IH cases are

DNH = diag

(

0,
√

∆m2
12,

√

∆m2
12 +∆m2

23

)

, (14)

DIH = diag

(

√

∆m2
23 −∆m2

12,
√

∆m2
23, 0

)

. (15)
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Fixing(the(Matrices((((((((and((

• Assuming, R = mDM
−1

•The flavour eigenstate (ν) in terms of the mass eigenstates,

ν ≃ Nνm +RNm, N = (1 +
1

2
R∗RT )UMNS (2)

•UMNS is the usual neutrino mixing matrix to diagonalize mν as,

W+
µ

Nm

− g√
2
γµPLR

em

Z 0

Nm

− g
2cW

γµPLN †R

νm

LCC = − g√
2
Wµemγ

µPL (Nνm +RNm) + h.c ., (3)

LNC = − g

2cw
Zµ

[

νmγ
µPL(N †N )νm + Nmγ

µPL(R†R)Nm

]

− g

2cw
Zµ

[

νmγ
µPL(N †R)Nm + h.c .

]

(4)

em, νm, Nm are the three generations of the leptons in the vector form.
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(1, 2) element is constrained by µ ⇤ e�
(1, 3) element is constrained by ⇤ ⇤ e�
(2, 3) element is constrained by ⇤ ⇤ µ�

Diagonal elements are constrained by LEP experiment

sin2 ⇥12 0.87
sin2 ⇥23 1.00
sin2 ⇥13 0.092

�m2
12 = m2

2 �m2
1 7.6⇥ 10�5eV2

�m2
23 = |m2

3 �m2
2| 2.4⇥ 10�3eV2
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For the minimal scenario we consider the Normal Hierarchy(NH) 
and Inverted Hierarchy(IH) cases as 

where ✓W is the weak mixing angle. Through the mixing R↵i, the heavy neutrinos can

be produced at high energy colliders, which have been extensively studied [17–51]. For

example, the production cross section of the i-th generation heavy neutrino at the Large

Hadron Collider (LHC) through the process qq̄0 ! `Ni (ud̄ ! `+↵Ni and ūd ! `�↵Ni) is given

by

�(qq̄0 ! `↵Ni) = �LHC |R↵i|2, (7)

where �LHC is the production cross section of the SM neutrino when its mass is set to be

m i
N . Similarly, the production cross section at an e+e� collider such as the Large Electron-

Positron Collider (LEP) and the International Linear Collider (ILC) is given by

�(e+e� ! ⌫↵Ni) = �LC |R↵i|2, (8)

where �LC is the production cross section of the SM neutrino at an e+e� collider when its

mass is set to be m i
N , and we have used the approximation N †R ' U †

MNSR for |✏↵�| ⌧ 1

as we will find in the following.

The elements of the matrices N and R are constrained by the experimental data. In the

following analysis, we adopt, for the current neutrino oscillation data, sin2 2✓13 = 0.092 [4]

along with the other oscillation data [6]: sin2 2✓12 = 0.87, sin2 2✓23 = 1.0, �m2
12 = m2

2�m2
1 =

7.6 ⇥ 10�5 eV2, and �m2
23 = |m2

3 �m2
2| = 2.4 ⇥ 10�3 eV2. The neutrino mixing matrix is

given by

UPMNS =

0

B

B

B

@

C12C13 S12C13 S13ei�

�S12C23 � C12S23S13ei� C12C23 � S12S23S13ei� S23C13

S12C23 � C12C23S13ei� �C12S23 � S12C23S13ei� C23C13

1

C

C

C

A

0

B

B

B

@

1 0 0

0 ei⇢ 0

0 0 1

1

C

C

C

A

(9)

where Cij = cos ✓ij and Sij = sin ✓ij. We consider the Dirac CP -phase (�) and the Majorana

phase (⇢) as free parameters.

The minimal seesaw scenario predicts one massless eigenstate. For the light neutrino

mass spectrum, we consider both the normal hierarchy (NH) and the inverted hierarchy

(IH). In the NH case, the diagonal mass matrix is given by

DNH = diag

✓

0,
q

�m2
12,

q

�m2
12 +�m2

23

◆

, (10)

while in the IH case

DIH = diag

✓

q

�m2
23 ��m2

12,
q

�m2
23, 0

◆

. (11)
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we assume degenerate case

In order to make our discussion simple, we assume the degeneracy of the heavy neutrinos in

mass such as MN = m 1
N = m 2

N , so that the light neutrino mass matrix is simplified as

m⌫ =
1

MN

mDm
T
D = U⇤

MNSDNH/IHU
†
MNS, (12)

for the NH/IH cases. From this formula, we can parameterize the neutrino Dirac mass

matrix as [52]

mD =
p

MNU
⇤
MNS

p

DNH/IH O, (13)

where the matrices denoted as
p

DNH/IH are defined as

p

DNH =

0

B

B

B

@

0 0

(�m2
12)

1
4 0

0 (�m2
23 +�m2

12)
1
4

1

C

C

C

A

,
p

DIH =

0

B

B

B

@

(�m2
23 ��m2

12)
1
4 0

0 (�m2
23)

1
4

0 0

1

C

C

C

A

,(14)

and O is a general 2⇥ 2 orthogonal matrix given by

O =

0

@

cos(X + iY ) sin(X + iY )

� sin(X + iY ) cos(X + iY )

1

A =

0

@

coshY i sinhY

�i sinhY coshY

1

A

0

@

cosX sinX

� sinX cosX

1

A , (15)

where X and Y are real parameters.

Due to its non-unitarity, the elements of the mixing matrix N are severely constrained by

the combined data from the neutrino oscillation experiments, the precision measurements

of weak boson decays, and the lepton-flavor-violating decays of charged leptons [53–57]. We

update the results by using more recent data on the lepton-favor-violating decays [58–60]:

|NN †| =

0

B

B

B

@

0.994± 0.00625 1.288⇥ 10�5 8.76356⇥ 10�3

1.288⇥ 10�5 0.995± 0.00625 1.046⇥ 10�2

8.76356⇥ 10�3 1.046⇥ 10�2 0.995± 0.00625

1

C

C

C

A

. (16)

Since NN † ' 1� ✏, we have the constraints on ✏ such that

|✏| =

0

B

B

B

@

0.006± 0.00625 < 1.288⇥ 10�5 < 8.76356⇥ 10�3

< 1.288⇥ 10�5 0.005± 0.00625 < 1.046⇥ 10�2

< 8.76356⇥ 10�3 < 1.046⇥ 10�2 0.005± 0.00625

1

C

C

C

A

. (17)

The most stringent bound is given by the (1, 2)-element which is from the constraint on the

lepton-flavor-violating muon decay µ ! e�. Using the general parametrization of the Dirac

mass matrix in Eq. (13), we have

✏(�, ⇢, Y ) = (R⇤RT )NH/IH =
1

M2
N

mDm
T
D

5

In order to make our discussion simple, we assume the degeneracy of the heavy neutrinos in

mass such as MN = m 1
N = m 2

N , so that the light neutrino mass matrix is simplified as

m⌫ =
1

MN

mDm
T
D = U⇤

MNSDNH/IHU
†
MNS, (12)

for the NH/IH cases. From this formula, we can parameterize the neutrino Dirac mass

matrix as [52]

mD =
p

MNU
⇤
MNS

p

DNH/IH O, (13)

where the matrices denoted as
p

DNH/IH are defined as

p

DNH =

0

B

B

B

@

0 0

(�m2
12)

1
4 0

0 (�m2
23 +�m2

12)
1
4

1

C

C

C

A

,
p

DIH =

0

B

B

B

@

(�m2
23 ��m2

12)
1
4 0

0 (�m2
23)

1
4

0 0

1

C

C

C

A

,(14)

and O is a general 2⇥ 2 orthogonal matrix given by

O =

0

@

cos(X + iY ) sin(X + iY )

� sin(X + iY ) cos(X + iY )

1

A =

0

@

coshY i sinhY

�i sinhY coshY

1

A

0

@

cosX sinX

� sinX cosX

1

A , (15)

where X and Y are real parameters.

Due to its non-unitarity, the elements of the mixing matrix N are severely constrained by

the combined data from the neutrino oscillation experiments, the precision measurements

of weak boson decays, and the lepton-flavor-violating decays of charged leptons [53–57]. We

update the results by using more recent data on the lepton-favor-violating decays [58–60]:

|NN †| =

0

B

B

B

@

0.994± 0.00625 1.288⇥ 10�5 8.76356⇥ 10�3

1.288⇥ 10�5 0.995± 0.00625 1.046⇥ 10�2

8.76356⇥ 10�3 1.046⇥ 10�2 0.995± 0.00625

1

C

C

C

A

. (16)

Since NN † ' 1� ✏, we have the constraints on ✏ such that

|✏| =

0

B

B

B

@

0.006± 0.00625 < 1.288⇥ 10�5 < 8.76356⇥ 10�3

< 1.288⇥ 10�5 0.005± 0.00625 < 1.046⇥ 10�2

< 8.76356⇥ 10�3 < 1.046⇥ 10�2 0.005± 0.00625

1

C

C

C

A

. (17)

The most stringent bound is given by the (1, 2)-element which is from the constraint on the

lepton-flavor-violating muon decay µ ! e�. Using the general parametrization of the Dirac

mass matrix in Eq. (13), we have

✏(�, ⇢, Y ) = (R⇤RT )NH/IH =
1

M2
N

mDm
T
D

5

Light neutrino mass matrix for type-I seesaw can be simplified

In order to make our discussion simple, we assume the degeneracy of the heavy neutrinos in

mass such as MN = m 1
N = m 2

N , so that the light neutrino mass matrix is simplified as

m⌫ =
1

MN

mDm
T
D = U⇤

MNSDNH/IHU
†
MNS, (12)

for the NH/IH cases. From this formula, we can parameterize the neutrino Dirac mass

matrix as [52]

mD =
p

MNU
⇤
MNS

p

DNH/IH O, (13)

where the matrices denoted as
p

DNH/IH are defined as

p

DNH =

0

B

B

B

@

0 0

(�m2
12)

1
4 0

0 (�m2
23 +�m2

12)
1
4

1

C

C

C

A

,
p

DIH =

0

B

B

B

@

(�m2
23 ��m2

12)
1
4 0

0 (�m2
23)

1
4

0 0

1

C

C

C

A

,(14)

and O is a general 2⇥ 2 orthogonal matrix given by

O =

0

@

cos(X + iY ) sin(X + iY )

� sin(X + iY ) cos(X + iY )

1

A =

0

@

coshY i sinhY

�i sinhY coshY

1

A

0

@

cosX sinX

� sinX cosX

1

A , (15)

where X and Y are real parameters.

Due to its non-unitarity, the elements of the mixing matrix N are severely constrained by

the combined data from the neutrino oscillation experiments, the precision measurements

of weak boson decays, and the lepton-flavor-violating decays of charged leptons [53–57]. We

update the results by using more recent data on the lepton-favor-violating decays [58–60]:

|NN †| =

0

B

B

B

@

0.994± 0.00625 1.288⇥ 10�5 8.76356⇥ 10�3

1.288⇥ 10�5 0.995± 0.00625 1.046⇥ 10�2

8.76356⇥ 10�3 1.046⇥ 10�2 0.995± 0.00625

1

C

C

C

A

. (16)

Since NN † ' 1� ✏, we have the constraints on ✏ such that

|✏| =

0

B

B

B

@

0.006± 0.00625 < 1.288⇥ 10�5 < 8.76356⇥ 10�3

< 1.288⇥ 10�5 0.005± 0.00625 < 1.046⇥ 10�2

< 8.76356⇥ 10�3 < 1.046⇥ 10�2 0.005± 0.00625

1

C

C

C

A

. (17)

The most stringent bound is given by the (1, 2)-element which is from the constraint on the

lepton-flavor-violating muon decay µ ! e�. Using the general parametrization of the Dirac

mass matrix in Eq. (13), we have

✏(�, ⇢, Y ) = (R⇤RT )NH/IH =
1

M2
N

mDm
T
D

5

In order to make our discussion simple, we assume the degeneracy of the heavy neutrinos in

mass such as MN = m 1
N = m 2

N , so that the light neutrino mass matrix is simplified as

m⌫ =
1

MN

mDm
T
D = U⇤

MNSDNH/IHU
†
MNS, (12)

for the NH/IH cases. From this formula, we can parameterize the neutrino Dirac mass

matrix as [52]

mD =
p

MNU
⇤
MNS

p

DNH/IH O, (13)

where the matrices denoted as
p

DNH/IH are defined as

p

DNH =

0

B

B

B

@

0 0

(�m2
12)

1
4 0

0 (�m2
23 +�m2

12)
1
4

1

C

C

C

A

,
p

DIH =

0

B

B

B

@

(�m2
23 ��m2

12)
1
4 0

0 (�m2
23)

1
4

0 0

1

C

C

C

A

,(14)

and O is a general 2⇥ 2 orthogonal matrix given by

O =

0

@

cos(X + iY ) sin(X + iY )

� sin(X + iY ) cos(X + iY )

1

A =

0

@

coshY i sinhY

�i sinhY coshY

1

A

0

@

cosX sinX

� sinX cosX

1

A , (15)

where X and Y are real parameters.

Due to its non-unitarity, the elements of the mixing matrix N are severely constrained by

the combined data from the neutrino oscillation experiments, the precision measurements

of weak boson decays, and the lepton-flavor-violating decays of charged leptons [53–57]. We

update the results by using more recent data on the lepton-favor-violating decays [58–60]:

|NN †| =

0

B

B

B

@

0.994± 0.00625 1.288⇥ 10�5 8.76356⇥ 10�3

1.288⇥ 10�5 0.995± 0.00625 1.046⇥ 10�2

8.76356⇥ 10�3 1.046⇥ 10�2 0.995± 0.00625

1

C

C

C

A

. (16)

Since NN † ' 1� ✏, we have the constraints on ✏ such that

|✏| =

0

B

B

B

@

0.006± 0.00625 < 1.288⇥ 10�5 < 8.76356⇥ 10�3

< 1.288⇥ 10�5 0.005± 0.00625 < 1.046⇥ 10�2

< 8.76356⇥ 10�3 < 1.046⇥ 10�2 0.005± 0.00625

1

C

C

C

A

. (17)

The most stringent bound is given by the (1, 2)-element which is from the constraint on the

lepton-flavor-violating muon decay µ ! e�. Using the general parametrization of the Dirac

mass matrix in Eq. (13), we have

✏(�, ⇢, Y ) = (R⇤RT )NH/IH =
1

M2
N

mDm
T
D

5
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The analysis of a combined data set, totaling 3:6" 1014 stopped muons on target, in the search for the

lepton flavor violating decay !þ ! eþ" is presented. The data collected by the MEG experiment at

the Paul Scherrer Institut show no excess of events compared to background expectations and yield a new

upper limit on the branching ratio of this decay of 5:7" 10#13 (90% confidence level). This represents a

four times more stringent limit than the previous world best limit set by MEG.
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The lepton flavor violating !þ ! eþ" decay is pre-
dicted to have an unobservable low rate within the standard
model (SM) of elementary particle physics, despite the
existence of neutrino oscillations [1]. Conversely, the
majority of new physics models [2–5] beyond SM (BSM),
particularly in view of the recent measurements of a large
#13 at reactor [6–8] and accelerator [9] experiments, predict
measurable rates for this decay. An observation of the
!þ ! eþ" decay would therefore represent an unambig-
uous sign of BSM physics, whereas improvements in the
branching ratio upper limit constitute significant con-
straints on the parameter space, complementary to those
obtainable at high-energy colliders.

The present best upper limit on the !þ ! eþ" decay
branching ratio B (B< 2:4" 10#12 at 90% C.L.) was set
by the MEG experiment [10] with an analysis of the data
taken in the years 2009–2010, for a total number of 1:75"
1014 positive muons stopped on target.
In this Letter we present an updated analysis of the 2009–

2010 data sample, based on recently improved algorithms
for the reconstruction of positrons and photons together
with the analysis of the data sample collected in 2011
with a beam intensity of 3" 107 !þ=s, which corresponds
to 1:85" 1014 stopped muons on target. Furthermore the
combined analysis of the full 2009–2011 statistics is
presented.
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7bDipartimento di Fisica, dell’Università, Via Bassi 6, 27100 Pavia, Italy
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majority of new physics models [2–5] beyond SM (BSM),
particularly in view of the recent measurements of a large
#13 at reactor [6–8] and accelerator [9] experiments, predict
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branching ratio B (B< 2:4" 10#12 at 90% C.L.) was set
by the MEG experiment [10] with an analysis of the data
taken in the years 2009–2010, for a total number of 1:75"
1014 positive muons stopped on target.
In this Letter we present an updated analysis of the 2009–

2010 data sample, based on recently improved algorithms
for the reconstruction of positrons and photons together
with the analysis of the data sample collected in 2011
with a beam intensity of 3" 107 !þ=s, which corresponds
to 1:85" 1014 stopped muons on target. Furthermore the
combined analysis of the full 2009–2011 statistics is
presented.
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The analysis of a combined data set, totaling 3:6" 1014 stopped muons on target, in the search for the

lepton flavor violating decay !þ ! eþ" is presented. The data collected by the MEG experiment at

the Paul Scherrer Institut show no excess of events compared to background expectations and yield a new

upper limit on the branching ratio of this decay of 5:7" 10#13 (90% confidence level). This represents a

four times more stringent limit than the previous world best limit set by MEG.
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The lepton flavor violating !þ ! eþ" decay is pre-
dicted to have an unobservable low rate within the standard
model (SM) of elementary particle physics, despite the
existence of neutrino oscillations [1]. Conversely, the
majority of new physics models [2–5] beyond SM (BSM),
particularly in view of the recent measurements of a large
#13 at reactor [6–8] and accelerator [9] experiments, predict
measurable rates for this decay. An observation of the
!þ ! eþ" decay would therefore represent an unambig-
uous sign of BSM physics, whereas improvements in the
branching ratio upper limit constitute significant con-
straints on the parameter space, complementary to those
obtainable at high-energy colliders.

The present best upper limit on the !þ ! eþ" decay
branching ratio B (B< 2:4" 10#12 at 90% C.L.) was set
by the MEG experiment [10] with an analysis of the data
taken in the years 2009–2010, for a total number of 1:75"
1014 positive muons stopped on target.
In this Letter we present an updated analysis of the 2009–

2010 data sample, based on recently improved algorithms
for the reconstruction of positrons and photons together
with the analysis of the data sample collected in 2011
with a beam intensity of 3" 107 !þ=s, which corresponds
to 1:85" 1014 stopped muons on target. Furthermore the
combined analysis of the full 2009–2011 statistics is
presented.
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In order to make our discussion simple, we assume the degeneracy of the heavy neutrinos in

mass such as MN = m 1
N = m 2

N , so that the light neutrino mass matrix is simplified as

m⌫ =
1

MN

mDm
T
D = U⇤

MNSDNH/IHU
†
MNS, (12)

for the NH/IH cases. From this formula, we can parameterize the neutrino Dirac mass

matrix as [52]
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where the matrices denoted as
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where X and Y are real parameters.

Due to its non-unitarity, the elements of the mixing matrix N are severely constrained by

the combined data from the neutrino oscillation experiments, the precision measurements

of weak boson decays, and the lepton-flavor-violating decays of charged leptons [53–57]. We

update the results by using more recent data on the lepton-favor-violating decays [58–60]:
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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 µ ! e�. Using the general parametrization of the Dirac

mass matrix in Eq. (13), we have
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mass matrix in Eq. (13), we have

✏(�, ⇢, Y ) = (R⇤RT )NH/IH =
1

M2
N

mDm
T
D
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Now we perform a scan for the parameter set {�, ⇢, Y } and identify an allowed region for

which ✏(�, ⇢, Y ) satisfies the experimental constraints in Eq. (17).

In our analysis, we set MN = 100 GeV and vary the three parameters in the range of
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FIG. 2: 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 Y .

NH case, we show in Fig. 1 our results on the mixing matrix element |R↵i|2 with respect

to �⇡ < � < ⇡. In each panel, the shaded region satisfies the experimental constraints

in Eq. (17). We have found |R↵i|2 < 2.94 ⇥ 10�4. Note that as in Eqs. (7) and (8), the

heavy neutrino production cross section is proportional to |R↵i|2 and hence the constraints

in Eq. (17) provide us with the upper bound on the cross section. The same results but with

respect to Y are shown in Fig. 2. For the IH case, the corresponding results are shown in

Fig. 3 and Fig. 4, respectively. Similarly to the NH case, we have found |R↵i|2 < 3.52⇥10�4.

We also show in Fig. 5 and Fig. 6 our results for a combination of the mixing parameters,

|VeNV ⇤
µN |2/(|VeN |2 + |VµN |2), in the NH and IH cases, respectively. For comparison, we list

7
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Mixing parameters vary between 10-5-10-20, similar behavior is obtained for the other elements
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FIG. 3: Same as Fig. 1 but for the IH case.

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

2⇥ 2 orthogonal matrix with the degenerate heavy neutrino mass MN = 100 GeV. We have

8
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FIG. 4: Same as Fig. 2 but for the IH case.
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FIG. 4: Same as Fig. 2 but for the IH case.
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FIG. 6: Same as Fig. 5 but for the IH case.

Experiments Mixning angles Upper Bounds

EWPD-e[62–64] |VeN |2 1.7⇥ 10�3

EWPD-µ[62–64] |VµN |2 9.0⇥ 10�3

EWPD-⌧ [62–64] |V⌧N |2 4.2⇥ 10�3

L3[65] |V`N |2, ` = e, µ 2.2⇥ 10�3

Higgs-LHC[66] |V`N |2, ` = e, µ 3.4⇥ 10�3

LHC-e(ATLAS, 8 TeV)[67] |VeN |2 4.1⇥ 10�2

LHC-µ(ATLAS, 8 TeV)[67] |VµN |2 1.9⇥ 10�3

LHC-e(CMS, 8 TeV)[68] |VeN |2 1.1⇥ 10�2

LHC-µ(CMS, 8 TeV)[68] |VeN |2 4.6⇥ 10�3

LHC-e, µ(CMS, 8 TeV)[68]
|VeNV ⇤

µN |2

|VeN |2+|VµN |2 2.4⇥ 10�3

TABLE I: Upper bounds on the mixing parameters for MN = 100 GeV in the type-I seesaw

framework from the various collider experiments.

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

10
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example, the production cross section of the i-th generation heavy neutrino at the Large

Hadron Collider (LHC) through the process qq̄0 ! `Ni (ud̄ ! `+↵Ni and ūd ! `�↵Ni) is given

by

�(qq̄0 ! `↵Ni) = �LHC |R↵i|2, (7)

where �LHC is the production cross section of the SM neutrino when its mass is set to be

m i
N . Similarly, the production cross section at an e+e� collider such as the Large Electron-

Positron Collider (LEP) and the International Linear Collider (ILC) is given by

�(e+e� ! ⌫↵Ni) = �LC |R↵i|2, (8)

where �LC is the production cross section of the SM neutrino at an e+e� collider when its

mass is set to be m i
N , and we have used the approximation N †R ' U †

MNSR for |✏↵�| ⌧ 1

as we will find in the following.

The elements of the matrices N and R are constrained by the experimental data. In the

following analysis, we adopt, for the current neutrino oscillation data, sin2 2✓13 = 0.092 [4]

along with the other oscillation data [6]: sin2 2✓12 = 0.87, sin2 2✓23 = 1.0, �m2
12 = m2

2�m2
1 =

7.6 ⇥ 10�5 eV2, and �m2
23 = |m2

3 �m2
2| = 2.4 ⇥ 10�3 eV2. The neutrino mixing matrix is

given by

UPMNS =

0
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B

B

@

C12C13 S12C13 S13ei�

�S12C23 � C12S23S13ei� C12C23 � S12S23S13ei� S23C13

S12C23 � C12C23S13ei� �C12S23 � S12C23S13ei� C23C13
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C

C

A

0
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B

B

@

1 0 0

0 ei⇢ 0

0 0 1
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C

C

C

A

(9)

where Cij = cos ✓ij and Sij = sin ✓ij. We consider the Dirac CP -phase (�) and the Majorana

phase (⇢) as free parameters.

The minimal seesaw scenario predicts one massless eigenstate. For the light neutrino

mass spectrum, we consider both the normal hierarchy (NH) and the inverted hierarchy

(IH). In the NH case, the diagonal mass matrix is given by

DNH = diag

✓

0,
q

�m2
12,

q

�m2
12 +�m2

23

◆

, (10)

while in the IH case

DIH = diag

✓

q

�m2
23 ��m2

12,
q

�m2
23, 0

◆

. (11)
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W, W jj

BR(       )

right-handed neutrinos N j
R (j = 1, 2). The relevant part of the Lagrangian is written as

L � �
3

X

i=1

2
X

j=1

Y ij
D ` i

LHN j
R � 1

2

2
X

k=1

m k
NNkC

R Nk
R +H.c., (1)

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

M⌫ =

0

@

0 mD

mT
D mN

1

A . (2)

Assuming the hierarchy of |mij
D/m

k
N | ⌧ 1, we diagonalize the mass matrix and obtain the

seesaw formula for the light Majorana neutrinos as

m⌫ ' �mDm
�1
N mT

D. (3)

We express the light neutrino flavor eigenstate (⌫) in terms of the mass eigenstates of the

light (⌫m) and heavy (Nm) Majorana neutrinos such as ⌫ ' N ⌫m + RNm, where R =

mDm
�1
N , N =

⇣

1� 1
2
✏
⌘

UMNS with ✏ = R⇤RT and UMNS is the neutrino mixing matrix which

diagonalizes the light neutrino mass mass matrix as

UT
MNSm⌫UMNS = diag(m1,m2,m3). (4)

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

as

LCC = � gp
2
Wµ`↵�

µPL

�

N↵j⌫mj +R↵jNmj

�

+H.c., (5)

where `↵ (↵ = e, µ, ⌧) denotes the three generations of the charged leptons, and PL =

(1� �5)/2. Similarly, the neutral current interaction is given by

LNC = � g

2 cos ✓W
Zµ

h

⌫mi�
µPL(N †N )ij⌫mj +Nmi�

µPL(R†R)ijNmj

+
n

⌫mi�
µPL(N †R)ijNmj +H.c.

oi

, (6)
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where ✓W is the weak mixing angle. Through the mixing R↵i, the heavy neutrinos can

be produced at high energy colliders, which have been extensively studied [17–51]. For

example, the production cross section of the i-th generation heavy neutrino at the Large

Hadron Collider (LHC) through the process qq̄0 ! `Ni (ud̄ ! `+↵Ni and ūd ! `�↵Ni) is given

by

�(qq̄0 ! `↵Ni) = �LHC |R↵i|2, (7)

where �LHC is the production cross section of the SM neutrino when its mass is set to be

m i
N . Similarly, the production cross section at an e+e� collider such as the Large Electron-

Positron Collider (LEP) and the International Linear Collider (ILC) is given by

�(e+e� ! ⌫↵Ni) = �LC |R↵i|2, (8)

where �LC is the production cross section of the SM neutrino at an e+e� collider when its

mass is set to be m i
N , and we have used the approximation N †R ' U †

MNSR for |✏↵�| ⌧ 1

as we will find in the following.

The elements of the matrices N and R are constrained by the experimental data. In the

following analysis, we adopt, for the current neutrino oscillation data, sin2 2✓13 = 0.092 [4]

along with the other oscillation data [6]: sin2 2✓12 = 0.87, sin2 2✓23 = 1.0, �m2
12 = m2

2�m2
1 =

7.6 ⇥ 10�5 eV2, and �m2
23 = |m2

3 �m2
2| = 2.4 ⇥ 10�3 eV2. The neutrino mixing matrix is

given by

UPMNS =

0

B

B

B

@

C12C13 S12C13 S13ei�

�S12C23 � C12S23S13ei� C12C23 � S12S23S13ei� S23C13

S12C23 � C12C23S13ei� �C12S23 � S12C23S13ei� C23C13

1

C

C

C

A

0

B

B

B

@

1 0 0

0 ei⇢ 0

0 0 1

1

C

C

C

A

(9)

where Cij = cos ✓ij and Sij = sin ✓ij. We consider the Dirac CP -phase (�) and the Majorana

phase (⇢) as free parameters.

The minimal seesaw scenario predicts one massless eigenstate. For the light neutrino

mass spectrum, we consider both the normal hierarchy (NH) and the inverted hierarchy

(IH). In the NH case, the diagonal mass matrix is given by

DNH = diag

✓

0,
q

�m2
12,

q

�m2
12 +�m2

23

◆

, (10)

while in the IH case

DIH = diag

✓

q

�m2
23 ��m2

12,
q

�m2
23, 0

◆

. (11)

4

|211(22)|

12(21)| |2

Many modes/ many ways to produce the heavy neutrinos 

at the colliders but (very small) mixings can spoil the game 

of search, but still we should hope for the best.



Light neutrino mass matrix for inverse seesaw can be simplified

Fixing the Matrices N and R
•We consider the two generations of heavy neutrinos

UMNS =

⎛

⎝

c12c13 s12c13 s13e
iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13

⎞

⎠

×diag(1, e iρ, 1)

•We fix the parameters by the following neutrino oscillation data

sin2θ12 = 0.87, sin2θ23 = 1.0, sin2θ13 = 0.092(DayaBay) (12)

∆m2
12 = m2

2 −m2
1 = 7.6× 10−5eV 2,∆m2

23 = |m2
3 −m2

2| = 2.4× 10−3eV 2 (13)

•We study the Normal and Inverted hierarchies.
•The lightest mass eigenstate is massless. The diagonal mass matrices in
the NH and IH cases are

DNH = diag

(

0,
√

∆m2
12,

√

∆m2
12 +∆m2

23

)

, (14)

DIH = diag

(

√

∆m2
23 −∆m2

12,
√

∆m2
23, 0

)

. (15)
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mN ≤ 1 TeV ,
MDm

−1

N ≪ 1

Mν =

⎛

⎝

0 mD 0
mT

D 0 M
0 MT µ

⎞

⎠ (6)

N (7)

mν =
µ

M 2
mDmD = U∗

MNSDNH/IHU
†
MNS (8)

mD =
M
√
µ
U∗
MNS

√

DNH/IH (9)

NRj
, NLj

; j = 1, 2 (10)

M →
(

M 0
0 M

)

. (11)

µ →
(

µ 0
0 µ

)

. (12)
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0 MT µ

⎞
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M 2
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⎞

⎠ (6)

N (7)
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mDmD = U∗

MNSDNH/IHU
†
MNS (8)

mD =
M
√
µ
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√
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NRj
, NLj

; j = 1, 2 (10)

M →
(

M 0
0 M

)

. (11)

µ →
(

µ 0
0 µ
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. (12)

mν = RµRT = U∗
MNSDNH/IHU

†
MNS (13)

2

Inverse(Seesaw(Case(

mN ≤ 1 TeV ,
MDm

−1

N ≪ 1

Mν =

⎛

⎝

0 mD 0
mT

D 0 M
0 MT µ

⎞

⎠ (6)

2

Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M

← NR !

mD

← νL

• 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 .

Arindam Das University of Alabama In collaboration with Nobuchika Okada,University of Alabama Pheno 2013, University of Pittsburgh, May 6-8Inverse Seesaw Neutrino Signatures at LHC and ILC

Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M

← NR !

mD

← νL

• 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 .

Arindam Das University of Alabama In collaboration with Nobuchika Okada,University of Alabama Pheno 2013, University of Pittsburgh, May 6-8Inverse Seesaw Neutrino Signatures at LHC and ILC

Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →!

mD

NR → ✈

M

NL → #

µ

← NL ✈

M

← NR !

mD

← νL

• 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 .

Arindam Das University of Alabama In collaboration with Nobuchika Okada,University of Alabama Pheno 2013, University of Pittsburgh, May 6-8Inverse Seesaw Neutrino Signatures at LHC and ILC

Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M

← NR !

mD

← νL

• 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 .

Arindam Das University of Alabama In collaboration with Nobuchika Okada,University of Alabama Pheno 2013, University of Pittsburgh, May 6-8Inverse Seesaw Neutrino Signatures at LHC and ILC

Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M

← NR !

mD

← νL

• 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 .

Arindam Das University of Alabama In collaboration with Nobuchika Okada,University of Alabama Pheno 2013, University of Pittsburgh, May 6-8Inverse Seesaw Neutrino Signatures at LHC and ILC

LightS(heavy(mixing(could(be(large(and(Heavy(neutrino(can(be(
produced(at(LHC(

Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M

← NR !

mD

← νL

• 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 .

Arindam Das University of Alabama In collaboration with Nobuchika Okada,University of Alabama Pheno 2013, University of Pittsburgh, May 6-8Inverse Seesaw Neutrino Signatures at LHC and ILC

• Assuming, R = mDM
−1 << 1

•The flavour eigenstate (ν) in terms of the mass eigenstates

ν ≃ Nνm +RNm, N = (1 − 1

2
R∗RT )UMNS (8)

•UMNS is the usual neutrino mixing matrix to diagonalize mν as

W+
µ

Nm

− g√
2
γµPLR

em

Z 0

Nm

− g
2cW

γµPLN †R

νm

LCC = − g√
2
Wµemγ

µPL (Nνm +RNm) + h.c ., (9)

LNC = − g

2cw
Zµ

[

νmγ
µPL(N †N )νm + Nmγ

µPL(R†R)Nm

]

− g

2cw
Zµ

[

νmγ
µPL(N †R)Nm + h.c .

]

(10)

em, νm, Nm are the three generations of the leptons in the vector form.
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•We consider the two generations of heavy neutrinos
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∆m2
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2| = 2.4× 10−3eV 2 (13)

•We study the Normal and Inverted hierarchies.
•The lightest mass eigenstate is massless. The diagonal mass matrices in
the NH and IH cases are

DNH = diag

(
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√
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Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M

← NR !

mD

← νL

• 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 .

Arindam Das University of Alabama In collaboration with Nobuchika Okada,University of Alabama Pheno 2013, University of Pittsburgh, May 6-8Inverse Seesaw Neutrino Signatures at LHC and ILC

Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M

← NR !

mD

← νL

• 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 .

Arindam Das University of Alabama In collaboration with Nobuchika Okada,University of Alabama Pheno 2013, University of Pittsburgh, May 6-8Inverse Seesaw Neutrino Signatures at LHC and ILC

Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →!

mD

NR → ✈

M

NL → #

µ

← NL ✈

M

← NR !

mD

← νL

• 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 .

Arindam Das University of Alabama In collaboration with Nobuchika Okada,University of Alabama Pheno 2013, University of Pittsburgh, May 6-8Inverse Seesaw Neutrino Signatures at LHC and ILC

Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M

← NR !

mD

← νL

• 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 .

Arindam Das University of Alabama In collaboration with Nobuchika Okada,University of Alabama Pheno 2013, University of Pittsburgh, May 6-8Inverse Seesaw Neutrino Signatures at LHC and ILC

Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M

← NR !

mD

← νL

• 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 .

Arindam Das University of Alabama In collaboration with Nobuchika Okada,University of Alabama Pheno 2013, University of Pittsburgh, May 6-8Inverse Seesaw Neutrino Signatures at LHC and ILC

LightS(heavy(mixing(could(be(large(and(Heavy(neutrino(can(be(
produced(at(LHC(

Inverse seesaw Mechanism

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

LNL −MN̄RNL −mDN̄RνL,

νL →
!

mD

NR →
✈

M

NL →
#

µ

← NL ✈

M

← NR !

mD

← νL

• 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 .

Arindam Das University of Alabama In collaboration with Nobuchika Okada,University of Alabama Pheno 2013, University of Pittsburgh, May 6-8Inverse Seesaw Neutrino Signatures at LHC and ILC

• Assuming, R = mDM
−1 << 1

•The flavour eigenstate (ν) in terms of the mass eigenstates

ν ≃ Nνm +RNm, N = (1 − 1

2
R∗RT )UMNS (8)

•UMNS is the usual neutrino mixing matrix to diagonalize mν as

W+
µ

Nm

− g√
2
γµPLR

em

Z 0

Nm

− g
2cW

γµPLN †R

νm

LCC = − g√
2
Wµemγ

µPL (Nνm +RNm) + h.c ., (9)

LNC = − g

2cw
Zµ

[

νmγ
µPL(N †N )νm + Nmγ

µPL(R†R)Nm

]

− g

2cw
Zµ

[

νmγ
µPL(N †R)Nm + h.c .

]

(10)

em, νm, Nm are the three generations of the leptons in the vector form.
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Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

FND(

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

FD(

@(95.5%(CL(

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!"#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

%!&$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

'$()*)+$,%$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!"#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

%!&$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

'$()*)+$,%$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!"#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

%!&$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

'$()*)+$,%$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!"#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

%!&$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

'$()*)+$,%$Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

FND(

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

FD(

@(95.5%(CL(

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!"#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

%!&$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

'$()*)+$,%$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!"#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

%!&$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

'$()*)+$,%$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!"#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

%!&$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

'$()*)+$,%$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!"#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

%!&$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

!#$

Since NN † ∼ 1− ϵ

|ϵ| =

⎛

⎝

0.006± 0.00625 < 1.5× 10−5 < 8.76356× 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

⎞

⎠ (21)

•(1, 2) element is constrained by µ → eγ

•FND :

ϵ =
1

M2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS (22)

•Applying the LFV constrains we find µminNH = 525eV and
µminIH = 329eV.

•Taking µ = µmin we can optimise the cross sections.
•FD :

ϵ = (
mD

M
)21 = 0.01225(1) (23)

at (95.5% CL)

Arindam Das University of Alabama In collaboration with Nobuchika Okada,Univ. Alabama and P. S. Bhupal Dev, (Univ. Manchester) and Nobuchika OkadaInverse Seesaw Neutrinos at LHC

'$()*)+$,%$

Heavy(Neutrino(ProducRon(at(LHC(

Heavy neutrino signal at LHC

d̄

u

W+
Ni

Ri�(�, ⌅, x , y)

l+�

W+

l�⇥

Ri⇥(�, ⌅, x , y)†

⇥

l+⇤

Total Charge +1

•For like sign dilepton(ee and µµ) out of the tri-lepton signals, l� = e, µ;
Ni ⇥ l�⇥ W+, W+ ⇥ l+⇤ ⇥

•Mass of the heavy neutrino: 100 GeV,
⌅
s = 14 TeV

•Parameter scan imposing LFV and LEP constraints:�, ⌅ ⇤ [�⇤,⇤], y ⇤
[0, 1].
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General(ParameterizaRon(We use general parameterization,

R(δ, ρ, x , y) =
1
√
µ
U∗
MNS

√

DNH/IHO (24)

O =

(

cos(x + iy ) sin(x + iy)
−sin(x + iy ) cos(x + iy)

)

. (25)

Now R∗RT - matrix is expressed as

R∗RT (δ, ρ, y) =
1

µ
UMNS

√

DNH/IHO
∗OT

√

DNH/IH

T

U†
MNS (26)

where

O∗OT (y) =

(

cosh2y + sinh2y −2icoshysinhy
2icoshysinhy cosh2y + sinh2y

)

(27)

which is independent of x . Now

NN † ≃ 1−R∗RT (28)

R∗RT is constrained by the LFV and LEP data.
•The Dirac phase (δ) can be measured in future.
•Majorana phase (ρ) and y are independent of the oscillation data.
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R∗RT is constrained by the LFV and LEP data.
•The Dirac phase (δ) can be measured in future.
•Majorana phase (ρ) and y are independent of the oscillation data.
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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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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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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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where O is a general orthogonal matrix expressed as

O ¼
cos! sin!

" sin! cos!

 !
¼

cosh y i sinh y

"i sinh y cosh y

 !
cos x sin x

" sin x cosh x

 !
; (30)

with a complex number ! ¼ xþ iy, and the general form of the neutrino mixing matrix,
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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
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Note that
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2i cosh y sinh y cosh 2yþ sinh 2y
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(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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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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where O is a general orthogonal matrix expressed as

O ¼
cos! sin!

" sin! cos!

 !
¼

cosh y i sinh y
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 !
cos x sin x

" sin x cosh x

 !
; (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
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0 ei# 0
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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-
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%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 cosh 2yþ sinh 2y "2i cosh y sinh y

2i cosh y sinh y cosh 2yþ sinh 2y

 !
(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
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• For simplicity we assume that mD and M are diagonal.

• In the final events we have considered the Opposite Sigh Same Flavor (OSSF)
leptons (like the recent CMS search).

• We consider the two benchmark cases : a ) Single Flavor (SF) and b ) Flavor
Diagonal (FD)

• SF: One heavy neutrino couples with one flavor.
Signal Example: pp → Nµ,N → Wµ,W → ℓανα

• FD: Two degenerate heavy neutrinos couple with two lepton flavors individually.
The cross section is twice larger than that of the SF case.

Direct Bounds on Electroweak Scale Pseudo-Dirac Neutrinos from
√

s = 8 TeV LHC Data
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final states e±e∓e± and e±e∓µ∓ , along with the two final 
states of the benchmark case (a). Thus the total trilepton sig-
nal cross section in case (b) is twice larger than that in case 
(a), and as a result, the limit on |BlN |2 derived in case (b) will 
be roughly twice stronger than the corresponding limit in case 
(a) for a given value of mN .

4. Data analysis and results

For each of the above benchmark cases, the trilepton signal 
events were generated for 

√
s = 8 TeV LHC by implementing the 

new interaction vertices given by (9) and (10) in MadGraph5 [33]. 
The parton level cross sections were obtained using the CTEQ6L
parton distribution functions [34]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [35] and a 
fast detector simulation was done using DELPHES3 [36]. Hadrons 
were clustered into jets using the anti-kT algorithm as imple-
mented in FastJet2 [37] with a distance parameter of 0.5. In 
the detector simulation, we have considered the signal events con-
taining three leptons accompanied by n-jets (with n = 1–4), after 
incorporating the MLM matching prescription [38] to avoid dou-
ble counting of jets. For the generated signal events, we adopt the 
following basic selection criteria, as used in the CMS trilepton anal-
ysis [27]:

(i) The transverse momentum of each lepton: plT > 10 GeV.

(ii) The transverse momentum of at least one lepton: pl,leadingT >
20 GeV.

(iii) The jet transverse momentum: p j
T > 30 GeV.

(iv) The pseudo-rapidity of leptons: |ηl| < 2.4 and of jets: |η j | <
2.5.

(v) The lepton–lepton separation: "Rll > 0.1 and the lepton-jet 
separation: "Rlj > 0.3.

(vi) The invariant mass of each OSSF lepton pair: ml+l− < 75 GeV
or > 105 GeV to avoid the on-Z region which was ex-
cluded from the CMS search. Events with ml+l− < 12 GeV are 
rejected to eliminate background from low-mass Drell–Yan 
processes and hadronic decays.

(vii) The scalar sum of the jet transverse momenta: HT <
200 GeV.

(viii) The missing transverse energy: /ET < 50 GeV.

Note that there are additional contributions to the trilepton sig-
nal from N → Zν, hν , followed by Z , h decay to l+l− . However, 
the Z contributions are suppressed after we impose the mll cut to 
reduce the SM Z background, whereas the h contributions are ad-
ditionally suppressed due to small Yukawa coupling of electrons 
and muons. The CMS analysis [27] has given the number of ob-
served events and the corresponding SM background expectation 
for various ranges of /ET and HT that are sensitive to different 
kinematical and topological signatures. However, for our trilepton 
signal (4), the set of selection cuts listed above turn out to be the 
most efficient ones among those considered in the CMS analysis.

It is important to note here that in order to make a direct com-
parison of our signal events with the CMS results for the observed 
events and the SM background, we must include at least one jet 
with pT > 30 GeV and |η j | < 2.5 in the final state. The simplest 
trilepton final state shown in Fig. 1 does not contain any jets at 
the parton-level, but initial state radiation (ISR) effects could give 
rise to final states with nonzero jets, though they are usually ex-
pected to be soft. However, there are additional diagrams involving 

relatively large |BeN |2 is still allowed, except in special cases where the 0νββ am-
plitude could be enhanced [32].

Fig. 2. The trilepton + one jet + missing transverse energy signal of a heavy Dirac 
neutrino at the LHC.

Fig. 3. The ‘inclusive’ parton-level cross sections for the processes pp → Nl+ + N̄l−

(thick, red) and pp → Nl+ j + N̄l− j (thin, blue) at √s = 8 TeV (solid) and 14 TeV 
(dashed) LHC. The results are shown for the single flavor (SF) case. For the flavor 
diagonal (FD) case, the numbers should be multiplied by a factor of two. For the Nlj
case, we have imposed p j

T > 30 GeV. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

quark–gluon fusion, such as those shown in Fig. 2, which give rise 
to hard jets in the final state. The inclusive production cross sec-
tion of the processes pp → Nl+(N̄l−) + 1 j is only a factor of 2–4 
smaller than the original pp → Nl+(N̄l−) + 0 j process shown in 
Fig. 1. This is due to the fact that, although the three-body final 
state Nlj is phase-space suppressed compared to the two-body fi-
nal state Nl, there is a partially compensating enhancement at the 
LHC due to a much larger gluon content of the proton, as com-
pared to the quark content [1]. The numerical values of the two 
production cross sections, normalized to |BlN |2 = 1, are shown in 
Fig. 3 for both 

√
s = 8 and 14 TeV LHC as a function of the light-

est heavy neutrino mass mN . Here we have shown the values for 
the SF case; for the FD case, the cross sections are enhanced by 
a factor of two. Note that for the Nl + 1 j case, we must use a 
nonzero p j

T cut to avoid the infrared singularity due to massless 
quarks in the t-channel. Here we have used the p j

T > 30 GeV cut, 
following the CMS analysis, to get a finite result. Using a lower 
value of p j,min

T could enhance the Nl + 1 j cross section, thereby 
improving the signal sensitivity. Moreover, for a lower p j,min

T , other 
processes such as pp → Nlj j mediated by a t-channel photon ex-
change [5] and gg → Nlj j mediated by t-channel quarks, could 
give additional enhancement effects. A detailed detector-level sim-
ulation of these infrared-enhanced processes for different selection 
criteria than those used by the current CMS analysis is beyond the 
scope of this Letter, and will be presented in a separate commu-
nication. In this sense, the bounds on light-heavy neutrino mixing 
derived here can be treated as conservative bounds.

To derive the limits on |BlN |2, we calculate the normalized sig-
nal cross section σ /|BlN |2 at 

√
s = 8 TeV LHC as a function of the 

lightest heavy neutrino mass mN for both SF and FD cases, after 
imposing the CMS selection criteria listed above. The correspond-

A. Das et al. / Physics Letters B 735 (2014) 364–370 365

term. After the electroweak symmetry breaking, the Lagrangian (1)
gives rise to the full neutrino mass matrix in the flavor basis 
{νC

L,l, NR,α, SCL,β}, as follows:

Mν =
( 0 MD 0
MT

D 0 MT
N

0 MN µ

)

≡
(

0 MD
MT

D MN

)
, (2)

where MD = (MD , 0) and MN =
( 0 MT

N
MN µ

)
. Diagonalizing (2) leads 

to the light neutrino mass matrix of the form

Mν = MDM
−1
N µM−1T

N MT
D +O

(
µ3), (3)

whereas the heavy neutrinos form quasi-Dirac pairs (Ni, N̄i) with 
masses roughly given by the eigenvalues of MN ∓ µ/2. It is im-
portant to note that the smallness of the light neutrino masses is 
guaranteed by the smallness of µ, irrespective of the Dirac masses 
MD and MN . In the limit µ → 0, lepton number symmetry is 
restored, and the light neutrinos are exactly massless. In other 
words, the smallness of µ is technically natural in the ’t Hooft 
sense. Such a small mass term may be generated from some other 
new physics, e.g. spontaneous breaking of lepton number [9], ra-
diative corrections [10] or extra dimensions [11]. Similarly, the 
Dirac mass matrix MN and the inverse seesaw structure in (2)
could be explained in various extensions of the minimal inverse 
seesaw model [12–14]. Note that a nonzero Majorana mass term 
µR N̄RNC

R could still be allowed in (1) if NR is a gauge singlet. This 
will contribute to the light neutrino mass matrix in (3) at one-loop 
level [15] from standard electroweak radiative corrections [16]. In 
this case, both µ and µR contributions can be combined to de-
fine an effective Majorana mass µeff , while keeping the remaining 
structure in (3) unchanged.

The general feature of the inverse seesaw mechanism, i.e. a 
small lepton number breaking, allows large neutrino Yukawa cou-
plings Ylα up to O(1) even for an electroweak scale heavy neutrino 
mass MN , without introducing any fine-tuning or cancellations in 
the light neutrino mass matrix (3). This leads to a number of 
interesting phenomenological consequences, such as large lepton 
flavor violation (LFV) [17], non-unitarity of the leptonic mixing ma-
trix [13,18], light DM candidate [19] and modifications to the SM 
Higgs observables [12,20,21]. In this Letter, we will mostly focus 
on the collider signatures of this low-scale seesaw mechanism.

2. Trilepton signature at the LHC

As far as the direct collider tests of the inverse seesaw mech-
anism are concerned, a large Yukawa coupling enhances the on-
shell production of electroweak-scale heavy neutrinos at the LHC. 
However, due to the small lepton number breaking in these scenar-
ios, the heavy neutrinos are pseudo-Dirac, and hence, the ‘smoking 
gun’ collider signature of same-sign dilepton final states is sup-
pressed. As the opposite-sign dilepton signal l±l∓ j j is swamped 
with a large SM background, mainly from pp → Z j j, the ‘golden’ 
channel for probing heavy Dirac neutrinos at the LHC is the trilep-
ton final state [22]:

pp → l+1 N → l+1 l
−
2 W+ → l+1 l

−
2 l

+
3 ν,

pp → l−1 N̄ → l−1 l
+
2 W− → l−1 l

+
2 l

−
3 ν̄, (4)

as shown in Fig. 1.1 Here N denotes a generic heavy neutrino mass 
eigenstate, which is typically the lightest SM-singlet fermion in a 

1 In a supersymmetric version of the inverse seesaw model, the same trilepton 
plus missing transverse energy final state as in (4) can also be obtained from a 
pair-production of charginos and neutralinos [23].

Fig. 1. The trilepton plus missing transverse energy signal of a heavy Dirac neutrino 
at the LHC.

given seesaw model. From (2), we see that for ∥µ∥ ≪ ∥MN∥, the 
heavy neutrino masses given by the eigenvalues of MN can be 
approximated by degenerate pairs of the eigenvalues of MN . The 
small mass splitting between the quasi-Dirac pairs induced by the 
small lepton number breaking parameter µ is irrelevant for their 
collider studies, as long as µ is much smaller than their decay 
widths. This is a valid approximation in our case since we re-
quire relatively large neutrino Yukawa couplings in order to have 
a sizable collider signal and a very small µ to satisfy the neutrino 
oscillation data [cf. (3)]. Thus, we can treat the heavy neutrinos 
to be Dirac particles for our subsequent collider analysis. It is im-
portant to note here that the trilepton signal does not vanish in 
the µ → 0 limit. This is in contrast with the collider signature of 
heavy Majorana neutrinos in the minimal setup, where the same-
sign dilepton signal must vanish in the limit of exact degeneracy.

The discovery potential of the trilepton channel (4) at the LHC, 
along with a detailed SM background analysis, was performed 
in [22] for a single-flavor electroweak-scale heavy neutrino. A sim-
ilar study in the context of Left–Right symmetric theory was pre-
sented in [24]. A more general heavy neutrino flavor structure was 
considered in [25], and it was shown that a 5σ statistical signifi-
cance of the signal events over the SM background can be achieved 
at 

√
s = 14 TeV LHC with 11 fb−1 luminosity in the flavor-diagonal 

case. Similar sensitivities can also be achieved at the planned ILC 
with 

√
s = 500 GeV–1 TeV. Note that, at an electron–positron col-

lider, the dominant heavy neutrino production channel is e+e− →
νN , which leads to one isolated lepton and two jets with large 
missing energy signature [25,26], irrespective of the Dirac/Majo-
rana nature of the heavy neutrinos.

Meanwhile, the CMS collaboration has presented a model-
independent search for anomalous production of events with at 
least three isolated charged leptons using the 19.5 fb−1 data at √
s = 8 TeV LHC [27]. They have adopted a general search strategy 

which is applicable to a wide range of possible scenarios beyond 
the SM giving rise to a multilepton signal, including the pseudo-
Dirac neutrino case discussed above. With this observation, we 
perform a collider simulation of the trilepton signal for a generic 
pseudo-Dirac heavy neutrino scenario with the same selection cri-
teria as used in the CMS analysis, and compare our signal events 
with the CMS observed data. Using the fact that the experimental 
results are consistent with the SM expectations, we derive the first 
direct limits on the pseudo-Dirac heavy neutrino mass and mixing 
with the light neutrinos.

The inclusive cross section for the trilepton final state given by 
(4) in a generic seesaw model can be written as

σ (pp → l1l2l3 + /ET ) = σprod
(
pp → W ∗ → Nl1

)

× BR(N → l2W )BR(W → l3ν). (5)

Here we assume that the heavy neutrinos are heavier than the 
W -boson so that the two-body decay N → lW is kinematically al-
lowed, followed by an on-shell W -decay to SM leptons. In general, 
the final state charged leptons l1,2,3 can be of any flavor combi-
nation. However, since it is rather challenging to reconstruct the 
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CMS Criteria

(i) The transverse momentum of each lepton: pℓT > 10 GeV.

(ii) The transverse momentum of at least one lepton: pℓ,leadingT > 20 GeV.

(iii) The jet transverse momentum: pjT > 30 GeV.
(iv) The pseudo-rapidity of leptons: |ηℓ| < 2.4 and of jets: |ηj | < 2.5.
(v) The lepton-lepton separation: ∆Rℓℓ > 0.1 and the lepton-jet separation:

∆Rℓj > 0.3.
(vi) The invariant mass of each OSSF lepton pair: a) mℓ+ℓ− < 75 GeV and b)

mℓ+ℓ− > 105 GeV.
(vii) The scalar sum of the jet transverse momenta: HT < 200 GeV.
(viii) The missing transverse energy: /ET < 50 GeV.

•Case I : mℓ+ℓ− < 75 : CMS has observed 510 events with the SM background
expectation 560±87 events . Upper limit of 510− (560− 87) =37 events.
•Case II: mℓ+ℓ− > 105 : CMS has observed 178 events with the SM background
expectation 200±35 events. Upper limit of 178− (200− 35) =13 events.
• These set a 95 % CL on the mixing parameter as a function of the heavy
neutrino mass.
• The upper bound in FD case is twice stronger than that in the SF case as it was
expected.

Direct Bounds on Electroweak Scale Pseudo-Dirac Neutrinos from
√

s = 8 TeV LHC Data

CMS(Criteria(
CMS(search(for(the(triSlepton+(MET((matches(with(our(signal(state)(

Search for anomalous production of events with three or more leptons in pp
collisions at
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A search for physics beyond the standard model in events with at least three leptons is presented. The
data sample, corresponding to an integrated luminosity of 19.5 fb−1 of proton-proton collisions with
center-of-mass energy

ffiffiffi
s

p
¼ 8 TeV, was collected by the CMS experiment at the LHC during 2012. The

data are divided into exclusive categories based on the number of leptons and their flavor, the presence or
absence of an opposite-sign, same-flavor lepton pair (OSSF), the invariant mass of the OSSF pair, the
presence or absence of a tagged bottom-quark jet, the number of identified hadronically decaying τ leptons,
and the magnitude of the missing transverse energy and of the scalar sum of jet transverse momenta. The
numbers of observed events are found to be consistent with the expected numbers from standard model
processes, and limits are placed on new-physics scenarios that yield multilepton final states. In particular,
scenarios that predict Higgs boson production in the context of supersymmetric decay chains are examined.
We also place a 95% confidence level upper limit of 1.3% on the branching fraction for the decay of a
top quark to a charm quark and a Higgs boson (t → cH), which translates to a bound on the left- and
right-handed top-charm flavor-violating Higgs Yukawa couplings, λHtc and λHct, respectively, offfiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jλHtcj2 þ jλHctj2
p

< 0.21.

DOI: 10.1103/PhysRevD.90.032006 PACS numbers: 12.60.-i, 14.65.Ha, 14.80.Bn

I. INTRODUCTION

The recent discovery of a Higgs boson [1–3] at the
relatively low mass of about 125 GeV implies that physics
beyond the standard model (BSM) may be observable at
energy scales of around 1 TeV. Supersymmetry (SUSY) is a
prominent candidate for BSM physics because it provides a
solution to the hierarchy problem, predicts gauge-coupling
unification, and contains a “natural” candidate for dark
matter [4–6]. Supersymmetry postulates the existence of
fermionic superpartners for each standard model (SM)
boson, and of bosonic superpartners for each SM fermion.
For example, gluinos, squarks, and winos are the super-
partners of gluons, quarks, and W bosons, respectively.
The superparter of a lepton is a slepton. In R-parity [7]
conserving SUSY models, supersymmetric particles are
created in pairs, and the lightest supersymmetric particle
(LSP) is stable. If the LSP interacts only weakly, as in the
case of a dark matter candidate, it escapes detection, leading
to missing transverse energy (Emiss

T ). Here, R-parity is
defined by R ¼ ð−1Þ3BþLþ2s, with B and L the baryon
and lepton numbers, and s the particle spin. All SM particles
have R ¼ þ1 while all superpartners have R ¼ −1.
Awide range of BSM scenarios predict multilepton final

states [8], where by “multilepton,” we mean three or more

charged leptons. Since multilepton states are relatively rare
in the SM, searches in the multilepton channel have good
potential to uncover BSM physics.
Given the rich SUSY particle spectrum, multilepton final

states in SUSYevents take on multiple forms. For example,
a cascade of particles initiated by the decay of a heavy
gluino can proceed through intermediate squarks, winos,
and sleptons to produce a final state that is democratic in
lepton flavor, i.e., equally likely to contain electrons,
muons, or τ leptons. Direct pair production of the super-
partners of the electron and muon (selectron and smuon,
respectively) can yield a multilepton state dominated by
τ leptons should the superpartner of the τ lepton (stau) be
substantially lighter than the selectron and smuon, as is
expected in some models. Another path to a multileptonic
final state arises from top-squark production in which the
top squark decays to leptonically decaying third-generation
quarks and to a Z boson that yields an opposite-sign same-
flavor (OSSF) lepton pair. In these latter events, bottom-
quark jets (b jets) might also be present. Similarly, many
other multileptonic signatures are possible.
Besides SUSY, other BSM scenarios can yield multi-

leptonic final states, such as t → cH transitions, with t a top
quark, c a charm quark, and H a Higgs boson. The t → cH
process is extremely rare in the SM but can be enhanced
through the production of new particles in loops [9,10]. The
top quark is the heaviest SM particle, and is thus the SM
particle that is most strongly coupled to the Higgs boson.
Since the t → cH process directly probes the flavor-
violating couplings of the top quark to the Higgs boson,
it provides a powerful means to search for BSM physics

* Full author list given at the end of the article.
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Fig. 4. The 95% CL upper limit on the light-heavy neutrino mixing parameter |BlN |2
as a function of the heavy Dirac neutrino mass mN , derived from the CMS trilep-
ton data at √s = 8 TeV LHC for 19.5 fb−1 luminosity [27]. The exclusion (shaded) 
regions are shown for two benchmark scenarios: (i) single flavor (SF) and (ii) flavor 
diagonal (FD), with two choices of the selection cut ml+l− < 75 GeV (thick dotted) 
and > 105 GeV (thick solid). The corresponding conservative projected limits from √
s = 14 TeV LHC data with 300 fb−1 integrated luminosity are shown by thin solid 

lines (SF 14 and FD 14). Some relevant existing upper limits (all at 95% CL) are also 
shown for comparison: (i) from a χ2-fit to the LHC Higgs data [20] (Higgs), (ii) from 
a direct search at LEP [26] (L3), valid only for the electron flavor, (iii) ATLAS limit 
from √s = 7 TeV LHC data [6] (ATLAS 7), valid for a heavy Majorana neutrino of the 
muon flavor, and (iv) indirect limit from a global fit to the electroweak precision 
data [40] (EWPD), for both electron (solid) and muon (dotted) flavors. (For inter-
pretation of the references to color in this figure, the reader is referred to the web 
version of this article.)

ing number of signal events passing all the cuts is then compared 
with the observed number of events for 19.5 fb−1 luminosity [27]. 
For the selection criteria listed above, the CMS experiment ob-
served (a) 510 events with the SM background expectation of 
560 ±87 events for ml+l− < 75 GeV and (b) 178 events with the SM 
background expectation of 200 ± 35 events for ml+l− > 105 GeV. 
Thus, for case (a), we have an upper limit of 37 signal events, and 
for case (b) an upper limit of 13 signal events. This sets a direct 
upper bound on the light-heavy neutrino mixing parameter |BlN |2
for a given value of mN , as shown in Fig. 4 for both cases (a) and 
(b) discussed above (thick dashed and solid lines, respectively). The 
case (b) becomes more efficient for higher values of mN , thus set-
ting a more stringent limit on |BlN |2. We have shown the 95% CL 
exclusion regions for both benchmark scenarios, namely SF and FD 
cases (red and blue shaded regions, respectively). As expected, the 
upper bound in the FD case is roughly twice as stronger than that 
in the SF case. In our analysis, we have considered heavy neutrino 
masses only above MZ , since for mN < MZ , the existing LEP limits 
from Z -decay [39] are more stringent.

For comparison, we also show the 95% CL indirect upper limit 
on |BlN | < 0.030 (0.041) for l = µ (e) derived from a global fit to 
the electroweak precision data [40] (EWPD), which is independent 
of mN for mN > MZ , as shown by the horizontal dotted (solid) line 
in Fig. 4. We find that the direct bounds on |BlN |2 derived here are 
comparable to the indirect ones for mN ∼ 100 GeV, but get weaker 
at higher masses due to the suppression in the heavy neutrino pro-
duction cross section (cf. Fig. 3). Similar but somewhat weaker in-
direct bound could also be obtained from non-unitarity of the lep-
tonic mixing matrix and lepton flavor universality constraints [30]. 
In addition, 95% CL constraints on the Yukawa coupling, and hence, 
on the mixing parameter |BlN |2 could be obtained from a χ2-fit to 
the LHC Higgs data [20], as shown by the orange solid line (Higgs) 
in Fig. 4. This limit turns out to be the strongest one for mN ! Mh , 
but becomes ineffective for larger mN as N becomes off-shell in 
the Higgs decay h → Nν → 2l2ν .

Finally, we also compare the direct limits derived here with the 
existing collider bounds. The 95% CL LEP limit on |BeN |2, derived 
from the search channel e+e− → Neνe → eW νe [26], is shown by 
the pink solid line (L3) in Fig. 4. For a small range of the parame-
ter space, this limit is stronger than the LHC trilepton limit derived 
here. However, the LEP limit is only applicable to the electron fla-
vor, whereas the trilepton limit derived here is equally applicable 
to both electron and muon flavors. Moreover, the trilepton final 
states are also applicable to the heavy Majorana neutrino case, al-
though the smoking gun collider signature in the Majorana case 
will be the same-sign dilepton final state, which is dominant over 
the trilepton signal. For completeness, we have shown the corre-
sponding limits from a same-sign dimuon search by ATLAS using 
the 

√
s = 7 TeV LHC data for 4.7 fb−1 [6]. These limits are com-

parable to the trilepton limits derived here; however, a dedicated 
search optimized for the trilepton signal could lead to a more 
stringent limit than that presented here.

In light of the above results and the noncompetitiveness of the 
direct bounds obtained here with the existing indirect limits, it 
might be useful to derive the projected direct limits anticipated 
from the 

√
s = 14 TeV LHC data. Assuming that the signal ef-

ficiency is the same as that obtained for the 
√
s = 8 TeV data 

analysis with ml+l− > 105 GeV selection cut, and using the produc-
tion cross sections given in Fig. 3, we obtain the projected upper 
limits on |BlN |2 for both SF and FD cases at the 

√
s = 14 TeV LHC 

with 300 fb−1 integrated luminosity, as shown by the thin solid 
red (SF 14) and blue (FD 14) lines in Fig. 4. These limits should be 
treated as conservative limits, since the signal-to-background se-
lection efficiency at 

√
s = 14 TeV LHC is expected to be at least as 

good as that in the 
√
s = 8 TeV case. Thus, we find that the direct 

limits on the heavy-light neutrino mixing parameter are expected 
to improve significantly (by at least one order of magnitude) at the √
s = 14 TeV LHC.

5. Conclusion

In this Letter, we have derived the first direct collider bounds 
on electroweak-scale pseudo-Dirac heavy neutrinos, which could 
be naturally motivated in inverse seesaw models to explain the ob-
served smallness of active neutrino masses by a small lepton num-
ber breaking. The derived upper bound on the light-heavy neutrino 
mixing parameter |BlN |2 is about 2 × 10−3 for mN ∼ 100 GeV, and 
is comparable to the existing best limit from electroweak precision 
tests. Our analysis provides the first direct limits on the mixing 
parameter |BlN |2 up to mN = 500 GeV or so. The bounds derived 
here should be considered as conservative bounds, since optimiz-
ing the experimental analysis for our particular trilepton channel, 
and including the infrared enhancement effects due to t-channel 
quarks and photons, will yield a much stronger bound. We hope 
the experimental community will seriously consider this possibil-
ity. Finally, the collider bounds could significantly improve with 
more data from the upcoming LHC run-II with 

√
s = 13–14 TeV.
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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

– 6 –

Production of  heavy neutrino at the NLO-QCD order

AD, P Konar, S Majhi: JHEP 1606(2016) 019

Majorana heavy neutrino can display distinct same sign dilepton mode plus dijet 
Pseudo-Dirac heavy neutrino can display trilepton mode

A. Quark-quark and quark-gluon processes

We have calculated the cross-sections fixing the mass of the heavy neutrino (mN ) at the LO

level varying the factorization scale (µF ). The LO cross section varies due to the variation in the

factorization scale (µF ) because of the PDFs according to

µLO
F = ⇠ ⇤mN with 0.1  ⇠  10. (15)

where ⇠ is the scale factor. On the other hand the NLO cross section depends not only on the

µF but also on the renormalization scale (µR). The e↵ect of µF comes in the NLO cross section

through the PDFs whereas that of the µR is involved in the NLO cross section due to the strong

coupling, ↵s(µR).

The scale dependent cross sections have been produced being normalized by the fourth power of

the mixing angle (|V`N |4) which is indicated from Eq. 12. In Fig. 3 we systematically produce the

heavy neutrino pair at the 13 TeV LHC at the LO level for the di↵erent masses such as mN = 95

GeV, 100 GeV, 300 GeV and 500 GeV with 0.1  ⇠  10 according to Eq. 15 at the LO. We have

also displayed the theoretical scale uncertainties of the NLO-QCD processes for the variations in

µF and µR in Fig. 3. For the NLO-QCD analysis we have made three choices between µF and µR,

which are

µNLO
F = µNLO

R = ⇠ ⇤mN

µNLO
F = mN , µNLO

R = ⇠ ⇤mN

µNLO
F = ⇠ ⇤mN , µNLO

R = mN . (16)

µNLO
F and µNLO

R are the factorization and renormalization scales at the NLO-QCD level.

For mN = 95 GeV, the LO cross-section(�LO) varies up to a factor of 1.43 while the scale varies

within a range 0.1  ⇠  10. A considerable amount of theoretical uncertainty has been noticed

from the LO results because of the quark-antiquark (qq) PDFs are involved at the partonic level.

In this case each PDF is dependent upon µLO
F and ⇠ according to Eq.15. On the other hand in

the NLO-QCD processes, the ⇠ dependence comes from the PDFs through µNLO
F and also from

the strong coupling, ↵s(µR) according to Eq. 16 at the parton level. The NLO PDFs are involved

in the quark-antiquark (qq), quark-gluon (qg) and antiquark-gluon (qg) interactions through the

strong coupling constant and hence the strong scale dependent part cancels among themselves. As

a result a soft scale dependence has been observed for the NLO-QCD processes compared to the

LO process. At the 13 TeV in Fig. 3 with mN = 95 GeV the cross section at the NLO-QCD process

is increasing when the factorization scale is fixed at mN but the renormalization scale is varying

10
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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

– 15 –

Prospective bounds on the mixing angle as a function of 
the Majorana heavy neutrino mass
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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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FIG. 2: Pair production of the heavy neutrinos in the inverse seesaw framework at the LO and NLO-QCD

orders. The Born process/ LO is given in (a). NLO diagrams including the virtual corrections (b� d) and

real emissions (e� h) are also shown.

with mW , mZ and m� as the W , Z and � masses respectively. The partial decay width of heavy

neutrino into the charged gauge bosons being twice as large as that of the neutral one due to the

two degrees of freedom (W±). The branching ratios BRi (= �i/�total) of each decay modes of the

right handed heavy neutrino as a function of its mass (mN ) are plotted in Fig. 1. It should be

interestingly noted that for larger values of mN , the branching ratios can be obtained as

BR (N ! W `) : BR (N ! Z⌫) : BR (N ! �⌫) ' 2 : 1 : 1. (14)

and such ratios has to be maintained for correct and flawless analysis3.

III. SCALE DEPENDENT PAIR PRODUCTION OF THE HEAVY NEUTRINOS AT THE

HADRON COLLIDERS AT THE LO AND NLO-QCD LEVELS

Implementing the type-I seesaw and inverse seesaw models in the event generator

MadGraph5-aMC@NLO [162–164], we calculate the production cross section of the heavy neutrino

pair at the LO and NLO-QCD levels. The relevant Feynman diagrams of the production processes

are given Fig. 5 where the LO production (Born level) channel is shown in (a). In Fig. 5(b�d) and

in Fig. 5(e�h) the virtual corrections and the real emission processes are shown respectively. The

event generator uses MADLOOP[165] to calculate the one loop processes using Ossola-Papadopoulos-

Pittau OPP[167] integrand-reduction procedure implemented in CutTools[168]. The Born pro-

cess and the real emission processes are calculated using MadFKS[166] through the integration and

3 The discussion on the seesaw mechanism from the canonical/ type-I seesaw model has been studied in [189] for the
FND case. The FND case for the inverse seesaw model using the lepton flavor violation constraints is discussed in
[145].
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Production of  heavy neutrino pair at the NLO-QCD order

Majorana heavy neutrinos can display distinct same sign dilepton mode plus W, W can 
decay into leptons / jets 

Pseudo-Dirac heavy neutrinos can decay opposite sign dileptons plus W, W can decay 
into leptons/ jets 

However, heavy neutrinos can decay into Z but that is not the dominant mode

AD : arXiv:1701.04946,  
more to come in the updated version

A. Quark-quark and quark-gluon processes

We have calculated the cross-sections fixing the mass of the heavy neutrino (mN ) at the LO

level varying the factorization scale (µF ). The LO cross section varies due to the variation in the

factorization scale (µF ) because of the PDFs according to

µLO
F = ⇠ ⇤mN with 0.1  ⇠  10. (15)

where ⇠ is the scale factor. On the other hand the NLO cross section depends not only on the

µF but also on the renormalization scale (µR). The e↵ect of µF comes in the NLO cross section

through the PDFs whereas that of the µR is involved in the NLO cross section due to the strong

coupling, ↵s(µR).

The scale dependent cross sections have been produced being normalized by the fourth power of

the mixing angle (|V`N |4) which is indicated from Eq. 12. In Fig. 3 we systematically produce the

heavy neutrino pair at the 13 TeV LHC at the LO level for the di↵erent masses such as mN = 95

GeV, 100 GeV, 300 GeV and 500 GeV with 0.1  ⇠  10 according to Eq. 15 at the LO. We have

also displayed the theoretical scale uncertainties of the NLO-QCD processes for the variations in

µF and µR in Fig. 3. For the NLO-QCD analysis we have made three choices between µF and µR,

which are

µNLO
F = µNLO

R = ⇠ ⇤mN

µNLO
F = mN , µNLO

R = ⇠ ⇤mN

µNLO
F = ⇠ ⇤mN , µNLO

R = mN . (16)

µNLO
F and µNLO

R are the factorization and renormalization scales at the NLO-QCD level.

For mN = 95 GeV, the LO cross-section(�LO) varies up to a factor of 1.43 while the scale varies

within a range 0.1  ⇠  10. A considerable amount of theoretical uncertainty has been noticed

from the LO results because of the quark-antiquark (qq) PDFs are involved at the partonic level.

In this case each PDF is dependent upon µLO
F and ⇠ according to Eq.15. On the other hand in

the NLO-QCD processes, the ⇠ dependence comes from the PDFs through µNLO
F and also from

the strong coupling, ↵s(µR) according to Eq. 16 at the parton level. The NLO PDFs are involved

in the quark-antiquark (qq), quark-gluon (qg) and antiquark-gluon (qg) interactions through the

strong coupling constant and hence the strong scale dependent part cancels among themselves. As

a result a soft scale dependence has been observed for the NLO-QCD processes compared to the

LO process. At the 13 TeV in Fig. 3 with mN = 95 GeV the cross section at the NLO-QCD process

is increasing when the factorization scale is fixed at mN but the renormalization scale is varying
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FIG. 25: Existing upper limits on the light-heavy neutrino mixing angles |V`N |2 as a function of the right

handed heavy neutrino mass mN for the trilepton case: (i) from a �2-fit to the LHC Higgs data [48] (Higgs),

(ii) from a direct search at LEP [181](LEP2), valid only for the electron flavor, (iii) ATLAS limits from
p
s = 7 TeV LHC data [182] (ATLAS7) and

p
s =8 TeV LHC data [183] (ATLAS8), valid for a heavy

Majorana neutrino of the muon flavor, (iv) CMS limits from
p
s =8 TeV LHC data [184] (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 [185–187] for electron (cyan, EWPD-e(old)) and muon (cyan, EWPD-µ(old))

flavors(new values can be found from [56], for tau (dotted, EWPD- ⌧), electron (solid, EWPD- e) and muon

(dashed, EWPD- µ) flavors)

also been noticed from these results and Figs. 26 and ?? that the heavy neutrino with a mass

range of 95 GeV  mN  160 GeV will be good to consider the for studying the pair-production

of the heavy neutrinos. The pair production case is always suppressed by the fourth power of the

mixing angle but once the heavy neutrino will be discovered such tests will be necessary for the

complementarity checks whether it is comparable to that obtained from the W boson mediated

case. The mass range of the heavy neutrino will also be important to compare the results obtained

from the charged current and neutral current interactions.

35

Prospective bounds on the mixing angle as a function of 
the Majorana heavy neutrino mass

mN=100 GeV -200 GeV will be good to study



x=0.1, FDLO75

x=1.0, FDLO75

x=10.0 FDLO75

x=0.1, FDNLO75

x=1.0, FDNLO75

x=10.0, FDNLO75

100 120 140 160 180 200 220 24010-5

10-4

0.001

0.01

0.1

mN HGeVL

»V lN
2

3l û s =13 TeV, 3000 fb-1

x=0.1, FDLO75

x=1.0, FDLO75

x=10.0 FDLO75

x=0.1, FDNLO75

x=1.0, FDNLO75

x=10.0, FDNLO75

100 120 140 160 180 200 220 24010-6

10-5

10-4

0.001

0.01

mN HGeVL

»V lN
2

3l û s =100 TeV, 3000 fb-1

x=0.1, FDLOoff-Z

x=1.0, FDLOoff-Z

x=10.0 FDLOoff-Z

x=0.1, FDNLOoff-Z

x=1.0, FDNLOoff-Z

x=10.0, FDNLOoff-Z

100 120 140 160 180 200 220 240

10-5

10-4

0.001

0.01

mN HGeVL

»V lN
2

4l û s =13 TeV, 3000 fb-1

x=0.1, FDLOoff-Z

x=1.0, FDLOoff-Z

x=10.0 FDLOoff-Z

x=0.1, FDNLOoff-Z

x=1.0, FDNLOoff-Z

x=10.0, FDNLOoff-Z

100 120 140 160 180 200 220 2401¥ 10-5

5¥ 10-5

1¥ 10-4

5¥ 10-4

0.001

0.005

0.010

mN HGeVL

»V lN
2

4l û s =100 TeV, 3000 fb-1

FIG. 26: Upper limits on light-heavy neutrino mixing angles |V`N |2 as a function of the right handed heavy

neutrino mass mN (all at 95% CL) from the trilepton(upper panel) and four lepton (lower panel) final states

at the 13 TeV LHC( left panel)and 100 TeV hadron collider(right panel) respectively.

VII. CONCLUSION

In this paper we have discussed the possible models for the neutrino mass generation. The

type-I and the inverse seesaw models are probably the simplest ideas amongst them to realize the

neutrino mass through the extensions of the SM.

In this paper we have picked up the inverse seesaw model where the heavy neutrinos are pseudo-

Dirac in nature. Such heavy neutrinos can be produced at the high energy colliders such as 13

TeV HL-LHC and 100 TeV hadron collider with 3000 fb�1 and 30000 fb�1 luminosities. We have

studied specially the neutral current sector where these heavy neutrinos can be produced in a

pair through the o↵-shell Z boson exchange at the hadron colliders. To produce such processes we

have used the LO and NLO-QCD processes where the factorization and renormalization scales were

varying from a low value to a high value. Such production cross sections will be proportional to the

fourth power of the mixing angle. We have noticed that the NLO-QCD scale dependence is softer

compared to that of the LO scale variation due to the presence of the strong coupling constant

such as, ↵s(µR). There is one more very clear reason to consider the inverse seesaw model. In this
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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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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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"
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;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
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;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3
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"
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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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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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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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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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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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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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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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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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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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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

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

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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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 −
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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
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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
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future limits at the

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as
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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
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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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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,
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is kinematically accessible at colliders and denote the
corresponding mixing parameter as simply VlN, which is
the only free parameter in our phenomenological analysis,
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and (4), we see that there are three decay modes for the
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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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leading to a lνjj final state. We find that the leptonic mode
has better sensitivity at the LHC, mainly due to the smaller
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above and below the SM gauge boson mass scales. In
Sec. III, we discuss the sterile neutrino production in SM
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sterile neutrino production, namely, the lνjj channel and
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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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flavors. If N is a Majorana particle, the charge-conjugate
modes, namely, lþW−, ν̄Z and ν̄h, are also allowed, so
there is an additional factor of 2.
For MN < MW, none of these two-body decay modes is

kinematically allowed. In this case, the sterile neutrino will
have three-body decays dominantly mediated by the SM
gauge bosons. The corresponding partial decay widths
when the off-shell SM gauge bosons decay leptonically are
given by

ΓðN → l−
1 l

þ
2 νl2Þ≃

jVl1N j
2G2

FM
5
N

192π3
; ð8Þ

ΓðN→ νl1
lþ
2 l

−
2 Þ≃

jVl1N j
2G2

FM
5
N

96π3
ðgLgRþ g2Lþ g2RÞ; ð9Þ

ΓðN → νllþl−Þ

≃ jVlN j2G2
FM

5
N

96π3
ðgLgR þ g2L þ g2R þ 1þ 2gLÞ; ð10Þ

ΓðN → νl1νl2 ν̄l2Þ≃
jVl1N j

2G2
FM

5
N

96π3
; ð11Þ

and the corresponding decay widths when the SM gauge
bosons decay hadronically are given by

ΓðN → l−jjÞ≃ 3
jVlN j2G2

FM
5
N

192π3
; ð12Þ

ΓðN → νljjÞ≃ 3
jVlN j2G2

FM
5
N

96π3
ðgLgR þ g2L þ g2RÞ; ð13Þ

where gL ¼ − 1
2 þ sin2 θw, gR ¼ sin2 θw, and the factor 3 in

Eqs. (12) and (13) is the color factor. Thus, the total decay
width for the sterile neutrino with MN < MW is given by

ΓN ≃ 3½2ΓðN → e−μþνμÞ þ 2ΓðN → νeμþμ−Þ
þ ΓðN → νμμþμ−Þ
þ ΓðN → νeνμνμÞ þ 2ΓðN → e−jjÞ
þ 5ΓðN → νejjÞ&: ð14Þ

In Eq. (14), the factor 2 in the first two terms is due to the
two flavors l2 ≠ l1, whereas the third one is fixed by the
heavy neutrino vertex. The factor of 2 in front of the fifth
term is taken for ud and cs pairs. The factor of 5 in front of
the sixth term is introduced for uu, dd, ss, cc and bb pairs.
The overall factor of 3 is for the sum over three lepton
flavors. Here, we have neglected the lepton masses. For
more exact expressions, see, e.g., Ref. [89].

III. STERILE NEUTRINO PRODUCTION
FROM HIGGS DECAY

The new Yukawa interaction in Eq. (4) gives rise to a
new decay mode for the SM Higgs, h → Nν, if kinemat-
ically allowed. Depending on the N decay, we will have
different final states. In this section, we will examine the
leptonic final states 2l2ν, which can arise from either
N → l−

1W
þð'Þ → l−

1 l
þ
2 ν (with both l1 ¼ l2 and l1 ≠ l2

possibilities) or N → νZð'Þ → νl−lþ. The corresponding
Feynman diagrams are given in Fig. 1. The important thing
to note here is that these final states mimic the SM process
h → WW' → 2l2ν, and therefore enhance the h → WW'

signal strength [102], while suppressing the other SM
decay modes, with respect to the SM predictions. It is
worth mentioning here that the h → WW' channel has the
second largest branching fraction (22%) in the SM for
Mh ¼ 125 GeV and is a good candidate for studying Higgs
boson properties.
Before going into the experimental details, we would like

to point out that, due to the new Yukawa interaction in
Eq. (4), the total decay width of the Higgs boson is also
enhanced with respect to its SM predicted value,

Γh ¼ ΓSM þ Γnew; ð15Þ
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FIG. 1. Higgs decay to sterile neutrino giving rise to 2l2ν final state.
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The new Yukawa interaction in Eq. (4) gives rise to a
new decay mode for the SM Higgs, h → Nν, if kinemat-
ically allowed. Depending on the N decay, we will have
different final states. In this section, we will examine the
leptonic final states 2l2ν, which can arise from either
N → l−
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2 ν (with both l1 ¼ l2 and l1 ≠ l2

possibilities) or N → νZð'Þ → νl−lþ. The corresponding
Feynman diagrams are given in Fig. 1. The important thing
to note here is that these final states mimic the SM process
h → WW' → 2l2ν, and therefore enhance the h → WW'

signal strength [102], while suppressing the other SM
decay modes, with respect to the SM predictions. It is
worth mentioning here that the h → WW' channel has the
second largest branching fraction (22%) in the SM for
Mh ¼ 125 GeV and is a good candidate for studying Higgs
boson properties.
Before going into the experimental details, we would like

to point out that, due to the new Yukawa interaction in
Eq. (4), the total decay width of the Higgs boson is also
enhanced with respect to its SM predicted value,

Γh ¼ ΓSM þ Γnew; ð15Þ
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flavors. If N is a Majorana particle, the charge-conjugate
modes, namely, lþW−, ν̄Z and ν̄h, are also allowed, so
there is an additional factor of 2.
For MN < MW, none of these two-body decay modes is

kinematically allowed. In this case, the sterile neutrino will
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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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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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leptons

flavors. If N is a Majorana particle, the charge-conjugate
modes, namely, lþW−, ν̄Z and ν̄h, are also allowed, so
there is an additional factor of 2.
For MN < MW, none of these two-body decay modes is

kinematically allowed. In this case, the sterile neutrino will
have three-body decays dominantly mediated by the SM
gauge bosons. The corresponding partial decay widths
when the off-shell SM gauge bosons decay leptonically are
given by

ΓðN → l−
1 l

þ
2 νl2Þ≃

jVl1N j
2G2

FM
5
N

192π3
; ð8Þ

ΓðN→ νl1
lþ
2 l

−
2 Þ≃

jVl1N j
2G2

FM
5
N

96π3
ðgLgRþ g2Lþ g2RÞ; ð9Þ

ΓðN → νllþl−Þ

≃ jVlN j2G2
FM

5
N

96π3
ðgLgR þ g2L þ g2R þ 1þ 2gLÞ; ð10Þ

ΓðN → νl1νl2 ν̄l2Þ≃
jVl1N j

2G2
FM

5
N

96π3
; ð11Þ

and the corresponding decay widths when the SM gauge
bosons decay hadronically are given by

ΓðN → l−jjÞ≃ 3
jVlN j2G2

FM
5
N

192π3
; ð12Þ

ΓðN → νljjÞ≃ 3
jVlN j2G2

FM
5
N

96π3
ðgLgR þ g2L þ g2RÞ; ð13Þ

where gL ¼ − 1
2 þ sin2 θw, gR ¼ sin2 θw, and the factor 3 in

Eqs. (12) and (13) is the color factor. Thus, the total decay
width for the sterile neutrino with MN < MW is given by

ΓN ≃ 3½2ΓðN → e−μþνμÞ þ 2ΓðN → νeμþμ−Þ
þ ΓðN → νμμþμ−Þ
þ ΓðN → νeνμνμÞ þ 2ΓðN → e−jjÞ
þ 5ΓðN → νejjÞ&: ð14Þ

In Eq. (14), the factor 2 in the first two terms is due to the
two flavors l2 ≠ l1, whereas the third one is fixed by the
heavy neutrino vertex. The factor of 2 in front of the fifth
term is taken for ud and cs pairs. The factor of 5 in front of
the sixth term is introduced for uu, dd, ss, cc and bb pairs.
The overall factor of 3 is for the sum over three lepton
flavors. Here, we have neglected the lepton masses. For
more exact expressions, see, e.g., Ref. [89].

III. STERILE NEUTRINO PRODUCTION
FROM HIGGS DECAY

The new Yukawa interaction in Eq. (4) gives rise to a
new decay mode for the SM Higgs, h → Nν, if kinemat-
ically allowed. Depending on the N decay, we will have
different final states. In this section, we will examine the
leptonic final states 2l2ν, which can arise from either
N → l−

1W
þð'Þ → l−

1 l
þ
2 ν (with both l1 ¼ l2 and l1 ≠ l2

possibilities) or N → νZð'Þ → νl−lþ. The corresponding
Feynman diagrams are given in Fig. 1. The important thing
to note here is that these final states mimic the SM process
h → WW' → 2l2ν, and therefore enhance the h → WW'

signal strength [102], while suppressing the other SM
decay modes, with respect to the SM predictions. It is
worth mentioning here that the h → WW' channel has the
second largest branching fraction (22%) in the SM for
Mh ¼ 125 GeV and is a good candidate for studying Higgs
boson properties.
Before going into the experimental details, we would like

to point out that, due to the new Yukawa interaction in
Eq. (4), the total decay width of the Higgs boson is also
enhanced with respect to its SM predicted value,

Γh ¼ ΓSM þ Γnew; ð15Þ
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flavors. If N is a Majorana particle, the charge-conjugate
modes, namely, lþW−, ν̄Z and ν̄h, are also allowed, so
there is an additional factor of 2.
For MN < MW, none of these two-body decay modes is

kinematically allowed. In this case, the sterile neutrino will
have three-body decays dominantly mediated by the SM
gauge bosons. The corresponding partial decay widths
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where gL ¼ − 1
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Eqs. (12) and (13) is the color factor. Thus, the total decay
width for the sterile neutrino with MN < MW is given by
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In Eq. (14), the factor 2 in the first two terms is due to the
two flavors l2 ≠ l1, whereas the third one is fixed by the
heavy neutrino vertex. The factor of 2 in front of the fifth
term is taken for ud and cs pairs. The factor of 5 in front of
the sixth term is introduced for uu, dd, ss, cc and bb pairs.
The overall factor of 3 is for the sum over three lepton
flavors. Here, we have neglected the lepton masses. For
more exact expressions, see, e.g., Ref. [89].
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flavors. If N is a Majorana particle, the charge-conjugate
modes, namely, lþW−, ν̄Z and ν̄h, are also allowed, so
there is an additional factor of 2.
For MN < MW, none of these two-body decay modes is

kinematically allowed. In this case, the sterile neutrino will
have three-body decays dominantly mediated by the SM
gauge bosons. The corresponding partial decay widths
when the off-shell SM gauge bosons decay leptonically are
given by
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where gL ¼ − 1
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Eqs. (12) and (13) is the color factor. Thus, the total decay
width for the sterile neutrino with MN < MW is given by
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þ ΓðN → νeνμνμÞ þ 2ΓðN → e−jjÞ
þ 5ΓðN → νejjÞ&: ð14Þ

In Eq. (14), the factor 2 in the first two terms is due to the
two flavors l2 ≠ l1, whereas the third one is fixed by the
heavy neutrino vertex. The factor of 2 in front of the fifth
term is taken for ud and cs pairs. The factor of 5 in front of
the sixth term is introduced for uu, dd, ss, cc and bb pairs.
The overall factor of 3 is for the sum over three lepton
flavors. Here, we have neglected the lepton masses. For
more exact expressions, see, e.g., Ref. [89].
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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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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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W

"
1 −
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M2
N

#
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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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leptons

flavors. If N is a Majorana particle, the charge-conjugate
modes, namely, lþW−, ν̄Z and ν̄h, are also allowed, so
there is an additional factor of 2.
For MN < MW, none of these two-body decay modes is

kinematically allowed. In this case, the sterile neutrino will
have three-body decays dominantly mediated by the SM
gauge bosons. The corresponding partial decay widths
when the off-shell SM gauge bosons decay leptonically are
given by

ΓðN → l−
1 l

þ
2 νl2Þ≃

jVl1N j
2G2

FM
5
N

192π3
; ð8Þ

ΓðN→ νl1
lþ
2 l

−
2 Þ≃

jVl1N j
2G2

FM
5
N

96π3
ðgLgRþ g2Lþ g2RÞ; ð9Þ

ΓðN → νllþl−Þ

≃ jVlN j2G2
FM

5
N

96π3
ðgLgR þ g2L þ g2R þ 1þ 2gLÞ; ð10Þ

ΓðN → νl1νl2 ν̄l2Þ≃
jVl1N j

2G2
FM

5
N

96π3
; ð11Þ

and the corresponding decay widths when the SM gauge
bosons decay hadronically are given by

ΓðN → l−jjÞ≃ 3
jVlN j2G2

FM
5
N

192π3
; ð12Þ

ΓðN → νljjÞ≃ 3
jVlN j2G2

FM
5
N

96π3
ðgLgR þ g2L þ g2RÞ; ð13Þ

where gL ¼ − 1
2 þ sin2 θw, gR ¼ sin2 θw, and the factor 3 in

Eqs. (12) and (13) is the color factor. Thus, the total decay
width for the sterile neutrino with MN < MW is given by

ΓN ≃ 3½2ΓðN → e−μþνμÞ þ 2ΓðN → νeμþμ−Þ
þ ΓðN → νμμþμ−Þ
þ ΓðN → νeνμνμÞ þ 2ΓðN → e−jjÞ
þ 5ΓðN → νejjÞ&: ð14Þ

In Eq. (14), the factor 2 in the first two terms is due to the
two flavors l2 ≠ l1, whereas the third one is fixed by the
heavy neutrino vertex. The factor of 2 in front of the fifth
term is taken for ud and cs pairs. The factor of 5 in front of
the sixth term is introduced for uu, dd, ss, cc and bb pairs.
The overall factor of 3 is for the sum over three lepton
flavors. Here, we have neglected the lepton masses. For
more exact expressions, see, e.g., Ref. [89].

III. STERILE NEUTRINO PRODUCTION
FROM HIGGS DECAY

The new Yukawa interaction in Eq. (4) gives rise to a
new decay mode for the SM Higgs, h → Nν, if kinemat-
ically allowed. Depending on the N decay, we will have
different final states. In this section, we will examine the
leptonic final states 2l2ν, which can arise from either
N → l−

1W
þð'Þ → l−

1 l
þ
2 ν (with both l1 ¼ l2 and l1 ≠ l2

possibilities) or N → νZð'Þ → νl−lþ. The corresponding
Feynman diagrams are given in Fig. 1. The important thing
to note here is that these final states mimic the SM process
h → WW' → 2l2ν, and therefore enhance the h → WW'

signal strength [102], while suppressing the other SM
decay modes, with respect to the SM predictions. It is
worth mentioning here that the h → WW' channel has the
second largest branching fraction (22%) in the SM for
Mh ¼ 125 GeV and is a good candidate for studying Higgs
boson properties.
Before going into the experimental details, we would like

to point out that, due to the new Yukawa interaction in
Eq. (4), the total decay width of the Higgs boson is also
enhanced with respect to its SM predicted value,

Γh ¼ ΓSM þ Γnew; ð15Þ
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FIG. 1. Higgs decay to sterile neutrino giving rise to 2l2ν final state.
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modes, namely, lþW−, ν̄Z and ν̄h, are also allowed, so
there is an additional factor of 2.
For MN < MW, none of these two-body decay modes is
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two flavors l2 ≠ l1, whereas the third one is fixed by the
heavy neutrino vertex. The factor of 2 in front of the fifth
term is taken for ud and cs pairs. The factor of 5 in front of
the sixth term is introduced for uu, dd, ss, cc and bb pairs.
The overall factor of 3 is for the sum over three lepton
flavors. Here, we have neglected the lepton masses. For
more exact expressions, see, e.g., Ref. [89].
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new decay mode for the SM Higgs, h → Nν, if kinemat-
ically allowed. Depending on the N decay, we will have
different final states. In this section, we will examine the
leptonic final states 2l2ν, which can arise from either
N → l−

1W
þð'Þ → l−

1 l
þ
2 ν (with both l1 ¼ l2 and l1 ≠ l2

possibilities) or N → νZð'Þ → νl−lþ. The corresponding
Feynman diagrams are given in Fig. 1. The important thing
to note here is that these final states mimic the SM process
h → WW' → 2l2ν, and therefore enhance the h → WW'

signal strength [102], while suppressing the other SM
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flavors. If N is a Majorana particle, the charge-conjugate
modes, namely, lþW−, ν̄Z and ν̄h, are also allowed, so
there is an additional factor of 2.
For MN < MW, none of these two-body decay modes is

kinematically allowed. In this case, the sterile neutrino will
have three-body decays dominantly mediated by the SM
gauge bosons. The corresponding partial decay widths
when the off-shell SM gauge bosons decay leptonically are
given by
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þ 5ΓðN → νejjÞ&: ð14Þ

In Eq. (14), the factor 2 in the first two terms is due to the
two flavors l2 ≠ l1, whereas the third one is fixed by the
heavy neutrino vertex. The factor of 2 in front of the fifth
term is taken for ud and cs pairs. The factor of 5 in front of
the sixth term is introduced for uu, dd, ss, cc and bb pairs.
The overall factor of 3 is for the sum over three lepton
flavors. Here, we have neglected the lepton masses. For
more exact expressions, see, e.g., Ref. [89].
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signal strength [102], while suppressing the other SM
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Mh ¼ 125 GeV and is a good candidate for studying Higgs
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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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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
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#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N
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W
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1 −

M2
Z
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2
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1þ 2M2

Z
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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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hadrons

flavors. If N is a Majorana particle, the charge-conjugate
modes, namely, lþW−, ν̄Z and ν̄h, are also allowed, so
there is an additional factor of 2.
For MN < MW, none of these two-body decay modes is

kinematically allowed. In this case, the sterile neutrino will
have three-body decays dominantly mediated by the SM
gauge bosons. The corresponding partial decay widths
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In Eq. (14), the factor 2 in the first two terms is due to the
two flavors l2 ≠ l1, whereas the third one is fixed by the
heavy neutrino vertex. The factor of 2 in front of the fifth
term is taken for ud and cs pairs. The factor of 5 in front of
the sixth term is introduced for uu, dd, ss, cc and bb pairs.
The overall factor of 3 is for the sum over three lepton
flavors. Here, we have neglected the lepton masses. For
more exact expressions, see, e.g., Ref. [89].
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The new Yukawa interaction in Eq. (4) gives rise to a
new decay mode for the SM Higgs, h → Nν, if kinemat-
ically allowed. Depending on the N decay, we will have
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to note here is that these final states mimic the SM process
h → WW' → 2l2ν, and therefore enhance the h → WW'

signal strength [102], while suppressing the other SM
decay modes, with respect to the SM predictions. It is
worth mentioning here that the h → WW' channel has the
second largest branching fraction (22%) in the SM for
Mh ¼ 125 GeV and is a good candidate for studying Higgs
boson properties.
Before going into the experimental details, we would like

to point out that, due to the new Yukawa interaction in
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enhanced with respect to its SM predicted value,
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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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8 TeV LHC data in the h → WW! search channel, which is
largely consistent with the SM expectations, we derive
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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†UÞmnν̄mγ
μPLνn

þ ðU†VÞmnν̄mγ
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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hadrons

flavors. If N is a Majorana particle, the charge-conjugate
modes, namely, lþW−, ν̄Z and ν̄h, are also allowed, so
there is an additional factor of 2.
For MN < MW, none of these two-body decay modes is

kinematically allowed. In this case, the sterile neutrino will
have three-body decays dominantly mediated by the SM
gauge bosons. The corresponding partial decay widths
when the off-shell SM gauge bosons decay leptonically are
given by

ΓðN → l−
1 l

þ
2 νl2Þ≃

jVl1N j
2G2

FM
5
N

192π3
; ð8Þ

ΓðN→ νl1
lþ
2 l

−
2 Þ≃

jVl1N j
2G2

FM
5
N

96π3
ðgLgRþ g2Lþ g2RÞ; ð9Þ

ΓðN → νllþl−Þ

≃ jVlN j2G2
FM

5
N

96π3
ðgLgR þ g2L þ g2R þ 1þ 2gLÞ; ð10Þ

ΓðN → νl1νl2 ν̄l2Þ≃
jVl1N j

2G2
FM

5
N

96π3
; ð11Þ

and the corresponding decay widths when the SM gauge
bosons decay hadronically are given by

ΓðN → l−jjÞ≃ 3
jVlN j2G2

FM
5
N

192π3
; ð12Þ

ΓðN → νljjÞ≃ 3
jVlN j2G2

FM
5
N

96π3
ðgLgR þ g2L þ g2RÞ; ð13Þ

where gL ¼ − 1
2 þ sin2 θw, gR ¼ sin2 θw, and the factor 3 in

Eqs. (12) and (13) is the color factor. Thus, the total decay
width for the sterile neutrino with MN < MW is given by

ΓN ≃ 3½2ΓðN → e−μþνμÞ þ 2ΓðN → νeμþμ−Þ
þ ΓðN → νμμþμ−Þ
þ ΓðN → νeνμνμÞ þ 2ΓðN → e−jjÞ
þ 5ΓðN → νejjÞ&: ð14Þ

In Eq. (14), the factor 2 in the first two terms is due to the
two flavors l2 ≠ l1, whereas the third one is fixed by the
heavy neutrino vertex. The factor of 2 in front of the fifth
term is taken for ud and cs pairs. The factor of 5 in front of
the sixth term is introduced for uu, dd, ss, cc and bb pairs.
The overall factor of 3 is for the sum over three lepton
flavors. Here, we have neglected the lepton masses. For
more exact expressions, see, e.g., Ref. [89].

III. STERILE NEUTRINO PRODUCTION
FROM HIGGS DECAY

The new Yukawa interaction in Eq. (4) gives rise to a
new decay mode for the SM Higgs, h → Nν, if kinemat-
ically allowed. Depending on the N decay, we will have
different final states. In this section, we will examine the
leptonic final states 2l2ν, which can arise from either
N → l−

1W
þð'Þ → l−

1 l
þ
2 ν (with both l1 ¼ l2 and l1 ≠ l2

possibilities) or N → νZð'Þ → νl−lþ. The corresponding
Feynman diagrams are given in Fig. 1. The important thing
to note here is that these final states mimic the SM process
h → WW' → 2l2ν, and therefore enhance the h → WW'

signal strength [102], while suppressing the other SM
decay modes, with respect to the SM predictions. It is
worth mentioning here that the h → WW' channel has the
second largest branching fraction (22%) in the SM for
Mh ¼ 125 GeV and is a good candidate for studying Higgs
boson properties.
Before going into the experimental details, we would like

to point out that, due to the new Yukawa interaction in
Eq. (4), the total decay width of the Higgs boson is also
enhanced with respect to its SM predicted value,

Γh ¼ ΓSM þ Γnew; ð15Þ
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FIG. 1. Higgs decay to sterile neutrino giving rise to 2l2ν final state.
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width for the sterile neutrino with MN < MW is given by
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In Eq. (14), the factor 2 in the first two terms is due to the
two flavors l2 ≠ l1, whereas the third one is fixed by the
heavy neutrino vertex. The factor of 2 in front of the fifth
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The overall factor of 3 is for the sum over three lepton
flavors. Here, we have neglected the lepton masses. For
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signal strength [102], while suppressing the other SM
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to point out that, due to the new Yukawa interaction in
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enhanced with respect to its SM predicted value,
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FIG. 1. Higgs decay to sterile neutrino giving rise to 2l2ν final state.
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where ΓSM ≃ 4.1 MeV for Mh ¼ 125 GeV [106] and

Γnew ¼ Y2
DMh

8π

!
1 −

M2
N

M2
h

"
2

: ð16Þ

From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.
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opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.

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

115013-4

where ΓSM ≃ 4.1 MeV for Mh ¼ 125 GeV [106] and

Γnew ¼ Y2
DMh

8π

!
1 −

M2
N

M2
h

"
2

: ð16Þ

From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
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, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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, where Ell
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, where p⃗T
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T
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p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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T Þ is its
magnitude.
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.

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

115013-4

where ΓSM ≃ 4.1 MeV for Mh ¼ 125 GeV [106] and

Γnew ¼ Y2
DMh

8π

!
1 −

M2
N

M2
h

"
2

: ð16Þ

From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full
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s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.
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1 MN < MW
2 MW < MN < MZ
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4 MN > Mh
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ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.
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= Vector  sum of the neutrino (lepton) transverse momenta

where ΓSM ≃ 4.1 MeV for Mh ¼ 125 GeV [106] and

Γnew ¼ Y2
DMh

8π

!
1 −

M2
N

M2
h

"
2

: ð16Þ

From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.
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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,

N ðMN; 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
N ðMN; 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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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,

N ðMN; 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
N ðMN; 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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where ΓSM ≃ 4.1 MeV for Mh ¼ 125 GeV [106] and

Γnew ¼ Y2
DMh

8π

!
1 −

M2
N

M2
h

"
2

: ð16Þ

From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
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p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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, where Ell
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, where p⃗T
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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, where Ell
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, where p⃗T
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.

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

115013-4

We consider all sorts of charge combinations as Higgs can decay into heavy and anti-
heavy neutrinos for Dirac type heavy neutrino or for a Majorana type case the heavy 
neutrino can decay into both positively and negatively charged leptons
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
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, where Ell
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, where p⃗T
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llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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, where Ell
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, where p⃗T
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.

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

115013-4

where ΓSM ≃ 4.1 MeV for Mh ¼ 125 GeV [106] and

Γnew ¼ Y2
DMh

8π

!
1 −

M2
N

M2
h

"
2

: ð16Þ

From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.

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

115013-4

where ΓSM ≃ 4.1 MeV for Mh ¼ 125 GeV [106] and

Γnew ¼ Y2
DMh

8π

!
1 −

M2
N

M2
h

"
2

: ð16Þ

From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T
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, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
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T Þ is its
magnitude.
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Limits on the mixing angle
After applying the cuts from ATLAS we calculate the  yield 

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,

N ðMN; 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
N ðMN; 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.
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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,
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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
N ðMN; 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.
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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,

N ðMN; jVlN j2Þ ¼ L · σSMh
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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
N ðMN; 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.
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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,

N ðMN; jVlN j2Þ ¼ L · σSMh
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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
N ðMN; 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.
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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,

N ðMN; jVlN j2Þ ¼ L · σSMh
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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
N ðMN; 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
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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.
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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,
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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
N ðMN; 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
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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.
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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,

N ðMN; jVlN j2Þ ¼ L · σSMh
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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
N ðMN; 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
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colliders, but with an integrated luminosity of 3000 fb−1,
we also show the corresponding future limits (blue dashed
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LHC and electroweak precision data and lepton flavor
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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
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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
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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
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from WW (irreducible), top quarks (both single and pair
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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,
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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
N ðMN; 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
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s
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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
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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
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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,
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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
N ðMN; 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.
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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,

N ðMN; 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
N ðMN; 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
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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
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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
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mass. The limits derived from
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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
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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,

N ðMN; 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
N ðMN; 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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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,
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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
N ðMN; 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.
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grounds motivate the definition of the event categories
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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
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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
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sections at the
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we also show the corresponding future limits (blue dashed
and dot-dashed curves, respectively).
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violation (LFV). For a detailed discussion of these con-
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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
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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.
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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,
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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
N ðMN; 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.
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If the W boson produced in the Higgs decay to νN →
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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,
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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
N ðMN; 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
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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
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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,
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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
N ðMN; 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.
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νlW decays hadronically, it will give rise to the lνjj final
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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.
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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,

N ðMN; jVlN j2Þ ¼ L · σSMh
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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
N ðMN; 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
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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,
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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
N ðMN; 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
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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
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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.
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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,

N ðMN; 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
N ðMN; 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
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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
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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
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W Br(jj) : 67%

W Br(lv) : 22%, 

where ΓSM ≃ 4.1 MeV for Mh ¼ 125 GeV [106] and

Γnew ¼ Y2
DMh

8π
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1 −
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"
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From the LHC studies of Higgs boson off-shell production
in gluon fusion and vector boson fusion processes, an
upper limit on the total width of the SM Higgs boson of
Γh < 13 MeV at 90% C.L. has been derived [107]. From
Eq. (15), this implies an upper limit on the Yukawa
coupling and, hence, on the mixing parameter jVlN j2.
This is shown by the red solid curves in Fig. 3 (all panels).
With future precision Higgs measurements, this limit
could be further improved. For instance, up to 10%
precision in Higgs total width can be achieved at a
100 TeV pp collider: Γh < 1.1ΓSM [108], which corre-
sponds to a limit on the mixing parameter as shown by the
red dashed curve in Fig. 3. A future lepton collider can
achieve an accuracy of up to 5% [109] (2.5% with the
luminosity upgrade [110]).
We can obtain a better limit on the mixing parameter by

analyzing the LHC Higgs data in the h → WW$ → 2l2ν
channel, which are largely consistent with the SM pre-
dictions and do not allow a significant deviation. The
experimental analyses in this channel have been performed
by both CMS and ATLAS with full

ffiffiffi
s

p
¼ 8 [111,112] and

early 13 TeV LHC data sets [113,114]. For concreteness,
we will reinterpret the cut-based analysis presented in
Ref. [112] to extract an upper bound on the extra con-
tribution from h → νN → 2l2ν.1

For this, we implement our model in the event generator
MadGraph5-aMC@NLO [117]. The showering and hadroniza-
tion of the events were performed with PYTHIA6.4 [118]
bundled in MadGraph with the ANTI-kT algorithm, while
the jets are clustered using FastJet simulation [119]. The
hadronic cross sections have been calculated using the
CTEQ6L1 parton distribution functions (PDFs) [120]. We use
the hadronized events in Delphes [121] to simulate the
detector response. The event selection criteria are chosen
following the cut-based analysis in Ref. [112].
In our analysis, we have four different mass regions for

the heavy neutrino, as given in Table I. When MN < MW
(region 1), the produced heavy neutrino will have three-
body decays to l1l̄1ν (mediated by bothW and Z bosons),
l1l̄2ν (mediated by W) and νl2l̄2 (mediated by Z). When
MW < MN < MZ (region 2), the three-body decay of the
heavy neutrino will contribute to νl1l̄1 and νl2l̄2 (medi-
ated by the Z boson), whereas the W-boson mediated
process N → l1W → l1l2ν is a two-body decay.
Similarly, when MN < Mh, the Higgs boson decays into
on-shell Nν through the Dirac Yukawa coupling given in
Eq. (4). On the other hand, for MN > Mh, the heavy

neutrino behaves as an intermediate-state propagator in
the process pp → h → νN → 2l2ν.
In this analysis, we have three types of events for the

ll̄νν̄ depending upon the lepton flavors ðl ¼ e; μÞ in the
final states, i.e., μμ̄νν̄ and eēνν̄, which are opposite-sign,
same-flavor (OSSF) events, and μēνν̄ and eμ̄νν̄, which are
opposite-sign, opposite-flavor (OSOF) events. The analysis
includes all possible charge combinations, as the Higgs can
also decay into an antiheavy neutrino ðN̄Þ for a Dirac-type
N or N can decay to both positively and negatively charged
leptons for a Majorana-type N.
To analyze the 2l2ν final states obtained from our

detector simulation, we use the selection cuts listed below
from the ATLAS analysis [112]. For μμ̄ events, we impose
the following cuts:

(i) Transverse momentum of the subleading lepton:
pl2;sub-leading
T > 10 GeV.

(ii) Transverse momentum of the leading lepton:
pl1;leading
T > 22 GeV.

(iii) Jet transverse momentum: pj
T > 25 GeV.

(iv) Pseudorapidity of the leptons, jηl1;2 j < 2.4, and of
jets, jηjj < 2.4.

(v) Lepton-lepton separation, ΔRll > 0.3; lepton-jet
separation, ΔRlj > 0.3, and jet-jet separation,
ΔRjj > 0.3.

(vi) Invariant mass of each OSSF lepton pair:
mll > 12 GeV.

(vii) Transverse mass2 mT : 3
4Mh < mT < Mh.

(viii) Missing transverse energy (MET): ET > 40 GeV.
(ix) Events with missing transverse momentum are sup-

pressed by requiring pmiss
T to point away from the

dilepton transverse momentum, i.e., Δϕll;MET > π
2.

(x) Magnitude of the dilepton momentum:
pll
T > 30 GeV.

For eē events, similar cuts are applied, except for the
pseudorapidity of leptons: jηl1;2 j < 2.47. For μēðeμ̄Þ
events, the only differences are jηej < 2.47, jημj < 2.4,
meμ > 10 GeV and ET > 20 GeV.

TABLE I. Four different mass regions of the heavy neutrino
considered in our analysis.

Region Mass range

1 MN < MW
2 MW < MN < MZ
3 MZ < MN < Mh
4 MN > Mh

1One can also use the h → ZZ$ → 2l2ν channel [115,116] to
derive similar constraints.

2mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll þ pνν

T Þ2 − jp⃗T
ll þ p⃗T

ννj2
p

, where Ell
T ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpll
T Þ2 þ ðmllÞ2

p
, where p⃗T

ννðp⃗T
llÞ is the vector sum of

the neutrino (lepton) transverse momenta and pνν
T ðpll

T Þ is its
magnitude.
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Chance of a gain due to > 3 times Br. into  
leptons 

Large irreducible backgrounds

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.
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FIG. 4. lνjj final state from heavy neutrino production and decay at the hadron colliders.
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Practically, the purely leptonic modes are more clean 
turning out the signal sensitivity better than those with 
the jets, however, reconstruction is easier due to one 
neutrino in the final state.



Apart from the Higgs decay, the heavy neutrino can display 
the same final states through the CC and NC interactions. 
Finally after the decays of the W, Z bosons hadronically, we 
can get same final states.
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Selection cuts

[118] bundled in MadGraph with the ANTI-kT algorithm,
while the jets are clustered using FastJet [119]. To calculate
the hadronic cross sections, we use the CTEQ6L1 PDF
[120]. The hadronized events are passed through Delphes

[121] to simulate the detector response.
The selection cuts used in our analysis for optimizing the
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invariant mass mjj. The various invariant mass

distributions are shown in Fig. 5 for a typical choice
MN ¼ 100 GeV for illustration.
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¼ 14 TeV, we use the same selection cuts, except

for pl
T > 30 GeV and pj1;2

T > 32 GeV. For
ffiffiffi
s

p
¼ 100 TeV,
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channel, defined as
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Going to
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same mass range, but it drops rapidly on either side of this
mass range.
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We have studied the sterile neutrino production in Higgs
decays mediated by the Dirac Yukawa coupling in the
singlet seesaw extension of the SM. This Yukawa coupling,
which is responsible for the light neutrino masses in the
seesaw mechanism, also induces the Higgs decay h → νN,
thus affecting its total decay width, as well as its partial
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MN ¼ 100 GeV for illustration.
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we use even stronger cuts, pl
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T >
35 GeV, while the other cuts remain the same as in the
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which gives better sensitivity than the l ¼ e case.
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the irreducible backgrounds from the WW and WZ
processes. After examining the signal (S) and background
(B) efficiencies, we calculate the significance of the lνjj
channel, defined as
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channels shown in Fig. 4 are given in Fig. 6 as a function
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ffiffiffi
s

p
¼ 14

(solid) and 100 TeV (dashed) with integrated luminosity of
3000 fb−1. The results for the
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promising and are hence not shown here.
We find that for jVlN j2 ¼ 0.01 (at the edge of the current

upper limit) the lνjj channel has more than 3σ significance
in the mass range MN ¼ 70–120 GeV. For smaller jVlN j2,
the signal sensitivity decreases rapidly, and for
jVlN j2 ¼ 0.003, it cannot reach 3σ for any mass value.
Going to
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s
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¼ 100 TeV increases the significance in the

same mass range, but it drops rapidly on either side of this
mass range.
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We have studied the sterile neutrino production in Higgs
decays mediated by the Dirac Yukawa coupling in the
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where mi ¼ MN;mW or mZ depending on the
processes given by the Feynman diagrams in Fig. 4.
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for Fig. 4(a) and mljj from Figs. 4(b) and 4(c).
The SM gauge bosons are reconstructed from the
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distributions are shown in Fig. 5 for a typical choice
MN ¼ 100 GeV for illustration.
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T >
35 GeV, while the other cuts remain the same as in the
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which gives better sensitivity than the l ¼ e case.
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the irreducible backgrounds from the WW and WZ
processes. After examining the signal (S) and background
(B) efficiencies, we calculate the significance of the lνjj
channel, defined as

N ¼ Sffiffiffiffiffiffiffiffiffiffiffiffi
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p ; ð18Þ

where S ∝ jVlN j2. Our combined results for the three
channels shown in Fig. 4 are given in Fig. 6 as a function
of the heavy neutrino mass for two different choices of
jVlN j2 ¼ 0.01 (red) and 0.003 (blue) and for
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s
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¼ 14

(solid) and 100 TeV (dashed) with integrated luminosity of
3000 fb−1. The results for the
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s
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¼ 8 TeV case are not so

promising and are hence not shown here.
We find that for jVlN j2 ¼ 0.01 (at the edge of the current

upper limit) the lνjj channel has more than 3σ significance
in the mass range MN ¼ 70–120 GeV. For smaller jVlN j2,
the signal sensitivity decreases rapidly, and for
jVlN j2 ¼ 0.003, it cannot reach 3σ for any mass value.
Going to
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same mass range, but it drops rapidly on either side of this
mass range.
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decays mediated by the Dirac Yukawa coupling in the
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which is responsible for the light neutrino masses in the
seesaw mechanism, also induces the Higgs decay h → νN,
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the heavy neutrino decay:mi − 20 < mi < mi þ 20,
where mi ¼ MN;mW or mZ depending on the
processes given by the Feynman diagrams in Fig. 4.
To reconstruct MN , we use the invariant mass mνjj
for Fig. 4(a) and mljj from Figs. 4(b) and 4(c).
The SM gauge bosons are reconstructed from the
invariant mass mjj. The various invariant mass

distributions are shown in Fig. 5 for a typical choice
MN ¼ 100 GeV for illustration.
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T >
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For the dominant SM background, we have considered
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processes. After examining the signal (S) and background
(B) efficiencies, we calculate the significance of the lνjj
channel, defined as

N ¼ Sffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p ; ð18Þ

where S ∝ jVlN j2. Our combined results for the three
channels shown in Fig. 4 are given in Fig. 6 as a function
of the heavy neutrino mass for two different choices of
jVlN j2 ¼ 0.01 (red) and 0.003 (blue) and for

ffiffiffi
s

p
¼ 14

(solid) and 100 TeV (dashed) with integrated luminosity of
3000 fb−1. The results for the
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s

p
¼ 8 TeV case are not so

promising and are hence not shown here.
We find that for jVlN j2 ¼ 0.01 (at the edge of the current

upper limit) the lνjj channel has more than 3σ significance
in the mass range MN ¼ 70–120 GeV. For smaller jVlN j2,
the signal sensitivity decreases rapidly, and for
jVlN j2 ¼ 0.003, it cannot reach 3σ for any mass value.
Going to

ffiffiffi
s

p
¼ 100 TeV increases the significance in the

same mass range, but it drops rapidly on either side of this
mass range.

V. CONCLUSION

We have studied the sterile neutrino production in Higgs
decays mediated by the Dirac Yukawa coupling in the
singlet seesaw extension of the SM. This Yukawa coupling,
which is responsible for the light neutrino masses in the
seesaw mechanism, also induces the Higgs decay h → νN,
thus affecting its total decay width, as well as its partial
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T > 30 GeV.
(iii) Pseudorapidity of the lepton: jηlj < 2.5.
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(v) Lepton-jet separation ΔRlj > 0.3 and jet-jet sepa-

ration Δjj > 0.4.
(vi) Invariant mass cut for the reconstruction of the of the

heavy neutrino and the gauge boson produced after
the heavy neutrino decay:mi − 20 < mi < mi þ 20,
where mi ¼ MN;mW or mZ depending on the
processes given by the Feynman diagrams in Fig. 4.
To reconstruct MN , we use the invariant mass mνjj
for Fig. 4(a) and mljj from Figs. 4(b) and 4(c).
The SM gauge bosons are reconstructed from the
invariant mass mjj. The various invariant mass

distributions are shown in Fig. 5 for a typical choice
MN ¼ 100 GeV for illustration.

For
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s

p
¼ 14 TeV, we use the same selection cuts, except

for pl
T > 30 GeV and pj1;2

T > 32 GeV. For
ffiffiffi
s
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¼ 100 TeV,

we use even stronger cuts, pl
T > 53 GeV and pj1;2

T >
35 GeV, while the other cuts remain the same as in the
8 TeV case. Our analysis is done for the l ¼ μ case only,
which gives better sensitivity than the l ¼ e case.
For the dominant SM background, we have considered

the irreducible backgrounds from the WW and WZ
processes. After examining the signal (S) and background
(B) efficiencies, we calculate the significance of the lνjj
channel, defined as

N ¼ Sffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p ; ð18Þ

where S ∝ jVlN j2. Our combined results for the three
channels shown in Fig. 4 are given in Fig. 6 as a function
of the heavy neutrino mass for two different choices of
jVlN j2 ¼ 0.01 (red) and 0.003 (blue) and for

ffiffiffi
s

p
¼ 14

(solid) and 100 TeV (dashed) with integrated luminosity of
3000 fb−1. The results for the

ffiffiffi
s

p
¼ 8 TeV case are not so

promising and are hence not shown here.
We find that for jVlN j2 ¼ 0.01 (at the edge of the current

upper limit) the lνjj channel has more than 3σ significance
in the mass range MN ¼ 70–120 GeV. For smaller jVlN j2,
the signal sensitivity decreases rapidly, and for
jVlN j2 ¼ 0.003, it cannot reach 3σ for any mass value.
Going to

ffiffiffi
s

p
¼ 100 TeV increases the significance in the

same mass range, but it drops rapidly on either side of this
mass range.

V. CONCLUSION

We have studied the sterile neutrino production in Higgs
decays mediated by the Dirac Yukawa coupling in the
singlet seesaw extension of the SM. This Yukawa coupling,
which is responsible for the light neutrino masses in the
seesaw mechanism, also induces the Higgs decay h → νN,
thus affecting its total decay width, as well as its partial
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[120]. The hadronized events are passed through Delphes
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ffiffiffi
s

p
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heavy neutrino and the gauge boson produced after
the heavy neutrino decay:mi − 20 < mi < mi þ 20,
where mi ¼ MN;mW or mZ depending on the
processes given by the Feynman diagrams in Fig. 4.
To reconstruct MN , we use the invariant mass mνjj
for Fig. 4(a) and mljj from Figs. 4(b) and 4(c).
The SM gauge bosons are reconstructed from the
invariant mass mjj. The various invariant mass

distributions are shown in Fig. 5 for a typical choice
MN ¼ 100 GeV for illustration.

For
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s
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for pl
T > 30 GeV and pj1;2

T > 32 GeV. For
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s
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¼ 100 TeV,

we use even stronger cuts, pl
T > 53 GeV and pj1;2

T >
35 GeV, while the other cuts remain the same as in the
8 TeV case. Our analysis is done for the l ¼ μ case only,
which gives better sensitivity than the l ¼ e case.
For the dominant SM background, we have considered

the irreducible backgrounds from the WW and WZ
processes. After examining the signal (S) and background
(B) efficiencies, we calculate the significance of the lνjj
channel, defined as

N ¼ Sffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p ; ð18Þ

where S ∝ jVlN j2. Our combined results for the three
channels shown in Fig. 4 are given in Fig. 6 as a function
of the heavy neutrino mass for two different choices of
jVlN j2 ¼ 0.01 (red) and 0.003 (blue) and for

ffiffiffi
s

p
¼ 14

(solid) and 100 TeV (dashed) with integrated luminosity of
3000 fb−1. The results for the

ffiffiffi
s

p
¼ 8 TeV case are not so

promising and are hence not shown here.
We find that for jVlN j2 ¼ 0.01 (at the edge of the current

upper limit) the lνjj channel has more than 3σ significance
in the mass range MN ¼ 70–120 GeV. For smaller jVlN j2,
the signal sensitivity decreases rapidly, and for
jVlN j2 ¼ 0.003, it cannot reach 3σ for any mass value.
Going to

ffiffiffi
s

p
¼ 100 TeV increases the significance in the

same mass range, but it drops rapidly on either side of this
mass range.

V. CONCLUSION

We have studied the sterile neutrino production in Higgs
decays mediated by the Dirac Yukawa coupling in the
singlet seesaw extension of the SM. This Yukawa coupling,
which is responsible for the light neutrino masses in the
seesaw mechanism, also induces the Higgs decay h → νN,
thus affecting its total decay width, as well as its partial
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[120]. The hadronized events are passed through Delphes
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The selection cuts used in our analysis for optimizing the
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(ii) Transverse momentum of the jets: pj1;2
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where mi ¼ MN;mW or mZ depending on the
processes given by the Feynman diagrams in Fig. 4.
To reconstruct MN , we use the invariant mass mνjj
for Fig. 4(a) and mljj from Figs. 4(b) and 4(c).
The SM gauge bosons are reconstructed from the
invariant mass mjj. The various invariant mass

distributions are shown in Fig. 5 for a typical choice
MN ¼ 100 GeV for illustration.

For
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s
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for pl
T > 30 GeV and pj1;2

T > 32 GeV. For
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s
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¼ 100 TeV,

we use even stronger cuts, pl
T > 53 GeV and pj1;2

T >
35 GeV, while the other cuts remain the same as in the
8 TeV case. Our analysis is done for the l ¼ μ case only,
which gives better sensitivity than the l ¼ e case.
For the dominant SM background, we have considered

the irreducible backgrounds from the WW and WZ
processes. After examining the signal (S) and background
(B) efficiencies, we calculate the significance of the lνjj
channel, defined as

N ¼ Sffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p ; ð18Þ

where S ∝ jVlN j2. Our combined results for the three
channels shown in Fig. 4 are given in Fig. 6 as a function
of the heavy neutrino mass for two different choices of
jVlN j2 ¼ 0.01 (red) and 0.003 (blue) and for

ffiffiffi
s

p
¼ 14

(solid) and 100 TeV (dashed) with integrated luminosity of
3000 fb−1. The results for the
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s
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¼ 8 TeV case are not so

promising and are hence not shown here.
We find that for jVlN j2 ¼ 0.01 (at the edge of the current

upper limit) the lνjj channel has more than 3σ significance
in the mass range MN ¼ 70–120 GeV. For smaller jVlN j2,
the signal sensitivity decreases rapidly, and for
jVlN j2 ¼ 0.003, it cannot reach 3σ for any mass value.
Going to

ffiffiffi
s
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¼ 100 TeV increases the significance in the

same mass range, but it drops rapidly on either side of this
mass range.
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We have studied the sterile neutrino production in Higgs
decays mediated by the Dirac Yukawa coupling in the
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which is responsible for the light neutrino masses in the
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To reconstruct MN , we use the invariant mass mνjj
for Fig. 4(a) and mljj from Figs. 4(b) and 4(c).
The SM gauge bosons are reconstructed from the
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MN ¼ 100 GeV for illustration.
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for pl
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¼ 100 TeV,
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T >
35 GeV, while the other cuts remain the same as in the
8 TeV case. Our analysis is done for the l ¼ μ case only,
which gives better sensitivity than the l ¼ e case.
For the dominant SM background, we have considered

the irreducible backgrounds from the WW and WZ
processes. After examining the signal (S) and background
(B) efficiencies, we calculate the significance of the lνjj
channel, defined as

N ¼ Sffiffiffiffiffiffiffiffiffiffiffiffi
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p ; ð18Þ
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jVlN j2 ¼ 0.003, it cannot reach 3σ for any mass value.
Going to

ffiffiffi
s

p
¼ 100 TeV increases the significance in the
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channel, defined as
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decays mediated by the Dirac Yukawa coupling in the
singlet seesaw extension of the SM. This Yukawa coupling,
which is responsible for the light neutrino masses in the
seesaw mechanism, also induces the Higgs decay h → νN,
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Conclusions
Neutrinos are NOT massless particles which ensures the necessary extension of the SM

Many BSM scenarios can include the possibilities of neutrino mass. Amongst them 
type-I and inverse seesaw models are the simplest ones which include right handed SM 
gauge singlet heavy neutrinos. We have studied the various channels to produce such 
heavy neutrinos at the high energy colliders, such as LHC and 100 TeV pp collider 
comparing the bounds on the mixing angles.

The bounds on the mixing angle coming from the LFV, LEP experiments are very strong 
so that the production of such heavy neutrinos from the type-I seesaw could be 
challenging. However, at the low mass such as 100 GeV that could be testable using 
Casas-Ibarra conjecture.

Due to small lepton number violation parameter, on the other hand, the inverse seesaw 
scenario is still hopeful to us at the colliders. Even the Casas-Ibarra conjecture can help 
in testing the LFV modes at the LHC.

Recently discovered Higgs can be used as a handle to study the properties of the heavy 
neutrinos where the heavy neutrino can show leptonic or hadronic decays through the 
SM gauge bosons. Even, the Higgs+ISR can improve the situation (Das, Gao, Kamon: 
arXiv:1704.00881 [hep-ph]).
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