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Abstract

The existence of the neutrino mass has been established by the

neutrino oscillation experiments. The so-called seesaw extension of

the Standard Model is probably the simplest idea to naturally ex-

plain the existence of tiny neutrino mass through the lepton number

violating Majorana mass term. There is another alternative way,

commonly known as the inverse seesaw mechanism, where the small

neutrino mass is obtained by the tiny lepton number violating pa-

rameters.

In this work we investigate the signatures of such heavy neutrinos,

having mass in the Electroweak scale at the high energy colliders.

Based on a simple realization of inverse seesaw model we fix the

model parameters to reproduce the neutrino oscillation data and

to satisfy the other experimental constraints. We assume two fla-

vor structures of the model and the different types of hierarchical

light neutrino mass spectra. For completeness we consider the gen-

eral parameterization for the model parameters by introducing an

arbitrary orthogonal matrix and the nonzero Dirac and Majorana

phases. Due to the smallness of the lepton number violating pa-

rameter this model can manifest the trilepton plus missing energy
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at the Large Hadron Collider(LHC). Using the recent LHC results

for anomalous production of the multilepton events at 8 TeV with

a luminosity of 19.5 fb−1, we derive the direct upper bounds on the

light-heavy neutrino mixing parameter as a function of the heavy

neutrino mass.

Using a variety of initial states such as quark-quark, quark-gluon

and gluon-gluon as well as photon mediated processes for the Ma-

jorana heavy neutrinos we obtain direct upper bounds on the light-

heavy neutrino mixing angles from the current LHC data at 8 TeV.

For the pseudo-Dirac heavy neutrinos produced from the various

initial states using the recent anomalous multilepton search by the

LHC at 8 TeV with 19.5 fb−1 luminosity, we obtain the improved

upper bounds on the mixing angles.
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1 INTRODUCTION

Mother nature has crafted the whole universe with tiny funda-

mental building blocks. Each of the building blocks has its own

properties. For a better visualization let us consider a brick. It is

made up of a huge number of small entities called molecules and

molecules are made of atoms. A single atom is made of electron(s)

and a nucleus and a nucleus is a combination of proton(s) and neu-

tron(s) generally. The proton and neutron are made up of quarks

and gluons. To fit these building blocks into the universe four types

of fundamental forces are introduced which could be read as the

strong, electromagnetic, weak, and gravitational. There is a very im-

portant mathematical framework called the Standard Model which

formulates the interactions between the fundamental building blocks

through the interactions such as the strong, electromagnetic and

weak in the quantum world. Gravity is still out of the box and it

is an open challenge so far how to properly formulate the quantum

picture of gravity. The SM has been proven to be highly success-

ful and precise through lots of different experimental verifications in

past and current decades.
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The experiments at the Large Electron-Positron (LEP) collider

at CERN have made precise measurements of the very important

parameters of the SM, such as the weak mediator (W-boson and Z-

boson) masses. The proton- antiproton collider known as the Teva-

tron at Fermilab (CDF and D0) measured the top quark mass. In

the recent days the LHC at CERN has started playing an important

role after detecting and measuring the Higgs boson mass.

Despite the amazing agreements between the theoretical predic-

tions and experimental results regarding the SM there are still some

open questions. One of them is the existence of the the neutrino

mass. The recent neutrino oscillation experiments have proven the

existence of neutrino mass and neutrino mixing. To include the neu-

trino mass we need to extend the SM with the introduction of some

extra particles.

In this chapter we will briefly discuss the SM in Sec. 1.1, neutrino

mass and oscillation in Sec. 1.2 and the possible simple extensions

of the SM to explain the existence of the neutrino mass in Sec. 1.3.

1.1 Standard Model

The SM [11] [12] [13] obeys a chiral gauge theory which follows

a non-Abelian Yang Mills (YM) theory [14] under the SU(3)c ⊗
SU(2)L ⊗ U(1)Y gauge group. The SU(2)L ⊗ U(1)Y is called the
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SU(3)C SU(2)L U(1)Y

qiL 3 2 1
6

uiR 3 1 2
3

diR 3 2 −1
3

`iL 1 2 −1
2

eiR 1 1 −1

H 1 2 1
2

Table 1.1. The particle contents of the SM. i = 1, 2, 3 is the generation index.

EW sector. After electroweak symmetry breaking (EWSB) the EW

sector spontaneously breaks into U(1)em through the vacuum expec-

tation value (VEV) of a complex scalar, called the Higgs field. The

SU(3)c sector remains unbroken. The particle content for the SM

is given in Table 1.1, see [15] [16] [17] for detailed discussions on

SM. In Table 1.1, qiL is the left handed quak doublet, uiR is the right

handed up-type quark, djR is the down-type right handed quark, `iL

is the lepton doublet, eiR is the right handed electron and H is the

Higgs field where i = 1, 2, 3.

1.1.1 Kinetic term for the leptons

The fundamental interactions of the SM are mediated by the spin-

1 gauge bosons. The interaction for the U(1)Y sector is mediated by

a gauge boson Bµ from the corresponding hypercharge generator Y .
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On the other hand Wµ = W a
µT

a are the gauge bosons of the SU(2)L

and the SU(2)L generators T a satisfy the following Lie algerbra [18]

[
T a, T b

]
= iεabcT c, (1.1)

where T a = σa

2 with σa as the Pauli matrices. The charge operator

is given by the Gell-Mann-Okubo relation

Q =
1

2
σ3 + Y

1 0

0 1

 . (1.2)

We can write the covariant derivative for the lepton doublet as as

D`Lµ = ∂µ − i
g

2

 0
√

2W+
µ

√
2W−

µ 0

− ig2W 3
µ

1 0

0 −1

−
ig′Y`LBµ (1.3)

where g and g′ are the SU(2)L and U(1)Y coupling constants, re-

spectively and W±
µ =

W 1
µ∓iW 2

µ√
2

. The covariant derivative for the eR

is

DeRµ = ∂µ − ig′YeRBµ. (1.4)
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We can rotate the W 3
µ and Bµ into physical gauge bosons usingW

3
µ

Bµ

 =

 cos θw sin θw

− sin θw cos θw


Zµ
Aµ

 . (1.5)

where θw is the weak mixing angle which can be defined as

tan θw =
g′

g
. (1.6)

Using Eq. 1.5 we can write Eqs.( 1.3) and (1.4) as

D`Lµ = ∂µ − i
g

2

 0
√

2W+
µ

√
2W−

µ 0

− i g

cos θw
(T 3 −Q` sin2 θw)Zµ −

ieQ`Aµ (1.7)

and

DeRµ = ∂µ − i
g

cos θw
(−Q`R sin2 θw)Zµ − ieQeRAµ, (1.8)

respectively. Here e is the QED coupling constant, defined as e =

g sin θw. Therefore the kinetic part of the Lagrangian of the lepton

sector can be written as

Lleptonkin = `Liγ
µD`Lµ `L + eRiγ

µDeRµ eR (1.9)
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where

`L =

νL
eL

 . (1.10)

1.1.2 Electoweak symmetry breaking and Higgs mecha-

nism

In the SM all of the particles and the SU(2) gauge bosons are

massless. The masses are generated through the spontaneous sym-

metry breaking (SSB) [19] [20] [21] [22] [23] of the EW symmetry.

For this process the SM particle content includes the scalar particle

H and the corresponding gauge invariant Lagrangian is

LHiggs = (DHµ H)†(DHµ

)− V (H†H), (1.11)

where the scalar potential is

V (H†H) = λ

(
H†H − v2

2

)2

, (1.12)
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At the potential minimum, the Higgs field develops its VEV through

the SSB as

< H >=

 0

v√
2

 (1.13)

by which the EW symmetry is broken down, SU(2)L ⊗ U(1)Y →
U(1)em. The covariant derivative in Eq.( 1.11) is written as

DHµ = ∂µ − i
g

2

A
3
µ + tan θwBµ

√
2W+

µ

√
2W−

µ − Zµ
cos θw

 . (1.14)

In EW symmetry breaking (EWSB) three out of four degrees of free-

dom of the Higgs doublet are eaten up by three linear combinations

of the electroweak gauge bosons to form their longitudinal compo-

nents while the fourth field corresponding to the unbroken U(1)em

symmetry remains massless. This is the photon (A) and it medi-

ates the long range electromagnetic interaction. The three massive

modes, such as W+, W− and Z mediate the short range weak inter-

action. The mass spectrum is given by

m2
W± =

1

4
g2v2, m2

Z =
1

4

g2v2

cos2 θw
, m2

A = 0. (1.15)
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After the three degrees of freedom are eaten up by the gauge fields,

the remaining one is called the Higgs boson (h). In the unitary gauge

the neutral component of H is expressed as

H(x) =

 0

v+h(x)√
2

 . (1.16)

Using Eq. (1.16) we express the Higgs potential of Eq. (1.12) as

V = λv2h2 + λvh3 +
λ

4
h4, (1.17)

where the Higgs mass is mH =
√

2λv2 and it has been recently

measured by LHC at ATLAS [24], and CMS [25] as 125 GeV. The

Higgs self coupling (λ) is still yet to be directly measured by any

experiment. Theoretically we can calculate the value of λ as

λ =
m2
H

2v2
∼ 0.13 (1.18)

with v = 246 GeV.

1.1.3 Yukawa interactions of the leptons

The Yukawa interaction for the lepton sector is given by

LleptonY ukawa = Ye`LHeR +H.c., (1.19)
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and after the symmetry breaking the Dirac mass terms for the lep-

tons are generated as

Lmass =
Ye√

2
(v + h)

[
eLeR + eReL

]
(1.20)

Using Eq. (1.20) we can define the fermion masses as [26]

me =
Ye√

2
v ∼ 0.511 MeV,

mµ =
Yµ√

2
v ∼ 105.666 MeV,

mτ =
Yτ√

2
v ∼ 1.777 GeV. (1.21)

Note that we can not write such mass term for the neutrinos in

the SM because in the SM there is no right handed neutrino, and

therefore the neutrinos were massless in the SM.

1.1.4 SU(2)L ⊗ U(1)Y gauge sector

For the gauge sector we can write the kinetic term as,

Lgaugekinetic = −1

4
F a
µνF

aµν − 1

4
BµνB

µν (1.22)

where F a
µν = ∂µA

a
ν − ∂νA

a
µ + gεabcAb

µA
c
ν and Bµν = ∂µBν − ∂νBµ.

Eq. (1.22) includes the 3-point interactions like W+W−γ, W+W−Z

and the 4-point interactions like W+W−γγ, W+W−ZZ, W+W−γZ

9



and W+W−W+W−. The other interactions are prohibited by the

SU(2)L ⊗ U(1)Y gauge symmetry.

1.1.5 Kinetic term for the quarks

Like the lepton sector in SU(2)L ⊗ U(1)Y , the quark sector has

8 strong force carriers from the SU(3) generators. These generators

are denoted as λa (a = 1− 8), which satisfy the SU(3) Lie algebra

[λa, λb] = ifabcλc (1.23)

Here fabc is the antisymmetric structure constant and the SU(3)

generators, λa, are called the Gell-Mann matrices [27] [28] [29]. The

covariant derivative for the qL is

DµqLµ = ∂µ − igsGµ − igWµ − iYqLBµ (1.24)

where Gµ = Ga
µλ

a with Ga
µ is the gluon field. The covariant deriva-

tive for uR is

DuRµ = ∂µ − igsGµ − ig
′
YuRBµ, (1.25)

and that for dR is

DdRµ = ∂µ − igsGµ − ig′YdRBµ. (1.26)
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Therefore the Lagrangian quark kinetic term is given by

Lquarkkinetic = qLiγ
µDqLµ qL + uRiγ

µDuRµ uR + dRiγ
µDdRµ dR. (1.27)

1.1.6 SU(3) gauge interaction

The gluon kinetic term in the SU(3) theory can be written as

Lgluonkinetic = −1

4
Ga
µνG

aµν, (1.28)

where Ga
µν = ∂µG

a
ν−∂νGa

µ+g0f
abcGb

µG
c
ν, which includes 3-point and

4-point gluon-self interactions.

1.1.7 Yukawa interactions of quarks

The Yukawa interactions for the quarks are given by

LY ukawa = YuqLH̃uR + YdqLHdR +H.c. (1.29)

from which the quark masses are generated after the symmetry

breaking. H̃ is defined as H̃ = iσ2H
∗, so that

〈H̃〉 = iσ2〈H∗〉 =


v+h√

2

0

 . (1.30)
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and we get the Dirac mass terms for the quarks as

Lmass = −mu
iju

i
Lu

j
R −md

ijd
i
Ld

j
R +H.c. (1.31)

where

mu
ij =

Y u
ij√
2
v,

md
ij =

Y d
ij√
2
v (1.32)

are the masses of the up and down sector quarks with mu and md

as 3 × 3 matrices. Diagonalizing mu and md by a global unitary

transformation from the so called flavor basis to the mass basis we

can find the mass of the quarks. The neutral current between the

quarks is given by

LqNC = − g

cos θw

[(
uiL diL

)
γµ(T 3 −QqL sin2 θw)

u
i
L

diL


+

g

cos θw
uiRγ

µ(−QuR sin2 θw)uiR

+
g

cos θw
diRγ

µ(−QdR sin2 θw)diR

]
Zµ (1.33)
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and the electromagnetic interaction is written as

Lqem = −eQu

[
uiLγ

µuiL + uiRγ
µuRi

]
Aµ − eQd

[
diLγ

µdiL +

diRγ
µdiR

]
Aµ (1.34)

and we notice that Eqs. (1.33) and (1.34) are invariant under the

flavor rotations and i is the generation index. For up (down) type

quark T 3 = 1
2(−1

2).

The charged current interaction between the quarks is written as

LqCC =
g√
2

[
uLγ

µVCKMdL

]
W+

µ +H.c., (1.35)

where VCKM in Eq. (1.35) is a unitary matrix known as the Cabbibo-

Kobayashi- Maskawa matrix [30, 31]. For more than one generation

case the flavor eigenstates for quarks are not the same as the mass

eigenstates. The d-type quark mass eigenstate d′ is connected to

their flavor eigenstates d by the unitary transformation given by

d′

s′

b′


= VCKM



d

s

b


, (1.36)
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where

VCKM =



c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13


(1.37)

where sij = sin θij, cij = cos θij, δ is the Dirac CP-violating phase.

The experimental 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


(1.38)

at the 95% C. L [26]. 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 in [26].
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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. We consider two types of neutrino masses. One of them is the

Dirac mass

Lmass = mννRνL +H.c. (1.39)

and the other one is the Majorana mass,

Lmass = mννcLνL +H.c. (1.40)

The current experiments with the solar, atmospheric, reactor and

accelerator neutrinos give very strong evidences of the neutrino flavor

oscillations which was first investigated in Homesteak experiment[32]

(and later in [33] [34] [35] [36] [37]). This tells us about the exis-

tence of the neutrino mass and the flavor mixing. The LEP analysis

provides a very strong bound on the number of neutrino generations

as Nν = 2.980 ± 0.0082 ∼ 3 [38, 39]. Using the flavor basis we can

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

the flavor basis as
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LCC =
g√
2

Σα=e,µ,τeαLγ
µναLW

−
µ +H.c. (1.41)

The particles propagate as their mass eigenstates. The SM neutrinos

are transformed from the flavor basis (ναL) into the mass basis (ν̃jL)

as

ναL = Uαj ν̃jL (1.42)

where U is 3 × 3 unitarity matrix, commonly known as the neu-

trino mixing matrix as described by UPMNS where PMNS stands

for Pontecorvo-Maki-Nakagawa-sakata [40, 41]. UPMNS is parame-

terized by three Euler angles and a phase along with two additional

phases if the neutrinos are Majorana particles,

UPMNS =



c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13


×diag

(
1, eiρ, eiφ

)
, (1.43)

where sij = sin θij, cij = cos θij, δ is the Dirac CP-violating phase

and ρ , φ are the Majorana CP-violating phases. Therefore, for the
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Dirac neutrinos we have seven free parameters which includes three

neutrino masses, three mixing angles and the Dirac CP-violating

phase. For Majorana neutrinos we have additional two Majorana

phases. Now using the unitary matrix one can transform Eq. 1.41

into the mass basis (or mass eigenstate) of the neutrinos as

LmassCC =
g√
2

Σα=e,µ,τΣj=1,2,3eαLγ
µUαj ν̃jLW

−
µ +H.c. (1.44)

We can write the time evolution of the neutrinos in the flavor basis

i
∂να

∂t
= (U †HU)αβν

β (1.45)

where H is the free Hamiltonian and according to relativistic theory

H ∼ E(1 +
m2
j

2E2 ) and solving Eq. 1.45 we write

ν(t)j = e−iE(1+
m2
j

2E2 )tν(0)j. (1.46)

Now expressing the Eq. (1.46) into flavor basis for two flavors for

simplicity using a 2-dimensional orthogonal matrix we can write,

ν(t) = e−iE(1+
m2

2
2E2 )t

 cos2 θei
∆m2

12t

2E2 + sin2 θ sin θ cos θ(ei
∆m2

12t

2E2 − 1)

sin θ cos θ(ei
∆m2

12t

2E2 − 1) sin2 θei
∆m2

12t

2E2 + cos2 θ


ν(0) (1.47)
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Where ∆m2
12 = m2

1 −m2
2 with j = 1, 2 . Therefore the probability

of the flavor oscillation νe → νµ transition from the (1, 2) element

of Eq. (1.47) is given as

P (νe → νµ) = sin2 2θ sin2(
∆m2

12t

4E
). (1.48)

From Eq. (1.48) we notice that the small neutrino mass difference

between two flavors are responsible for the neutrino flavor oscillation.

The existence of nonzero neutrino masses and flavor mixing has been

established by various neutrino oscillation experiments [42]. The

∆m2
21 7.6× 10−5eV2

|∆m31|2 2.4× 10−3eV2

sin2 2θ12 0.87

sin2 2θ23 0.999 from T2K[43]

sin2 2θ13 0.089 at Daya Bay [44]

0.084 at Daya Bay 2015 Moriond [45]

0.1 at RENO [46], [33]

0.09 at Double Chooz [47]

Table 1.2. Central Value of neutrino oscillation data from different experiments

existing neutrino oscillation experiments can determine two mass

squared differences of the neutrinos such as ∆m2
12 = m2

2 −m2
1 and
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|∆m3
31| = |m2

1 − m2
3| and sin2 2θij. These quantities are given in

Table 1.2. For detailed discussions, see [33] [34] [35] [36] [37].

1.3 Models of Neutrino Mass

The existence of the tiny neutrino mass has been realized in many

ways by the extensions of the SM. The simplest extensions of the SM

are the seesaw and the inverse seesaw mechanisms where SM singlet

right handed Majorana neutrinos are introduced to extend the SM.

There are two other ways to generate the neutrino mass such as the

type-II [48] and the type-III [49] seesaw mechanisms 1.

1.3.1 Seesaw mechanism

SU(2)L U(1)Y

`iL 2 −1
2

Nβ
R 1 0

eiR 1 −1

H 2 1
2

Table 1.3. The particle content of the type-I seesaw mechanism. i = 1, 2, 3 and
β = 1, 2, 3 are the flavor indices.

The seesaw extension of the SM [50, 51] is probably the simplest

idea for explaining the very small neutrino masses naturally, where

1In type-II seesaw we introduce SU(2)L thriplet scalar and in type-III we use SU(2)L triplet
fermion to generate the Majorana mass term for the neutrinos.
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the SM-singlet heavy right-handed Majorana neutrinos induce the

dimension five operators, leading to very small light Majorana neu-

trino masses. The particle content for the seesaw extension of the

SM is given in Tab. 1.3. In the so-called type-I seesaw [52, 53], we

introduce SM gauge-singlet right handed Majorana neutrinos Nβ
R.

The relevant part of the Lagrangian is

L ⊃ −Y αβ
D `αLH̃N

β
R −

1

2
mαβ
N NαC

R Nβ
R +H.c.. (1.49)

After the spontaneous EWSB by the Higgs VEV we obtain the Dirac

mass matrix as MD = YDv√
2

. Using the Dirac and Majorana mass

matrices we can write the neutrino mass matrix as

Mν =

 0 MD

MT
D mN

 . (1.50)

Diagonalizing this matrix we obtain the seesaw formula for the light

Majorana neutrinos as

mν ' −MDm
−1
N MT

D. (1.51)

The seesaw scale (the heavy neutrino mass scale) varies from the

intermediate scale to the electroweak scale as we change the neutrino

Dirac Yukawa coupling (YD) from the scale of top quark Yukawa
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coupling (YD ∼ 1) to the scale of electron Yukawa coupling (YD ∼
10−6) to yield mν ∼ 0.1 eV.

In high energy collider experimental point of view, it is interesting

if the heavy neutrino mass lies at the TeV scale or smaller, because

such heavy neutrinos could be produced at high energy colliders,

such as the LHC and the ILC being projected as energy frontier

physics in the future. However, since the heavy neutrinos are sin-

glet under the SM gauge group, they obtain the couplings with the

weak gauge bosons only through the mixing via the Dirac Yukawa

coupling. For the seesaw mechanism at the TeV scale or smaller,

the Dirac Yukawa coupling is too small (YD ∼< 10−5) to produce the

observable amount of the heavy neutrinos at the colliders. However,

note that in the general parameterization for the seesaw formula

[54] (see Chapter 4 for details), the Dirac Yukawa coupling can be

sizable for the electroweak scale heavy neutrinos, while reproducing

the neutrino oscillation data.

1.3.2 Inverse Seesaw Mechanism

There is another type of seesaw mechanism so-called the inverse

seesaw [55], [56], where the small neutrino mass is obtained by tiny

lepton-number-violating parameters, rather than the suppression by

the heavy neutrino mass scale in the ordinary seesaw mechanism.
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SU(2) U(1)Y

` 2 −1/2

H 2 +1/2

NR 1 0

SL 1 0

Table 1.4. Inverse seesaw extension of the SM

In the inverse seesaw scenario, the heavy neutrinos are pseudo-Dirac

particles and their Dirac Yukawa couplings with the SM lepton dou-

blets and the Higgs doublet can be even order one, while reproduc-

ing the small light neutrino masses. The particle content is given in

Tab. 1.4. Thus, the heavy neutrinos in the inverse seesaw scenario

can be produced at the high energy colliders through the sizable

mixing with the SM neutrinos. The relevant part of the Lagrangian

is given by 2

L ⊃ −Y αβ
D `αLH̃N

β
R −mαβ

N SαLN
β
R −

1

2
µαβSαLS

βC

L +H.c., (1.52)

where Nα
R and SβL are two SM-singlet heavy neutrinos with the same

lepton numbers, mN is the Dirac mass matrix, and µ is a small

2 In order for inverse seesaw to work, it is crucial to forbid the Majorana mass term for NR.
For simple realization of the inverse seesaw mechanism in the next-to-minimal supersymmetryic
SM, see [57]
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Majorana mass matrix violating the lepton numbers. After the elec-

troweak symmetry breaking we obtain the neutrino mass matrix as

Mν =



0 MD 0

MT
D 0 mT

N

0 mN µ


. (1.53)

Diagonalizing this mass matrix we obtain the light neutrino mass

matrix

mν 'MDm
−1
N µm−1T

N MT
D. (1.54)

Note that the smallness of the light neutrino mass originates from

the small lepton number violating term µ. The smallness of µ allows

the mDm
−1
N parameter to be order one even for an electroweak scale

heavy neutrino. Since the scale of µ is much smaller than the scale

of mN , the heavy neutrinos become the pseudo-Dirac particles. This

is the main difference between the type-I and the inverse seesaws.

Through the seesaw mechanism, a flavor eigenstate (ν) of the SM

neutrino is expressed in terms of the mass eigenstates of the light

23



(νm) and heavy (Nm) Majorana neutrinos such as3

ν ' N νm + V`NNm, (1.55)

where V`N is the mixing4 between the SM neutrino and the SM-

singlet heavy neutrino, and we have assumed a small mixing, |V`N | �
1. Using the mass eigenstates, the charged current interaction for

the heavy neutrino is given by

LCC = − g√
2
Wµēγ

µPL (N νm + V`NNm) +H.c., (1.56)

where e denotes the three generations of the charged leptons in the

vector form, and PL = 1
2(1−γ5) is the projection operator. Similarly,

the neutral current interaction is given by

LNC = − g

2cw
Zµ

[
νmγ

µPL(V †`NV`N)νm +Nmγ
µPL(V`N

†V`N)Nm +(
νmγ

µPL(N †V`N)Nm +H.c.
)]
, (1.57)

where cw = cos θw with θw being the weak mixing angle. See, for

example, [9] for the interaction Lagrangians and the partial decay

widths of the heavy neutrinos.

3Except for the fact that the heavy neutrinos are Majorana particles, the following formulas
are the same for type-I seesaw case.

4V`N = R = mD

M
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2 INVERSE SEESAW

SIGNATURES AT LHC AND

ILC

This chapter is organized as follows. In Sec. 2.1 we give the ex-

plicit 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. 2.2, we first fix the model param-

eters in simple parameterizations so as to satisfy the experimental

constraints, assuming two flavor structures of our model and two

types of hierarchical neutrino mass spectra. For completeness, we

also consider a general parameterization of the neutrino Dirac mass

matrix. In Sec 2.3, the signal of the heavy neutrinos at the LHC and

ILC are investigated. For the general parameterization, we perform

parameter scan to identify the parameter region that satisfies all ex-

perimental constraints, for which we examine how much the heavy

neutrino signal is enhanced.
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2.1 Productions and decays of heavy neutrinos

at colliders

In the previous chapter, we have found the charged and neu-

tral current interactions involving the heavy neutrinos. For detailed

analysis, we need the information of the mixing matrices, N and R.

In the next section, we will fix all the elements of the matrices by

considering the current experimental results. Before the analysis for

fixing the parameters, 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 = R = 1.

2.1.1 Production cross section at 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 ud̄ →
e+N1 (and ūd→ e−N1) and the differential cross section is found to

be

dσ̂LHC
d cos θ

= (3.89× 108 pb)× β

32πŝ

ŝ+M 2

ŝ

(1

2

)2

3
(1

3

)2g4

4
(ŝ2 −M 4)(2 + β cos2 θ)

(ŝ−m2
W )2 +m2

WΓ2
W

, (2.1)
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where
√
ŝ is the center-of-mass energy of the colliding partons, M is

the mass of N1, and β = (ŝ−M 2)/(ŝ+M 2).

The total production cross section at the LHC is given by

σLHC =

∫
d
√
ŝ

∫
d cos θ

∫ 1

ŝ/E2
CMS

dx

√
4ŝ

xE2
CMS

fu(x,Q)fd̄

(
ŝ

xECMS
, Q

)
dσ̂LHC
d cos θ

+ (u→ ū, d̄→ d), (2.2)

where we have taken ECMS = 14 TeV for the center-of-mass energy

of the LHC. In our numerical analysis, we employ CTEQ5M [58]

for the parton distribution functions for u-quark (fu) and d̄-quark

(fd̄) with the factorization scale Q =
√
ŝ. The total cross section

as a function of M is depicted in Fig. 2.1. Since we have fixed

N = R = 1 in this analysis, the resultant cross section shown in

Fig. 2.1 corresponds to the maximum values for a fixed M .

There are three main modes for the heavy neutrino decays: N1 →
e−W+, ν1Z, ν1h. The corresponding partial decay widths are respec-

tively given by

Γ(N1 → e−W+) =
g2

64π

(M 2 −m2
W )2(M 2 + 2m2

W )

M 3m2
W

,

Γ(N1 → ν1Z) =
g2

128πc2
w

(M 2 −m2
Z)2(M 2 + 2m2

Z)

M 3m2
Z

,

Γ(N1 → ν1h) =
(M 2 −m2

h)
2

32πM

(
1

v sin β

)2

. (2.3)
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Fig. 2.1. The total production cross section of the heavy neutrino as a function of
its mass at the LHC with

√
s = 14 TeV (solid line). As a reference, the production

cross section at the LHC with
√
s = 8 TeV is also plotted (dashed line).

The long-sought Higgs boson was finally discovered by the AT-

LAS [24] and the CMS [25] collaborations at the LHC. According to

the discovery, we use mh = 125.3 GeV [25] in the following analysis.

Our results are almost independent of the choice of the Higgs boson

mass in the range of 125− 126 GeV.

2.1.2 Production cross section at ILC

The ILC can produce the heavy neutrino in the process e+e− →
ν1N1 through t and s-channels exchanging the W and Z bosons,

respectively. The total differential production cross section for this

28



process is calculated as

dσILC
d cos θ

= (3.89× 108 pb)× β

32πs

s+M 2

s

(
1

2

)2

( 16C2
1C

2
2

(
s2 −M 4

)
(1 + cos θ)(1 + β cos θ)

(M 2 − s−M2

2 (1− β cos θ)−m2
W )2 +m2

WΓ2
W

+

(
4(C2

Ae
+ C2

Ve
)(C2

Aν
+ C2

Vν
)(1 + β cos2 θ)

)
(s2 −M 4)

(s−m2
Z)2 +m2

ZΓ2
Z

+

(16CAeCVeCAνCVν(1 + β) cos θ) (s2 −M 4)

(s−m2
Z)2 +m2

ZΓ2
Z

− 32C2
1C

2
Ae

(s2 −M 4)(1 + cos θ)(1 + β cos θ)( (
M 2 − s−M2

2 (1− β cos θ)−m2
W

)
(s−m2

Z)

((M 2 − s−M2

2 (1− β cos θ)−m2
W )2 +m2

WΓ2
W )((s−m2

Z)2 +m2
ZΓ2

Z)

+
mWmZΓWΓZ

((M 2 − s−M2

2 (1− β cos θ)−m2
W )2 +m2

WΓ2
W )((s−m2

Z)2 +m2
ZΓ2

Z)

)
)
, (2.4)

where

β = (s−M 2)/(s+M 2), (2.5)

and

C1 = −C2 =
g

2
√

2
, CAν = CVν =

g

4 cos θW
,

CAe =
g

2 cos θw

(
−1

2
+ 2 sin2 θw

)
, CVe = − g

4 cos θw
. (2.6)
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The total production cross section for the process e+e− → ν1N1 for

the ILC with
√
s = 500 GeV and 1 TeV, respectively, are shown in

Fig. 2.2. Since we have fixed N = R = 1 in this analysis, the re-

sultant cross section shown in Fig. 2.2 corresponds to the maximum

values for a fixed M .
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Fig. 2.2. The total production cross section of the process e+e− → ν1N1 at the
ILC with

√
s = 500 GeV (solid line) and

√
s = 1 TeV (dashed line).

2.2 Fixing the matrices N and R

2.2.1 Simple parameterizations

The elements of the matrices N and R are constrained by the

experimental results [59], [60], [61], [62], [63]. We begin with the
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current neutrino oscillation data. Recently non-zero reactor neutrino

angle θ13 has been observed in several experiments, such as T2K [37],

MINOS [35], Double CHOOZ [34], Daya Bay [36] and RENO [33],

and their results are consistent with each other. Together with other

oscillation data, all neutrino oscillation parameters except the Dirac

CP-phase, two mass squared differences and three mixing angles

have been measured in some precision. By using the data, we fix

the neutrino mixing matrix elements. In the following analysis, we

adopt sin2 2θ13 = 0.092 [36] along with the other oscillation data:

sin2 2θ12 = 0.87, sin2 2θ23 = 1.0, ∆m2
12 = m2

2 −m2
1 = 7.6× 10−5 eV2,

and ∆m2
23 = |m2

3−m2
2| = 2.4×10−3 eV2. Then, the numerical values

of neutrino mixing matrix elements are explicitly given by

UMNS =



0.815 0.559 0.153

−0.489 0.522 0.699

0.310 −0.645 0.699


, (2.7)

where we have fixed all the CP-phases to be zero, for simplicity. We

will discuss a general parameterization including all CP-phases as

well as an arbitrary orthogonal matrix in the next subsection.

For the neutrino mass spectrum, we consider both the normal

hierarchy (NH) and the inverted hierarchy (IH). The lightest mass
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eigenstate is assumed to be very light and its mass is approximated

as 0. Thus, in the NH case, the diagonal mass matrix is given by

DNH = diag

(
0,
√

∆m2
12,
√

∆m2
12 + ∆m2

23

)
, (2.8)

while in the IH case

DIH = diag

(√
∆m2

23 −∆m2
12,
√

∆m2
23, 0

)
. (2.9)

In order to make our discussion simple, we assume the degeneracy

of the heavy neutrinos in mass such as m = M1 with the unit matrix

1, so that the neutrino mass matrix is simplified as

mν = RµRT =
1

M 2
mDµm

T
D. (2.10)

Moreover we consider two typical cases for the flavor structure of

the model: (i) µ is also proportional to the unit matrix, µ→ µ1. In

this case, the flavor structure of mν is provided by a non-diagonal

mD. We call this case Flavor Non-Diagonal (FND) case. (ii) The

other case is what we call Flavor Diagonal (FD) case, where mD is

proportional to the unit matrix, mD → mD1 and thus the flavor

structure is encoded in the 3× 3 matrix µ.
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In the FND case, we consider two generations of Nj and N c
j with

j = 1, 2, so that

mν =
µ

M 2
mDm

T
D = U ∗MNSDNH/IHU

†
MNS. (2.11)

From this formula, we parameterize the neutrino Dirac mass matrix

as

mD =
M√
µ
U ∗MNS

√
DNH/IH , (2.12)

where the matrices denoted as
√
DNH/IH are defined as

√
DNH =



0 0

(∆m2
12)

1
4 0

0 (∆m2
23 + ∆m2

12)
1
4


, (2.13)

and

√
DIH =



(∆m2
23 −∆m2

12)
1
4 0

0 (∆m2
23)

1
4

0 0


. (2.14)
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Note that in the case with two generations of Nj and N c
j , the lightest

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

have

mν =
(mD

M

)2

µ = U ∗MNSDNH/IHU
†
MNS. (2.15)

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

severely constrained by the combined data from neutrino oscillation

experiments, the precision measurement of weak boson decays, and

the lepton-flavor-violating decays of charged leptons [59], [60], [61].

We update the results by using more recent data on the lepton-favor-

violating decays [64], [65]:

|NN †| =



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


(2.16)
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Since NN † ' 1− ε, we have the constraints on ε such that

|ε| =



0.006± 0.00625 < 1.499× 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


.(2.17)

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

the constraint on the lepton-flavor-violating muon decay µ → eγ1.

For the FND case, we describe ε as

ε =
1

M 2
mDm

T
D =

1

µ
UMNSDNH/IHU

T
MNS, (2.18)

and determine the minimum µ value (µmin) so as to give ε12 = 1.5×
10−5 using the oscillation data in Eqs. (2.7), (2.8) and (2.9). We

have found µmin = 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

determine the mixing matrix R and N from Eq. (2.12) by taking

µ = µmin, which optimizes the production cross sections of the heavy

1 It has been pointed out [66], [67] that in the SUSY inverse seesaw model, sparticle Z-penguin
contributions can dominate the lepton-flavor-violating processes, independently of sparticle mass
spectrum. According to the analysis in Ref. [67], we have found that the constraint from µ− e
conversion process is more severe than the one from the µ → eγ process for M > 335 GeV.
Since we will focus on M = 100 − 150 GeV in the following analysis, we use the value of µmin
determined from the muon decay constraints.
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neutrinos at the LHC and ILC. For the FD case, we simply take

ε = (mD/M)21 = 0.012251 (95.5% CL).

2.2.2 General parameterization

For completeness, we also consider a general parameterization for

the neutrino Dirac mass matrix for the FND case. From the inverse

seesaw formula,

mν = µRRT =
µ

M 2
mDm

T
D = U ∗MNSDNH/IHU

†
MNS, (2.19)

we can generally parameterize R as

R(δ, ρ, x, y) =
1√
µ
U ∗MNS

√
DNH/IHO, (2.20)

where O is a general orthogonal matrix expressed as

O =

 cosα sinα

− sinα cosα

 =

 cosh y i sinh y

−i sinh y cosh y


 cosx sinx

− sinx coshx

 ,

(2.21)
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with a complex number α = x + iy, and the general form of the

neutrino mixing matrix,

UMNS =



C12C13 S12C13 S13e
iδ

−S12C23 − C12S23S13e
iδ C12C23 − S12S23S13e

iδ S23C13

S12S23 − C12C23S13e
iδ −C12S23 − S12C23S13e

iδ C23C13


×



1 0 0

0 eiρ 0

0 0 1


. (2.22)

Here, Cij = cos θij, Sij = sinθij, δ is the Dirac phase and ρ is the

Majorana phase. Thus, in this general parameterization, we have

ε(δ, ρ, y) = R∗RT =
1

µ
UMNS

√
DNH/IHO

∗OT
√
DNH/IH

T

U †MNS.(2.23)

Note that

O∗OT =

cosh2 y + sinh2 y −2i cosh y sinh y

2i cosh y sinh y cosh2 y + sinh2 y

 (2.24)
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is independent of x, and hence the ε-matrix is a function of δ, ρ and

y.

In the next section, we perform a parameter scan under the exper-

imental constraints and identify an allowed region for the parameter

set {δ, ρ, y}. 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 constrains.

2.3 Collider signatures of heavy neutrinos

Let us now investigate the collider signatures of the heavy neu-

trinos with the information of R and N determined by the previous

sections. In Sec. 1.3, we have already given the formulas used in our

analysis in the limit of R = N = 1. It is easy to generalize the for-

mulas with the concrete R and N . The production cross section of

the i-th generation heavy neutrino at the LHC, through the process

qq̄′ → `Ni (ud̄→ `+
αNi and ūd→ `−αNi) is given by

σ(qq̄′ → `αNi) = σLHC |Rαi|2, (2.25)

where σLHC is the cross section given in Eq. (2.2). Similarly, the

production cross section at the ILC is

σ(e+e− → ναNi) = σILC |Rαi|2, (2.26)
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Fig. 2.3. Signal cross sections providing the tri-lepton final states for the FND
(left panel) and FD (right panel) cases, at the LHC with

√
s = 14 TeV.

where σILC is given in Eq. (2.4), and we have used the approximation

N †R ' U †MNSR because |εαβ| � 1 as discussed in the previous sec-

tion. The partial decay widths for the process Ni → `−αW
+/ναZ/ναh

are obtained by multiplying Eq. (2.3) and the factor |Rαi|2 together.

2.3.1 Heavy neutrino signal at LHC with the simple pa-

rameterizations

As has been studied in Ref. [68] (see also [69] for the studies on the

left-right symmetric model), the most promising 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 qq̄′ → N`± followed by N → `±W∓ and W∓ → `∓ν.

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 pre-selected for two
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like-sign charged leptons (ee or µµ) to have transverse momentum

pT > 30 GeV. The decay mode, N → νZ, followed by Z → `+`−

is rejected by a cut for the invariant mass of the charge neutral di-

lepton. After elaborate selections, it has been concluded [70] that

the heavy neutrino coupling to the muon could be observed at the

LHC through the tri-lepton final states.

In our analysis, we follow the procedure in [68]. Since we are con-

sidering the general case with R and N consistent with the updated

experimental data, the production cross sections of the heavy neu-

trinos are different from the ones in [68]. Fig. 2.3 shows the signal

cross section providing tri-lepton final states with ee or µµ for the

FND (left) and FD (right) cases, as a function of the heavy neutrino

mass. In the left panel, the dashed and solid lines correspond to the

NH and IH cases, respectively. The upper solid (dashed) line shows

the cross sections with ee (µµ).

We adopt the same efficiency for the signal events and the SM

background events which was found in [68]. The number of events

for tri-lepton final states with ee and µµ, respectively, are listed on

Table 2.1, for the luminosity 30 fb−1. Unfortunately, the number of

events for the FND case are found to be too small. This is because

the component of R is severely constrained to be small by the cur-

rent experiments. On the other hand, the FD case results the large
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ee µµ

FND (NH) 0.254 1.61

FND (IH) 7.00 3.38

FD 58.7 56.2

SM background 116.4 45.6

Table 2.1. Number of events at the LHC with
√
s = 14 TeV and 30 fb−1

luminosity, for the heavy neutrino mass M = 100 GeV.

number of signal events specially in the µµ case with a significance of

more than 5-σ. If we naively estimate the significance by S/
√
B, the

luminosity of 25 fb−1 (11 fb−1) is required to achieve 5-σ significance

for the (µµ) final states.

2.3.2 Heavy neutrino signal at ILC with the simple pa-

rameterizations

The signature of heavy neutrinos at the ILC has been studied in

detail based on the realistic Monte Carlo simulations in [71], [72]. In

the studies, a five-dimensional model with bulk right-handed neutri-

nos [71] is considered and its 4-dimensional effective theory provides

the Kaluza-Klein tower of the heavy neutrinos having sizable cou-

pling to the weak gauge bosons through mixings with the SM light

neutrinos. This structure of the couplings between the heavy neu-

trinos and the SM particles in the five-dimensional model is similar

to the one in our inverse seesaw model. Thus, we apply the results
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Fig. 2.4. The production cross sections for the process e+e− → νN , followed
by the decays N → `W (` = e, µ, τ) and W → qq̄′, as a function of the heavy
neutrino mass. The upper-left panel shows the results for the FND case with√
s = 500 GeV. The upper-right panel is the same as the upper-left panel but for

the case with
√
s = 1 TeV. The results for the FD case are shown in the lower

panel for
√
s = 500 GeV (solid) and

√
s = 1 TeV (dashed), respectively.

in [71], in particular, the signal and background selection procedure

to our model.

According to [71], we focus on the two-jets and one isolated lep-

ton signal with large missing energy at the ILC: e+e− → νN , fol-

lowed by the decays N → `W and W → qq̄′, through which the

heavy neutrino production cross sections and the heavy neutrino

mass can be reconstructed. The production cross sections for the

process e+e− → νN , followed by the decays N → `W (` = e, µ, τ)

and W → qq̄′, as a function of the heavy neutrino mass are depicted

in Fig. 2.4. The upper-left panel shows the results for the FND
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case with
√
s = 500 GeV. The dashed lines from top to bottom

denote the signal cross sections for ` = τ , µ and e, respectively, in

the NH case. The two lines corresponding to ` = τ and µ are well-

overlapping. The solid lines from top to bottom denote the signal

cross sections for ` = e, τ and µ, respectively, in the IH case. The

two dashed lines corresponding to ` = µ and τ are well-overlapping.

The upper-right panel is the same as the upper-left panel but for the

case with
√
s = 1 TeV. The results for the FD case are shown in the

lower panel for
√
s = 500 GeV (dashed) and

√
s = 1 TeV (solid),

respectively. Here ` is either e, µ or τ .

For the ILC with
√
s = 500 GeV and the luminosity L = 500 fb−1,

the signal and background events are listed on Table 2.2, Here, the

final state of one electron and two jets with missing energy from anti-

neutrinos is considered, and we have adopted the efficiencies found in

[71], for M = 150 GeV. The main backgrounds are eνW → eνqq̄ and

WW → `νqq̄, which are dramatically reduced by the selection using

an isolated-electron track with a requirement of its energy range, 10

GeV≤ Ee ≤ 200 GeV, the requirement of the reconstructed di-jet

mass to be consistent with W hypothesis etc (see [71] for details).

The signal and background events for
√
s = 1 TeV and the same

luminosity L = 500 fb−1 are listed on Table 2.3. For completeness,
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we have also listed the signal events (without cuts) for the case of

` = µ and τ .

Events before cuts Events after cuts

FND (NH) 123.7 84.04

FND (IH) 2397 1363

FD 102210 69189.7

SM background 3210500 23346

FND (NH, ` = µ) 847.5

FND (NH, ` = τ) 887.0

FND (IH, ` = µ) 1261

FND (IH, ` = τ) 1266

Table 2.2. The number of events at the ILC with
√
s = 500 GeV and the

luminosity 500 fb−1, for the heavy neutrinos with mass 150 GeV. We have adopted
the efficiencies for the signal and the SM background found by the realistic Monte
Carlo simulations in [71].

In both
√
s = 500 GeV and 1 TeV, the signal to background

ratio is large (> 5 − σ) for the FND (IH) and FD cases, while the

significance is negligible for the FND (NH) case. If we naively expect

a similar efficiency for the ` = µ case, the heavy neutrinos can be

observed with a large significance for both the FND and FD cases.

In [71], the ` = τ case is also analyzed in detail. In this case, the

signal N → νeW (W → qq̄′) is considered as the background, and

the analysis depends on the number of the signal events and hence,

we cannot simply adopt the results in [71]. However, since the main
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Events before cuts Events after cuts

FND (NH) 162 52.0

FND (IH) 3133 776.1

FD 133605 42671.3

SM background 5476408 10500

FND (NH, ` = µ) 1108

FND (NH, ` = τ) 1160

FND (IH, ` = µ) 1648

FND (IH, ` = τ) 1655

Table 2.3. The same as Table 3, but
√
s = 1 TeV.

backgrounds are eνW → eνqq̄ and WW → `νqq̄′ also for this case,

we can expect that the efficiency for our case is similar to the one

obtained in [71], which is roughly the same as in the ` = e case.

Thus, we expect, for the ` = τ case, a large significance for the

signal events in both the FND and the FD cases.

2.3.3 Heavy neutrino signal with the general parameteri-

zation

In the general parameterization for the FND case, R is a function

of the Dirac phase (δ), the Majorana phase (ρ) and y in the general

orthogonal matrix. In order to identify a region for these parameters

satisfying the constraint on the ε-matrix, we perform a parameter

scan by varying −π ≤ δ, ρ ≤ π with an interval of π
20 and 0 ≤ y ≤ 1

45



with an interval of 0.02.2 Then, for the identified parameters, we

calculate the production cross section of the i-th generation heavy

neutrino at the LHC through the process qq̄′ → `Ni (ud̄ → `+
αNi

and ūd→ `−αNi) given by

σ(qq̄′ → `αNi) = σLHC |Rαi(δ, ρ, y)|2, (2.27)

where σLHC is the cross section given in Eq. (2.2). Similarly, the

production cross section at the ILC is

σ(e+e− → ναNi) = σILC |Rαi(δ, ρ, y)|2, (2.28)

where σILC is given in Eq. (2.4), and we have used the approximation

N †R ' U †MNSR because |εαβ| � 1 as discussed in the previous sec-

tion. The partial decay widths for the process Ni → `−αW
+/ναZ/ναh

are obtained by multiplying Eq. (2.3) and the factor |Rαi(δ, ρ, y)|2

together.

Fig. (2.5) shows the results of the parameter scan for the heavy

neutrino production cross section with the tri-lepton final states at

the LHC. Each dots satisfies the experimental constraints on all the

ε-matrix elements. The first (second) column shows the results for

the NH (IH) case. In the first (second) row, the results are shown as
2 The Dirac mass matrix elements grow exponentially as we raise |y|. For a value y > 1,

the neutrino oscillation data are realized under the fine-tuning between the large elements.
Although the neutrino oscillation data are correctly reproduced for any values of y in the general
parameterization, we only consider y ≤ 1 to avoid the fine-tuning.
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a function of δ (y) for the final state with two electrons, while the

corresponding results for the final state with two muons are shown

in the third and forth rows. Comparing the results with those for

the simple parameterizations, 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 parameterization are listed on Table 2.4. Interestingly, the

maximum cross section for the NH case with the final state including

two muons can even be larger than the one for the FD case.

Fig. 2.6 shows the cross section for the process e+e− → νN ,

followed by the decays N → `W and W → qq̄′, at the ILC with
√
s = 500 GeV. Here we have fixed the heavy neutrino mass to be

150 GeV. Each dots satisfies the experimental constraints on all the

ε-matrix elements. The first (second) column shows the results for

the NH (IH) case. In the first (second) row, the results are shown

ee µµ

NH (fb) 0.515 5.95

IH (fb) 0.575 0.475

Table 2.4. The maximum LHC cross sections for the final states with two
electrons and two muons ,respectively, at the LHC with

√
s = 14 TeV.
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Fig. 2.5. Signal cross sections providing the tri-lepton final states as function of
the Dirac phase (δ) and y for the heavy neutrino mass of 100 GeV, at the LHC
with

√
s = 14 TeV. Each dot satisfies the experimental constraints on all the

elements in the ε-matrix. The first (second) column corresponds to the results for
the NH (IH) case. The first two rows are for the final states with two electrons,
while the last tow are for the final states with two muons.
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NH (fb) IH (fb)

` = e 8.5 8.5

` = µ 130 11.0

Table 2.5. The maximum cross sections at the ILC with
√
s = 500 GeV. Here

we have fixed the heavy neutrino mass to be 150 GeV. Each dots satisfies the
experimental constraints on all the ε-matrix elements. The first (second) column
shows the results for the NH (IH) case. The first and second rows correspond to
the results for the case of ` = e, while the corresponding results for the case of
` = µ are shown in the third and forth rows.

NH (fb) IH (fb)

` = e 11.0 11.0

` = µ 180 180

Table 2.6. The same as Table 2.5, but for
√
s = 1 TeV.

as a function of δ (y) for the case of ` = e, while the correspond-

ing results for the case of ` = µ are shown in the third and forth

rows. Similarly to the LHC results, we have found the significant

enhancements for the NH case compared with the results for the

simple parameterizations, while we have no significant enhancement

for the IH case. The maximum signal cross sections we can achieve

in the general parameterization are listed on Table 2.5. The max-

imum cross section for the NH case with ` = µ can even be larger

than the one for the FD case. We have performed the same analysis
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also for the ILC with
√
s = 1 TeV. The maximum signal cross sec-

tions in this case are listed on Table 2.6. We have about a 30 − 40

% enhancement in the cross sections by the increase of the collider

energy.

The main backgrounds are eνW → eνqq̄ and WW → `νqq̄, which

are dramatically reduced by the selection using an isolated-electron

track with a requirement of its energy range, 10 GeV≤ Ee ≤ 200

GeV, the requirement of the reconstructed di-jet mass to be con-

sistent with W hypothesis etc (see [71] for details). The maximum

signal cross section for
√
s = 1 TeV and the same luminosity L = 500

fb−1 are listed on Table 2.6. We have only listed e+jj and µ+jj signal

cross section as functions of δ, ρ and y.

From Tables 2.5 and 2.6 the signal cross sections for µ+jj in NH

dominates over IH by an order of magnitude for both the collider

energies,
√
s = 500GeV and

√
s = 1 TeV. The signal cross sections

for e+jj in NH is almost the same as that in the IH case for both

the collider energies,
√
s = 500GeV and

√
s = 1 TeV. The µµ case

cross sections at
√
s = 500GeV and

√
s = 1 TeV are some factors

greater than the FD cases respectively.
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Fig. 2.6. The production cross sections for the process e+e− → νN , followed by
the decays N → `W (` = e, µ) and W → qq̄′, as functions of the Dirac phase(δ)
and y, at the ILC with

√
s = 500 GeV. Here we have fixed the heavy neutrino

mass to be 150 GeV. Each dots satisfies the experimental constraints on all the
ε-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 δ (y) for the
case of ` = e, while the corresponding results for the case of ` = µ are shown in
the third and forth rows.
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3 DIRECT UPPER BOUNDS

ON ELECTROWEAK SCALE

PSEUDO-DIRAC NEUTRINOS

FROM
√
s = 8 TEV LHC DATA

The general feature of the inverse seesaw mechanism, i.e. a small

lepton number breaking, allows large neutrino Yukawa couplings

Ylα up to O(1) even for an electroweak scale heavy neutrino mass

MN , without introducing any fine-tuning or cancellations in the light

neutrino mass matrix. This leads to a number of interesting phe-

nomenological consequences, such as large lepton flavor violation

(LFV), non-unitarity of the leptonic mixing matrix [73], light DM

candidate and modifications to the SM Higgs observables [57]. In

this chapter, we will mostly focus on the collider signatures of this

low-scale seesaw mechanism.

3.1 Trilepton Signature at the LHC

As far as the direct collider tests of the inverse seesaw mecha-

nism are concerned, a large Yukawa coupling enhances the on-shell
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production of electroweak-scale heavy neutrinos at the LHC. How-

ever, due to the small lepton number breaking in these scenarios,

the heavy neutrinos are pseudo-Dirac, and hence, the ‘smoking gun’

collider signature of same-sign dilepton final states is suppressed. As

the opposite-sign dilepton signal l±l∓jj is swamped with a large SM

background, mainly from pp→ Zjj, the ‘golden’ channel for probing

heavy Dirac neutrinos at the LHC is the trilepton final state:

pp → l+1 N → l+1 l
−
2 W

+ → l+1 l
−
2 l

+
3 ν ,

pp → l−1 N̄ → l−1 l
+
2 W

− → l−1 l
+
2 l
−
3 ν̄ , (3.1)

as shown in Figure 3.1. Here N denotes a generic heavy neutrino

mass eigenstate, which is typically the lightest SM-singlet fermion

in a given seesaw model. From (1.53), we see that for ‖µ‖ � ‖mN‖,
the heavy neutrino masses given by the eigenvalues of Mν can be

approximated by degenerate pairs of the eigenvalues of

 0 mT
N

mN µ

.

The small mass splitting between the quasi-Dirac pairs induced by

the small lepton number breaking parameter µ is irrelevant for their

collider studies, as long as µ is much smaller than their decay widths.

This is a valid approximation in our case since we require relatively

large neutrino Yukawa couplings in order to have a sizable collider
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Fig. 3.1. The trilepton plus missing transverse energy signal of a heavy Dirac
neutrino at the LHC.

signal and a very small µ to satisfy the neutrino oscillation data.

Thus, we can treat the heavy neutrinos to be Dirac particles for

our subsequent collider analysis. It is important to note here that

the trilepton signal does not vanish in the µ → 0 limit. This is in

contrast with the collider signature of heavy Majorana neutrinos in

the minimal setup, where the same-sign dilepton signal must vanish

in the limit of exact degeneracy.

The discovery potential of the trilepton channel (3.1) at the LHC,

along with a detailed SM background analysis, was performed in [68]

for a single-flavor electroweak-scale heavy neutrino. A more general

heavy neutrino flavor structure was considered in [74], and it was

shown that a 5σ statistical significance of the signal events over the

SM background can be achieved at
√
s = 14 TeV LHC with 11 fb−1

luminosity in the flavor-diagonal case.

54



Meanwhile, the CMS collaboration has presented a model-independent

search for anomalous production of events with at least three isolated

charged leptons using the 19.5 fb−1 data at
√
s = 8 TeV LHC [1].

They have adopted a general search strategy which is applicable to a

wide range of possible scenarios beyond the SM giving rise to a mul-

tilepton signal, including the pseudo-Dirac neutrino case discussed

above. With this observation, we perform a collider simulation of

the trilepton signal for a generic pseudo-Dirac heavy neutrino sce-

nario with the same selection criteria as used in the CMS analysis,

and compare our signal events with the CMS observed data. Using

the fact that the experimental results are consistent with the SM

expectations, we derive the first direct limits on the pseudo-Dirac

heavy neutrino mass and mixing with the light neutrinos.

The inclusive cross section for the trilepton final state given by

(3.1) in a generic seesaw model can be written as

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

BR(N → l2W ) BR(W → l3ν) . (3.2)

Here we assume that the heavy neutrinos are heavier than the W -

boson so that the two-body decay N → lW is kinematically allowed,

followed by an on-shell W -decay to SM leptons. In general, the

final state charged leptons l1,2,3 can be of any flavor combination.
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However, since it is rather challenging to reconstruct the τ -lepton

events with our simulation tools, we will only consider the electron

and muon final states, i.e. l = e, µ. In this case, the SM W branching

ratio is given by BR(W → lν) = 0.21 [42], whereas the production

cross section as well as the partial decay widths of the heavy neutrino

depend on the light-heavy neutrino mixing parameter(s). The charge

current and neutral current interactions are given in the preceding

section.

3.2 Benchmark Scenarios

The flavor information of the final state leptons l±1 l
∓
2 l
±
3 due to the

production and decay of a particular heavy neutrino mass eigenstate

Ni can be parametrized by |Rl1iRl2i|2/
∑

l=e,µ |Rli|2. For the collider

simulation of our trilepton signal (3.1), we make some reasonable

simplifying assumptions. The mixing matrixR can be approximated

by R = MDm
−1
N . Furthermore, we assume flavor-diagonal Dirac

mass matrices MD and MN , which suppress all LFV processes. This

will always lead to a trilepton final state with opposite sign same fla-

vor charged leptons (OSSF1 in the notation of [1]). Using the CMS

observed number of events and the corresponding SM expectation

values for the OSSF1 case [1], we will obtain direct constraints on the

diagonal mixing elements of R in a model-independent way. Note
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that the light neutrino oscillation data can still be satisfied with

flavor-diagonal MD and MN by a suitable flavor structure of the lep-

ton number breaking parameter µ; see [74] for an explicit numerical

fit. For illustration, we will consider the following two benchmark

cases with different relative magnitudes between the flavor Yukawa

couplings:

(a) Single flavor (SF) case, in which one heavy Dirac pair is at the

electroweak scale, while other heavy pairs are assumed to be be-

yond the kinematic reach of the LHC. With our flavor-diagonal

choice, the lightest heavy Dirac neutrino mass eigenstates dom-

inantly couple to a single lepton flavor l, which we assume to be

muon for concreteness, although the same study equally applies

for the electron-flavor case. Thus, we have the trilepton final

states l±1 l
∓
2 l
±
3 with both l1 and l2 of the muon flavor, while l3

coming from the W -decay can be either electron or muon, i.e.

our final state flavor compositions are µ±µ∓e± and µ±µ∓µ±.

Note that in this case, the lightest heavy-neutrino branching

fraction in (3.2) is independent of the mixing Rµ1, and the

only dependence on the mixing parameter appears in the pro-

duction cross section, which is proportional to |Rµ1|2. Thus,
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we can derive constraints on the single-flavor mixing parame-

ter |Rµ1|2 ≡ |BµN |2, as a function of the lightest heavy Dirac

neutrino mass mN .

(b) Flavor diagonal (FD) case, in which two of the heavy Dirac

neutrino pairs are degenerate with a common mass mN . We

further assume that one pair dominantly couples to electrons,

and the other one to muons, but with equal strength, i.e.,

|Re1| = |Rµ2| ≡ |BlN |. Note that in the inverse seesaw with

pseudo-Dirac neutrinos, the lepton number violating process of

neutrinoless double beta decay (0νββ) is usually suppressed,

and therefore, the stringent constraints on the active-sterile

neutrino mixing in the electron sector (see e.g., [75]) may not

apply. Hence, our benchmark case (b) with relatively large

|BeN |2 is still allowed, except in special cases where the 0νββ

amplitude could be enhanced [76]. In FD case, we have two

additional final states e±e∓e± and e±e∓µ∓, along with the two

final states of the benchmark case (a). Thus the total trilepton

signal cross section in case (b) is twice larger than that in case

(a), and as a result, the limit on |BlN |2 derived in case (b) will

be roughly twice stronger than the corresponding limit in case

(a) for a given value of mN .
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3.3 Data Analysis and Results

For each of the above benchmark cases, the trilepton signal events

were generated for
√
s = 8 TeV LHC by implementing the new

charge current and neutral current interactions in MadGraph5 [77].

The parton level cross sections were obtained using the CTEQ6L par-

ton distribution functions [58]. The showering and hadronization of

the events were performed with PYTHIA6.4 [78] and a fast detector

simulation was done using DELPHES3. Hadrons were clustered into

jets using the anti-kT algorithm as implemented in FastJet2 [79]

with a distance parameter of 0.5. In the detector simulation, we have

considered the signal events containing three leptons accompanied

by n-jets (with n = 1–4), after incorporating the MLM matching

[80] prescription to avoid double counting of jets. For the generated

signal events, we adopt the following basic selection criteria, as used

in the CMS trilepton analysis [1]:

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

(ii) The transverse momentum of at least one lepton: pl,leading
T > 20

GeV.

(iii) The jet transverse momentum: pjT > 30 GeV.

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

separation: ∆Rlj > 0.3.

(vi) The invariant mass of each OSSF lepton pair: ml+l− < 75 GeV

or > 105 GeV to avoid the on-Z region which was excluded from

the CMS search. Events with ml+l− < 12 GeV are rejected to

eliminate background from low-mass Drell-Yan processes and

hadronic decays.

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

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

Note that there are additional contributions to the trilepton signal

from N → Zν, hν, followed by Z, h decay to l+l−. However, the Z

contributions are suppressed after we impose the mll cut to reduce

the SM Z background, whereas the h contributions are additionally

suppressed due to small Yukawa coupling of electrons and muons.

The CMS analysis [1] has given the number of observed events and

the corresponding SM background expectation for various ranges of

/ET and HT that are sensitive to different kinematical and topolog-

ical signatures. However, for our trilepton signal (3.1), the set of

selection cuts listed above turn out to be the most efficient ones

among those considered in the CMS analysis.
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It is important to note here that in order to make a direct com-

parison of our signal events with the CMS results for the observed

events and the SM background, we must include at least one jet with

pT > 30 GeV and |ηj| < 2.5 in the final state. The simplest trilep-

ton final state shown in Figure 3.1 does not contain any jets at the

parton-level, but initial state radiation (ISR) effects could give rise

to final states with non-zero jets, though they are usually expected

to be soft. However, there are additional diagrams involving quark-

gluon fusion, such as those shown in Figure 3.2, which give rise to

hard jets in the final state. The inclusive production cross section

of the processes pp→ Nl+(N̄ l−) + 1j is only a factor of 2–4 smaller

than the original pp→ Nl+(N̄ l−) + 0j process shown in Figure 3.1.

This is due to the fact that, although the three-body final state Nlj

is phase-space suppressed compared to the two-body final state Nl,

there is a partially compensating enhancement at the LHC due to a

much larger gluon content of the proton, as compared to the quark

content [42]. The numerical values of the two production cross sec-

tions, normalized to |BlN |2 = 1, are shown in Figure 3.3 for both
√
s = 8 and 14 TeV LHC as a function of the lightest heavy neutrino

mass mN . Here we have shown the values for the SF case; for the

FD case, the cross sections are enhanced by a factor of two. Note

that for the Nl+1j case, we must use a non-zero pjT cut to avoid the
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Fig. 3.2. The trilepton + one jet + missing transverse energy signal of a heavy
Dirac neutrino at the LHC.

infrared singularity due to massless quarks in the t-channel. Here

we have used the pjT > 30 GeV cut, following the CMS analysis, to

get a finite result. Using a lower value of pj,min
T could enhance the

Nl+1j cross section, thereby improving the signal sensitivity. A de-

tailed detector-level simulation of these infrared-enhanced processes

for different selection criteria than those used by the current CMS

analysis is beyond the scope of this section, and will be presented in

a separate communication. In this sense, the bounds on light-heavy

neutrino mixing derived here can be treated as conservative bounds.

To derive the limits on |BlN |2, we calculate the normalized signal

cross section σ/|BlN |2 at
√
s = 8 TeV LHC as a function of the

lightest heavy neutrino mass mN for both SF and FD cases, after

imposing the CMS selection criteria listed above. The corresponding

number of signal events passing all the cuts is then compared with
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Fig. 3.3. The ‘inclusive’ parton-level cross sections for the processes pp→ Nl+ +
N̄ l− (thick, red) and pp → Nl+j + N̄ l−j (thin, blue) at

√
s = 8 TeV (solid) and

14 TeV (dashed) LHC. The results are shown for the single flavor (SF) case. For
the flavor diagonal (FD) case, the numbers should be multiplied by a factor of
two. For the Nlj case, we have imposed pjT > 30 GeV.

the observed number of events for 19.5 fb−1 luminosity [1]. For

the selection criteria listed above, the CMS experiment observed (a)

510 events with the SM background expectation of 560± 87 events

for ml+l− < 75 GeV and (b) 178 events with the SM background

expectation of 200± 35 events for ml+l− > 105 GeV. Thus, for case

(a), we have an upper limit of 37 signal events, and for case (b) an

upper limit of 13 signal events. This sets a direct upper bound on

the light-heavy neutrino mixing parameter |BlN |2 for a given value of

mN , as shown in Figure 3.4 for both cases (a) and (b) discussed above

(thick dashed and solid lines, respectively). The case (b) becomes

more efficient for higher values of mN , thus setting a more stringent

limit on |BlN |2. We have shown the 95% CL exclusion regions for
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Fig. 3.4. The 95% CL upper limit on the light-heavy neutrino mixing parameter
|BlN |2 as a function of the heavy Dirac neutrino mass mN , derived from the CMS
trilepton data at

√
s = 8 TeV LHC for 19.5 fb−1 luminosity [1]. The exclusion

(shaded) regions are shown for two benchmark scenarios: (i) single flavor (SF)
and (ii) flavor diagonal (FD), with two choices of the selection cut ml+l− < 75
GeV (thick dotted) and > 105 GeV (thick solid). The corresponding conservative
projected limits from

√
s = 14 TeV LHC data with 300 fb−1 integrated luminosity

are shown by thin solid lines (SF 14 and FD 14). Some relevant existing upper
limits (all at 95% CL) are also shown for comparison: (i) from a χ2-fit to the LHC
Higgs data [2] (Higgs), (ii) from a direct search at LEP [3] (L3), valid only for the
electron flavor, (iii) ATLAS limit from

√
s = 7 TeV LHC data (ATLAS 7), valid

for a heavy Majorana neutrino of the muon flavor, and (iv) indirect limit from a
global fit to the electroweak precision data [4], [5], [6](EWPD), for both electron
(solid) and muon (dotted) flavors.

both benchmark scenarios, namely SF and FD cases (red and blue

shaded regions, respectively). As expected, the upper bound in the

FD case is roughly twice as stronger than that in the SF case. In

our analysis, we have considered heavy neutrino masses only above

MZ , since for mN < MZ , the existing LEP limits from Z-decay [81]

are more stringent.
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For comparison, we also show the 95% CL indirect upper limit on

|BlN | < 0.030 (0.041) for l = µ (e) derived from a global fit to the

electroweak precision data [4], [5], (EWPD), which is independent of

mN for mN > MZ , as shown by the horizontal dotted (solid) line in

Figure 3.4. We find that the direct bounds on |BlN |2 derived here are

comparable to the indirect ones for mN ∼ 100 GeV, but get weaker

at higher masses due to the suppression in the heavy neutrino pro-

duction cross section (cf. Figure 3.3). Similar but somewhat weaker

indirect bound could also be obtained from non-unitarity of the lep-

tonic mixing matrix and lepton flavor universality constraints [59].

In addition, 95% CL constraints on the Yukawa coupling, and hence,

on the mixing parameter |BlN |2 could be obtained from a χ2-fit to the

LHC Higgs data [2], as shown by the orange solid line (Higgs) in Fig-

ure 3.4. This limit turns out to be the strongest one for mN ∼< Mh,

but becomes ineffective for larger mN as N becomes off-shell in the

Higgs decay h→ Nν → 2l2ν.

Finally, we also compare the direct limits derived here with the

existing collider bounds. The 95% CL LEP limit on |BeN |2, derived

from the search channel e+e− → Neνe → eWνe [3], is shown by the

pink solid line (L3) in Figure 3.4. For a small range of the parame-

ter space, this limit is stronger than the LHC trilepton limit derived
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here. However, the LEP limit is only applicable to the electron fla-

vor, whereas the trilepton limit derived here is equally applicable to

both electron and muon flavors. Moreover, the trilepton final states

are also applicable to the heavy Majorana neutrino case, although

the smoking gun collider signature in the Majorana case will be the

same-sign dilepton final state, which is dominant over the trilepton

signal. For completeness, we have shown the corresponding limits

from a same-sign dimuon search by ATLAS using the
√
s = 7 TeV

LHC data for 4.7 fb−1. These limits are comparable to the trilep-

ton limits derived here; however, a dedicated search optimized for

the trilepton signal could lead to a more stringent limit than that

presented here.

In light of the above results and the non-competitiveness of the

direct bounds obtained here with the existing indirect limits, it might

be useful to derive the projected direct limits anticipated from the
√
s = 14 TeV LHC data. Assuming that the signal efficiency is the

same as that obtained for the
√
s = 8 TeV data analysis withml+l− >

105 GeV selection cut, and using the production cross sections given

in Figure 3.3, we obtain the projected upper limits on |BlN |2 for both

SF and FD cases at the
√
s = 14 TeV LHC with 300 fb−1 integrated

luminosity, as shown by the thin solid red (SF 14) and blue (FD 14)

lines in Figure 3.4. These limits should be treated as conservative
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limits, since the signal-to-background selection efficiency at
√
s = 14

TeV LHC is expected to be at least as good as that in the
√
s = 8

TeV case. Thus, we find that the direct limits on the heavy-light

neutrino mixing parameter are expected to improve significantly (by

at least one order of magnitude) at the
√
s = 14 TeV LHC.
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4 IMPROVED BOUNDS ON

THE HEAVY NEUTRINO

PRODUCTIONS AT THE LHC

In this chapter we study the heavy neutrino production at the

LHC through a variety of initial states such as quark-quark
(
qq′
)

,

quark-gluon (qg) and gluon-gluon (gg) as well as the photon medi-

ated processes. For fixed heavy neutrino masses (mN) we calculate

the individual cross sections of the respective processes normalized

by the square of the mixing angles between light and the heavy

neutrinos. We also study the kinematic distributions of the signal

events produced by different initial states and find the characteristic

distributions corresponding to the individual initial states.

For the Majorana heavy neutrino case we consider the same sign

di-lepton plus two jet signal. Using the recent collider studies [82]

[7] [8] we put an upper limit on the light-heavy mixing angles. For

the pseudo-Dirac heavy neutrino we consider tri-lepton plus missing

energy signal. We compare the upper bounds with those obtained

by other experiments [83] [2] [3] [6] [4] [5]. Though some updated
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analysis could be found in [84, 85] Using all the initial states the

upper bounds given in [9] are improved.

This chapter is organized as follows. We calculate the production

cross sections of the heavy neutrinos at the LHC with a variety of

initial states in Sec 4.1. In Sec. 4.2 we simulate the signal events for

the heavy neutrino productions. Comparing the generated events

with the current LHC data, we obtain improved upper bounds on

the mixing angles between the light-heavy neutrinos for the type-I

and inverse seesaws, respectively.

4.1 Heavy neutrino production at the LHC

We implement our model in the generator MadGraph5 [77] and

calculate the production cross section of the heavy neutrino with

a variety of initial states such as qq′, qg and gg as well as photon

mediated processes. For the final states we consider N` + n−jet,

where the number of jets is n = 0, 1, 2. We separately calculate the

production cross sections for individual initial states to understand

which initial states dominantly contribute to the production process

of the heavy neutrino.
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4.1.1 N` and N`j production processes from qq′ and qg initial

states

We first consider the final state N` from qq′, and N`j from both

of qq′ and qg initial states. The relevant Feynman diagrams with the

initial qq′ state are shown in Figs. 4.1 and 4.2, while those with the

initial qg state are shown in Fig. 4.3. Fig. 4.4 shows the combined

heavy neutrino production cross section normalized by the square of

the mixing angle from the two initial states. For the final state N`j

we impose the minimum transverse momentum of the jet (pjT ) as 10

GeV, 20 GeV and 30 GeV, respectively. In generating the events

we set the Xqcut= pjT in MadGraph with the MLM matching scheme

(ickkw= 1). The left panel shows the results for
√
s =8 TeV, while

√
s =14 TeV LHC results are shown in the right panel. The N`j

cross section dominates over the production, while for a higher pjT

cut the N` cross section dominates.

Fig. 4.1. Feynman diagram for N` production from the qq′ annihilation.
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Fig. 4.2. Feynman diagrams for N`j production from the qq′ annihilation.

Fig. 4.3. Feynman diagrams for N`j production from the qg fusion.
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Fig. 4.4. The left panel shows the cross sections as a function of mN normalized
by the square of the mixing angle for the N`j final state at the pjT > 10 GeV

(dashed), pjT >20 GeV (dot-dashed) and pjT > 30 GeV (dotted) from the qq′ and
qg initial states and the N` final state from the qq initial states (solid) at the 8
TeV LHC. The right panel is same as the left panel but at the 14 TeV LHC.
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We show in Fig. 4.5 the decomposition of the cross sections shown

in Fig. 4.4 for individual final states. The left panel shows the re-

sults for
√
s =8 TeV, while

√
s =14 TeV results are shown in the

right panel. The cross section from the qq′ initial state dominates

over the one from the qg initial state for the cut of pjT > 10 GeV.

With the increase of the pjT cut the cross section from the qg initial

state becomes dominant for the small mass region of the heavy neu-

trino, as pointed out in [9]. This is because the parton distribution

function (PDF) for gluon is much larger than the PDFs for quarks

at the low Bjorken scaling parameter. As the heavy neutrino mass

becomes larger, the cross section from qq′ over takes the one from

qg, because the gluon PDF sharply drops toward the high Bjorken

scaling parameter.

4.1.2 N`jj production processes from qq′, qg and gg initial states

Next we consider the N`jj final state which comes from the qq′,

qg and gg initial states. The relevant Feynman diagrams with the

initial qq′, qg and gg states are shown in Figs. 4.6-4.8. Fig. 4.9 shows

the combined heavy neutrino production cross section normalized by

the square of the mixing angle from the three initial states. For the

final state N`jj we impose the minimum transverse momentum for

each jet (pjT ) as 10 GeV, 20 GeV and 30 GeV, respectively. As in the
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Fig. 4.5. The decomposition of the cross section for the individual initial states
for different pjT cuts such that pjT > 10 GeV (solid), pjT > 20 GeV (dashed) and

pjT > 30 GeV (dot-dashed). The cross sections at the 8 TeV LHC are shown in
the left panel where as those at the 14 TeV LHC are shown in the right panel.

Fig. 4.6. Sample Feynman diagrams for N`jj production processes from the qq′

initial state.
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Fig. 4.7. Sample Feynman diagrams for N`jj production processes from the qg
fusion.

Fig. 4.8. Sample Feynman diagrams for N`jj production processes from the gg
fusion.
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previous sub-section we set the Xqcut= pjT in MadGraph with the

MLM matching scheme. The left panel shows the results for
√
s =8

TeV, while those for
√
s =14 TeV are shown in the right panel. The

N`jj cross section dominates over the production cross section for

the final state with zero jet for the 10 GeV pjT cut, while for a higher

pjT cut the N` cross section dominates.

We show in Fig. 4.10 the decomposition of the cross sections

shown in Fig. 4.9 for individual initial states. The left panel shows

the results for
√
s =8 TeV, while results for

√
s =14 TeV are shown

in the right panel. The cross section from the qq′ initial state dom-

inates over those from the qg and gg initial states for the cut of

pjT > 10 GeV when mN ∼> 200 GeV, while for mN ∼< 200 GeV the qg

initial state dominates. This is in contrast with the results for the

N`j, where the qq′ initial state always dominates the cross section.

Although we may think that the gluon fusion channel could domi-

nate, it is found to be always smaller than the other channels. This

is because the Bjorken scaling parameters for two gluons can not be

small simultaneously in order to produce the heavy neutrino. On

the other hand, we expect the gluon fusion channel cross section to

become larger as we lower the heavy neutrino mass. We can see in

Fig. 4.10 that the gluon fusion channel rises more sharply than the
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Fig. 4.9. The left panel shows the cross sections as a function of mN normalized by
the square of the mixing angle for the N`jj final state for pjT > 10 GeV (dashed),

pjT >20 GeV (dot-dashed) and pjT > 30 GeV (dotted) from the qq′ , qg and gg

initial states and the N` final state from the qq′ initial state (solid) at the 8 TeV
LHC. The right panel shows the results for the 14 TeV LHC.
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Fig. 4.10. The decomposition of the cross section for the individual initial states
for different pjT cuts such that pjT > 10 GeV (solid), pjT > 20 GeV (dashed) and

pjT > 30 GeV (dot-dashed). The cross sections at the 8 TeV are shown in the left
panel where as those at the 14 TeV are shown in the right panel.

76



others towards the low mass region. We see that as the heavy neu-

trino mass becomes larger, the cross section from qq′ over takes those

from the qg and gg because the gluon PDF sharply drops towards

the high Bjorken scaling parameter.

4.1.3 N`j and N`jj production processes from photon mediated

processes

Apart from the QCD processes we also consider heavy neutrino

production at the LHC through the photon mediated processes.

There are three types of photon mediated processes. The first one

is the elastic process where one photon is radiated from one proton

and then scatters with a parton in the other proton. The second one

is the inelastic process where one photon is radiated from a parton

inside one proton and scatters with a parton inside the other pro-

ton (for relevant Feynman diagrams, see Fig. 4.11). The third one

is the deep-inelastic scattering mediated by a photon with a large

momentum transfer. (See Fig. 4.12 for relevant Feynman diagrams.)

Analysis of the deep inelastic process has been performed in [86]. All

of these processes have been analyzed in [87] in detail.

We calculate the heavy neutrino production cross sections through

the three photon mediated processes. For the deep-inelastic pro-

cesses we switch off the QCD vertices in MadGraph. Our results are

shown in Fig. 4.13 for
√
s = 14 TeV LHC. Here we have imposed
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Fig. 4.11. The elastic or inelastic process for the N`j final state.

Fig. 4.12. The deep-inelastic processes for the N`jj final state mediated by
photon.
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Fig. 4.13. Figure shows the production cross section of the heavy neutrino as a
function of mN and normalized by the square of the mixing angle for the different
photon mediated processes at the 14 TeV LHC. The solid line stands for the N`
final state for the qq′ initial state. The elastic process for different pjT values are
shown by the dashed lines. The inelastic processes are represented by the dotted
lines. The deep inelastic process (QED 2-jet) is depicted by the dot-dashed lines.
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two different values of the pjT cuts, pjT > 10 GeV and 20 GeV. When

mN ∼< 400 (300) GeV, the deep-inelastic process dominates over the

other photon mediated processes for pjT > 10 (20) GeV, and other-

wise, the inelastic process dominates. The elastic process is always

small compared to the others.

4.2 Data analysis and the upper bounds for the

mixing angles

The signal events at the parton level were generated by MadGraph5.

The showering and hadronization of the events were performed with

PYTHIA6.4 [78] and a fast detector simulation was done using DELPHES3 [88]

bundled with MadGraph. Hadrons were clustered into jets using the

anti-kT algorithm as implemented in FastJet2 [79] with a distance

parameter of 0.5. As our signal events are accompanied by n-jets, we

incorporate the MLM matching prescription according to [80] to avoid

the double counting of jets and use the matched cross section and

events for the analysis after the detector simulation. We consider

two cases for the types of heavy neutrinos. One is the Majorana case

for which the signal process is pp→ N`±1 /N`
±
1 j/N`

±
1 jj, followed by

N → `±2 W
∓ and W∓ → jj. The other is the pseudo-Dirac case

for which the signal process is pp→ N`+
1 /N`

+
1 j/Nl

+
1 jj, followed by
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N → `−2 W
+ and W+ → `+

3 ν ( pp→ N`−1 /N`
−
1 j/N`

−
1 jj, followed by

N → `+
2 W

− and W− → `−3 ν).

4.2.1 Same-sign di-lepton plus di-jet signal

For simplicity we consider the case that only one generation of

the heavy neutrino is light and accessible to the LHC which couples

to only the second generation of the lepton flavor. To generate the

events in the MadGraph we use the NN23LO1 PDF [89] with Xqcut=

pjT = 20 GeV and QCUT= 25 GeV. We calculate the cross sections

for the processes σ0−j = σ(pp → Nµ± → µ±µ±jj), σ1−j = σ(pp →
Nµ±j → µ±jµ±jj) and σ2−j = σ(pp → Nµ±jj → µ±jjµ±jj) as

functions of mN . Comparing our generated events with the recent

ATLAS results [7] at 8 TeV LHC with a luminosity of 20.3 fb−1, we

obtain an upper limit on the mixing angles between the Majorana

type heavy neutrino and the SM leptons as a function of mN . In the

ATLAS analysis the upper bound of the production cross section

(σATLAS) is obtained for the final state with the same-sign di-muon

plus di-jet as a function of mN . Using these cross sections we obtain

the upper bounds on the mixing angles as follows

|V`N |20−j ∼<
σATLAS

σ0−j
, (4.1)
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|V`N |21−j ∼<
σATLAS

σ0−j + σ1−j
, (4.2)

and

|V`N |22−j ∼<
σATLAS

σ0−j + σ1−j + σ2−j
. (4.3)

Our resultant upper bounds on the mixing angles are shown in

Fig. 4.14, along with the bounds from ATLAS [7], CMS [8], LEP

(L3) [3], electroweak precision data for electron (EWPD-e) and muon

(EWPD-µ) [4] [5] [6], and finally LHC Higgs data (Higgs) [2]. The

bound obtained from σ0−j is consistent with the bound presented in

[7]. We can see that a significant improvement on the bounds by

adding the σ1−j and σ2−j cross sections. We have also calculated

the cross sections, σ0−j, σ1−j and σ2−j, for the 14 TeV LHC. Ap-

plying the ATLAS bound at 8 TeV with 20.3 fb−1 luminosity, we

put a prospective upper bound on the mixing angles. We scaled the

bound for the luminosities of 300 fb−1 and 1000 fb−1. The results

are shown in Fig 4.15.

Recently CMS has performed the same-sign di-lepton plus di-jet

search [8]. Using this result and adopting the same procedure for the

ATLAS result, we calculate the upper bound on the mixing angles

at the 8 TeV LHC. The results are shown in Fig. 4.16. A significant

improvement for the upper bound on the mixing angle is obtained
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by adding the σ1−j and σ2−j results to the σ0−j case. We can see that

at the low mass region the bound obtained by the CMS analysis is

comparable to our 0-jet plus 1-jet case and in the high mass region

that is comparable to our 0-jet case. Using the 8 TeV CMS result [8]

we obtain prospective bound at the 14 TeV for the luminosities of

20.3 fb−1, 300 fb−1 and 1000 fb−1. The results are shown in Fig. 4.17.

4.2.2 Tri-lepton signal

In this analysis we consider two cases. One is the Flavor Diagonal

case (FD), where we introduce three generations of the degenerate

heavy neutrinos and each generation couples with a single, corre-

sponding lepton flavor. The other one is the Single Flavor case (SF)

where only one heavy neutrino is light and accessible to the LHC.

The heavy neutrino couples to only the first or second generation

of the lepton flavor. In this analysis we use the CTEQ6L PDF [58].

We have calculated the bound on the mixing angle for the tri-lepton

case using the N`j final state in [9]. In the following we extend this

analysis by adding the photon mediated processes to the N`j final

state. We also include the N`jj final state.
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Fig. 4.14. Figure shows the upper bounds of square on the mixing angles as a func-
tion of mN using the ATLAS data at the 8 TeV [7]. The 0-jet (0-jet8, 20.3 fb−1)
result is compared with the ATLAS bounds (ATLAS8). The improved results
with 1-jet ((dashed), (0+1)-jet@8TeV, 20.3 fb−1) and 2-jet (thick, solid,(0+1+2)-
jet@8, 20.3 fb−1) are shown with respect to the bounds obtained by ATLAS [7].
These bounds are compared to (i) the χ2-fit to the LHC Higgs data [2] (Higgs),
(ii) from a direct search at LEP [3](L3), valid only for the electron flavor, (iv)
CMS limits from

√
s =8 TeV LHC data [8] (CMS8), for a heavy Majorana neu-

trino of the muon flavor and (v) indirect limit from a global fit to the electroweak
precision data [4], [5], [6] (EWPD), for both electron (solid, EWPD- e) and muon
(dotted, EWPD- µ) flavors. The shaded region is excluded.
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Fig. 4.15. Figure shows the search reach for the square of the mixing angles as
a function of mN at 14 TeV LHC using the ATLAS data at the 8 TeV [7]. In
this plot we give a prospective search reach for the 14 TeV. The results with 0-jet
(0-jet@14TeV, 20.3 fb−1), 1-jet ((0+1)-jet@14TeV, 20.3 fb−1) and 2-jet ((0+1+2)-
jet@14, 20.3 fb−1) are shown at 20.3 fb −1. The prospective results with 0-jet(0-
jet@14TeV, 300 fb−1), 1-jet ((0+ 1)-jet@14TeV, 300 fb−1) and 2-jet ((0+1+2)-
jet@14TeV, 300 fb−1) are also plotted at 300 fb−1 luminosity. The prospective
results with 0-jet (0-jet@14teV, 1000 fb−1), 1-jet ((0+ 1)-jet@14TeV, 1000fb−1)
and 2-jet ((0+1+2)-jet@14TeV, 1000 fb−1) are plotted at 1000 fb−1 and compared
to (i) the χ2-fit to the LHC Higgs data [2] (Higgs), (ii) from a direct search at
LEP [3](L3), valid only for the electron flavor, (iv) CMS limits from

√
s =8 TeV

LHC data [8] (CMS8), for a heavy Majorana neutrino of the muon flavor and
(v) indirect limit from a global fit to the electroweak precision data [4], [5], [6]
(EWPD), for both electron (solid, EWPD- e) and muon (dotted, EWPD- µ)
flavors. The shaded region is excluded.
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Fig. 4.16. Figure shows the upper bounds on square of the mixing angles as a
function of mN using the CMS data at the 8 TeV [8]. The 0-jet (0-jet@8TeV,
19.7 fb−1) result is compared with the CMS bounds (CMS8). The improved
results with 1-jet ((0+ 1)- jet@8TeV, 19.7 fb−1) and 2-jet ((0+ 1+ 2)-jet@8TeV,
19.7 fb−1) are shown with respect to the CMS data from [8]. The bounds are
compared to (i) the χ2-fit to the LHC Higgs data [2] (Higgs), (ii) from a direct
search at LEP [3](L3), valid only for the electron flavor, (iv) ATLAS limits from√
s =8 TeV LHC data [7] (ATLAS 8), for a heavy Majorana neutrino of the muon

flavor and (v) indirect limit from a global fit to the electroweak precision data [4],
[5], [6] (EWPD), for both electron (solid, EWPD- e) and muon (dotted, EWPD-
µ) flavors. The shaded region is excluded.
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Fig. 4.17. Figure shows the prospective search reach for square of the mixing
angles as a function of mN at the 14 TeV LHC using the CMS data at the 8 TeV
[8]. The 0-jet (0-jet@14TeV, 20.3 fb−1), 1-jet ((0+1)-jet@14TeV, 20.3 fb−1)and
2-jet ((0+1+2)-jet@14TeV, 20.3 fb−1) are shown at the 20.3 fb−1. The prospective
results with 0-jet(0-jet@14TeV, 300 fb−1), 1-jet ((0+ 1)-jet@14TeV, 300 fb−1) and
2-jet ((0+1+2)-jet@14TeV, 300 fb−1) are also plotted at 300 fb−1 luminosity. The
prospective results with 0-jet (0-jet@14TeV, 1000 fb−1), 1-jet ((0+ 1)-jet@14TeV,
1000fb−1) and 2-jet ((0+1+2)-jet@14TeV, 1000 fb−1) are plotted at 1000 fb−1 and
compared to (i) the χ2-fit to the LHC Higgs data [2] (Higgs), (ii) from a direct
search at LEP [3](L3), valid only for the electron flavor, (iv) CMS limits from√
s =8 TeV LHC data [8] (CMS8), for a heavy Majorana neutrino of the muon

flavor and (v) indirect limit from a global fit to the electroweak precision data [4],
[5], [6] (EWPD), for both electron (solid, EWPD- e) and muon (dotted, EWPD-
µ) flavors. The shaded region is excluded.
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We generate the 1-jet and the 2-jet parton level processes sepa-

rately in MadGraph and then gradually hadronize and perform de-

tector simulations with Xqcut= pjT = 30 GeV and QCUT= 36 GeV

for the hadronization. In our analysis we use the matched cross

section after the detector level analysis. After the signal events are

generated, we adopt the following basic criteria, used in the CMS

tri-lepton analysis [1]:

(i) The transverse momentum of each lepton: p`T > 10 GeV.

(ii) The transverse momentum of at least one lepton: p`,leading
T > 20

GeV.

(iii) The jet transverse momentum: pjT > 30 GeV.

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

(v) The lepton-lepton separation: ∆R`` > 0.1 and the lepton-jet

separation: ∆R`j > 0.3.

(vi) The invariant mass of each OSSF (opposite-sign same flavor)

lepton pair: m`+`− < 75 GeV or > 105 GeV to avoid the on-Z

region which was excluded from the CMS search. Events with

m`+`− < 12 GeV are rejected to eliminate background from

low-mass Drell-Yan processes and hadronic decays.
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(vii) The scalar sum of the jet transverse momenta: HT < 200 GeV.

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

The additional tri-lepton contributions come from N → Zν, hν, fol-

lowed by the Z, h decays into a pair of OSSF leptons. However, the

Z contribution is rejected after the implementation of the invariant

mass cut for the OSSF leptons to suppress the SM background and

the h contribution is suppressed due to very small Yukawa couplings

of electrons and muons. Using different values of /ET and HT , the

CMS analysis provides different number of observed events and the

corresponding SM background expectations. For our analysis the

set of cuts listed above are the most efficient ones as implemented

by the CMS analysis [1]. To derive the limits on |V`N |2, we calcu-

late the signal cross section normalized by the square of the mixing

angle as a function of the heavy neutrino mass mN for both SF

and FD cases, by imposing the CMS selection criteria listed above.

The corresponding number of signal events passing all the cuts is

then compared with the observed number of events at the 19.5 fb−1

luminosity [1]. For the selection criteria listed above, the CMS ex-

periment observed:

(a) 510 events with the SM background expectation of 560±87

events for m`+`− < 75 GeV.
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(b) 178 events with the SM background expectation of 200±35

events for m`+`− > 105 GeV.

In case (a) we have an upper limit of 37 signal events, while in case

(b) leads to an upper limit of 13 signal events. Using these limits,

we can set an upper bound on |V`N |2 for a given value of mN .

In Fig. 4.18 we plot our results of the upper bound for the SF

and FD cases. The thick red dashed line (SF875
f ) stands for the re-

sults of the SF case by employing the CMS observation (a) whereas

the thick red solid line (SF8105
f ) stands for the results of the SF

case by employing the CMS observation (b). The corresponding re-

sults for the FD case are represented by the thick blue dashed line

(FD875
f ) and the thick blue solid line (FD8105

f ), respectively. The

results of the previous analysis [9] are shown by the yellow dashed

lines (SF875
i , SF8105

i , FD875
i and FD8105

i ). Our new results have

improved the upper bound on the mixing angles. This improvement

becomes more significant in the high mN region because the photon

mediated process dominates the N production cross section (com-

pare Figs. 4.4, 4.9 and 4.13 each other). We have also calculated the

cross sections at the 14 TeV LHC. Comparing the cross sections at

14 TeV to those at 8 TeV we have obtained the prospective upper

bounds at the 14 TeV LHC, which are shown as the thin solid lines

(SF14105
f and FD14105

f ) above the Z-pole.
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Fig. 4.18. The 95 % CL upper limits on the light-heavy neutrino mixing angles
|V`N |2 as a function of the heavy Dirac neutrino mass mN , derived from the CMS
tri-lepton data at

√
s =8 TeV LHC for 19.5 fb−1 luminosity [1]. The exclusion

(shaded) regions are shown for two benchmark scenarios: (i) single flavor (SF)
and (ii) flavor diagonal (FD), with two choices of the selection cut ml+l−<75 GeV
(thick dotted) and >105 GeV (thick solid). The previous results with the selection
cut ml+l−<75 GeV (thick dot-dashed) and >105 GeV (thick large-dashing) at the
1-jet level are shown in this context from [9]. The corresponding conservative
projected limits from

√
s =14 TeV LHC data with 300 fb−1 integrated luminosity

are shown by thin solid lines (SF14105
f and FD14105

f ) above the Z-pole. Some
relevant existing upper limits (all at 95% CL) are also shown for comparison: (i)
from a χ2-fit to the LHC Higgs data [2] (Higgs), (ii) from a direct search at LEP
[3](L3), valid only for the electron flavor, (iii) ATLAS limits from

√
s =7 TeV

LHC data [10] (ATLAS7) and
√
s =8 TeV LHC data [7] (ATLAS8), valid for a

heavy Majorana neutrino of the muon flavor, (iv) CMS limits from
√
s =8 TeV

LHC data [8] (CMS8), for a heavy Majorana neutrino of the muon flavor and
(v) indirect limit from a global fit to the electroweak precision data [4], [5], [6]
(EWPD), for both electron (solid) and muon (dotted) flavors. The data for 1-jet
case from [9] are shown by SF 75

i , SF 105
i , FD75

i and FD105
i (large dashed lines).

The shaded region is excluded.
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5 CONCLUSION

Apart from the extraordinary agreements between the SM and

the experimental observations, the SM has some problems. The

neutrinos in SM were considered to be massless, however, the neu-

trino oscillation experiments have established the existence of small

neutrino mass flavor mixing. To explain the tiny neutrino mass we

need to the extend the SM with heavy right handed Majorana neu-

trinos which induce a dimension five operator for the neutrino mass

generation, namely, the seesaw mechanism. We also have another

possibility to generate the neutrino mass where a small lepton num-

ber violating parameter is involved. In this case the smallness of the

lepton number violating parameter regulates the tiny neutrino mass.

This is called the inverse seesaw mechanism. In this work we have

studied the phenomenology of the heavy neutrinos at high energy

colliders.

In Chapter 2 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
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the SM lepton doublets and Higgs doublet even for their mass scale

being 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, 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 consid-

ered two typical cases for the neutrino flavor structures of the model,

namely, the FND and FD cases. 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 parameterizations with all zero

CP-phases . For the LHC with
√
s = 14 TeV, we have analyzed

the productions of the heavy neutrinos with a degenerate 100 GeV

mass, providing the tri-lepton final states with the like-sign electrons

or muons. After imposing suitable cuts, we have found that the 5−σ
statistical significance of the signal events over the SM background

can be achieved for the luminosity around 11 fb−1 in the FD case.

On the other hand, the production cross sections in the FND case

is too small to observe the heavy neutrino signal.
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We have also studied the heavy neutrino production at the ILC

with
√
s =500 GeV-1 TeV, where the final state with a single, iso-

lated electron, and di-jet and large missing energy is considered. For

the luminosity
√
s = 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 NH mass spectrum in the FND case has been found to be

low. Since we can expect the similar efficiencies of the signal and SM

background for the final states with different lepton flavors, muon

or tau, the heavy neutrinos can be detected with a large statistical

significance in the modes for all FND and FD cases.

For completeness, we have also considered the general parameter-

ization 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 (δ), the Majorana CP-

phase (ρ) and one angle of the orthogonal matrix, are newly involved

in our analysis. We have performed a parameter scan and identified

the parameter region which satisfies all experimental constraints on

the elements of the ε-matrix. Then, we have shown the signal cross

sections of the heavy neutrino production for the parameters identi-

fied. For both of the LHC and ILC cases, we have found significant

enhancements of the cross section for the NH case and the resultant
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cross section can be of the same order of 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, the flavor

dependent signal events from the heavy neutrino productions 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 [82] has reported

their results on the search for the heavy neutrinos based on the

production through effective four-fermion operators [90]. The vector

operator of (d̄γµu)(N̄γµ`)/Λ
2 is relevant to our case. The final states

with ``jj (` = e or µ) 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
√
s = 7 TeV, the ATLAS experiment has set the lower bound on

the cutoff scale Λ as a function of the heavy neutrino mass ≥ 200

GeV. For example, it is found that Λ ≥ 2.8 TeV for M = 200

GeV. We interpret this result to the upper bound on the heavy
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neutrino production cross section through the four-fermion operator

as σ(qq̄′ → `N) ≤ 24.0 fb. In the FD case, we find σ(qq̄′ → `N) '
3.77 fb and therefore, the parameter region we have examined in this

paper is consistent with the current LHC results.

In Chapter 3 we have derived the direct collider bounds on electroweak-

scale pseudo-Dirac heavy neutrinos, which could be naturally mo-

tivated in inverse seesaw models to explain the observed smallness

of active neutrino masses by a small lepton number breaking. The

derived upper bound on the light-heavy neutrino mixing parameter

|BlN |2 is about 2 × 10−3 for mN ∼ 100 GeV, and is comparable to

the existing best limit from electroweak precision tests. Our analysis

provides the first direct limits on the mixing parameter |BlN |2 up to

mN = 500 GeV or so. The bounds derived here should be considered

as conservative bounds, since optimizing the experimental analysis

for our particular trilepton channel, and including the infrared en-

hancement effects due to t-channel quarks and photons, will yield

a much stronger bound. We hope the experimental community will

seriously consider this possibility. Finally, the collider bounds could

significantly improve with more data from the upcoming LHC run-II

with
√
s = 13− 14 TeV.

In Chapter 4 we have also studied the productions of heavy Ma-

jorana and pseudo-Dirac neutrinos from the type-I and the inverse
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seesaw mechanisms, respectively. The heavy neutrinos can be pro-

duced at the LHC through the sizable mixings with the light neutri-

nos in the SM. For the heavy neutrino production process, we have

considered various initial states such as qq′, qg and gg as well as

photon mediated processes to produce the final states N`, N`j and

N`jj. We have found that the cross section to produce N`j from

the qq′ initial state dominates over the qg for mN ∼> 150 GeV, while

the qg initial state takes over for mN ∼< 150 GeV at the 8 TeV LHC.

This happens because at low Bjorken scaling parameter the gluon

PDF dominates over the quark PDF. For the final state N`jj the

cross section obtained from qg dominates over that from the qq′ for

mN ∼< 200 GeV, while for mN ∼> 200 GeV the qq′ dominates. The

gluon fusion channel follows the cross sections from the qg and qq′

initial states. The gluon fusion channel can not dominate for the mN

values we studied, because in order to produce the heavy neutrino

the Bjorken scaling parameters for the two gluons can not be small

simultaneously. We have also studied the photon mediated pro-

cesses such as elastic, inelastic and the deep-inelastic processes. For

mN ∼< 400 (300) GeV, the deep-inelastic process dominates over the

other photon mediated processes for pjT ∼> 10 (20) GeV. The inelas-

tic process dominates over the deep-inelastic process for mN ∼> 400
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(300) for pjT ∼> 10 (20) GeV. The elastic process always yields the

lowest cross section.

We have studied the collider signatures of Majorana and pseudo-

Dirac heavy neutrinos. From the Majorana heavy neutrino we con-

sider the same-sign di-lepton plus di-jet in the final state. We have

generated the signal cross sections by using MadGraph. We com-

pare our results with the recent ATLAS [7] and CMS [8] data at
√
s = 8 TeV with 20.3 fb−1 and 19.7 fb−1 luminosities, respectively,

we have obtained the upper bound on the mixing angles. Using a

variety of the initial states we have improved the upper bounds pre-

viously obtained in [7] and [8]. For the pseudo-Dirac heavy neutrino

we have generated the tri-lepton plus missing energy as the signal

events using MadGraph and performed the detector simulation for

various initial states. Comparing our simulation results with the re-

cent anomalous multi-lepton search results by CMS [1] at
√
s = 8

TeV with 19.5 fb−1 luminosity we have obtained the upper bound

on the mixing angles, which improves the previously given result in

[9]. Finally we have scaled our results at the 8 TeV LHC to obtain

a prospective search reach at the 14 TeV LHC with higher luminosi-

ties.
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