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Results in the neutrino Sector 
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Some interesting results in the neutrino sector



Yet to be discovered in the  
neutrino sector

Type of 
neutrino 

mass

Dirac

Neutrino'Mass':'What'Type'

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

or

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

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

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

mu = 2.3 MeV,

md = 4.8 MeV,

ms = 95 MeV,

mc = 1.275 GeV,

mb = 4.18 GeV,

mt = 173.21 GeV.

(1.41)

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

neutrinos are considered to be massless.

1.2 Neutrino mass and oscillation

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

section, we may simply consider the neutrino mass term here

Lmass = m�⇤R⇤L (Dirac mass) (1.42)
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• The light neutrino Majorana mass matrix

mν = (mDM
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−1)T (1)

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

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

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

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

section.

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

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

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

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

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

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

flavor basis as

LCC =
g⇤
2
��=e,µ,⇤�L⇥

µ⇤�LW
�
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
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where sij = sin ⇥ij, cij = cos ⇥ij, � is the Dirac CP- violating phase. The experi-

mental value of the VCKM is well measured and given as

VCKM =

�

⇧⇧⇧⇧⇧⇧⇧⇤

0.97428± 0.00015 0.2253± 0.0007 0.00347+0.00016
�0.00012

0.2252± 0.0007 0.97345+0.00015
�0.00016 0.0410+0.0011

�0.0007

0.00862+0.00026
�0.00020 0.0403+0.0011

�0.0007 0.999152+0.000030
�0.000045

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

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

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

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

flavor basis as

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
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where sij = sin ⇥ij, cij = cos ⇥ij, � is the Dirac CP- violating phase. The experi-

mental value of the VCKM is well measured and given as

VCKM =

�

⇧⇧⇧⇧⇧⇧⇧⇤

0.97428± 0.00015 0.2253± 0.0007 0.00347+0.00016
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(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)
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The detailed discussion on neutrino mass generation will be given in the next

section.

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

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

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

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

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

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

flavor basis as

LCC =
g⇤
2
��=e,µ,⇤�L⇥

µ⇤�LW
�
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
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where sij = sin ⇥ij, cij = cos ⇥ij, � is the Dirac CP- violating phase. The experi-

mental value of the VCKM is well measured and given as

VCKM =

�

⇧⇧⇧⇧⇧⇧⇧⇤

0.97428± 0.00015 0.2253± 0.0007 0.00347+0.00016
�0.00012

0.2252± 0.0007 0.97345+0.00015
�0.00016 0.0410+0.0011

�0.0007

0.00862+0.00026
�0.00020 0.0403+0.0011

�0.0007 0.999152+0.000030
�0.000045

⇥

⌃⌃⌃⌃⌃⌃⌃⌅

(1.40)

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

mu = 2.3 MeV,

md = 4.8 MeV,

ms = 95 MeV,

mc = 1.275 GeV,

mb = 4.18 GeV,

mt = 173.21 GeV.

(1.41)

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

neutrinos are considered to be massless.

1.2 Neutrino mass and oscillation

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

section, we may simply consider the neutrino mass term here

Lmass = m�⇤R⇤L (Dirac mass) (1.42)
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⇤�L = U ⇤̃ıL (1.45)

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

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

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

mental value of the VCKM is well measured and given as

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

mu = 2.3 MeV,

md = 4.8 MeV,

ms = 95 MeV,

mc = 1.275 GeV,

mb = 4.18 GeV,

mt = 173.21 GeV.

(1.41)

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

neutrinos are considered to be massless.

1.2 Neutrino mass and oscillation

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

section, we may simply consider the neutrino mass term here

Lmass = m�⇤R⇤L (Dirac mass) (1.42)
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Seesaw Mechanism
right-handed neutrinos N j

R
(j = 1, 2). The relevant part of the Lagrangian is written as
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+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⌫ =
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@ 0 mD
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Assuming the hierarchy of |mij
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| ⌧ 1, we diagonalize the mass matrix and obtain the

seesaw formula for the light Majorana neutrinos as
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We express the light neutrino flavor eigenstate (⌫) in terms of the mass eigenstates of the

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
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UT
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In the presence of ✏, the mixing matrix N is not unitary, namely N †N 6= 1.

In terms of the neutrino mass eigenstates, the charged current interaction can be written
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+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
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h
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suppression of the Higgs signal strength in the other SM
channels. Therefore, precision measurements of the Higgs
boson properties could yield important constraints on the
sterile neutrino mass and mixing parameters.
We illustrate this effect by analyzing the Higgs boson

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

ffiffiffi
s

p
¼

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

ffiffiffi
s

p
¼ 14 TeV high-luminosity LHC as

well as a futuristic
ffiffiffi
s

p
¼ 100 TeV hadron collider, such

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

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

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

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

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

νl ≃Ulmνm þ VlnNn; ð1Þ

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

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

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

LCC ¼ −
gffiffiffi
2

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

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

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

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

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

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

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

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2

W

M2
N

#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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has better sensitivity at the LHC, mainly due to the smaller
background, as compared to the hadronic decay channel.
The rest of the paper is organized as follows. In Sec. II,

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

ffiffiffi
s

p
¼ 14 and 100 TeV hadron

colliders. Our conclusions are given in Sec. V.

II. STERILE NEUTRINO DECAY

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

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

νl ≃Ulmνm þ VlnNn; ð1Þ

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

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

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

LCC ¼ −
gffiffiffi
2

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

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

LNC ¼ − g
2 cos θw

Zμ½ðU†UÞmn ν̄mγ
μPLνn

þ ðU†VÞmn ν̄mγ
μPLNn þ ðV†VÞmnN̄mγμPLNn '

þ H:c:; ð3Þ

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

LY ⊃ −YDlm
L̄lϕNm þ H:c:; ð4Þ

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

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

ΓðN → l−WþÞ ¼ g2jVlN j2

64π
M3

N

M2
W

"
1−

M2
W

M2
N

#
2
"
1þ 2M2

W

M2
N

#
;

ð5Þ

ΓðN → νlZÞ ¼
g2jVlN j2

128π
M3

N

M2
W

"
1 −

M2
Z

M2
N

#
2
"
1þ 2M2

Z

M2
N

#
;

ð6Þ

ΓðN1 → νlhÞ ¼
jVlN j2

128π
M3

N

M2
W

"
1 −

M2
h

M2
N

#
2

: ð7Þ

The total decay width is just the sum of the above three
partial widths for each flavor and summed over all lepton
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SU(2) U(1)Y
ℓL 2 −1/2
H 2 −1/2
N j

R 1 0
N j
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Table: The particle content of the extended model
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i , j are the generation indices.
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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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and the types of hierarchical light neutrino mass spectra.
We find that in some cases, the signal of the heavy neutrino
productions can be observed in the future collider experi-
ments with a large statistical significance for the final states
with different charged lepton flavors.

This paper is organized as follows. In Sec. II, we in-
troduce a model for the inverse seesaw in the context of the
NMSSM. In Sec. III, we give the explicit formulas of the
heavy neutrino production cross sections at the LHC and
ILC and of the partial decay widths, which are used in our
numerical analysis. In Sec. IV, we first fix the model
parameters in simple parametrizations so as to satisfy the
experimental constraints, assuming two typical flavor
structures of our model and two types of hierarchical
neutrino mass spectra. For completeness, we also consider
a general parametrization of the neutrino Dirac mass ma-
trix. In Sec. V, the signals of the heavy neutrinos at the
LHC and ILC are investigated. For the general parametri-
zation, we perform parameter scans to identify the parame-
ter region to satisfy all experimental constraints, for
which we examine how much the heavy neutrino signal
is enhanced. Section VI is devoted to our conclusions.

II. INVERSE SEESAW IN THE NMSSM

As a simple realization of the inverse seesaw mecha-
nism, we consider an extension of the NMSSM [10]. In the
NMSSM, we introduce one gauge singlet chiral super-
field S with even Z2 matter parity through the following
superpotential terms:

W ! !SHuHd þ
"

3
S3 (1)

where ! and " are the dimensionless constants, and Hu and
Hd are the MSSM Higgs doublets. We assume that the
hidden sector breaks supersymmetry (SUSY) and induces
soft SUSY breaking terms for the MSSM scalars and
gauginos at the TeV scale, by which the scalar S and the
MSSM Higgs doublets develop vacuum expectation
values (VEVs). The VEV of S generates the MSSM #
term: # ¼ !hSi.

We extend the NMSSM by introducing new particles
and a discrete Z3 symmetry [9]. The charge assignments
for particles relevant to the inverse seesaw mechanism are
shown in Table I. Here, Nc

j and Nj are the MSSM singlet

particles, heavy neutrinos of the jth generation, and
!¼ ei2$=3. There are several possibilities for the Z3 charge
assignments; see [9] for complete lists.
The renormalizable superpotential involving the new

particles and being consistent with all the symmetries is
given by

W ! YijLiHuN
c
j þ

ð!NÞij
2

SNiNj þmiiNiN
c
i : (2)

Without loss of generality, we have worked in the
basis where the charged lepton Yukawa matrix and m are
diagonalized. When the VEVs of S and Hu are developed,
we rewrite the superpotential as

W ! %TmD N
c þ 1

2
NT#N þ NTmNc; (3)

where we have used the matrix notation for generation
indices, % is the MSSM neutrino chiral superfield, mD ¼
Yv sin&=

ffiffiffi
2

p
, with v ¼ 246 GeV, is the neutrino Dirac

mass matrix, and # ¼ !NhSi. For m larger than the elec-
troweak scale, we integrate out the heavy fields Nc and N
under the SUSY vacuum conditions,

@W

@N
¼ 0 ! Nc ¼ &m&1#N;

@W

@Nc ¼ 0 ! N ¼ &ðmD m
&1ÞT%;

(4)

and we arrive at the effective superpotential at low
energies,

Weff ¼
1

2
%T½ðmD m

&1Þ# ðmD m
&1ÞT(%: (5)

Note that the light Majorana neutrino mass matrix, m% ¼
ðmD m

&1Þ# ðmD m
&1ÞT , is proportional to # , so tiny neu-

trino masses can be realized by a small # even for both m
andmD at the electroweak scale. This is the inverse seesaw
mechanism, where the tiny neutrino mass corresponds to
the breaking of the lepton number by tiny # values.
Note that the heavy fields being integrated out also has

an impact on the Kähler potential. Substituting the SUSY
vacuum conditions into the canonical Kähler potential for
the heavy fields,

R
d4'ðNyN þ NcyNcÞ, we obtain

Keff ¼ %y½ðmD m
&1Þ)ðmD m

&1ÞT(%þ * * * ; (6)

where the ellipsis denotes higher order terms. Following
the electroweak symmetry breaking, this dimension-six
operator induces flavor-dependent corrections to the
kinetic terms of the left-handed neutrinos [11].
Assuming mD m

&1 + 1, we can express the flavor
eigenstates (%) of the light Majorana neutrinos in terms
of the mass eigenstates of the light (%m) and heavy (Nm)
Majorana neutrinos such as

% ’ N %m þRNm; (7)

where

TABLE I. The charge assignments of the NMSSM superfields.

SU(2) Uð1ÞY Z3 Z2

L 2 &1=2 1 &
Ec 1 þ1 !2 &
Hu 2 þ1=2 ! þ
Hd 2 &1=2 ! þ
S 1 0 ! þ
Nc

j 1 0 !2 &
Nj 1 0 ! &
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R ¼ m Dm
"1; N ¼

!
1" 1

2
!
"
UMNS (8)

with ! ¼ R#RT , and UMNS is the usual neutrino mixing
matrix by which the mass matrix m " is diagonalized as

UT
MNSm "UMNS ¼ diag ðm 1; m 2; m 3Þ: (9)

In the presence of !, the mixing matrix N is not unitary.
Using the mass eigenstates, the charged current interaction
in the Standard Model is given by

LCC ¼ " gffiffiffi
2

p W# !e$
#PLðN "m þRNm Þ þ H:c:; (10)

where e denotes the three generations of charged leptons
in the vector form, and PL ¼ 1

2 ð1" $5Þ is the projection
operator. Similarly, the neutral current interaction is
given by

LNC ¼ " g

2cw
Z# ½"m $

#PLðN yN Þ"m

þ Nm $
#PLðRyRÞNm

þ f"m $
#PLðN yRÞNm þ H:c:g(; (11)

where cw ¼ cos%w is the weak mixing angle. Because of
the nonunitarity of the matrix N , N yN ! 1 and the
flavor-changing neutral current occurs.

III. PRODUCTION AND DECAY OF HEAVY
NEUTRINOS AT COLLIDERS

In the previous section, we found the charged and
neutral current interactions involving the heavy neutrinos.
For detailed analysis, we need information about the mix-
ing matrices N and R. In the next section, we fix all the
elements of the matrices by considering the current experi-
mental results. Before the analysis for fixing the parame-
ters, in this section we give the formulas for the production
cross sections and the partial decay widths of the heavy
neutrinos in the limit of one generation and N ¼ R ¼ 1.

A. Production cross section at the LHC

At the LHC, the heavy neutrinos can be produced
through the charged current interactions by the s-channel
exchange of the W boson. The main production process at
the parton level is u !d ! eþN1 (and !ud ! e"N1), and the
differential cross section is

d&̂LHC

d cos %
¼ ð3:89 ) 108 pb Þ '

32(ŝ

ŝþM2

ŝ

!
1

2

"
2
3
!
1

3

"
2

) g4

4

ðŝ2 "M4Þð2þ 'cos 2%Þ
ðŝ" m 2

WÞ2 þ m 2
W"

2
W

; (12)

where
ffiffiffi
ŝ

p
is the center-of-mass energy of the colliding

partons,M is the mass ofN1, and' ¼ ðŝ"M2Þ=ðŝþM2Þ.

The total production cross section at the LHC is
given by

&LHC ¼
Z

d
ffiffiffi
ŝ

p Z
dcos%

Z 1

ŝ=E2
CMS

dx
4ŝ

xE2
CMS

fuðx;Q Þ

) f !d

!
ŝ

xECMS
;Q

"
d&̂LHC

d cos%
þ ðu! !u; !d! dÞ; (13)

where we have taken ECMS ¼ 14 TeV for the center-of-
mass energy of the LHC. In our numerical analysis, we
employ CTEQ5M [12] for the parton distribution func-
tions for the u quark (fu) and !d quark (f !d) with the
factorization scale Q ¼

ffiffiffi
ŝ

p
. The total cross section as a

function of M is depicted in Fig. 1. Since we have fixed
N ¼ R ¼ 1 in this analysis, the resultant cross section
shown in Fig. 1 corresponds to the maximum values for a
fixed M. In our analysis, we find that most of the heavy
neutrinos produced have energies in the vicinity of the
mass threshold.
There are three main modes for the heavy neutrino

decays: N1 ! e"Wþ, "1Z, "1h. The corresponding partial
decay widths are, respectively, given by

"ðN1 ! e"WþÞ ¼ g2

64(

ðM2 " m 2
WÞ2ðM2 þ 2m 2

WÞ
M3m 2

W

;

"ðN1 ! "1ZÞ ¼
g2

128(c2w

ðM2 " m 2
ZÞ2ðM2 þ 2m 2

ZÞ
M3m 2

Z

;

"ðN1 ! "1hÞ ¼
ðM2 " m 2

hÞ2
32(M

!
1

v sin '

"
2
: (14)

The long-sought-after Higgs boson was finally discovered
by the ATLAS [13] and the CMS [14] collaborations at
the LHC. According to the discovery, we use m h ¼
125:3 GeV [14] in the following analysis. Our results are
almost independent of the choice of the Higgs boson mass
in the range of 125–126 GeV.
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FIG. 1. The total production cross section of the heavy neu-
trino as a function of its mass at the LHC with

ffiffiffi
s

p ¼ 14 TeV
(solid line). As a reference, the production cross section at the
LHC with

ffiffiffi
s

p ¼ 8 TeV is also plotted (dashed line).
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In the previous section, we found the charged and
neutral current interactions involving the heavy neutrinos.
For detailed analysis, we need information about the mix-
ing matrices N and R. In the next section, we fix all the
elements of the matrices by considering the current experi-
mental results. Before the analysis for fixing the parame-
ters, in this section we give the formulas for the production
cross sections and the partial decay widths of the heavy
neutrinos in the limit of one generation and N ¼ R ¼ 1.

A. Production cross section at the LHC

At the LHC, the heavy neutrinos can be produced
through the charged current interactions by the s-channel
exchange of the W boson. The main production process at
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differential cross section is
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where we have taken ECMS ¼ 14 TeV for the center-of-
mass energy of the LHC. In our numerical analysis, we
employ CTEQ5M [12] for the parton distribution func-
tions for the u quark (fu) and !d quark (f !d) with the
factorization scale Q ¼
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. The total cross section as a

function of M is depicted in Fig. 1. Since we have fixed
N ¼ R ¼ 1 in this analysis, the resultant cross section
shown in Fig. 1 corresponds to the maximum values for a
fixed M. In our analysis, we find that most of the heavy
neutrinos produced have energies in the vicinity of the
mass threshold.
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decay widths are, respectively, given by
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The long-sought-after Higgs boson was finally discovered
by the ATLAS [13] and the CMS [14] collaborations at
the LHC. According to the discovery, we use m h ¼
125:3 GeV [14] in the following analysis. Our results are
almost independent of the choice of the Higgs boson mass
in the range of 125–126 GeV.
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(solid line). As a reference, the production cross section at the
LHC with

ffiffiffi
s

p ¼ 8 TeV is also plotted (dashed line).

INVERSE SEESAW NEUTRINO SIGNATURES AT THE LHC . . . PHYSICAL REVIEW D 88, 113001 (2013)

113001-3

R ¼ m Dm
"1; N ¼

!
1" 1

2
!
"
UMNS (8)

with ! ¼ R#RT , and UMNS is the usual neutrino mixing
matrix by which the mass matrix m " is diagonalized as

UT
MNSm "UMNS ¼ diag ðm 1; m 2; m 3Þ: (9)

In the presence of !, the mixing matrix N is not unitary.
Using the mass eigenstates, the charged current interaction
in the Standard Model is given by

LCC ¼ " gffiffiffi
2

p W# !e$
#PLðN "m þRNm Þ þ H:c:; (10)

where e denotes the three generations of charged leptons
in the vector form, and PL ¼ 1

2 ð1" $5Þ is the projection
operator. Similarly, the neutral current interaction is
given by

LNC ¼ " g

2cw
Z# ½"m $

#PLðN yN Þ"m

þ Nm $
#PLðRyRÞNm

þ f"m $
#PLðN yRÞNm þ H:c:g(; (11)

where cw ¼ cos%w is the weak mixing angle. Because of
the nonunitarity of the matrix N , N yN ! 1 and the
flavor-changing neutral current occurs.

III. PRODUCTION AND DECAY OF HEAVY
NEUTRINOS AT COLLIDERS

In the previous section, we found the charged and
neutral current interactions involving the heavy neutrinos.
For detailed analysis, we need information about the mix-
ing matrices N and R. In the next section, we fix all the
elements of the matrices by considering the current experi-
mental results. Before the analysis for fixing the parame-
ters, in this section we give the formulas for the production
cross sections and the partial decay widths of the heavy
neutrinos in the limit of one generation and N ¼ R ¼ 1.

A. Production cross section at the LHC

At the LHC, the heavy neutrinos can be produced
through the charged current interactions by the s-channel
exchange of the W boson. The main production process at
the parton level is u !d ! eþN1 (and !ud ! e"N1), and the
differential cross section is

d&̂LHC

d cos %
¼ ð3:89 ) 108 pb Þ '

32(ŝ

ŝþM2

ŝ

!
1

2

"
2
3
!
1

3

"
2

) g4

4

ðŝ2 "M4Þð2þ 'cos 2%Þ
ðŝ" m 2

WÞ2 þ m 2
W"

2
W

; (12)

where
ffiffiffi
ŝ

p
is the center-of-mass energy of the colliding

partons,M is the mass ofN1, and' ¼ ðŝ"M2Þ=ðŝþM2Þ.

The total production cross section at the LHC is
given by

&LHC ¼
Z

d
ffiffiffi
ŝ

p Z
dcos%

Z 1

ŝ=E2
CMS

dx
4ŝ

xE2
CMS

fuðx;Q Þ

) f !d

!
ŝ

xECMS
;Q

"
d&̂LHC

d cos%
þ ðu! !u; !d! dÞ; (13)

where we have taken ECMS ¼ 14 TeV for the center-of-
mass energy of the LHC. In our numerical analysis, we
employ CTEQ5M [12] for the parton distribution func-
tions for the u quark (fu) and !d quark (f !d) with the
factorization scale Q ¼

ffiffiffi
ŝ

p
. The total cross section as a

function of M is depicted in Fig. 1. Since we have fixed
N ¼ R ¼ 1 in this analysis, the resultant cross section
shown in Fig. 1 corresponds to the maximum values for a
fixed M. In our analysis, we find that most of the heavy
neutrinos produced have energies in the vicinity of the
mass threshold.
There are three main modes for the heavy neutrino

decays: N1 ! e"Wþ, "1Z, "1h. The corresponding partial
decay widths are, respectively, given by

"ðN1 ! e"WþÞ ¼ g2

64(

ðM2 " m 2
WÞ2ðM2 þ 2m 2

WÞ
M3m 2

W

;

"ðN1 ! "1ZÞ ¼
g2

128(c2w

ðM2 " m 2
ZÞ2ðM2 þ 2m 2

ZÞ
M3m 2

Z

;

"ðN1 ! "1hÞ ¼
ðM2 " m 2

hÞ2
32(M

!
1

v sin '

"
2
: (14)

The long-sought-after Higgs boson was finally discovered
by the ATLAS [13] and the CMS [14] collaborations at
the LHC. According to the discovery, we use m h ¼
125:3 GeV [14] in the following analysis. Our results are
almost independent of the choice of the Higgs boson mass
in the range of 125–126 GeV.
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FIG. 1. The total production cross section of the heavy neu-
trino as a function of its mass at the LHC with
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p ¼ 14 TeV
(solid line). As a reference, the production cross section at the
LHC with

ffiffiffi
s

p ¼ 8 TeV is also plotted (dashed line).
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
4 0

0 ð!m 2
23 þ !m 2

12Þ
1
4

0
BB@

1
CCA;

ffiffiffiffiffiffiffiffi
DIH

p
¼

ð!m 2
23 ' !m 2

12Þ
1
4 0

0 ð!m 2
23Þ

1
4

0 0

0
BB@

1
CCA:

(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
4 0

0 ð!m 2
23 þ !m 2

12Þ
1
4

0
BB@

1
CCA;

ffiffiffiffiffiffiffiffi
DIH

p
¼

ð!m 2
23 ' !m 2

12Þ
1
4 0

0 ð!m 2
23Þ

1
4

0 0

0
BB@

1
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(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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Non-unitarity

m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
4 0

0 ð!m 2
23 þ !m 2

12Þ
1
4

0
BB@

1
CCA;

ffiffiffiffiffiffiffiffi
DIH

p
¼

ð!m 2
23 ' !m 2

12Þ
1
4 0

0 ð!m 2
23Þ

1
4

0 0

0
BB@

1
CCA:

(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as
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¼
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Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625
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Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625
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The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
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1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that
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D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as
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DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
4 0

0 ð!m 2
23 þ !m 2

12Þ
1
4

0
BB@

1
CCA;

ffiffiffiffiffiffiffiffi
DIH

p
¼

ð!m 2
23 ' !m 2

12Þ
1
4 0

0 ð!m 2
23Þ

1
4

0 0

0
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1
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(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
4 0

0 ð!m 2
23 þ !m 2
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1
4

0
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1
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ffiffiffiffiffiffiffiffi
DIH

p
¼

ð!m 2
23 ' !m 2

12Þ
1
4 0

0 ð!m 2
23Þ

1
4

0 0

0
BB@

1
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(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
4 0

0 ð!m 2
23 þ !m 2

12Þ
1
4

0
BB@

1
CCA;

ffiffiffiffiffiffiffiffi
DIH

p
¼

ð!m 2
23 ' !m 2

12Þ
1
4 0

0 ð!m 2
23Þ

1
4

0 0

0
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(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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General Parametrization of the neutrino Dirac mass matrix

m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0

ð!m 2
12Þ

1
4 0

0 ð!m 2
23 þ !m 2

12Þ
1
4

0
BB@

1
CCA;

ffiffiffiffiffiffiffiffi
DIH

p
¼

ð!m 2
23 ' !m 2

12Þ
1
4 0

0 ð!m 2
23Þ

1
4

0 0

0
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1
CCA:

(23)

Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0
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Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
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1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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m ! ¼ R"RT ¼ 1

M2 m D" m T
D: (20)

Moreover, we consider two typical cases for the flavor
structure of the model: First, " is also proportional to the
unit matrix, " ! " 1. In this case, the flavor structure of
m ! is provided by a nondiagonal m D. We call this case the
flavor nondiagonal (FND) case. The other case is what we
call the flavor diagonal (FD) case, where m D is propor-
tional to the unit matrix, m D ! m D1, and thus the flavor
structure is encoded in the 3" 3 matrix " .

In the FND case, we consider two generations of Nj and
Nc

j with j ¼ 1, 2, so that

m ! ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS: (21)

From this formula, we parametrize the neutrino Dirac mass
matrix as

m D ¼ M
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
; (22)

where the matrices denoted as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

p
are defined as

ffiffiffiffiffiffiffiffiffiffi
DNH

p
¼

0 0
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Note that in the case with two generations ofNj andN
c
j , the

lightest mass eigenvalue is exactly 0. On the other hand, in
the FD case, we have

m ! ¼
"
m D

M

#
2
" ¼ U#

MNSDNH=IHU
y
MNS: (24)

Because of its nonunitarity, the elements of the mixing
matrix N are severely constrained by the combined data
from neutrino oscillation experiments, the precision measure-
ment of weak boson decays, and the lepton-flavor-violating
decays1 of charged leptons [15–17]. We update the results
by using more recent data on the lepton-favor-violating
decays [19–21]:

jNN yj ¼
0:994 ( 0:00625 1:499" 10' 5 8:764" 10' 3

1:499" 10' 5 0:995 ( 0:00625 1:046" 10' 2

8:764" 10' 3 1:046" 10' 2 0:995 ( 0:00625

0
BB@

1
CCA: (25)

Since NN y ’ 1 ' #, we have the constraints on # such that

j#j ¼
0:006 ( 0:00625 <1:5" 10' 5 <8:764" 10' 3

<1:5" 10' 5 0:005 ( 0:00625 <1:046" 10' 2

<8:76356" 10' 3 <1:046" 10' 2 0:005 ( 0:00625

0
BB@

1
CCA: (26)

The most stringent bound is given by the (1, 2) element,
which is from the constraint on the lepton-flavor-violating
muon decay " ! e$.2 For the FND case, we describe # as

# ¼ 1

M2 m Dm
T
D ¼ 1

"
UMNSDNH=IHU

T
MNS; (27)

and determine the minimum " value (" min) so as to
give #12 ¼ 1:5" 10' 5 using the oscillation data in

Eqs. (17)–(19). We have found " min ¼ 525 eV and
329 eV for the NH and IH cases, respectively. Here, we
have used the fact that all parameters are real according
to our assumption. In this way, we can completely deter-
mine the mixing matrices R and N from Eq. (22) by
taking " ¼ " min, which optimizes the production cross
sections of the heavy neutrinos at the LHC and ILC. For
the FD case, we simply take # ¼ ðm D=MÞ21 ¼ 0:012251
(95.5% CL).

B. General parametrization

For completeness, we also consider a general parame-
trization for the neutrino Dirac mass matrix for the FND
case. From the inverse seesaw formula,

m ! ¼ "RRT ¼ "

M2 m Dm
T
D ¼ U#

MNSDNH=IHU
y
MNS; (28)

we can generally parametrize R as

Rð%;&; x; yÞ ¼ 1
ffiffiffiffi
"

p U#
MNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O; (29)

1One-loop corrections with light neutrinos to the muon anoma-
lous magnetic moment are slightly modified from the SM values
[18] because of the nonunitarity of the mixing matrix N
satisfying the condition in Eq. (26).

2It has been pointed out [22,23] that in the SUSY inverse
seesaw model, sparticle Z-penguin contributions can dominate
the lepton-flavor-violating processes, independently of the spar-
ticle mass spectrum. According to the analysis in Ref. [23], we
have found that the constraint from the " ' e conversion pro-
cess is more severe than the one from the " ! e$ process for
M> 335 GeV. Since we will focus on M ¼ 100–150 GeV in
the following analysis, we use the value of " min determined
from the muon decay constraints.
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Flavor non-diagonal case 

mD
carries the off-diagonal 

entries

μ, M diagonal

general orthogonal matrixwhere O is a general orthogonal matrix expressed as

O ¼
cos! sin!

" sin! cos!

 !
¼

coshy i sinhy

"i sinhy coshy

 !
cos x sin x

" sin x coshx

 !
; (30)

with a complex number ! ¼ xþ iy, and the general form of the neutrino mixing matrix,

UMNS ¼
C12C13 S12C13 S13e

i"

"S12C23 " C12S23S13e
i" C12C23 " S12S23S13e

i" S23C13

S12S23 " C12C23S13e
i" "C12S23 " S12C23S13e

i" C23C13

0
BB@

1
CCA

1 0 0

0 ei# 0

0 0 1

0
BB@

1
CCA : (31)

Here, Cij ¼ cos$ij, Sij ¼ sin $ij, " is the Dirac phase, and
# is the Majorana phase. Thus, in this general parametri-
zation, we have

%ð";#; yÞ ¼ R&RT

¼ 1

&
UMNS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q
O&OT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DNH=IH

q T
Uy

MNS: (32)

Note that

O&OT ¼ cosh2yþ sinh2y "2i coshy sinhy

2i coshy sinhy cosh2yþ sinh2y

 !
(33)

is independent of x, and hence the % matrix is a function of
", # and y.

In the next section, we perform a parameter scan under
the experimental constraints and identify an allowed region
for the parameter set f";#; yg. Then, we calculate the heavy
neutrino production cross section for the parameter set
and examine how much the production cross section is
enhanced, satisfying the experimental constraints.

V. COLLIDER SIGNATURES
OF HEAVY NEUTRINOS

Let us now investigate the collider signatures of the
heavy neutrinos with the information of R and N deter-
mined in the previous sections. In Sec. III, we have already
given the formulas used in our analysis in the limit ofR ¼
N ¼ 1. It is easy to generalize the formulas with the

concrete R and N . The production cross section of
the ith generation heavy neutrino at the LHC, through
the process q !q0 ! ‘Ni (u !d ! ‘þ!Ni and !ud ! ‘"!Ni), is
given by

'ðq !q0 ! ‘!NiÞ ¼ 'LHCjR!ij2; (34)

where 'LHC is the cross section given in Eq. (13).
Similarly, the production cross section at the ILC is

'ðeþe" ! (!NiÞ ¼ 'ILCjR!ij2; (35)

where 'ILC is given in Eq. (15), and we have used the
approximation N yR ’ Uy

MNSR because j%!)j ' 1, as
discussed in the previous section. The partial decay widths
for the process Ni ! ‘"!W

þ=(!Z=(!h are obtained by
multiplying Eq. (14) by the factor jR!ij2.

A. Heavy neutrino signal at the LHC
with simple parametrizations

As has been studied in Ref. [24] (see also [25] for the
study of the left-right symmetric model), the most prom-
ising signal of the heavy neutrino productions at the LHC
is obtained by the final state with three charged leptons
(‘(‘(‘) with the total charge (1) through the process
q !q0 ! N‘( followed by N ! ‘(W) and W)! ‘)(. In
this work, detailed studies have been performed for the
signal of the heavy neutrino with a 100 GeV mass, which
couples with either the electron or the muon. The events
were preselected for two like-sign charged leptons
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Here, Cij ¼ cos$ij, Sij ¼ sin $ij, " is the Dirac phase, and
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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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where O is a general orthogonal matrix expressed as

O ¼
cos! sin!

" sin! cos!

 !
¼

coshy i sinhy

"i sinhy coshy

 !
cos x sin x

" sin x coshx

 !
; (30)
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Here, Cij ¼ cos$ij, Sij ¼ sin $ij, " is the Dirac phase, and
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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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Here, Cij ¼ cos$ij, Sij ¼ sin $ij, " is the Dirac phase, and
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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.
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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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We can parametrize  the mixing in terms of the 
phases and the general parameter considering 

bounds from non-unitarity



Impression/s at the ILC

where !LHC is the cross section given in Eq. (13).
Similarly, the production cross section at the ILC is

!ðeþ e# ! "#NiÞ ¼ !ILCjR#ið$;%; yÞj2; (37)

where !ILC is given in Eq. (15), and we have used the
approximation N yR ’ Uy

MNSR because j&#'j & 1 as
discussed in the previous section. The partial decay widths
for the process Ni ! ‘##W

þ ="#Z="#h are obtained by
multiplying Eq. (14) by the factor jR#ið$;%; yÞj2.

Figure 5 shows the results of the parameter scan for the
heavy neutrino production cross section with the trilepton
final states at the LHC. Each dot satisfies the experimental
constraints on all the &-matrix elements. The first (second)
column shows the results for the NH (IH) case. In the first
(second) row, the results are shown as a function of $ (y)
for the final state with two electrons, while the correspond-
ing results for the final state with two muons are shown in
the third and fourth rows. Comparing the results with those
for the simple parametrizations, the signal cross sections
for the NH case receive significant enhancements for a
certain parameter set, while for the IH case, we only have
an enhancement by a factor 2–4. The maximum signal
cross sections we can achieve in the general parametriza-
tion are listed on Table V. Interestingly, the maximum cross
section for the NH case with a final state including two
muons can even be larger than the one for the FD case.

Figure 6 shows the cross section for the process eþ e# !
"N, followed by the decays N ! ‘W andW ! q !q0, at the
ILC with

ffiffiffi
s

p ¼ 500 GeV. Here, we have fixed the heavy
neutrino mass to be 150 GeV. Each dot satisfies the experi-
mental constraints on all the &-matrix elements. The first
(second) column shows the results for the NH (IH) case.
In the first (second) row, the results are shown as a function
of $ (y) for the case of ‘ ¼ e, while the corresponding
results for the case of ‘ ¼ ( are shown in the third and
fourth rows. Similarly to the LHC results, we have found
significant enhancements for the NH case compared with
the results for the simple parametrizations, while we have
no significant enhancement for the IH case. The maximum
signal cross sections we can achieve in the general parame-
trization are listed on Table VI. The maximum cross sec-
tion for the NH case with ‘ ¼ ( can even be larger than the
one for the FD case. We have performed the same analysis
also for the ILC with

ffiffiffi
s

p ¼ 1 TeV. The maximum signal
cross sections in this case are listed in Table VII. We have
about a 30%–40% enhancement in the cross sections by
increasing the collider energy.

The maximum signal cross sections for
ffiffiffi
s

p ¼ 1 TeV and
the same luminosityL ¼ 500 fb# 1 are listed in Table VII.
We have only listed e þ jj and ( þ jj signal cross
sections as functions of $, % and y.
From Tables VI and VII the signal cross sections for

( þ jj in NH dominates over IH by an order of magnitude
for both the collider energies,

ffiffiffi
s

p ¼ 500 GeV and
ffiffiffi
s

p ¼
1 TeV. The signal cross sections for e þ jj in NH are
almost the same as those in the IH case for both the collider
energies,

ffiffiffi
s

p ¼ 500 GeV and
ffiffiffi
s

p ¼ 1 TeV. The (( case
cross sections at

ffiffiffi
s

p ¼ 500 GeV and
ffiffiffi
s

p ¼ 1 TeV are
some factors greater than the corresponding FD cases.

VI. CONCLUSIONS

We have studied the inverse seesaw scenario and the
signature of the pseudo-Dirac heavy neutrino production at
the LHC and ILC. In the inverse seesaw scenario, the light
neutrino masses are realized by small lepton-number-
violating parameters, and hence the SM singlet neutrinos
have sizable Dirac Yukawa couplings with the SM lepton
doublets and Higgs doublet even for mass scales at the TeV
scale or smaller. As a result, the heavy neutrinos can be
produced at the LHC and ILC. Based on a concrete model
realizing the inverse seesaw in the context of the NMSSM,
we have fixed the model parameters so as to satisfy the
experimental results such as the neutrino oscillation data,
the precision measurements of the weak boson decays, and
the lepton-flavor-violating decays of charged leptons. We
have considered two typical cases for the neutrino flavor
structures of themodel, namely, the FND andFDcases.With
the fixed parameters, we have calculated the production
cross sections of the heavy neutrinos at the LHC and ILC.
First we have considered simple parametrizations with

all zero CP phases. For the LHC with
ffiffiffi
s

p ¼ 14 TeV, we
have analyzed the productions of the heavy neutrinos with a
degenerate 100 GeV mass, providing the trilepton final
states with the like-sign electrons or muons. After imposing
suitable cuts, we have found that the 5-! statistical signifi-
cance of the signal events over the SM background can be
achieved for a luminosity around 11 fb# 1 in the FD case.
On the other hand, the production cross sections in the FND
case are too small to observe the heavy neutrino signal.
We have also studied the heavy neutrino production

at the ILC with
ffiffiffi
s

p ¼ 500 GeV–1 TeV, where the final
state with a single, isolated electron and a dijet with large
missing energy is considered. For the luminosity

ffiffiffi
s

p ¼
500 fb# 1, we can obtain clear signatures of the heavy
neutrinos with mass 150 GeV for the IH mass spectrum
in the FND case and the FD case. On the other hand, the
significance for the NHmass spectrum in the FND case has
been found to be low. Since we can expect similar efficien-
cies of the signal and SM background for the final states
with different lepton flavors, muon or tau, the heavy neu-
trinos can be detected with a large statistical significance in
the modes for all FND and FD cases.

TABLE V. The maximum LHC cross sections for the final
states with two electrons and two muons, respectively, at the
LHC with

ffiffiffi
s

p ¼ 14 TeV.

ee ((

NH (fb) 0.515 5.95
IH (fb) 0.575 0.475
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where !LHC is the cross section given in Eq. (13).
Similarly, the production cross section at the ILC is

!ðeþ e# ! "#NiÞ ¼ !ILCjR#ið$;%; yÞj2; (37)

where !ILC is given in Eq. (15), and we have used the
approximation N yR ’ Uy

MNSR because j&#'j & 1 as
discussed in the previous section. The partial decay widths
for the process Ni ! ‘##W

þ ="#Z="#h are obtained by
multiplying Eq. (14) by the factor jR#ið$;%; yÞj2.

Figure 5 shows the results of the parameter scan for the
heavy neutrino production cross section with the trilepton
final states at the LHC. Each dot satisfies the experimental
constraints on all the &-matrix elements. The first (second)
column shows the results for the NH (IH) case. In the first
(second) row, the results are shown as a function of $ (y)
for the final state with two electrons, while the correspond-
ing results for the final state with two muons are shown in
the third and fourth rows. Comparing the results with those
for the simple parametrizations, the signal cross sections
for the NH case receive significant enhancements for a
certain parameter set, while for the IH case, we only have
an enhancement by a factor 2–4. The maximum signal
cross sections we can achieve in the general parametriza-
tion are listed on Table V. Interestingly, the maximum cross
section for the NH case with a final state including two
muons can even be larger than the one for the FD case.

Figure 6 shows the cross section for the process eþ e# !
"N, followed by the decays N ! ‘W andW ! q !q0, at the
ILC with

ffiffiffi
s

p ¼ 500 GeV. Here, we have fixed the heavy
neutrino mass to be 150 GeV. Each dot satisfies the experi-
mental constraints on all the &-matrix elements. The first
(second) column shows the results for the NH (IH) case.
In the first (second) row, the results are shown as a function
of $ (y) for the case of ‘ ¼ e, while the corresponding
results for the case of ‘ ¼ ( are shown in the third and
fourth rows. Similarly to the LHC results, we have found
significant enhancements for the NH case compared with
the results for the simple parametrizations, while we have
no significant enhancement for the IH case. The maximum
signal cross sections we can achieve in the general parame-
trization are listed on Table VI. The maximum cross sec-
tion for the NH case with ‘ ¼ ( can even be larger than the
one for the FD case. We have performed the same analysis
also for the ILC with

ffiffiffi
s

p ¼ 1 TeV. The maximum signal
cross sections in this case are listed in Table VII. We have
about a 30%–40% enhancement in the cross sections by
increasing the collider energy.

The maximum signal cross sections for
ffiffiffi
s

p ¼ 1 TeV and
the same luminosityL ¼ 500 fb# 1 are listed in Table VII.
We have only listed e þ jj and ( þ jj signal cross
sections as functions of $, % and y.
From Tables VI and VII the signal cross sections for

( þ jj in NH dominates over IH by an order of magnitude
for both the collider energies,

ffiffiffi
s

p ¼ 500 GeV and
ffiffiffi
s

p ¼
1 TeV. The signal cross sections for e þ jj in NH are
almost the same as those in the IH case for both the collider
energies,

ffiffiffi
s

p ¼ 500 GeV and
ffiffiffi
s

p ¼ 1 TeV. The (( case
cross sections at

ffiffiffi
s

p ¼ 500 GeV and
ffiffiffi
s

p ¼ 1 TeV are
some factors greater than the corresponding FD cases.

VI. CONCLUSIONS

We have studied the inverse seesaw scenario and the
signature of the pseudo-Dirac heavy neutrino production at
the LHC and ILC. In the inverse seesaw scenario, the light
neutrino masses are realized by small lepton-number-
violating parameters, and hence the SM singlet neutrinos
have sizable Dirac Yukawa couplings with the SM lepton
doublets and Higgs doublet even for mass scales at the TeV
scale or smaller. As a result, the heavy neutrinos can be
produced at the LHC and ILC. Based on a concrete model
realizing the inverse seesaw in the context of the NMSSM,
we have fixed the model parameters so as to satisfy the
experimental results such as the neutrino oscillation data,
the precision measurements of the weak boson decays, and
the lepton-flavor-violating decays of charged leptons. We
have considered two typical cases for the neutrino flavor
structures of themodel, namely, the FND andFDcases.With
the fixed parameters, we have calculated the production
cross sections of the heavy neutrinos at the LHC and ILC.
First we have considered simple parametrizations with

all zero CP phases. For the LHC with
ffiffiffi
s

p ¼ 14 TeV, we
have analyzed the productions of the heavy neutrinos with a
degenerate 100 GeV mass, providing the trilepton final
states with the like-sign electrons or muons. After imposing
suitable cuts, we have found that the 5-! statistical signifi-
cance of the signal events over the SM background can be
achieved for a luminosity around 11 fb# 1 in the FD case.
On the other hand, the production cross sections in the FND
case are too small to observe the heavy neutrino signal.
We have also studied the heavy neutrino production

at the ILC with
ffiffiffi
s

p ¼ 500 GeV–1 TeV, where the final
state with a single, isolated electron and a dijet with large
missing energy is considered. For the luminosity

ffiffiffi
s

p ¼
500 fb# 1, we can obtain clear signatures of the heavy
neutrinos with mass 150 GeV for the IH mass spectrum
in the FND case and the FD case. On the other hand, the
significance for the NHmass spectrum in the FND case has
been found to be low. Since we can expect similar efficien-
cies of the signal and SM background for the final states
with different lepton flavors, muon or tau, the heavy neu-
trinos can be detected with a large statistical significance in
the modes for all FND and FD cases.

TABLE V. The maximum LHC cross sections for the final
states with two electrons and two muons, respectively, at the
LHC with

ffiffiffi
s

p ¼ 14 TeV.

ee ((

NH (fb) 0.515 5.95
IH (fb) 0.575 0.475
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MNSR because j&#'j & 1 as
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for the process Ni ! ‘##W

þ ="#Z="#h are obtained by
multiplying Eq. (14) by the factor jR#ið$;%; yÞj2.
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in the FND case and the FD case. On the other hand, the
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been found to be low. Since we can expect similar efficien-
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an enhancement by a factor 2–4. The maximum signal
cross sections we can achieve in the general parametriza-
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signature of the pseudo-Dirac heavy neutrino production at
the LHC and ILC. In the inverse seesaw scenario, the light
neutrino masses are realized by small lepton-number-
violating parameters, and hence the SM singlet neutrinos
have sizable Dirac Yukawa couplings with the SM lepton
doublets and Higgs doublet even for mass scales at the TeV
scale or smaller. As a result, the heavy neutrinos can be
produced at the LHC and ILC. Based on a concrete model
realizing the inverse seesaw in the context of the NMSSM,
we have fixed the model parameters so as to satisfy the
experimental results such as the neutrino oscillation data,
the precision measurements of the weak boson decays, and
the lepton-flavor-violating decays of charged leptons. We
have considered two typical cases for the neutrino flavor
structures of themodel, namely, the FND andFDcases.With
the fixed parameters, we have calculated the production
cross sections of the heavy neutrinos at the LHC and ILC.
First we have considered simple parametrizations with

all zero CP phases. For the LHC with
ffiffiffi
s

p ¼ 14 TeV, we
have analyzed the productions of the heavy neutrinos with a
degenerate 100 GeV mass, providing the trilepton final
states with the like-sign electrons or muons. After imposing
suitable cuts, we have found that the 5-! statistical signifi-
cance of the signal events over the SM background can be
achieved for a luminosity around 11 fb# 1 in the FD case.
On the other hand, the production cross sections in the FND
case are too small to observe the heavy neutrino signal.
We have also studied the heavy neutrino production

at the ILC with
ffiffiffi
s

p ¼ 500 GeV–1 TeV, where the final
state with a single, isolated electron and a dijet with large
missing energy is considered. For the luminosity

ffiffiffi
s

p ¼
500 fb# 1, we can obtain clear signatures of the heavy
neutrinos with mass 150 GeV for the IH mass spectrum
in the FND case and the FD case. On the other hand, the
significance for the NHmass spectrum in the FND case has
been found to be low. Since we can expect similar efficien-
cies of the signal and SM background for the final states
with different lepton flavors, muon or tau, the heavy neu-
trinos can be detected with a large statistical significance in
the modes for all FND and FD cases.

TABLE V. The maximum LHC cross sections for the final
states with two electrons and two muons, respectively, at the
LHC with
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Signals
Leading mode

For completeness, we have also considered the general
parametrization for the Dirac neutrino mass matrix by
introducing a general orthogonal matrix and CP phases,
for the FND case. In this case, three new parameters, the
Dirac CP phase (!), the Majorana CP phase ("), and one
angle of the orthogonal matrix, are newly involved in our
analysis. We have performed a parameter scan and identi-
fied the parameter region which satisfies all experimental
constraints on the elements of the # matrix. Then, we have
shown the signal cross sections of the heavy neutrino
production for the parameters identified. For both the
LHC and ILC, we have found significant enhancements
of the cross section for the NH case, and the resultant cross
section can be of the same order as the FD case. On the
other hand, such a remarkable enhancement has not been
observed for the IH case.

If the heavy neutrinos are discovered in the future, this
indicates that a mechanism of the neutrino mass generation
is not due to the conventional seesaw mechanism because
the expected cross section for the conventional seesaw is
extremely small. In addition, there is a crucial difference
between the inverse seesaw and the conventional seesaw
mechanism. In the inverse seesaw scenario, the lepton
number is violated by a very small Majorana mass $ ,
and the heavy neutrinos are pseudo-Dirac particles. They
behave as Dirac particles at colliders, and the lepton
number is approximately conserved in the production and
decay precesses. Thus, once a heavy neutrino is produced,
it decays to Wþ‘", conserving the lepton number. On the
other hand, in the conventional seesaw scenario, the lepton
number is violated by the large Majorana mass and, as a
result, the heavy Majorana neutrino has a lepton-number-
violating decay mode because of its Majorana nature,

N ! W"‘þ, in addition to the lepton-number-conserving
mode N ! Wþ‘". In order to confirm the inverse seesaw
mechanism, it is important to check the lepton number
conservation in the heavy neutrino signal events. For ex-
ample, for the trilepton final state (‘þ‘þ‘") at the LHC,
the main production process of the heavy neutrino is
u !d ! N‘þ through the W boson in the s channel for
both pseudo-Dirac and Majorana neutrinos. The pseudo-
Dirac neutrino only has the decay mode N ! Wþ‘", so
the heavy neutrino is reconstructed only from Wþ and ‘".
On the other hand, if the produced neutrino is the Majorana
particle, some of the signal events can be reconstructed
also from W" and ‘þ, indicating the lepton number vio-
lation. Unfortunately, we cannot distinguish the pseudo-
Dirac neutrino from the Majorana neutrino in the heavy
neutrino signal at the ILC. The heavy neutrino and anti-
heavy neutrino are produced at the same rates. Even if
a produced heavy neutrino shows the lepton-number-
violating decay, we cannot distinguish the events from
the lepton-number-conserving decay of an anti-heavy neu-
trino. Furthermore, the flavor-dependent signal events from
the heavy neutrino production provide us with valuable
information to investigate the flavor structure of the model
for the neutrino mass generation.
Finally, we comment on the current bound of the heavy

neutrino production at the LHC. The ATLAS experiment
[28] has reported their results on the search for the heavy
neutrinos based on the production through effective four-
fermion operators [29]. The vector operator of ð !d%$ uÞ %
ð !N%$ ‘Þ="2 is relevant to our case. The final states with
‘‘jj (‘ ¼ e or $ ) have been analyzed as a signal of the
heavy neutrino production, followed by the decay N !
‘W,W ! jj. From the data corresponding to an integrated
luminosity of 2:1 fb"1 at

ffiffiffi
s

p ¼ 7 TeV, the ATLAS experi-
ment has set the lower bound on the cutoff scale " as a
function of the heavy neutrino mass ' 200 GeV. For
example, it is found that " ' 2:8 TeV for M ¼ 200GeV.
We interpret this result for the upper bound on the heavy
neutrino production cross section through the four-fermion
operator as &ðq !q0 ! ‘NÞ ( 24:0 fb. In the FD case, we
find &ðq !q0 ! ‘NÞ ’ 3:77 fb, and therefore, the parameter
region we have examined in this paper is consistent with
the current LHC results.
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TABLE VII. The same as Table VI, but for
ffiffiffi
s

p ¼ 1 TeV.

NH (fb) IH (fb)

‘ ¼ e 11.0 11.0
‘ ¼ $ 180 180

TABLE VI. The maximum cross sections at the ILC withffiffiffi
s

p ¼ 500 GeV. Here, we have fixed the heavy neutrino mass
to be 150 GeV. Each dot satisfies the experimental constraints on
all the #-matrix elements. The first (second) column shows the
results for the NH (IH) case. The first and second rows corre-
spond to the results for the case of ‘ ¼ e, while the correspond-
ing results for the case of ‘ ¼ $ are shown in the third and
fourth rows.

NH (fb) IH (fb)

‘ ¼ e 8.5 8.5
‘ ¼ $ 130 11.0
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as a function of the general parameter ‘y’, −π < δ, ρ < π, 0 < y < 1



FIG. 6 (color online). The production cross sections for the process eþe" ! !N, followed by the decays N ! ‘W (‘ ¼ e, " ) and
W ! q !q0, as functions of the Dirac phase (#) and y, at the ILC with

ffiffiffi
s

p ¼ 500 GeV. Here, we have fixed the heavy neutrino mass to be
150 GeV. Each dot satisfies the experimental constraints on all the $-matrix elements. The first (second) column shows the results for
the NH (IH) case. In the first (second) row, the results are shown as a function of # (y) for the case of ‘ ¼ e, while the corresponding
results for the case of ‘ ¼ " are shown in the third and fourth rows.
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Production of the heavy neutrinos at the Linear Collider using fat jet

[96] to calculate the signals and the backgrounds. Further
we use PYTHIA6 [97] for LHeC as used in [87] and PYTHIA8

[98] for the linear colliders, where subsequent decay, initial
state radiation, final state radiation and hadronization have
been carried out. We have indicated in [14,15] that if the
RHNs are sufficiently heavy, the daughter particles can be
boosted. We prefer the hadronic decay mode of the W
where the jets can be collimated so that we can call it a fat
jet (J). Such a topology is very powerful to discriminate the
signal from the SM backgrounds. We perform the detector
simulation using DELPHES version 3.4.1 [99]. The detec-
tor card for the LHeC has been used from [100]. We use the
ILD card for the linear collider. In our analysis the jets are
reconstructed by Cambridge-Achen algorithm [101,102]
implemented in Fastjet package [103,104] with the radius
parameter as R ¼ 0.8.
We study the production of the first generation RHN

(N1) and its subsequent leading decay mode (ep → N1j1,
N1 → We, W → J) at the LHeC with

ffiffiffi
s

p
¼ 1.3 TeV and

1.8 TeV center of mass energies. The corresponding
Feynman diagram is given in Fig. 7. We also study the

RHN production at the linear collider (International Linear
Collider, ILC) at

ffiffiffi
s

p
¼ 1 TeV and CLIC at

ffiffiffi
s

p
¼ 3 TeV

collider energies. However, for simplicity we will use the
term linear collider unanimously. At the linear collider we
consider two sets of signals after the production of the
RHN, such that, eþe− → N1ν, N1 → We, W → J and
eþe− → N1ν, N1 → hν, h → Jb where Jb is a fat b-jet
coming from the boosted SM Higgs decay in the dominant
mode. For the two types of colliders we consider 1000 fb−1

luminosity. The corresponding Feynman diagrams are
given in Fig. 8. For the analysis of signal and background
events we use the following set of basic cuts,
(1) Electrons in the final state should have the following

transverse momentum (pe
T) and pseudorapidity (jηej)

as pe
T > 10 GeV, jηej < 2.5.

(2) Jets are ordered in pT , jets should have pj
T >

10 GeV and jηjj < 2.5.
(3) Photons are counted if pγ

T > 10 GeV and jηγj < 2.5.
(4) Leptons should be separated by ΔRll > 0.2.
(5) The leptons and photons are separated byΔRlγ > 0.3.
(6) The jets and leptons shouldbe separatedbyΔRlj>0.3.
(7) Fat Jet is constructed with radius parameter R ¼ 0.8.

A. LHeC analysis for the signal e − p → jN1 → e# + J + j1
ProducingN1 at the LHeC and followed by its decay into

leading mode to study the boosted objects, we consider the
final state e# þJþ j1. In this case we have two different
processes, one is them is the eþ þJþ j1 and the other one
is e− þJþ j1. The first one is the lepton number violating
(LNV) channel and the second one is the lepton number
conserving (LNC). At the time of showing the results we
combine LNV and LNC channels to obtain the final state
as e# þJþ j1.FIG. 7. eþJþ j1 final state at the LHeC and HE-LHeC.

FIG. 8. eþJþ pmiss
T and Jb þ pmiss

T final states at the linear colliders.
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final state e# þJþ j1. In this case we have two different
processes, one is them is the eþ þJþ j1 and the other one
is e− þJþ j1. The first one is the lepton number violating
(LNV) channel and the second one is the lepton number
conserving (LNC). At the time of showing the results we
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The total production cross section for the process eþe− →
ν1N1 from the t and s channel processes at the linear
collider at different center of mass energies are shown in
Fig. 5.
The s channelZmediated process can produce the second

(third) generation of RHNs, N2ðN3Þ in association with
ν2ðν3Þ. The cross sections for different center of mass
energies have been given in Fig. 6. The cross section in this
mode decreases with the increase in the center of mass
energy. Suchmodes can reach up to a cross section of 1 pb for
MN ¼ 100 GeV at

ffiffiffi
s

p
¼ 250 GeV. Consider the leading

decay mode of the RHN intoW and lðμ; τÞ followed by the
hadronic decay of the W could be interesting to probe the
corresponding mixing angles. The cross sections in Figs. 5
and 6 are normalized by the square of the mixing to
correspond the maximum value for a fixed MN according
to the relevant part of the charged current and neutral current
interactions in Eqs. (10) and (11), respectively.

III. COLLIDER ANALYSIS

We implement our model in FEYNRULES [95], generate
the UFO file of the model for MadGraph5-aMC@NLO

FIG. 4. RHN production processes at the linear collider. The left panel is the dominant t channel process and the right panel is s
channel process to produce the eþe− → N1ν1. To produce N2ν2 and N3ν3, the Z mediated s channel process will act.

FIG. 5. RHN production cross section at the linear collider considering eþe− → N1ν1 process at the different center of mass energies.

FIG. 6. RHN production cross section at the linear collider considering eþe− → N2ν2ðN3ν3Þ process at the different center of mass
energies from the s channel Z boson exchange.
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s = 1 TeV, 3 TeV
1811.04291

e+e− → ν1N1

e+e− → ν2N2/ ν3N3



FIG. 3. RHN production cross section at the LHeC considering e p ! N1j process for the e p collider

at
p
s = 318 GeV (HERA, top left panel),

p
s = 1.3 TeV (LHeC, top right panel) and

p
s = 1.8 TeV

(HE-LHeC, bottom panel).

FIG. 4. RHN production processes at the linear collider. The left panel is the dominant t channel

process and the right panel is s channel process to produce the e+e� ! N1⌫1. To produce N2⌫2 and

N3⌫3, the Z mediated s channel process will act.
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FIG. 8. e+ J + pmiss

T
and Jb + pmiss

T
final states at the linear colliders.

4. Leptons should be separated by �R`` > 0.2.

5. The leptons and photons are separated by �R`� > 0.3.

6. The jets and leptons should be separated by �R`j > 0.3.

7. Fat Jet is constructed with radius parameter R = 0.8.

A. LHeC analysis for the signal e�p ! jN1 ! e± + J + j1

Producing N1 at the LHeC and followed by its decay into leading mode to study the boosted

objects, we consider the final state e±+J+ j1. In this case we have two di↵erent processes, one

is them is the e+ + J + j1 and the other one is e� + J + j1. The first one is the Lepton Number

Violating (LNV) channel and the second one is the Lepton Number Conserving (LNC). At the

time of showing the results we combine LNV and LNC channels to obtain the final state as

e
± + J + j1.
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Right handed neutrino production at the linear collider

Higgs production from right handed neutrinos

FIG. 7. e+ J + j1 final state at the LHeC and HE-LHeC.

Achen algorithm [90, 91] implemented in Fastjet package [92, 93] with the radius parameter as

R = 0.8. 2

We study the production of the first generation RHN (N1) and its subsequent leading decay

mode (e p ! N1 j1, N1 ! We,W ! J) at the LHeC with
p
s = 1.3 TeV and 1.8 TeV center of

mass energies. The corresponding Feynman diagram is given in Fig. 7. We also study the RHN

production at the linear collider (International Linear Collider, ILC) at
p
s = 1 TeV and CLIC

at
p
s = 3 TeV collider energies. However, for simplicity we will use the term linear collider

unanimously. At the linear collider we consider two sets of signals after the production of the

RHN, such that, e+ e
�
! N1 ⌫, N1 ! We,W ! J and e

+
e
�
! N1 ⌫, N1 ! h⌫, h ! Jb where

Jb is a fat b-jet coming from the boosted SM Higgs decay in the dominant mode. For the two

types of colliders we consider 1000 fb�1 luminosity. The corresponding Feynman diagrams are

given in Fig. 8. For the analysis of signal and background events we use the following set of

basic cuts,

1. Electrons in the final state should have the following transverse momentum (pe
T
) and

pseudo-rapidity (|⌘e|) as pe
T
> 10 GeV, |⌘e| < 2.5.

2. Jets are ordered in pT , jets should have p
j

T
> 10 GeV and |⌘

j
| < 2.5.

3. Photons are counted if p�
T
> 10 GeV and |⌘

�
| < 2.5.

2 Here we do not use DELPHES because the version 3.4.1 does not contain any dedicated card for the LHeC and

linear collider like ILC, rather it has a card for the CEPC. Due to the choices of the center of mass energies

for the linear colliders we do not use the CEPC card, rather use the cut based analysis on the PYTHIA8

results.
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Basic cuts

See also: 1008.2257, 1207.3734, 1502.05915,1503.05491, 1512.06035, 
1604.02420, 1612.02728, 1810.08970, 1811.04291, etc.
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FIG. 19. pmiss

T
distribution of the signal and background events for MN = 700 GeV and 800 GeV at

the
p
s = 1 TeV (left panel) and MN = 1.5 TeV and 2 TeV at the

p
s = 3 TeV (right panel) linear

colliders.
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FIG. 20. Transverse momentum distribution of Jb (pJb
T
) from the signal and background events for

MN = 700 GeV and 800 GeV at the
p
s = 1 TeV (left panel) and MN = 1.5 TeV and 2 TeV at the

p
s = 3 TeV (right panel) linear colliders.

1. Advanced cuts for MN = 400 GeV- 900 GeV at the
p
s = 1 TeV linear collider

• Transverse momentum for Jb, p
Jb
T

> 250 GeV.
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FIG. 21. Fat b-Jet mass (MJb) distribution from the signal and background events for MN = 700

GeV and 800 GeV at the
p
s = 1 TeV (left panel) and MN = 1.5 TeV and 2 TeV at the

p
s = 3 TeV

(right panel) linear colliders.

• Fat-b mass, MJb
> 115 GeV.

• Missing energy, pmiss

T
> 150 GeV.

We consider two benchmark points such as MN = 700 GeV and 800 GeV at the 1 TeV linear

collider to produce the boosted Higgs from RHNs. The cut flow has been shown in Tab. VII.

The b-jets are coming from the SM h as the MJb
distribution peaks at the Higgs mass for

the signal at the linear colliders. As a result MJb
> 115 GeV sets a strong cut on the SM

backgrounds.

2. Advanced cuts for the MN = 1 TeV -2.9 TeV for the
p
s = 3 TeV linear collider

• Transverse momentum for fat-b (Jb), p
Jb
T

> 350 GeV.

• Fat-b mass, MJb
> 115 GeV.

• Missing energy, pmiss

T
> 175 GeV.

We consider two benchmark points such as MN = 1.5 TeV and 2 TeV at the 3 TeV linear

collider for the boosted Higgs production from the RHN. The cut flow has been shown in
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FIG. 21. Fat b-Jet mass (MJb) distribution from the signal and background events for MN = 700

GeV and 800 GeV at the
p
s = 1 TeV (left panel) and MN = 1.5 TeV and 2 TeV at the

p
s = 3 TeV

(right panel) linear colliders.

• Fat-b mass, MJb
> 115 GeV.

• Missing energy, pmiss

T
> 150 GeV.

We consider two benchmark points such as MN = 700 GeV and 800 GeV at the 1 TeV linear

collider to produce the boosted Higgs from RHNs. The cut flow has been shown in Tab. VII.

The b-jets are coming from the SM h as the MJb
distribution peaks at the Higgs mass for

the signal at the linear colliders. As a result MJb
> 115 GeV sets a strong cut on the SM

backgrounds.

2. Advanced cuts for the MN = 1 TeV -2.9 TeV for the
p
s = 3 TeV linear collider

• Transverse momentum for fat-b (Jb), p
Jb
T

> 350 GeV.

• Fat-b mass, MJb
> 115 GeV.

• Missing energy, pmiss

T
> 175 GeV.

We consider two benchmark points such as MN = 1.5 TeV and 2 TeV at the 3 TeV linear

collider for the boosted Higgs production from the RHN. The cut flow has been shown in
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Benchmark : 700 GeV and 800 GeV

Benchmark : 1.5 TeV and 2.0 GeV

[96] to calculate the signals and the backgrounds. Further
we use PYTHIA6 [97] for LHeC as used in [87] and PYTHIA8

[98] for the linear colliders, where subsequent decay, initial
state radiation, final state radiation and hadronization have
been carried out. We have indicated in [14,15] that if the
RHNs are sufficiently heavy, the daughter particles can be
boosted. We prefer the hadronic decay mode of the W
where the jets can be collimated so that we can call it a fat
jet (J). Such a topology is very powerful to discriminate the
signal from the SM backgrounds. We perform the detector
simulation using DELPHES version 3.4.1 [99]. The detec-
tor card for the LHeC has been used from [100]. We use the
ILD card for the linear collider. In our analysis the jets are
reconstructed by Cambridge-Achen algorithm [101,102]
implemented in Fastjet package [103,104] with the radius
parameter as R ¼ 0.8.
We study the production of the first generation RHN

(N1) and its subsequent leading decay mode (ep → N1j1,
N1 → We, W → J) at the LHeC with

ffiffiffi
s

p
¼ 1.3 TeV and

1.8 TeV center of mass energies. The corresponding
Feynman diagram is given in Fig. 7. We also study the

RHN production at the linear collider (International Linear
Collider, ILC) at

ffiffiffi
s

p
¼ 1 TeV and CLIC at

ffiffiffi
s

p
¼ 3 TeV

collider energies. However, for simplicity we will use the
term linear collider unanimously. At the linear collider we
consider two sets of signals after the production of the
RHN, such that, eþe− → N1ν, N1 → We, W → J and
eþe− → N1ν, N1 → hν, h → Jb where Jb is a fat b-jet
coming from the boosted SM Higgs decay in the dominant
mode. For the two types of colliders we consider 1000 fb−1

luminosity. The corresponding Feynman diagrams are
given in Fig. 8. For the analysis of signal and background
events we use the following set of basic cuts,
(1) Electrons in the final state should have the following

transverse momentum (pe
T) and pseudorapidity (jηej)

as pe
T > 10 GeV, jηej < 2.5.

(2) Jets are ordered in pT , jets should have pj
T >

10 GeV and jηjj < 2.5.
(3) Photons are counted if pγ

T > 10 GeV and jηγj < 2.5.
(4) Leptons should be separated by ΔRll > 0.2.
(5) The leptons and photons are separated byΔRlγ > 0.3.
(6) The jets and leptons shouldbe separatedbyΔRlj>0.3.
(7) Fat Jet is constructed with radius parameter R ¼ 0.8.

A. LHeC analysis for the signal e − p → jN1 → e# + J + j1
ProducingN1 at the LHeC and followed by its decay into

leading mode to study the boosted objects, we consider the
final state e# þJþ j1. In this case we have two different
processes, one is them is the eþ þJþ j1 and the other one
is e− þJþ j1. The first one is the lepton number violating
(LNV) channel and the second one is the lepton number
conserving (LNC). At the time of showing the results we
combine LNV and LNC channels to obtain the final state
as e# þJþ j1.FIG. 7. eþJþ j1 final state at the LHeC and HE-LHeC.

FIG. 8. eþJþ pmiss
T and Jb þ pmiss

T final states at the linear colliders.
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RHNs are sufficiently heavy, the daughter particles can be
boosted. We prefer the hadronic decay mode of the W
where the jets can be collimated so that we can call it a fat
jet (J). Such a topology is very powerful to discriminate the
signal from the SM backgrounds. We perform the detector
simulation using DELPHES version 3.4.1 [99]. The detec-
tor card for the LHeC has been used from [100]. We use the
ILD card for the linear collider. In our analysis the jets are
reconstructed by Cambridge-Achen algorithm [101,102]
implemented in Fastjet package [103,104] with the radius
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(N1) and its subsequent leading decay mode (ep → N1j1,
N1 → We, W → J) at the LHeC with
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coming from the boosted SM Higgs decay in the dominant
mode. For the two types of colliders we consider 1000 fb−1

luminosity. The corresponding Feynman diagrams are
given in Fig. 8. For the analysis of signal and background
events we use the following set of basic cuts,
(1) Electrons in the final state should have the following
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RHNs are sufficiently heavy, the daughter particles can be
boosted. We prefer the hadronic decay mode of the W
where the jets can be collimated so that we can call it a fat
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state radiation, final state radiation and hadronization have
been carried out. We have indicated in [14,15] that if the
RHNs are sufficiently heavy, the daughter particles can be
boosted. We prefer the hadronic decay mode of the W
where the jets can be collimated so that we can call it a fat
jet (J). Such a topology is very powerful to discriminate the
signal from the SM backgrounds. We perform the detector
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RHN, such that, eþe− → N1ν, N1 → We, W → J and
eþe− → N1ν, N1 → hν, h → Jb where Jb is a fat b-jet
coming from the boosted SM Higgs decay in the dominant
mode. For the two types of colliders we consider 1000 fb−1

luminosity. The corresponding Feynman diagrams are
given in Fig. 8. For the analysis of signal and background
events we use the following set of basic cuts,
(1) Electrons in the final state should have the following

transverse momentum (pe
T) and pseudorapidity (jηej)

as pe
T > 10 GeV, jηej < 2.5.

(2) Jets are ordered in pT , jets should have pj
T >

10 GeV and jηjj < 2.5.
(3) Photons are counted if pγ

T > 10 GeV and jηγj < 2.5.
(4) Leptons should be separated by ΔRll > 0.2.
(5) The leptons and photons are separated byΔRlγ > 0.3.
(6) The jets and leptons shouldbe separatedbyΔRlj>0.3.
(7) Fat Jet is constructed with radius parameter R ¼ 0.8.

A. LHeC analysis for the signal e − p → jN1 → e# + J + j1
ProducingN1 at the LHeC and followed by its decay into

leading mode to study the boosted objects, we consider the
final state e# þJþ j1. In this case we have two different
processes, one is them is the eþ þJþ j1 and the other one
is e− þJþ j1. The first one is the lepton number violating
(LNV) channel and the second one is the lepton number
conserving (LNC). At the time of showing the results we
combine LNV and LNC channels to obtain the final state
as e# þJþ j1.FIG. 7. eþJþ j1 final state at the LHeC and HE-LHeC.

FIG. 8. eþJþ pmiss
T and Jb þ pmiss

T final states at the linear colliders.
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FIG. 14. Missing momentum distribution of the signal and background events for MN ¼ 500 GeV and 800 GeV at the
ffiffiffi
s

p
¼ 1 TeV

(left panel) and MN ¼ 800 GeV and 2 TeV at the
ffiffiffi
s

p
¼ 3 TeV (right panel) linear colliders.

FIG. 15. Transverse momentum distribution of the electron (pe
T) from the signal and background events for MN ¼ 500 GeV and

800 GeV at the
ffiffiffi
s

p
¼ 1 TeV (left panel) and MN ¼ 800 GeV and 2 TeV at the

ffiffiffi
s

p
¼ 3 TeV (right panel) linear colliders.

FIG. 16. Transverse momentum distribution of the fat jet (pJ
T) from the signal and background events for MN ¼ 500 GeV and

800 GeV at the
ffiffiffi
s

p
¼ 1 TeV (left panel) and MN ¼ 800 GeV and 2 TeV at the

ffiffiffi
s

p
¼ 3 TeV linear colliders.
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FIG. 17. Jet mass (MJ) distribution of the fat jet from the signal and background events for MN ¼ 500 GeV and 800 GeV at theffiffiffi
s

p
¼ 1 TeV (left panel) and MN ¼ 800 GeV and 2 TeV at the

ffiffiffi
s

p
¼ 3 TeV (right panel) linear colliders.

FIG. 18. cos θJðeÞ distributions for the JðeÞ in the first row (second row) for the 1 TeV (left column) and 3 TeV (right column) linear
colliders.
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FIG. 15. Transverse momentum distribution of the electron (pe
T
) from the signal and background

events for MN = 500 GeV and 800 GeV at the
p
s = 1 TeV (left panel) and MN = 800 GeV and 2

TeV at the
p
s = 3 TeV (right panel) linear colliders.

fat-jet pJ
T
in Figs. 14-16 for the linear colliders. The fat-jet massMJ distribution has been shown

in Fig. 17. We construct the polar angle variable in Fig. 18 for the electron (fat jet), cos ✓e(cos ✓J)

where ✓e(J) = tan�1
h
p
e(J)
T

p
e(J)
z

i
, where p

e(J)
z is the z component of the three momentum of the

electron (fat jet). This is a very e↵ective cut which reduces the SM background significantly.

In view of these distributions, we have used the following advanced selection cuts to reduce the

backgrounds:

1. Advanced cuts for MN = 400 GeV-900 GeV at the
p
s = 1 TeV linear collider after the detector

simulation

• Transverse momentum for fat-jet pJ
T
> 150 GeV for MN mass range 400 GeV-600 GeV

and p
J

T
> 250 GeV for MN mass range 700 GeV-900 GeV.

• Transverse momentum for leading lepton p
e
±
T

> 100 GeV for MN mass range 400 GeV-600

GeV and p
e
±
T

> 200 GeV for MN mass range 700 GeV-900 GeV.

• Polar angle of lepton and fat-jet |cos ✓e| < 0.85, |cos ✓J | < 0.85.

• Fat-jet mass MJ > 70 GeV.
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FIG. 16. Transverse momentum distribution of the fat jet (pJ
T
) from the signal and background events

for MN = 500 GeV and 800 GeV at the
p
s = 1 TeV (left panel) and MN = 800 GeV and 2 TeV at

the
p
s = 3 TeV linear colliders.

We have tested MN = 400 GeV to 900 GeV at the
p
s = 1 TeV at the linear collider. Hence we

consider two benchmark points at the
p
s = 1 TeV linear collider such as MN = 500 GeV and

800 GeV. The cut flow for the
p
s = 1 TeV are given in the Tabs. III and IV respectively. We

have noticed that cos ✓e(J) is a very important kinematic variable and setting | cos ✓e(J)| < 0.85

puts a very strong cut for the SM backgrounds. The MJ > 70 GeV is also e↵ective to cut out

the low mass peaks (1 GeV  MJ  25 GeV ) from the low energy jets.

2. Advanced cuts for MN = 700 GeV-2.9 TeV at the
p
s = 3 TeV linear collider after the detector

simulation

• Transverse momentum for fat-jet p
J

T
> 250 GeV for the MN mass range 700 GeV-900

GeV and p
J

T
> 400 GeV for MN mass range 1� 2.9 TeV.

• Transverse momentum for leading lepton p
e
±
T

> 200 GeV for MN mass range 700 � 900

GeV and p
e
±
T

> 250 GeV for MN mass range 1� 2.9 TeV.

• Polar angle of lepton and fat-jet |cos ✓e| < 0.85, |cos ✓J | < 0.85.

• Fat-jet mass MJ > 70 GeV.
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FIG. 17. Jet mass (MJ) distribution of the fat jet from the signal and background events forMN = 500

GeV and 800 GeV at the
p
s = 1 TeV (left panel) and MN = 800 GeV and 2 TeV at the

p
s = 3 TeV

(right panel) linear colliders.

Cuts Signal Background Total

⌫eeW WW ZZ tt̄

Basic Cuts 12,996,200 201,586 72,244 7,200 4,300 285,330

|cos ✓J |  0.85 12,789,800 148,802 44,910 3,800 4,100 201,600

|cos ✓e|  0.85 12,671,800 79,008 40,574 2,800 3,900 126,280

pJ
T
> 150 GeV 12,308,300 70,669 40,490 2,300 3,200 116,660

MJ > 70 GeV 10,923,100 62,303 37,043 2,100 2,300 103,700

p`
T
> 100GeV 10,714,500 57,076 33,488 1,400 1,530 93,400

TABLE III. Cut flow for the signal and background events for the final state e± + J + pmiss

T
for

MN = 500 GeV at the
p
s = 1 TeV linear collider. The signal events are normalized by the square of

the mixing.

We have tested MN = 700 GeV to 2.9 TeV at the
p
s = 3 TeV at the linear collider. Hence we

consider two benchmark points at the
p
s = 3 TeV linear collider such as MN = 800 GeV and

2 TeV. The cut flow for the benchmark points at the
p
s = 3 TeV are given in the Tabs. V and

VI respectively. At the 3 TeV we see almost the same behavior for the kinematic variables as
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Cuts Signal Background Total

⌫eeW WW ZZ tt̄

Basic Cuts 8,684,990 201,586 72,244 7,200 4,300 285,330

|cos ✓J |  0.85 8,649,570 148,802 44,910 3,800 4,100 201,600

|cos ✓e|  0.85 8,618,420 79,008 40,574 2,800 3,900 126,280

pJ
T
> 250 GeV 7,681,440 59,001 40,329 2,303 2,720 104,354

MJ > 70 GeV 7,176,280 53,990 36,997 2,187 2,282 95,437

p`
T
> 200GeV 7,080,200 38,729 26,208 942 613 66,493

TABLE IV. Cut flow for the signal and background events for the final state e± + J + pmiss

T
for

MN = 800 GeV at the
p
s = 1 TeV linear collider. The signal events are normalized by the square of

the mixing.

Cuts Signal Background Total

⌫eeW WW ZZ tt̄

Basic Cuts 21,789,900 193,533 12,135 1,361 271 207,301

|cos ✓J |  0.85 13,599,300 126,980 4,766 406 215 132,367

|cos ✓e|  0.85 12,163,300 21,110 4,609 390 195 26,304

pJ
T
> 250 GeV 12,083,500 18,619 4,607 390 189 23,807

MJ > 70 GeV 11,287,000 17,442 4,411 385 176 22,416

p`
T
> 200GeV 11,094,300 16,915 4,108 343 104 21,470

TABLE V. Cut flow for the signal and background events for the final state e±+J+pmiss

T
forMN = 800

GeV at the
p
s = 3 TeV linear collider. The signal events are normalized by the square of the mixing.

generated the background events combining all these processes in MadGraph for our analysis.

In Figs.19, 20 and 21, we plot the missing momentum (pmiss

T
), transverse momentum of the

fat-b jet pJb
T

and jet mass of the fat-b jet (MJb
) distributions for MN = 700 GeV and 800 GeV

at the
p
s = 1 TeV linear collider and MN = 1.5 TeV and 2 TeV at the

p
s = 3 TeV linear

collider. In view of these distributions, we have used the following advanced selection cuts to

reduce the SM background:
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FIG. 24. The prospective upper limits on |VeN |
2 at the 1 TeV (red band) and 3 TeV (blue band) linear

colliders at the 1 ab�1 luminosity for e+ J + pmiss

T
signal compared to EWPD [108–110], LEP2[111],

GERDA [112] 0⌫2� study from [13], ATLAS (ATLAS8-ee) [114], CMS (CMS8�ee) [115] at the 8 TeV

LHC, 13 TeV CMS search for e±e±+2j (CMS13-ee) [116] and 13 TeV CMS search for 3` (CMS13-ee)

[116] respectively.

and SM h bosons. The 0⌫2� bound became very strong up to MN = 959 GeV. At the linear

collider the polar angle variable for the lepton became very useful for us. In our analysis we

have showed that high mass RHNs can be observed at 5-� significance or more in these colliders.
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FIG. 25. Same as Fig. 24 with 3(5) ab�1 luminosity at the 1(3) TeV linear collider.
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Conclusions
The neutrino oscillation experiments confirm the existence of the tiny neutrino mass which 
lead to extend the Standard Model by right handed neutrino/s which mix with the SM 
neutrinos. There are several interesting simple (and next-to-simple) scenarios with different 
nice properties which efficiently explain the existence of the neutrino mass some of which 
which can be tested at the colliders such as at the proposed linear collider (also at the LHC) if 
the masses of the heavy neutrinos belong to the TeV scale or so.

In this presentation we have concentrated only on the signatures which can motivate the 
search of such heavy neutrinos at the linear collider. We have used the general 
parametrization based on the Casas-Ibarra conjecture. Using non-unitarity, neutrino 
oscillation data and indirect constraints from flavor violation and LEP experiments we have 
put bounds on the mixing angles to probe the signature of the heavy neutrinos. We have 
found that using the general parameters one can produce the heavy neutrinos followed by the 
leading decay modes up to a cross section of 150 fb including the mixing which can reach at 
a high discovery limit in future.  

We have also studied the scenarios where the heavier neutrinos can be discovered at the 
linear collider from the boosted object search. In that case the heavy neutrinos will dominantly 
produce the boosted W boson which will further decay into a fat jet. Using jet substructure 
method we distinguish the signal and background. Finally we show a limit plot in the mass-
mixing plane up to 5-sigma which is very strong compared to the EWPD.  
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FIG. 19. BDT overtraining check for the parameter set MN = 250 GeV, VeN = 0.04 and
p
s = 500.

do not encounter overtraining for the full parameter range. We have used two statistically independent

samples for MVA, one for training and the other for testing. As can be seen from Figure 19, the signal

and background samples are well separated in this BDT output, and hence, using an appropriated BDT

cut, we can significantly increase the signal significance.

In Table VI, we compute the significance for di↵erent M
N and fixed |V

eN | = 0.04 at
p
s = 500 GeV

with L = 100 fb�1. In Table VII, the significance is computed for di↵erent mixing values for a fixed

M
N = 250 GeV at

p
s = 500 GeV with L = 100 fb�1. From these two tables, it is evident that

MVA is more powerful to probe smaller mixing and larger masses where the performance of the CBA is

comparatively weaker.

MN �w/o cut
�TC

BDT cut NS NB NS

(GeV) (fb) (fb) value p
NS +NB

100 39.28 9.917 0.162 926 301 26.4

150 38.40 22.61 0.162 1778 946 34.1

200 34.06 22.73 0.159 1754 786 34.8

250 30.22 21.94 0.156 1764 651 35.9

300 25.79 19.87 0.136 1659 475 35.9

350 20.42 16.33 0.167 1315 431 31.5

400 13.95 11.43 0.232 876 294 25.6

450 6.605 5.000 0.218 297 194 13.4

475 2.815 2.361 0.280 119 357 5.5

SM 1022.5 638.3 -
- -

-

TABLE VI. Partonic cross sections (�w/o cut) and cross sections after TC (�TC) as defined in Section IIIA for

the CBA with detector e↵ects included for the process e+
e� ! N⌫e ! e+2j+ /E at

p
s = 500 GeV with mixing

|VeN | = 0.04. Numbers of signal (NS) and background (NB) events for di↵erent MN after passing the BDT cut

are shown for luminosity L = 100 fb�1.We also analyze the two subdominant channels e+e� ! N⌫e ! Z⌫e⌫e ! 2j + /E and e+e� ! N⌫e !

H⌫e⌫e ! 2b + /E for a few illustrative masses using a simplified MVA. For these two channels we have

used eight variables, viz. pT (j1), |⌘(j1)|, /E
T , |⌘( /E

T )|, M(j1, j2), M( /E, j1), �⌘( /E, j1) and scalar sum H
T

of the pT ’s of all visible particles, to distinguish signal from background. Before the training and testing

of the samples, they were made to pass the trigger cuts given in Section IIIA. In Table VIII for the

channel e+e� ! N⌫e ! Z⌫e⌫e ! 2j + /E, we show estimates for significance for three illustrative mass

values, viz. M
N = 100, 200 and 300 GeV for a fixed mixing |V

eN | = 0.04 at
p
s = 350 GeV. Similarly, in

Table IX we show analogous results for the channel e+e� ! N⌫e ! H⌫e⌫e ! 2b+ /E with mass values

M
N = 150, 200 and 300 GeV for a fixed mixing |V

eN | = 0.04 at
p
s = 350 GeV. It is clear that using

MVA, one can even probe these two subdominant channels with a good significance. It is important to

note here that the significance for the process e+e� ! N⌫e ! H⌫e⌫e ! 2b+ /E is subdued because of the
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Figure 7: The di-jet invariant mass spectrum in the mono-Higgs search channel (jj plus missing energy)
after simulation of the ILD detector response at Ecm = 240 GeV. The red and green area denote the
dominant and subdominant background, respectively, see text for further details. The blue area denotes the
signal from a heavy neutrino with a mass of 152 GeV, and a Yukawa coupling to the electron flavour, yνe ,
saturating the present upper bounds from precision data [9,18].

not improve the one derived from blindly accepting all hadronic jets. We therefore neglect
b-tagging, which may become relevant when a more sophisticated kinematic analysis is
applied.

4.2.3 Future lepton collider sensitivity to the active-sterile mixing parameters

To establish the sensitivity of the mono-Higgs search channel at future lepton colliders to
the active-sterile neutrino mixing, we use the definition from section 4.1.3 for a significance
of 1σ. In order to enhance the sensitivity, we have employed a series of kinematic cuts that
are listed in tabs. 5, 6 and 7 in the Appendix, together with the resulting numbers of signal
and background events. The resulting sensitivities to the neutrino Yukawa coupling |yνe |
for the considered center-of-mass energies are shown in fig. 8 for several values of the heavy
neutrino mass:

The figure shows that, despite the increased background after reconstruction, the result-
ing sensitivities from the parton level (denoted by the dotted lines) and the reconstructed
level are comparable in magnitude9. Values of the neutrino Yukawa coupling yνe above the
solid lines give rise to a signal that can be distinguished from the SM background with a sig-
nificance larger than 1σ. The sensitivity at 500 GeV is competitive with 240 and 350 GeV,
even for heavy neutrino masses M ≤ 250 GeV and despite the lower luminosity. Moreover,
for values of the heavy neutrino mass above the kinematic threshold (i.e. M >

√
s), the

signal is due to the non-unitarity effects in mono-Higgs production (cf. section 3.2), however
the corresponding sensitivity is weaker than the present bound.

9It may be possible to further improve on the cuts, up to the point where the sensitivity on the re-
constructed level is identical to, or even better than the parton level sensitivity, which we leave for future
work.
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Figure 10: The plot in the left panel depicts correlation for the used variables for signal

events while the plot in the right panel is for background events. We consider
p

s = 1.4

TeV.

results with the commonly used cut based analysis with the state-of-the-art multivariate

analysis. Obviously, significant enhancement in both signal purity and signal significance

can be achieved by using MVA.

3.3 Signal and background e�ciency:

We divide the discussion of this section into two categories. Firstly, the signal and back-

ground significance for
p

s = 1.4 TeV is discussed, followed by the discussion for 3 TeV

c.m.energy. We also compare our results from both the cut based and multivariate analysis.

3.3.1 Signal and background e�ciency for
p

s = 1.4 TeV:

As a benchmark, we show the gradual change in the cross-section in Table 1 after imple-

menting the cuts as discussed earlier.

Mass (GeV) Cross-sections at the partonic level and after cuts

900
�partonic (fb) C1+C2 C3 C4 C5 C6 C7

1.78 1.24 1.01 0.88 0.85 0.83 0.73

Background 751.42 78.02 28.83 13.70 13.50 5.96 1.86

Table 1: Partonic cross-section and the cross-section after each of the cuts for illustrative

signal mass point MN = 900 GeV. We also show the background cross-section.
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