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We study a simple left-right symmetric extension of the Zee model for neutrino mass generation.

An extra SUð2ÞL=R singlet charged scalar helps in generating a loop-induced Majorana mass for neutrinos

in this model. The right-handed neutrinos in this case are very light of the order of a few electron volts to a

few mega-electron-volts, which makes this scenario quite different from other left-right symmetric models.

We have analyzed the scalar potential and Higgs spectrum in detail, which also play an important role for

the neutrino phenomenology. We identified the parameter regions in the model which satisfy the

experimentally observed neutrino masses and mixings along with other experimental constraints. We then

studied the collider signatures of the charged scalar at eþe− colliders with different benchmark points. It is

possible to get a huge enhancement in the production cross section of the charged scalar at a lepton collider

compared to the hadron colliders, resulting in a much stronger signal, which can be easily observed at the

upcoming International Linear Collider or Compact Linear Collider experiments.

DOI: 10.1103/PhysRevD.98.115038

I. INTRODUCTION

The observation of neutrino oscillation leading to the

realization that neutrinos are massive is one of the biggest

motivations for physics beyond the Standard Model (SM).

A large number of models have been suggested to explain

neutrino masses and mixings either by the seesaw mecha-

nism [1] or through loop-induced processes [2]. The Zee

model [3] is one of the simplest such scenarios in which

neutrino masses are generated at one loop by extending the

SM scalar sector with an extra doublet and a charged singlet

scalar field. The charged singlet scalar can mix with other

charged scalars while also having nonzero flavor-violating

couplings with leptons, giving rise to neutrino masses at one

loop. Unfortunately the simplest form of the Zee model was

shown to be ruled out by experimental neutrino data [4].

However, its extensions might still be viable. In this work,

we study an extended Zee model in a left-right symmetric

(LRS) framework [5]. The model was proposed and studied

in context of the LHC in Ref. [6], and the low-energy

flavor-violating processes were discussed in Ref. [7]. In this

work, we examine its viability from neutrino oscillation data,

study the scalar potential in detail, and derive charged Higgs

spectrum as well as analyze the possible electron-positron

collider implications for the charged singlet Higgs boson.

LRS models are attractive extensions of the SM with

the gauge group being extended to SUð3ÞC × SUð2ÞL×
SUð2ÞR ×Uð1ÞB−L. The parity symmetry is fundamentally

conserved in these models, which provides a natural

solution to the strong CP problem [8] without introducing

a global Peccei-Quinn symmetry. The parity symmetry is

broken once the SUð2ÞR ×Uð1ÞB−L is spontaneously

broken into Uð1ÞY at a scale vR much above the electro-

weak scale. Thus, the observed parity violation in the SM

can be easily understood. The gauge structure of LRS

framework naturally requires the existence of right-handed

neutrinos, which can help generate light neutrino masses

through the seesaw mechanism. This usually requires the

presence of an SUð2ÞR triplet scalar of which the neutral

component acquires a nonzero vacuum expectation value,

leading to the right-handed symmetry breaking and the

generation of Majorana masses for the right-handed neu-

trinos. The simplest LRS scenario, on the other hand,

requires only an SUð2ÞR doublet scalar to achieve a

consistent right-handed symmetry breaking but cannot

generate light neutrino masses.
1
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These models need extra singlet fermions for neutrino mass

generation.
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consisting of two doublets and a bidoublet scalar field, as

will be considered here, can only generate a Dirac mass

term for the neutrinos, and the introduction of an extra

charged singlet scalar is a very economical way to generate

neutrino Majorana masses in such a scenario. Hence, it is

quite natural to extend the Zee model in a simple LRS

framework to generate the neutrino masses and mixings.

There are several other advantages of the LRS extended

Zee model. First, since the neutrino Majorana masses are

generated at one loop, the right-handed neutrino masses

also remain quite light, ranging from a few electron volts to

a few mega-electron-volts. This is quite different from other

LRS scenarios, in which right-handed neutrinos are very

heavy with masses proportional to the right-handed

symmetry breaking scale (typically more than a few

tera-electron-volts). The presence of lighter right-handed

neutrino states is a unique feature of this model. The recent

results from the LSND [9,10] and MiniBooNE experiments

[11–13] hint at the existence of a light sterile neutrino with

mass around a few electron volts. The LRS Zee model

would be a prime candidate for explaining such a particle if

these experimental results were to persist. Another impor-

tant consequence of light right-handed neutrinos is the

enhanced cross section for the production of the SUð2ÞL=R
singlet charged Higgs boson in this model, especially in the

context of electron-positron colliders. The singlet charged

Higgs bosons can be pair produced via a t-channel process.
This process can either be mediated by a left-handed or a

right-handed neutrino. The left-handed neutrino mediated

processes suffer from extremely small couplings, while the

right-handed neutrino mediated processes (for models with

heavy right-handed neutrinos) are suppressed by the large

right-handed neutrino masses. The t-channel mediated

charged Higgs pair-production cross section thus remains

extremely small for both of these processes. Our scenario,

with light mega-electron-volt-scale right-handed neutrinos,

can alleviate this shortcoming and deliver a large pair-

production cross section for the charged Higgs boson.

Owing to the large couplings with the leptons, the charged

singlet Higgs bosons can be copiously produced at lepton

colliders and thus give rise to rich collider phenomenology.

Since the singlet charged Higgs does not interact with the

quarks of the SM, it has a limited discovery prospect in the

hadronic colliders including the LHC. A lepton collider,

instead, is a perfect setup to test the singlet charged Higgs

of this model.

In this work, we pursue a detailed study of the LRS

extended Zee model by analyzing the neutrino mass and

mixing constraints on the model parameters, taking into

account three generations of light neutrinos. We explicitly

show the hierarchical structure of the Dirac mass matrix.

We also analyze the potential and evaluate the Higgs

spectrum in detail. Furthermore, with the set of model

parameters that satisfy neutrino oscillation measurements,

we carry out an in-depth analysis of the pair production and

decay of these charged scalars in the upcoming

International Linear Collider (ILC) and Compact Linear

Collider (CLIC) experiments. The final state of two

opposite-sign leptons and missing energy can be measured

quite significantly over the SM background, resulting in a

possibility to observe such a process even with a very low

luminosity L ∼ 1–3 fb−1 at these experiments. Therefore,

even an early run of the ILC/CLIC can detect the presence

of such a gauge singlet charged Higgs state.

The rest of this paper is organized as follows. We discuss

the model and the particle spectrum in Sec. II. Following

that, the pair production of the charged Higgs and its

detailed collider phenomenology is discussed in Sec. III.

We present our conclusions in Sec. IV.

II. MODEL AND SPECTRUM

LRS models are simple gauge extensions of the SM

with the gauge group being SUð3ÞC × SUð2ÞL × SUð2ÞR×
Uð1ÞB−L. The charge of a particle in this model is

defined as

Q ¼ I3L þ I3R þ B − L

2
; ð1Þ

where I3L=3R is the third component of isospin under

SUð2ÞL=R symmetry. The quarks and leptons consist of

three generations of left-handed and right-handed doublet

fields,

QL

�

3; 2; 1;
1

3

�

¼
�

u

d

�

L

; QR

�

3; 1; 2;
1

3

�

¼
�

u

d

�

R

;

lLð1; 2; 1;−1Þ ¼
�

ν

e

�

L

; lRð1; 1; 2;−1Þ ¼
�

ν

e

�

R

;

ð2Þ

where the numbers in the brackets denote the quantum

numbers under SUð3ÞC, SUð2ÞL, SUð2ÞR, and Uð1ÞB−L
gauge groups, respectively. Here, we see that the right-

handed neutrinos are naturally present due to the gauge

symmetry of the models.

The minimal Higgs sector, required for a consistent

symmetry breaking mechanism and the generation of quark

and lepton masses and mixing angles, consists of

HRð1; 1; 2; 1Þ ¼
�

Hþ
R

H0
R

�

; HLð1; 2; 1; 1Þ ¼
�

Hþ
L

H0
L

�

;

Φð1; 2; 2; 0Þ ¼
�

ϕ0

1
ϕþ
2

ϕ−
1

ϕ0

2

�

; δð1; 1; 1; 2Þ ¼ δþ:

ð3Þ

The right-handed doublet field HR is required for breaking

the SUð2ÞR ×Uð1ÞB−L into Uð1ÞY at some high scale to

obtain the SM gauge symmetry at the electroweak (EW)
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scale. TheHL doublet is required for the preservation of the

left-right symmetry. The bidoublet field Φ is responsible

for generation of quark and charged lepton masses and

Cabibbo-Kobayashi-Maskawa (CKM) mixing angles. The

charged singlet field δ� is needed for the generation of

neutrino masses through one-loop diagrams, as will be

discussed later in this section.

The Yukawa Lagrangian is given as

LY ¼ Y
q1
ij Q̄LiΦQRj þ Y

q2
ij Q̄LiΦ̃QRj þ Yl1

ij l̄LiΦlRj

þ Yl2
ij l̄LiΦ̃lRj þ λLij

lTLiiτ2lLjδ
þ

þ λRij
lTRiiτ2lRjδ

þ þ H:c:; ð4Þ

where Y and λ are the Yukawa couplings and

Φ̃ ¼ τ2Φ
�τ2: ð5Þ

The structure of the λL=Rij
term is such that the only terms

that will survive are the ones with i ≠ j. This is exactly the

same as in the Zee mechanism of neutrino mass generation.

If we expand out any one of the terms involving δþ in the

Yukawa Lagrangian, we will get

L ⊃
X

i≠j

νiejðλij − λjiÞ; ð6Þ

where νi and ej are both in the flavor basis. Thus, if we

redefine the λ matrix to λ0ij ¼ λij − λji, then this new λ0

matrix is completely antisymmetric, and the Lagrangian

terms can now be written as

L ⊃
X

i;j

νiejλ
0
ij: ð7Þ

The vacuum expectation values (VEVs) of the Higgs

fields are given as

hϕ0

1
i¼v1; hϕ0

2
i¼v2; hH0

Ri¼vR; hH0
Li¼vL; ð8Þ

with the effective EW VEV given as vEW¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2
1
þv2

2
þv2L

p

.

Without loss of generality, one of the bidoublet VEVs can

be chosen to be small. Also, since vL does not contribute to

the top mass, a large vL would automatically require a large

top Yukawa coupling resulting in the theory being non-

perturbative at quite low scales. The hierarchy in the VEVs

thus has been chosen such that

vR ≫ v1 > v2; vL: ð9Þ

The gauge sector of the model consists of two charged

W�
R and W� gauge bosons and three neutral bosons

including ZR, Z, and the photon. The W�
R and the ZR

bosons get their masses at the right-handed symmetry

breaking scale and remain heavy, while the others are

the same as in the SM. The heavy gauge boson masses in

this model are given as

M2

W�
R

≃
1

2
g2Rðv2R þ v2

1
þ v2

2
Þ;

M2
ZR

≃
1

2

�

ðg2R þ g2VÞv2R þ g4Rðv21 þ v2
2
Þ þ g4Vv

2
L

g2R þ g2V

�

; ð10Þ

where gR and gV are the SUð2ÞR and Uð1ÞB−L gauge

couplings, respectively. The left-handed (SM-like) gauge

boson masses are given by their usual expressions with the

effective Uð1ÞY gauge coupling gY given as

gY ¼ gRgV
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2R þ g2V
p : ð11Þ

The scalar potential of this model is given as

VðΔ;ΦÞ ¼ −μ2
1
TrðΦ†

ΦÞ − μ2
2
Tr½Φ̃Φ

† þ Φ̃
†
Φ� − μ2

3
H†

RHR − μ2
4
H†

LHL − μ2
5
δþδ− þ ðM1H

†
LΦHR

þM2H
†
LΦ̃HR þ H:c:Þ þ λ1½TrðΦ†

ΦÞ�2 þ λ2½fTrðΦ̃Φ
†Þg2 þ fTrðΦ̃†

ΦÞg2� þ λ3TrðΦ̃Φ
†ÞTrðΦ̃†

ΦÞ
þ λ4TrðΦΦ

†Þ½TrðΦ̃Φ
†Þ þ TrðΦ̃†

ΦÞ� þ ½iα1TrðHT
Lτ2ΦHRδ

−Þ þ iα2TrðHT
Lτ2Φ̃HRδ

−Þ þ H:c:�
þ α3ðH†

LΦΦ
†HLÞ þ α4½TrðΦ̃Φ

† þ Φ̃
†
ΦÞH†

LHL� þ α5TrðΦΦ
†ÞH†

LHL þ α6ðH†
RΦ

†
ΦHRÞ

þ α7½TrðΦ̃Φ
† þ Φ̃

†
ΦÞH†

RHR� þ α8TrðΦΦ
†ÞH†

RHR þ β1ðH†
LHLÞ2 þ β2ðH†

RHRÞ2 þ β3ðH†
RHRÞðH†

LHLÞ
þ γ1TrðΦ†

ΦÞδþδ− þ γ2Tr½Φ̃Φ
† þ Φ̃

†
Φ�δþδ− þ γ3H

†
LHLδ

þδ− þ γ4H
†
RHRδ

þδ− þ γ5ðδþδ−Þ2: ð12Þ

This gives four CP-even, two CP-odd, and three

charged Higgs boson states. Two CP-odd and two

charged states are eaten up to give mass to the ZR,

Z, WR, and W gauge bosons, respectively. We will

mainly focus our discussion on the charged Higgs

sector, as that is the most important for the neutrino

masses and the collider analysis which will be studied

in this paper.

Minimizing the scalar potential of Eq. (12), we get four

minimization conditions given as
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2ðλ1 þ 4λ2 þ 2λ3Þv1v22 þ 2λ4v
3

2
þ v1ðα5v2L þ α8v

2
R þ 2λ1v

2

1
− μ2

1
Þ þ 2v2ðα4v2L þ α7v

2
R þ 3λ4v

2

1
− μ2

2
Þ þM2vLvR ¼ 0;

2ðλ1v2 þ 3λ4v1Þv22 þ v2fðα3 þ α5Þv2L þ ðα6 þ α8Þv2R þ 2ðλ1 þ 4λ2 þ 2λ3Þv21 − μ2
1
g þM1vLvR

þ 2v1ðα4v2L þ α7v
2
R þ λ4v

2

1
− μ2

2
Þ ¼ 0;

f4α4v1v2 þ α5v
2

1
þ ðα3 þ α5Þv22 þ 2β1v

2
L þ β3v

2
R − μ2

4
gvL þM2v1vR þM1v2vR ¼ 0;

f4α7v1v2 þ α8v
2

1
þ ðα6 þ α8Þv22 þ 2β2v

2
R þ β3v

2
L − μ2

3
gvR þM2v1vL þM1v2vL ¼ 0: ð13Þ

Using these conditions along with the scalar potential, the charged Higgs mass-squared matrix in the gauge basis

ðϕ−
1

�;ϕþ
2
; Hþ

R ; H
þ
L ; δ

þÞ is given as

M2

H� ¼

0

B

B

B

B

B

B

@

M11 M12 α3v1vL −M2vR α6v2vR þM1vL −α2vLvR

M12 M22 α3v2vL þM1vR α6v1vR −M2vL α1vLvR

α3v1vL −M2vR α3v2vL þM1vR M33 M1v1 þM2v2 −ðα1v2 þ α2v1ÞvR
α6v2vR þM1vL α6v1vR −M2vL M1v1 þM2v2 M44 ðα1v1 þ α2v2ÞvL

−α2vLvR α1vLvR −ðα1v2 þ α2v1ÞvR ðα1v1 þ α2v2ÞvL M55

1

C

C

C

C

C

C

A

; ð14Þ

where

M11 ¼ ð−M2v1vLvR þM1v2vLvR þ α3v
2

1
v2L þ α6v

2

2
v2RÞ=ðv21 − v2

2
Þ;

M12 ¼ ðM1v1vLvR −M2v2vLvR þ α3v1v2v
2
L þ α6v1v2v

2
RÞ=ðv21 − v2

2
Þ;

M22 ¼ ð−M2v1vLvR þM1v2vLvR þ α3v
2

2
v2L þ α6v

2

1
v2RÞ=ðv21 − v2

2
Þ;

M33 ¼ −
1

vL
ðM2v1vR þM1v2vRÞ þ α3ðv22 − v2

1
Þ;

M44 ¼ −
1

vR
ðM2v1vL þM1v2vLÞ þ α6ðv22 − v2

1
Þ;

M55 ¼ γ1ðv21 þ v2
2
Þ þ 4γ2v1v2 þ γ3v

2
L þ γ4v

2
R − μ2

5
: ð15Þ

This 5 × 5 charged Higgs mass-squared matrix can be

diagonalized to obtain their mass eigenvalues as

M2

Diag ¼ V†M2

H�V; ð16Þ

where M2

Diag is the diagonalized charged Higgs boson

mass-squared matrix and V is the corresponding diagonal-

izing matrix. There are two zero eigenvalues corresponding

to the two Goldstone bosons absorbed by the W�
R and W�

bosons to give them mass. The Goldstone bosons primarily

consist ofH�
R and ϕ�

1
states, as their corresponding doublet

neutral fields get the large nonzero VEVs. The other three

eigenstates give the three physical charged Higgses and are

linear combinations of ϕ�
2
, H�

L , and δ�. Flavor constraints,
such as, K0 − K̄0 and B0 − B̄0 mixings require the neutral

component of the bidoublet field ϕ0

2
mass to be heavier than

15 TeV [14], forcing its charged counterpart to be very

massive as well. So, δ� can primarily mix only with H�
L as

ϕ�
2
is effectively decoupled, owing to its large mass. We

will consider two scenarios for our analysis: one in which

the lightest charged Higgs consists almost entirely of the

charged singlet field δ� and another in which the lightest

physical state is an almost equal admixture of δ� and H�
L .

In Table I, we provide four benchmark points for the

lightest charged Higgs boson H�
1
, two for the minimal

mixing and two for the maximal mixing scenarios. We also

cross-check the corresponding scalar and pseudoscalar

neutral Higgs bosons for the set of parameters that we

use to generate the above charged Higgs masses, given in

Table I. We ensure that the lightest scalar Higgs boson mass

is 125 GeV and the pseudoscalar sector has two massless

Goldstone bosons, required to give masses to the ZR and Z
bosons.

TABLE I. Lightest charged Higgs boson H�
1
eigenstates. The

first two points correspond to minimal mixing, while the next two

are for maximal mixing.

Mass Composition

473.32 0.002ϕþ
2
þ 0.999δþ

1000.7 0.002ϕþ
2
þ 0.999δþ

432.58 0.03 ϕ1
−� − 0.006ϕþ

2
þ 0.72Hþ

L þ 0.69δþ

1000.9 0.03 ϕ1
−� − 0.006ϕþ

2
þ 0.76Hþ

L þ 0.65δþ
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The quark and lepton masses can be obtained from

Eq. (4) as

Mu ¼ Yq1v1 þ Yq2v2; Md ¼ Yq1v2 þ Yq2v1;

Ml ¼ Yl1v2 þ Yl2v1; MD
ν ¼ Yl1v1 þ Yl2v2: ð17Þ

One can perform a simple rotation of the neutral bidoublet

fields to obtain two new scalar fields,

h0
1
¼ v1ϕ

0

1
þ v2ϕ

0

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2
1
þ v2

2

p ; h0
2
¼ v2ϕ

0

1
− v1ϕ

0

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v2
1
þ v2

2

p : ð18Þ

In this rotated basis, only one of these new fields (h0
1
) gets

a nonzero VEV. This, along with a redefinition of the

couplings, gives

Mu ¼ Yqv0
1
; Md ¼ Ỹqv0

1
; Ml ¼ Ỹlv0

1
; MD

ν ¼ Ylv0
1
;

ð19Þ

where hh0
1
i ¼ v0

1
is the VEV in the redefined basis and

Yq ¼ 1

v0
1

ðYq1v1 þ Yq2v2Þ; Ỹq ¼ 1

v0
1

ðYq1v2 þ Yq2v1Þ;

Ỹl ¼ 1

v0
1

ðYl1v2 þ Yl2v1Þ; Yl ¼ 1

v0
1

ðYl1v1 þ Yl2v2Þ:

ð20Þ

The δþ field is responsible for producing the Majorana

mass terms in the neutrino mass matrix, which are given

as [6]

ðML
ν Þαγ ¼

1

4π2
λ0L

αβmeβ

X

3

i¼1

Log

�

M2

hi

m2
eβ

�

× V5i½ðY†

l ÞβγV�
2i − ðỸ†

l ÞβγV�
1i� þ α↔ γ;

ðMR
ν Þαγ ¼

1

4π2
λ0R

αβmeβ

X

3

i¼1

Log

�

M2

hi

m2
eβ

�

× V5i½ðYlÞβγV�
1i − ðỸlÞβγV�

2i� þ α↔ γ: ð21Þ

Here, α, β, and γ each run from 1–3, Vij corresponds to the

ijth element of the charged Higgs boson mixing matrix V
defined in Eq. (16), Mhi

ði ¼ 1–3Þ is the mass of the

charged Higgs boson eigenstates, and meα
is the charged

lepton mass with α ¼ 1, 2, and 3 representing the electron,

muon, and tau, respectively. The neutrino mass matrix

would thus be a 6 × 6 matrix in the ðνLi
; νRj

Þ (i, j ¼ 1–3)

basis given as

Mν ¼
�

ML
ν MD

ν

ðMD
ν ÞT MR

ν

�

; ð22Þ

where ML
ν and MR

ν are generated at one loop while MD
ν is

the neutrino Dirac mass term. With the seesaw approxi-

mation, the light neutrino mass matrix appears as a

combination of the type-I and type-II seesaws:

Mν ¼ ML
ν −MD

ν
TMR

ν
−1MD

ν : ð23Þ

The redefined coupling Ỹl, which we have chosen to be

diagonal, is entirely determined from the charged lepton

masses as can be seen fromEq. (19). Similarly,Yq (chosen to

be diagonal) and Ỹq can be determined from the up and down

sector quark masses and CKM mixings. For the neutrino

sector, we first choose Yl to be zero to get the

light neutrino masses and mixings from ML
ν alone. This

approach does not work, as there are too few free parameters

to fit the experimental neutrino data (λ0L is antisymmetric).

We then consider the casewith nonzeroYlwhile λ
0
L is chosen

to be zero. The neutrino mass generation thus becomes

similar to the type-I seesaw mechanism, with the light

neutrino masses arising entirely from Mν
D and MR as,

Mν ¼ −MD
ν
TMR

ν
−1MD

ν : ð24Þ

This gives us the correct experimentally observed masses

and mixings for the light neutrino, and hence this is the

approach we have chosen for the neutrino sector.
2

The right-handed neutrino masses in this scenario are

generated at one loop and proportional to the square of the

charged lepton Yukawa coupling Ỹl. Therefore, right-

handed neutrino masses are quite small. As the other

Yukawa coupling Yl is responsible for generating Dirac

masses for the neutrinos, it is orders of magnitude smaller

than Ỹl and hence does not have any impact on right-

handed neutrino masses. We show the variation of the

three right-handed neutrino massesMN1;2;3
with the Yukawa

coupling λ0R in Fig. 1. As can be seen, for λ0R ∼ 0.1–1, the

lightest right-handed neutrino mass MN1
varies from 3 to

30 eV, whileMN2;3
are in the sub-mega-electron-volts scale.

In deriving this, we utilize Eq. (21), where we diagonalize

the right-handed Majorana mass matrix MR
ν . The charged

Higgs boson masses and mixings used to obtain the

neutrino Majorana masses are the ones corresponding to

the first benchmark point in Table I. We have also provided

these charged Higgs boson masses and mixings in details in

Appendix A. This is quite different from other left-right

symmetric models in which the right-handed neutrino is

naturally heavy as its mass is proportional to the right-

handed symmetry breaking scale.

For our subsequent analysis, we choose λ0R ∼Oð1Þ.
Since we use a type-I seesawlike structure for the neutrino

2
Even if we keep both Yl and λ0L to be nonzero, for which

ML
ν ≠ 0, the values of the elements of the λ0L matrix satisfying the

neutrino constraints turn out to be too small to have any
observable consequences for our study.
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mass, the Dirac Yukawa couplings Yl in Eq. (19) are chosen

accordingly to satisfy the correct neutrino oscillation

parameters, given in Table II. For an illustrative example,

we consider a normal hierarchy spectrum in the light

neutrino sector. The allowed values for the elements of

the Dirac mass matrix MD
ν are obtained by scanning over

the allowed parameter space. We have varied the elements

of λ0R matrix between 0.5 and 1, keeping them very close to

each other by allowing a spread of only 10%. To generate

MR
ν , we set the charged Higgs masses and mixings as given

in Appendix. Figure 2 gives a scatter plot of the allowed

neutrino Dirac masses (directly proportional to the Dirac

Yukawa coupling Yl) satisfying the experimental 3σ ranges

for the light neutrino parameters given in Table II. Here, we

plot the neutrino Dirac masses along the y axis with MD
ν11

along the x axis. This gives us an clear indication of the

allowed values of the various terms in the MD
ν matrix

relative to each other. Note that the hierarchy between

ðMD
ν Þ11; ðMD

ν Þ12, and ðMD
ν Þ13 is clearly visible from Fig. 2,

which shows that ðMD
ν Þ13 element of the Dirac mass matrix

acquires the largest numerical values. The hierarchy

between ðMD
ν Þ12 and ðMD

ν Þ13 is larger for lower values

of ðMD
ν Þ11 matrix element.

As is clear from the preceding discussion, in the present

model, we have an electron-volt-scale right-handed neu-

trino. Hence, it may give the contribution to the relativistic

degree of freedom (d.o.f) of the Universe if they equilibrate

with the cosmic soup through their mixing with the active

neutrinos. Recently, from Planck data, there is a strong

bound on the sum of the light d.o.f., which at 2σ gives

Nν < 3.2 and comes when we combine the D=H ratio with

the cosmic microwave background baryon density [17,18].

However, the recent LSND [9,10] andMiniBooNE [11–13]

data of electron excess in the antineutrino mode requires an

electron-volt-scale sterile neutrino [19]. The reactor anoma-

lies [20–23] and the gallium experiments calibration data

[24–27] also hinted the presence of electron-volt-scale

sterile neutrinos. Therefore, to go around the bound on

the light relativistic d.o.f., a number of mechanisms have

been suggested to overcome it. Among them, the popular

ones are as follows. In Refs. [28–31], the authors have

used secret interactions in which the sterile neutrinos are

charged under some hidden symmetry mediated by the

light gauge boson, resulting in the mixing between active

and sterile neutrinos being suppressed due to the large

thermal potential experienced by the sterile neutrinos. In

Ref. [32], they have shown that relativistic d.o.f. can be

alleviated if the sterile neutrino is produced in a scenario in

which the reheating temperature (TR) is low, TR < 7 MeV.

The authors of Ref. [33] have shown how to reduce Nν by

studying the active-sterile flavor conversion. In Ref. [34],

they have used mega-electron-volt dark matter to reduceNν

with the help of p-wave annihilations. Reference [35]

discusses the fact that without violating cosmology we can
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FIG. 2. Scatter plot of neutrino Dirac mass matrix elementsMD
νij

(denoted by Mνij
in the figure) satisfying the neutrino oscillation

data in Table II.

TABLE II. Experimental 3σ ranges for light neutrino param-

eters. See Refs. [15,16] for further details.

7.03 × 10−5 eV2 < Δm2

21
< 8.09 × 10−5 eV2

2.407 × 10−3 eV2 < Δm2

31
< 2.643 × 10−3 eV2

0.271 < sin2 θ12 < 0.345

0.385 < sin2 θ23 < 0.635

0.01934 < sin2 θ13 < 0.02392

UPMNS
 

0.800 → 0.844 0.515 → 0.581 0.139 → 0.155

0.229 → 0.516 0.438 → 0.699 0.614 → 0.790

0.249 → 0.528 0.462 → 0.715 0.595 → 0.776

!

FIG. 1. Right-handed neutrino masses as a function of λ0R for

minimal charged Higgs mixing.
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increase the relativistic d.o.f. by reducing the neutron-to-

proton ratio (n=p). A number of these possible resolutions

can be applied for our model. For example, we can consider

the existence of secret interactions with some hidden sector

particles, which would help lower the neutrino mixing

between the left-handed and right-handed neutrinos. The

effect of these interactions, though, would have ceased to

exist at a much earlier time in the Universe, and today we

would not be able to observe them anymore. Hence, our

current study would not be sensitive to them. Again, the

other two right-handed neutrinos are in mega-electron-volt

mass range and have a warm spectrum; i.e., they are neither

relativistic (which makes the problem with the cosmologi-

cal structure formation [36]) nor nonrelativistic. Extensive

studies in the context of structure formation for such sub-

mega-electron-volt right-handed neutrinos are there in the

literature [19,37–45]. Our model can thus be made con-

sistent with the cosmological constraints, but we have not

considered them here as it is beyond the scope of this work.

III. EXPERIMENTAL LIMITS AND

COLLIDER SIGNATURE

In Table I, we present a list of the various charged Higgs

eigenstates that we consider in this study. We consider two

cases with minimal mixings (thus consisting entirely of δþ)
and two with maximal mixing of δþ with Hþ

L . For these

benchmark points, we study the pair production of charged

Higgs states and their decay to a final state of two opposite-

sign charged leptons and two neutrinos. The most recent

experimental bound on this process is from the ALTAS

search [46] of two opposite-sign leptons and missing

energy, which puts a bound of 500 GeV if the final state

is coming from pair production of two sleptons. The

production cross section of the charged Higgs at the

LHC is, however, much lower for our model, and even a

430 GeV charged Higgs is safe from the LHC bounds.
3

Therefore, the benchmark points we have considered are

allowed by the experimental observations. The pair pro-

duction of the charged Higgs at the LHC is through the

s-channel process mediated by γ, Z, and ZR bosons, which

gives a small production cross section. In a lepton collider,

on the other hand, there is an additional t-channel process
mediated by the neutrinos as shown in Fig. 3. Owing to the

large couplings of the charged singlet with the right-handed

leptons and the small masses of the right-handed neutrinos

in this model, this t-channel process will be the major

pair-production channel. The masses of the right-handed

neutrinos used in our analysis are taken as

MN1
¼17 eV; MN2

¼6.8KeV; MN3
¼8.2KeV; ð25Þ

for which the values of the Yukawa coupling λ0R ∼Oð1Þ.
We thus study the pair production of the charged Higgs at

the 1 TeV run of the ILC [47] and 3 TeV run by the CLIC

[48]. We include the relevant vertices in FEYNRULES [49]

and use MADGRAPH [50] for event generation, PYTHIA [51]

for hadronization, and DELPHES [52] for detector simu-

lation. Figure 4 shows the pair-production cross section of

the charged singlet Higgs as a function of its mass for four

different c.m. energies at the lepton colliders. Here, we

consider the scenario of minimal mixing of the singlet

charged scalar for this figure. The charged Higgs decays

to a charged lepton and a right-handed neutrino and gives

rise to a final state of dileptons with opposite charge (lþ and

l−) and missing energy. Even in the case in which the

charged Higgs is a mixture of δ� and H�
L , this is the only

kinematically allowed two-body decay channel with its

branching into three-body decays being almost negligible.

This is becauseHL does not couple to the quarks or leptons

and its other physical states (the charged state with H�
L and

δ� orthogonal to the one considered here and the CP-odd

and CP-even neutral states coming from H0

L) are much

heavier. Schematically, the signal looks like

FIG. 3. Feynman diagram for the production of Hþ
1
H−

1
at eþe−

collider. The right panel diagram represents the contribution of

the right-handed neutrinos in the pair-production process.

Process: e
+
e

-
  H1

+
 H1

-

e+ e- Collider Energy

380 GeV

500 GeV

1000 GeV

3000 GeV

e+
e-  

 H
1+
 H

1-
 [

p
b
]

0.1

1

10

100

MH1
± [GeV]

100 1000

FIG. 4. Production cross section of Hþ
1
H−

1
at the eþe− collider

for different center-of-mass energies.

3
For a set of loose cuts denoted by SF1 in Ref. [46], a

production cross section for lþl−=ET greater than 2 fb is ruled out,
while we only get 0.23 fb forMH� ¼ 450 GeV with similar cuts.
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eþe− → HþH−
→ lþl−=ET þ X; ð26Þ

where l� is either one of e�, μ�, and τ� or a combination of

them. Inside the detector, the τ lepton will decay leptoni-

cally or hadronically, and a small portion of it will give an

opposite-sign dilepton and will increase the signal strength.

As τ decays, eventually, we get a final-state signal which

consists of an opposite-sign electron (e�) or muon (μ�) or
dijet. For simulation, we consider Yukawa couplings λ0R,
which are allowed by neutrino oscillation data.

Since we are interested in the opposite-sign dilepton

(lþl−) and missing energy (=ET) signal in the final state, the

corresponding SM dominant backgrounds are as follows:

(1) At the time of electron positron collision, the

opposite-sign dilepton and missing energy can be

produced as eþe− → lþl−Zð→ νlν̄lÞ. This includes

both the ZZ and the virtual photon contribution.

(2) Another dominant background is the WþW− pair

production and its further leptonic decay. This can

mimic the signal as eþe− → WþW−
→ lþl−νlν̄l.

(3) Moreover, tt̄ final state production and its

subsequent decay will also affect the signal as

background in the following manner: eþe− →
tð→ blþνlÞt̄ð→ b̄l−ν̄lÞ.

We do not put any veto on the light jet in our analysis.

Additionally, this is to note that the signal does not

comprise any b jet. Therefore, a b veto will reduce the

backgrounds, such as tt̄ production. Depending on the

various kinematical variables, there is a clear distinction

between the signal and the backgrounds as can be seen

clearly in Fig. 5. The leftmost plot in Fig. 5 shows the

distribution of the transverse momentum of the hardest

lepton ðpl1
T Þ, the one in the middle is its pseudorapidity

distribution ðηl1Þ, and the rightmost plot shows the missing

energy distribution of the signal and background events.

Following these, we can select appropriate cuts on different

kinematical variables to minimize the background, while

protecting the signal as much as possible. The details of the

cuts, which we use in our analysis, are as follows:

(A0) We consider a signal in which final state contains

two opposite-sign dileptons with missing energy,

i.e., lþl−=ET . We implement a minimum cut on

the pT of the leptons, which is pmin
T;l ≥ 10 GeV.

We also implement an upper limit on the pseudor-

apidity, which is jηlj < 2.5. These cuts have been

implemented at the time of generating the partonic

event samples.

(A1) We select our events which contain two opposite-

sign dilepton.

(A2) From the left panel of Fig. 5, one can see that if we

use the cut on the hardest lepton around 130 GeV

then background can be reduced. We therefore use

the cut on the pT of the hardest lepton, which is

equal to or greater than 130 GeV, p
l1
T ≥ 130 GeV,

and a relatively softer cut on the second lepton,

which is p
l2
T ≥ 60 GeV.

(A3) The background from ZZ pair production can be

safely removed by applying a Z veto. We put a

small window on the dilepton invariant mass (mll)

which is jmll − 91.2j ≤ 10 GeV, and reject the

events where mll falls within this window.

(A4) One of the backgrounds (tt̄) contains b jets in the

final state. However, the signal of our interest does

not have any b jets. Therefore, we have used the b
veto in the final state to reduce the background

without affecting the signal.

(A5) From the middle panel of Fig. 5, it is evident that

signal and backgrounds peak at different values

of the pseudorapidity of the leading lepton. We use

a tighter cut on ηl1 . We reject events which have

jηl1 j ≥ 1.

(A6) The right-handed neutrinos in our scenario are

very light, as they have ∼ electron-volt-scale to

mega-electron-volt-scale masses. The decay of

1
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FIG. 5. Distribution of signal events and background processes for different kinematical variables. The plot on the left is the transverse

momentum of the hardest lepton, the middle plot is for the pseudorapidity of the hardest lepton, and the right plot is the missing energy

distribution.
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right-handed neutrinos cannot happen inside the

detector. Hence, they will be undetected and will

give missing energy. We show the distribution

of =ET in the right panel of Fig. 5. To reduce the

background, we also use a cut on the missing

energy, which is =ET > 80 GeV. This further

enhances the signal-to-background ratio.

Using the above-mentioned cuts, we can reduce the

background significantly while keeping the signal at a

significant level. In Tables III and IV, we show the back-

ground cross sections at 1 TeV ILC and 3 TeV CLIC

experiments, respectively, after implementing all the above-

mentioned cuts. The dominant background is W�W∓

production, which has a cross section 126.88 fb (for the

1 TeV ILC) at the partonic level. It is evident that the

backgrounds become quite small σ ∼ 7, 1 fb for the ILC

and CLIC, respectively, after the cuts.

The signal cross sections and their statistical significance

over the background are given in Table V for the chosen

benchmark points. Clearly, the case with no mixing in the

Higgs state gives a much larger cross section. This is

because the δ�l∓R νR vertex is primarily responsible for the

charged Higgs pair production. The mixing of δ� with H�
L

will only introduce an extra factor of cos4 θ in the pair-

production cross section, in which θ is the mixing angle,

resulting in a decrease in the cross section. As is evident,

the cross section is enormous in the lepton collider. As an

illustrative example, for a 1 TeV charged Higgs H�
1
, the

partonic cross section is σ ∼ 100 fb. After the cuts, the

cross section reduces to σ ∼ 27 fb. This is an order of

magnitude larger than the after-cut background cross

section. We compute the statistical significance (S) of

the signal over the background using the following

expression:

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 ×

�

ðsþ bÞ ln
�

1þ s

b

�

− s

�

s

: ð27Þ

In the above, s and b denote the signal and background

events. The significance is shown in Table V. As expected,

the case with zero mixing has a much better significance of

the signal over the background, boosting its chances to be

discovered even in the early run of the upcoming lepton

TABLE III. Cut-flow table for the obtained cross sections corresponding to the different SM backgrounds. See the

text for the details of the cuts A0–A6. The c.m. energy is
ffiffiffi

s
p ¼ 1 TeV, relevant for the ILC.

SM backgrounds at 1 TeV ILC Effective cross section after applying cuts (fb)

Channels Cross section (fb) A0þ A1 A2 A3 A4 A5 A6

lþl−Zð→ νlν̄lÞ 18.68 10.79 5.99 5.54 5.54 2.30 1.67

Wþð→ lþνlÞW−ð→ l−ν̄lÞ 126.88 52.72 32.15 32.15 32.15 12.44 7.05

tð→ blþνlÞt̄ð→ b̄l−ν̄lÞ 13.96 3.10 0.78 0.78 0.1 0.08 0.05

Total backgrounds 8.77

TABLE IV. Cut-flow table for the obtained cross sections corresponding to the SM backgrounds. The details of the

cuts A0–A6 are mentioned in the text. We perform the simulation for the 3 TeV CLIC.

SM backgrounds at 3 TeV CLIC Effective cross section after applying cuts (fb)

Channels Cross section (fb) A0þ A1 A2 A3 A4 A5 A6

lþl−Zð→ νlν̄lÞ 6.33 3.0 2.89 2.86 2.86 0.54 0.44

Wþð→ lþνlÞW−ð→ l−ν̄lÞ 13.85 5.45 5.1 5.1 5.1 1.34 1.13

tð→ blþνlÞt̄ð→ b̄l−ν̄lÞ 1.76 0.05 0.02 0.02 0.005 0.002 0.002

Total backgrounds 1.57

TABLE V. Cut-flow table of signal cross section at the *1 TeV ILC and 3 TeV CLIC after applying the different cuts. We also show the

statistical significance over the background.

Signal at eþe− collider Effective cross section after cuts (fb) Statistical significance (S)

C.M. energy (TeV) Mass (GeV) Mixing CS (fb) A0+A1 A2 A3 A4 A5 A6 L ¼ 1fb−1 L ¼ 3 fb−1

BP1 1 473.32 Zero 192.67 79.75 62.13 62.02 62.02 57.78 53.63 11.73 20.32

BP2 3 1000.70 Zero 100.31 38.21 35.57 35.56 35.55 28.08 27.07 10.78 18.67

BP3 1 432.58 Half 49.50 19.19 14.62 14.59 14.59 13.54 12.51 3.56 6.174

BP4 3 1000.92 Half 17.86 6.83 6.33 6.33 6.33 5.08 4.99 2.96 5.13
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colliders. In particular, we show that only L ¼ 1 fb−1

luminosity is required in the zero-mixing scenario to

discover charged Higgs H�
1
with mass range 473 GeV–

1 TeV. For the relatively less optimistic scenario of half-

mixing, 3 fb−1 will be required to claim discovery.

IV. CONCLUSION

In this work, we have studied left-right symmetric

extension of the Zee model. The model has very different

characteristic features as compared to the minimal left-right

symmetric model. It is well known that the basic Zee model

is ruled out from light neutrino mass and mixing constraints.

Going to the left-right symmetric framework, it is possible to

evade the tension with the neutrino oscillation data. The

model consists of three lighter right-handed neutrino states,

which can have masses from mega-electron-volt down to

electron-volt scale. Additionally, the model also contains an

additional charged scalar δ�. The charged scalar, due to its

additional interaction with charged leptons and right-handed

neutrinos, can be copiously produced at a lepton collider via

the t-channel processes.
We discuss light neutrino mass generation in this model

and fit the observed data. The light neutrino mass matrix is a

combination of both the type-I and type-II seesaw matrices.

The type-II contribution and the right-handed neutrino mass

matrix, which participates in the type-I seesaw, however, are

generated through the one-loop process with the charged

leptons and charged Higgs fields as mediators. We fit the

observed light neutrino mass square differences and the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing in this

model and derive constraints on model parameters. With the

set of parameters, which satisfy the neutrinomass constraints,

we extensively analyze the charged Higgs phenomenology at

the1TeV ILCand3TeVCLIC.Owing to the extra interaction

of the charged Higgs with the right-handed neutrinos and for

moderately large Yukawa couplings, the cross section at an

eþe− collider is enormous, as compared to the LHC.We find

that in the most optimistic scenario, in which the lighter

charged Higgs stateH�
1
is a pure charged scalar state δ�, the

cross section for pair production of the charged Higgs can be

σ ∼Oð1Þ pb for MH� ∼ 473 GeV, and c.m. energy
ffiffiffi

s
p ¼ 1 TeV. For the CLIC, which can operate with c.m.

energy
ffiffiffi

s
p ¼ 3 TeV, the chargedHiggs ofmass 1 TeVis also

accessible (σ ∼ 100 fb for pair production).

We consider the subsequent decay of the charged Higgs

into a lepton and a neutrino, which is the only possible

channel for this model. This leads to the final states

lþl− þ =ET , which we analyze in detail, taking into account

detector simulation. We show that a discovery of the

charged Higgs of mass in between 473 and 1000 GeV

in the dilepton + =ET will require only 1–3 fb−1 integrated

luminosity at an eþe− collider, operating with c.m. energy
ffiffiffi

s
p ¼ 1, 3 TeV. Therefore, this model can most economi-

cally be tested at the very early run of the ILC or CLIC.
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APPENDIX: CHARGED HIGGS BOSON

EIGENSTATES USED FOR NEUTRINO

PHENOMENOLOGY

Here, we list the charged Higgs boson masses and

mixings that have been used for the neutrino phenomenol-

ogy in our study. We consider that the lightest charged

Higgs boson H�
1
has a mass around 473 GeVand is almost

entirely consisting of the singlet charged Higgs field δ�.
The charged Higgs boson states, after diagonalization,

consist of two Goldstone bosons, G�
1
and G�

2
, and three

physical charged Higgs bosons with

MH�
1

¼ 473.32 GeV; MH�
2

¼ 2534.94 GeV;

MH�
3

¼ 15.95 TeV: ðA1Þ

The corresponding eigenstates can be identified as

0

B

B

B

B

B

B

@

H�
1

H�
2

H�
3

G�
1

G�
2

1

C

C

C

C

C

C

A

¼

0

B

B

B

B

B

B

@

0.0000127106 0.00225768 0.000109819 0.0000433475 0.999997

−0.114973 0.000916758 −0.993368 0.0000176018 0.000108482

−0.000105399 −0.999813 −0.000910601 −0.0191964 0.0022582

−0.00574986 −0.0191961 0.000665494 0.999799 4.70382 × 10−16

0.993352 −0.00011112 −0.114971 0.00578718 2.76194 × 10−18

1

C

C

C

C

C

C

A

0

B

B

B

B

B

B

@

ϕ�
1

ϕ�
2

H�
L

H�
R

δ�

1

C

C

C

C

C

C

A

: ðA2Þ

The 5 × 5 matrix in the above is the charged Higgs boson rotation matrix V.
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