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•Usually	the	models	for	non-standard	neutrinoless	double	
beta	decay	contain	quite	a	few	unknown	parameters.	In	
consequence,	theses	non-standard	neutrinoless	double	
beta	decay	is	irrelevant	to	the	neutrino	mass	generation.	

•In	the	following	I	will	demonstrate	the	non-standard	
neutrinoless	double	beta	decay	in	some	extended	two	
Higgs	doublet	models	and	the	so-called	linear	seesaw	
model.	In	these	models,	the	neutrinoless	double	beta	
decay	can	arrive	at	a	testable	level	if	the	Majorana	mass	of	
electron	neutrino	is	extremely	small	even	zero.	These	
models	contain	new	particles	near	the	TeV	scale	and	hence	
they	may	be	interested	to	the	CEPC/SppC.	
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Extending two Higgs doublet models for testable neutrino mass generation and
enhanced neutrinoless double beta decay

Zhen Liu∗ and Pei-Hong Gu†
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We consider various two Higgs doublet models where the Yukawa couplings for the charged fermion
mass generation only involve one Higgs doublet. We then introduce two singlet scalars which carry a
singly electric charge and a doubly electric charge, respectively. The scalars can mediate a two-loop
diagram and a three-loop diagram to generate small neutrino masses. Remarkably, the structure
of the neutrino mass matrix is fully determined by the symmetric Yukawa couplings of the doubly
charged scalar to the right-handed leptons. Meanwhile, a one-loop induced neutrinoless double beta
decay can arrive at a testable level even if the electron neutrino has a extremely small Majorana
mass.

PACS numbers:

I. INTRODUCTION

The massive and mixing neutrinos have been confirmed
by the precise measurements on the atmospheric, solar,
accelerator and reactor neutrino oscillations. This fact
implies the need for new physics beyond the SU(3)c ×
SU(2)L × U(1)Y standard model (SM). On the other
hand, the cosmological observations have indicated that
the neutrino masses should be in a sub-eV range [1]. In
order to naturally understand the small neutrino masses,
people have proposed various ideas, among which the
tree-level seesaw [2–5] mechanism is very popular [2–12].
However, the new physics for the tree-level seesaw usu-
ally is at a very high scale so that it should not be easy
to verify. Alternatively, the neutrinos can acquire their
tiny masses at loop order. These models for the radia-
tive neutrino masses contain additionally charged scalars
with the Yukawa couplings determining the structure of
the neutrino mass matrix. Therefore, the radiative neu-
trino mass generation can be expected to test at colliders,
such as the Zee-Babu model.
In principle the neutrinos can have a Majorana nature

[13] since they do not carry electric charge. One hence
can expect a neutrinoless double beta decay (0νββ) [14]
process mediated by the Majorana electron neutrinos.
This 0νββ process is determined by the Majorana neu-
trino mass matrix [? ]. Alternatively, the 0νββ process
can come from other lepton number violating interac-
tions. One may consider other models which induce a
testable 0νββ process at tree level and then give a neg-
ligible contribution to the neutrino masses at loop level
[15]. The 0νββ processes thus can be free of the neu-
trino masses [16–18]. But these models contain quite a
few arbitrary parameters.
In this paper we shall extend four types of two Higgs

doublet models, where the Yukawa couplings for the
charged fermion mass generation only involve one Higgs
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scalar, to realize a novel scenario of Majorana neutrino
masses and neutrinoless double beta decay. Specifically
we shall introduce two singlet scalars among which one
carries a singly electric charge while the other carries a
doubly electric charge. The singly charged scalar without
any Yukawa couplings has a cubic term with the Higgs
scalars. The doubly charged scalar has the Yukawa cou-
plings with the right-handed leptons, besides its trilinear
coupling with the singly charged scalar. After the elec-
troweak symmetry breaking, we can obtain a Majorana
neutrino mass matrix at two-loop and three-loop level.
The symmetric Yukawa couplings of the doubly charged
scalar to the right-handed leptons can fully determine the
structure of the neutrino mass matrix. The non Non-SM
scalars are required near the TeV scale. Otherwise, the
induced neutrino masses are too small to account for the
neutrino oscillation data. The neutrinoless double beta
decay can be induced at tree, one-loop and two-loop level.
The amplitudes of these neutrinoless double beta decay
processes are all proportional to the electron neutrino
mass. The one-loop neutrinoless double beta decay can
arrive at an observable level even if the electron neutrino
mass is very very small.

II. THE MODELS

In the fermion sector, the quarks and leptons are as
same as the SM ones,

qL(3, 2,+
1
6 ) =

[
uL

dL

]
, dR(3, 1,− 1

3 ) , uR(3, 1,+
2
3 ) ,

lL(1, 2,− 1
2 ) =

[
νL
eL

]
, eR(1, 1,−1)

Here and thereafter the brackets following the fields de-
scribe the transformations under the SU(2)c×SU(2)L×
U(1)Y gauge groups. The scalar sector contains two
charged singlets,

δ±(1, 1,±1) , ξ±±(1, 1,±2)
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2

besides two Higgs doublets,

φ1(1, 2,+
1
2 ) =

[
φ+
1

φ0
1

]
, φ2(1, 2,+

1
2 ) =

[
φ+
2

φ0
2

]

We further impose a softly broken discrete or global
symmetry S so that the Yukawa couplings for generating
the charged fermion masses will only involve one Higgs
doublet. This S symmetry is also required to forbid the
Yukawa couplings involving the singly charged scalar, i.e.

L ⊃/ −1

2
f ′δ+ l̄cLiτ2lL +H.c. with f ′ = −f ′T . (1)

For example, we can take S = Z2 under which one type or
three types of the right-handed fermions, one Higgs scalar
and the singly charged scalar carry an odd parity while
the others are even. Alternatively, the S symmetry can
be a global lepton number under which only one Higgs
scalar, the doubly charged scalar and the SM leptons are
non-trivial.
We then summarize the allowed Yukawa couplings as

below,

• Case-1 : The right-handed up-type quarks, down-
type quarks and charged leptons couple to a same
Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ1dR − y′e l̄Lφ1eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT ; (2)

• Case-2 : The right-handed up-type quarks and
down-type quarks couple to a same Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ1dR − y′e l̄Lφ2eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT ; (3)

• Case-3 : The right-handed up-type quarks and
charged leptons couple to a same Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ2dR − y′e l̄Lφ1eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT ; (4)

• Case-4 : The right-handed down-type quarks and
charged leptons couple to a same Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ2dR − y′e l̄Lφ2eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT . (5)

We also write down the full scalar potential with the

following quadratic, cubic and quartic terms,

V = µ2
1|φ1|2 + µ2

2|φ2|2 + µ2
12(φ

†
1φ2 +H.c.) + λ1|φ1|4

+λ2|φ2|4 + λ12|φ1|2|φ2|2 + λ′
12φ

†
1φ2φ

†
2φ1

+[λ′′
12(φ

†
1φ2)

2 +H.c.] + (µ2
δ + λ1δ|φ1|2

+λ2δ|φ2|2)|δ|2 + λδ|δ|4 + (µ2
ξ + λ1ξ|φ1|2

+λ2ξ|φ2|2)|ξ|2 + λξ|ξ|4 + λδξ|δ|2|ξ|2

+
1

2
ω(ξ++δ−δ− +H.c.) + σ12(δ

−φT
1 iτ2φ2 +H.c.) .

(6)

Note the additional S symmetry is softly broken by the
µ2
12-term and the ω-term. Furthermore, if the S symme-

try is a global one, the λ′′
12-term should be absent.

III. ELECTROWEAK SYMMETRY BREAKING
AND PHYSICAL SCALARS

The two Higgs scalars φ1,2 can be always rotated by

χ =

[
χ+

χ0

]
= φ1 cosβ − φ2 sinβ , (7a)

ϕ =

[
ϕ+

ϕ0

]
= φ1 sinβ + φ2 cosβ . (7b)

For a proper choice of the rotation angle β, only one
of the newly defined Higgs scalars χ and ϕ will develop
a nonzero vacuum expectation value (VEV) to sponta-
neously break the electroweak symmetry. Without loss
of generality, we can denote

tanβ =
⟨φ1⟩
⟨φ2⟩

=
v1
v2

with ⟨φ1(2)⟩ =
[

0

1√
2
v1(2)

]
, (8)

and then take

⟨χ⟩ = 0 ,

⟨ϕ⟩ =
[

0

1√
2
v

]
with v =

√
v21 + v22 ≃ 246GeV . (9)

This means the Higgs scalar ϕ will be responsible for the
electroweak symmetry breaking.

In the base with ⟨χ⟩ = 0, we can rewrite the scalar
potential to be

V = µ2
ϕ|ϕ|2 + µ2

χ|χ|2 + κ1|ϕ|4 + κ2|χ|4 + κ3|ϕ|2|χ|2

+κ4ϕ
†χχ†ϕ+ κ5[(ϕ

†χ)2 +H.c.] + (µ2
δ + κϕδ|ϕ|2

+κχδ|χ|2 + κϕχδϕ
†χ+H.c.)|δ|2 + κδ|δ|4 + (µ2

ξ

+κϕξ|ϕ|2 + κχξ|χ|2 + κϕχξϕ
†χ+H.c.)|ξ|2

+κξ|ξ|4 + κδξ|δ|2|ξ|2 +
1

2
ω(ξ++δ−δ− +H.c.)

+σ(δ−ϕT iτ2χ+H.c.) .

Meanwhile, the Yukawa interactions can be expressed by

Zhen	Liu,	PHG,	2016	



2

besides two Higgs doublets,

φ1(1, 2,+
1
2 ) =

[
φ+
1

φ0
1

]
, φ2(1, 2,+

1
2 ) =

[
φ+
2

φ0
2

]

We further impose a softly broken discrete or global
symmetry S so that the Yukawa couplings for generating
the charged fermion masses will only involve one Higgs
doublet. This S symmetry is also required to forbid the
Yukawa couplings involving the singly charged scalar, i.e.

L ⊃/ −1

2
f ′δ+ l̄cLiτ2lL +H.c. with f ′ = −f ′T . (1)

For example, we can take S = Z2 under which one type or
three types of the right-handed fermions, one Higgs scalar
and the singly charged scalar carry an odd parity while
the others are even. Alternatively, the S symmetry can
be a global lepton number under which only one Higgs
scalar, the doubly charged scalar and the SM leptons are
non-trivial.
We then summarize the allowed Yukawa couplings as

below,

• Case-1 : The right-handed up-type quarks, down-
type quarks and charged leptons couple to a same
Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ1dR − y′e l̄Lφ1eR

−1

2
fξ−−ēRe
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We further impose a softly broken discrete or global
symmetry S so that the Yukawa couplings for generating
the charged fermion masses will only involve one Higgs
doublet. This S symmetry is also required to forbid the
Yukawa couplings involving the singly charged scalar, i.e.

L ⊃/ −1

2
f ′δ+ l̄cLiτ2lL +H.c. with f ′ = −f ′T . (1)

For example, we can take S = Z2 under which one type or
three types of the right-handed fermions, one Higgs scalar
and the singly charged scalar carry an odd parity while
the others are even. Alternatively, the S symmetry can
be a global lepton number under which only one Higgs
scalar, the doubly charged scalar and the SM leptons are
non-trivial.
We then summarize the allowed Yukawa couplings as

below,

• Case-1 : The right-handed up-type quarks, down-
type quarks and charged leptons couple to a same
Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ1dR − y′e l̄Lφ1eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT ; (2)

• Case-2 : The right-handed up-type quarks and
down-type quarks couple to a same Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ1dR − y′e l̄Lφ2eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT ; (3)

• Case-3 : The right-handed up-type quarks and
charged leptons couple to a same Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ2dR − y′e l̄Lφ1eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT ; (4)

• Case-4 : The right-handed down-type quarks and
charged leptons couple to a same Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ2dR − y′e l̄Lφ2eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT . (5)

We also write down the full scalar potential with the

following quadratic, cubic and quartic terms,

V = µ2
1|φ1|2 + µ2

2|φ2|2 + µ2
12(φ

†
1φ2 +H.c.) + λ1|φ1|4

+λ2|φ2|4 + λ12|φ1|2|φ2|2 + λ′
12φ

†
1φ2φ

†
2φ1

+[λ′′
12(φ

†
1φ2)

2 +H.c.] + (µ2
δ + λ1δ|φ1|2

+λ2δ|φ2|2)|δ|2 + λδ|δ|4 + (µ2
ξ + λ1ξ|φ1|2

+λ2ξ|φ2|2)|ξ|2 + λξ|ξ|4 + λδξ|δ|2|ξ|2

+
1

2
ω(ξ++δ−δ− +H.c.) + σ12(δ

−φT
1 iτ2φ2 +H.c.) .

(6)

Note the additional S symmetry is softly broken by the
µ2
12-term and the ω-term. Furthermore, if the S symme-

try is a global one, the λ′′
12-term should be absent.

III. ELECTROWEAK SYMMETRY BREAKING
AND PHYSICAL SCALARS

The two Higgs scalars φ1,2 can be always rotated by

χ =

[
χ+

χ0

]
= φ1 cosβ − φ2 sinβ , (7a)

ϕ =

[
ϕ+

ϕ0

]
= φ1 sinβ + φ2 cosβ . (7b)

For a proper choice of the rotation angle β, only one
of the newly defined Higgs scalars χ and ϕ will develop
a nonzero vacuum expectation value (VEV) to sponta-
neously break the electroweak symmetry. Without loss
of generality, we can denote

tanβ =
⟨φ1⟩
⟨φ2⟩

=
v1
v2

with ⟨φ1(2)⟩ =
[

0

1√
2
v1(2)

]
, (8)

and then take

⟨χ⟩ = 0 ,

⟨ϕ⟩ =
[

0

1√
2
v

]
with v =

√
v21 + v22 ≃ 246GeV . (9)

This means the Higgs scalar ϕ will be responsible for the
electroweak symmetry breaking.

In the base with ⟨χ⟩ = 0, we can rewrite the scalar
potential to be

V = µ2
ϕ|ϕ|2 + µ2

χ|χ|2 + κ1|ϕ|4 + κ2|χ|4 + κ3|ϕ|2|χ|2

+κ4ϕ
†χχ†ϕ+ κ5[(ϕ

†χ)2 +H.c.] + (µ2
δ + κϕδ|ϕ|2

+κχδ|χ|2 + κϕχδϕ
†χ+H.c.)|δ|2 + κδ|δ|4 + (µ2

ξ

+κϕξ|ϕ|2 + κχξ|χ|2 + κϕχξϕ
†χ+H.c.)|ξ|2

+κξ|ξ|4 + κδξ|δ|2|ξ|2 +
1

2
ω(ξ++δ−δ− +H.c.)

+σ(δ−ϕT iτ2χ+H.c.) .

Meanwhile, the Yukawa interactions can be expressed by
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We further impose a softly broken discrete or global
symmetry S so that the Yukawa couplings for generating
the charged fermion masses will only involve one Higgs
doublet. This S symmetry is also required to forbid the
Yukawa couplings involving the singly charged scalar, i.e.

L ⊃/ −1

2
f ′δ+ l̄cLiτ2lL +H.c. with f ′ = −f ′T . (1)

For example, we can take S = Z2 under which one type or
three types of the right-handed fermions, one Higgs scalar
and the singly charged scalar carry an odd parity while
the others are even. Alternatively, the S symmetry can
be a global lepton number under which only one Higgs
scalar, the doubly charged scalar and the SM leptons are
non-trivial.
We then summarize the allowed Yukawa couplings as

below,

• Case-1 : The right-handed up-type quarks, down-
type quarks and charged leptons couple to a same
Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ1dR − y′e l̄Lφ1eR
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2
fξ−−ēRe

c
R +H.c. with f = fT ; (2)

• Case-2 : The right-handed up-type quarks and
down-type quarks couple to a same Higgs doublet,
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c
R +H.c. with f = fT ; (3)

• Case-3 : The right-handed up-type quarks and
charged leptons couple to a same Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ2dR − y′e l̄Lφ1eR
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R +H.c. with f = fT ; (4)

• Case-4 : The right-handed down-type quarks and
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LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ2dR − y′e l̄Lφ2eR
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2
fξ−−ēRe

c
R +H.c. with f = fT . (5)

We also write down the full scalar potential with the

following quadratic, cubic and quartic terms,

V = µ2
1|φ1|2 + µ2
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†
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+λ2ξ|φ2|2)|ξ|2 + λξ|ξ|4 + λδξ|δ|2|ξ|2

+
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2
ω(ξ++δ−δ− +H.c.) + σ12(δ

−φT
1 iτ2φ2 +H.c.) .

(6)

Note the additional S symmetry is softly broken by the
µ2
12-term and the ω-term. Furthermore, if the S symme-

try is a global one, the λ′′
12-term should be absent.

III. ELECTROWEAK SYMMETRY BREAKING
AND PHYSICAL SCALARS

The two Higgs scalars φ1,2 can be always rotated by

χ =

[
χ+

χ0

]
= φ1 cosβ − φ2 sinβ , (7a)

ϕ =

[
ϕ+

ϕ0

]
= φ1 sinβ + φ2 cosβ . (7b)

For a proper choice of the rotation angle β, only one
of the newly defined Higgs scalars χ and ϕ will develop
a nonzero vacuum expectation value (VEV) to sponta-
neously break the electroweak symmetry. Without loss
of generality, we can denote

tanβ =
⟨φ1⟩
⟨φ2⟩

=
v1
v2

with ⟨φ1(2)⟩ =
[

0

1√
2
v1(2)

]
, (8)

and then take

⟨χ⟩ = 0 ,

⟨ϕ⟩ =
[

0

1√
2
v

]
with v =

√
v21 + v22 ≃ 246GeV . (9)

This means the Higgs scalar ϕ will be responsible for the
electroweak symmetry breaking.

In the base with ⟨χ⟩ = 0, we can rewrite the scalar
potential to be

V = µ2
ϕ|ϕ|2 + µ2

χ|χ|2 + κ1|ϕ|4 + κ2|χ|4 + κ3|ϕ|2|χ|2

+κ4ϕ
†χχ†ϕ+ κ5[(ϕ

†χ)2 +H.c.] + (µ2
δ + κϕδ|ϕ|2

+κχδ|χ|2 + κϕχδϕ
†χ+H.c.)|δ|2 + κδ|δ|4 + (µ2

ξ

+κϕξ|ϕ|2 + κχξ|χ|2 + κϕχξϕ
†χ+H.c.)|ξ|2

+κξ|ξ|4 + κδξ|δ|2|ξ|2 +
1
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ω(ξ++δ−δ− +H.c.)

+σ(δ−ϕT iτ2χ+H.c.) .

Meanwhile, the Yukawa interactions can be expressed by
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• Case-1 :

LY = −yuq̄Lϕ̃uR − ydq̄LϕdR − ye l̄LϕeR
−(yu cotβ)q̄Lχ̃uR − (yd cotβ)q̄LχdR

−(ye cotβ)l̄LχeR − 1

2
fξ−−ēRe

c
R +H.c. ; (10)

• Case-2 :

LY = −yuq̄Lϕ̃uR − ydq̄LϕdR − ye l̄LϕeR
−(yu cotβ)q̄Lχ̃uR − (yd cotβ)q̄LχdR

+(ye tanβ)l̄LχeR − 1

2
fξ−−ēRe

c
R +H.c. ;(11)

• Case-3 :

LY = −yuq̄Lϕ̃uR − ydq̄LϕdR − ye l̄LϕeR
−(yu cotβ)q̄Lχ̃uR + (yd tanβ)q̄LχdR

−(ye cotβ)l̄LχeR − 1

2
fξ−−ēRe

c
R +H.c. ; (12)

• Case-4 :

LY = −yuq̄Lϕ̃uR − ydq̄LϕdR − ye l̄LϕeR
−(yu cotβ)q̄Lχ̃uR + (yd tanβ)q̄LχdR

+(ye tanβ)l̄LχeR − 1

2
fξ−−ēRe

c
R +H.c. .(13)

After the Higgs scalar ϕ develops its VEV for the elec-
troweak symmetry breaking, we can take

ϕ =

[
0

1√
2
(v + h)

]
, χ =

[
χ+

1√
2
(χ0

R + iχ0
I)

]
. (14)

By inserting the above expression into the scalar poten-
tial, we can get the mass terms as follows,

V ⊃ 1

2
m2

hh
2 +

1

2
m2

χ0
R
(χ0

R)
2 +

1

2
m2

χ0
I
(χ0

I)
2 +m2

χ±χ+χ−

+m2
δ±δ

+δ− +m2
χ±δ±(χ

+δ− +H.c.)

+m2
ξ±±ξ++ξ−− , (15)

with

m2
h = 2κ1v

2 = 125GeV ,

m2
χ0
R

= µ2
χ +

(
1

2
κ3 +

1

2
κ4 + κ5

)
v2 > 0 ,

m2
χ0
I

= µ2
χ +

(
1

2
κ3 +

1

2
κ4 − κ5

)
v2 > 0 ,

m2
χ± = µ2

χ +
1

2
κ3v

2 ,

m2
δ± = µ2

δ +
1

2
κϕδv

2 ,

m2
χ±δ± = − 1√

2
vσ ,

m2
ξ±± = µ2

ξ +
1

2
κϕξv

2 > 0 . (16)

Now the singly charged scalars δ± and χ± mix with each
other. Their mass eigenstates should be

χ̂± = χ± cos θ − δ± sin θ with

m2
χ̂± =

m2
χ± +m2

δ± +
√
(m2

χ± −m2
δ±)

2 + 2v2σ2

2
> 0 ,

δ̂± = χ± sin θ + δ± cos θ with

m2
δ̂±

=
m2

χ± +m2
δ± −

√
(m2

χ± −m2
δ±)

2 + 2v2σ2

2
> 0 ,

(17)

where the rotation angle θ is determined by

tan 2θ =

√
2vσ

m2
χ± −m2

δ±
⇒

sin2 2θ =
2v2σ2

(m2
χ̂± −m2

δ̂±
)2

≤ 1 for

∆m2
± ≡ m2

χ̂± −m2
δ̂±

=
√
(m2

χ± −m2
δ±)

2 + 2v2σ2

≥
√
2v|σ| . (18)

Furthermore, the charged fermions can get their
masses through the Yukawa couplings involving the Higgs
scalar ϕ, i.e.

m̂u =
v√
2
ŷu = diag{mu,mc,mt}

≃ diag{1−3MeV, 4.2GeV, 172GeV} ,

m̂d =
v√
2
ŷd = diag{md,ms,mb}

≃ diag{2−6MeV, 100MeV , 4.2GeV} ,

m̂e =
v√
2
ŷe = diag{me,mµ,mτ}

≃ diag{0.511MeV, 107MeV, 1.78GeV} . (19)

Note the perturbation requirement |ŷ′t| <
√
4π, |ŷ′b| <√

4π and |ŷ′τ | <
√
4π constrains

• Case-1 :

cotβ ! 3.3 for cotβ <

√
2πv2

m2
t

− 1 ; (20)

• Case-2 :

0.3 ! tanβ ! 346 for

1√
2πv2

m2
t

− 1
< tanβ <

√
2πv2

m2
τ

− 1 ; (21)
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]

We further impose a softly broken discrete or global
symmetry S so that the Yukawa couplings for generating
the charged fermion masses will only involve one Higgs
doublet. This S symmetry is also required to forbid the
Yukawa couplings involving the singly charged scalar, i.e.

L ⊃/ −1

2
f ′δ+ l̄cLiτ2lL +H.c. with f ′ = −f ′T . (1)

For example, we can take S = Z2 under which one type or
three types of the right-handed fermions, one Higgs scalar
and the singly charged scalar carry an odd parity while
the others are even. Alternatively, the S symmetry can
be a global lepton number under which only one Higgs
scalar, the doubly charged scalar and the SM leptons are
non-trivial.
We then summarize the allowed Yukawa couplings as

below,

• Case-1 : The right-handed up-type quarks, down-
type quarks and charged leptons couple to a same
Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ1dR − y′e l̄Lφ1eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT ; (2)

• Case-2 : The right-handed up-type quarks and
down-type quarks couple to a same Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ1dR − y′e l̄Lφ2eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT ; (3)

• Case-3 : The right-handed up-type quarks and
charged leptons couple to a same Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ2dR − y′e l̄Lφ1eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT ; (4)

• Case-4 : The right-handed down-type quarks and
charged leptons couple to a same Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ2dR − y′e l̄Lφ2eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT . (5)

We also write down the full scalar potential with the

following quadratic, cubic and quartic terms,

V = µ2
1|φ1|2 + µ2

2|φ2|2 + µ2
12(φ

†
1φ2 +H.c.) + λ1|φ1|4

+λ2|φ2|4 + λ12|φ1|2|φ2|2 + λ′
12φ

†
1φ2φ

†
2φ1

+[λ′′
12(φ

†
1φ2)

2 +H.c.] + (µ2
δ + λ1δ|φ1|2

+λ2δ|φ2|2)|δ|2 + λδ|δ|4 + (µ2
ξ + λ1ξ|φ1|2

+λ2ξ|φ2|2)|ξ|2 + λξ|ξ|4 + λδξ|δ|2|ξ|2

+
1

2
ω(ξ++δ−δ− +H.c.) + σ12(δ

−φT
1 iτ2φ2 +H.c.) .

(6)

Note the additional S symmetry is softly broken by the
µ2
12-term and the ω-term. Furthermore, if the S symme-

try is a global one, the λ′′
12-term should be absent.

III. ELECTROWEAK SYMMETRY BREAKING
AND PHYSICAL SCALARS

The two Higgs scalars φ1,2 can be always rotated by

χ =

[
χ+

χ0

]
= φ1 cosβ − φ2 sinβ , (7a)

ϕ =

[
ϕ+

ϕ0

]
= φ1 sinβ + φ2 cosβ . (7b)

For a proper choice of the rotation angle β, only one
of the newly defined Higgs scalars χ and ϕ will develop
a nonzero vacuum expectation value (VEV) to sponta-
neously break the electroweak symmetry. Without loss
of generality, we can denote

tanβ =
⟨φ1⟩
⟨φ2⟩

=
v1
v2

with ⟨φ1(2)⟩ =
[

0
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v1(2)
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, (8)

and then take

⟨χ⟩ = 0 ,

⟨ϕ⟩ =
[

0

1√
2
v

]
with v =

√
v21 + v22 ≃ 246GeV . (9)

This means the Higgs scalar ϕ will be responsible for the
electroweak symmetry breaking.

In the base with ⟨χ⟩ = 0, we can rewrite the scalar
potential to be

V = µ2
ϕ|ϕ|2 + µ2

χ|χ|2 + κ1|ϕ|4 + κ2|χ|4 + κ3|ϕ|2|χ|2

+κ4ϕ
†χχ†ϕ+ κ5[(ϕ
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δ + κϕδ|ϕ|2

+κχδ|χ|2 + κϕχδϕ
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+κϕξ|ϕ|2 + κχξ|χ|2 + κϕχξϕ
†χ+H.c.)|ξ|2

+κξ|ξ|4 + κδξ|δ|2|ξ|2 +
1

2
ω(ξ++δ−δ− +H.c.)

+σ(δ−ϕT iτ2χ+H.c.) .

Meanwhile, the Yukawa interactions can be expressed by
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We further impose a softly broken discrete or global
symmetry S so that the Yukawa couplings for generating
the charged fermion masses will only involve one Higgs
doublet. This S symmetry is also required to forbid the
Yukawa couplings involving the singly charged scalar, i.e.

L ⊃/ −1

2
f ′δ+ l̄cLiτ2lL +H.c. with f ′ = −f ′T . (1)

For example, we can take S = Z2 under which one type or
three types of the right-handed fermions, one Higgs scalar
and the singly charged scalar carry an odd parity while
the others are even. Alternatively, the S symmetry can
be a global lepton number under which only one Higgs
scalar, the doubly charged scalar and the SM leptons are
non-trivial.
We then summarize the allowed Yukawa couplings as

below,

• Case-1 : The right-handed up-type quarks, down-
type quarks and charged leptons couple to a same
Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ1dR − y′e l̄Lφ1eR
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2
fξ−−ēRe

c
R +H.c. with f = fT ; (2)

• Case-2 : The right-handed up-type quarks and
down-type quarks couple to a same Higgs doublet,
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−1

2
fξ−−ēRe
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R +H.c. with f = fT ; (3)
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R +H.c. with f = fT ; (4)

• Case-4 : The right-handed down-type quarks and
charged leptons couple to a same Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ2dR − y′e l̄Lφ2eR

−1

2
fξ−−ēRe

c
R +H.c. with f = fT . (5)

We also write down the full scalar potential with the

following quadratic, cubic and quartic terms,

V = µ2
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†
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+
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ω(ξ++δ−δ− +H.c.) + σ12(δ
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Note the additional S symmetry is softly broken by the
µ2
12-term and the ω-term. Furthermore, if the S symme-

try is a global one, the λ′′
12-term should be absent.

III. ELECTROWEAK SYMMETRY BREAKING
AND PHYSICAL SCALARS

The two Higgs scalars φ1,2 can be always rotated by

χ =

[
χ+

χ0

]
= φ1 cosβ − φ2 sinβ , (7a)

ϕ =

[
ϕ+

ϕ0

]
= φ1 sinβ + φ2 cosβ . (7b)

For a proper choice of the rotation angle β, only one
of the newly defined Higgs scalars χ and ϕ will develop
a nonzero vacuum expectation value (VEV) to sponta-
neously break the electroweak symmetry. Without loss
of generality, we can denote

tanβ =
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=
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with ⟨φ1(2)⟩ =
[

0

1√
2
v1(2)

]
, (8)

and then take

⟨χ⟩ = 0 ,

⟨ϕ⟩ =
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v

]
with v =

√
v21 + v22 ≃ 246GeV . (9)

This means the Higgs scalar ϕ will be responsible for the
electroweak symmetry breaking.

In the base with ⟨χ⟩ = 0, we can rewrite the scalar
potential to be
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ϕ|ϕ|2 + µ2
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Meanwhile, the Yukawa interactions can be expressed by
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We further impose a softly broken discrete or global
symmetry S so that the Yukawa couplings for generating
the charged fermion masses will only involve one Higgs
doublet. This S symmetry is also required to forbid the
Yukawa couplings involving the singly charged scalar, i.e.

L ⊃/ −1

2
f ′δ+ l̄cLiτ2lL +H.c. with f ′ = −f ′T . (1)

For example, we can take S = Z2 under which one type or
three types of the right-handed fermions, one Higgs scalar
and the singly charged scalar carry an odd parity while
the others are even. Alternatively, the S symmetry can
be a global lepton number under which only one Higgs
scalar, the doubly charged scalar and the SM leptons are
non-trivial.
We then summarize the allowed Yukawa couplings as

below,

• Case-1 : The right-handed up-type quarks, down-
type quarks and charged leptons couple to a same
Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ1dR − y′e l̄Lφ1eR
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Note the additional S symmetry is softly broken by the
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[
χ+
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with ⟨φ1(2)⟩ =
[

0

1√
2
v1(2)

]
, (8)

and then take

⟨χ⟩ = 0 ,

⟨ϕ⟩ =
[

0

1√
2
v

]
with v =

√
v21 + v22 ≃ 246GeV . (9)

This means the Higgs scalar ϕ will be responsible for the
electroweak symmetry breaking.

In the base with ⟨χ⟩ = 0, we can rewrite the scalar
potential to be

V = µ2
ϕ|ϕ|2 + µ2

χ|χ|2 + κ1|ϕ|4 + κ2|χ|4 + κ3|ϕ|2|χ|2

+κ4ϕ
†χχ†ϕ+ κ5[(ϕ

†χ)2 +H.c.] + (µ2
δ + κϕδ|ϕ|2

+κχδ|χ|2 + κϕχδϕ
†χ+H.c.)|δ|2 + κδ|δ|4 + (µ2

ξ

+κϕξ|ϕ|2 + κχξ|χ|2 + κϕχξϕ
†χ+H.c.)|ξ|2

+κξ|ξ|4 + κδξ|δ|2|ξ|2 +
1

2
ω(ξ++δ−δ− +H.c.)

+σ(δ−ϕT iτ2χ+H.c.) .

Meanwhile, the Yukawa interactions can be expressed by

2

besides two Higgs doublets,

φ1(1, 2,+
1
2 ) =

[
φ+
1

φ0
1

]
, φ2(1, 2,+

1
2 ) =

[
φ+
2

φ0
2

]

We further impose a softly broken discrete or global
symmetry S so that the Yukawa couplings for generating
the charged fermion masses will only involve one Higgs
doublet. This S symmetry is also required to forbid the
Yukawa couplings involving the singly charged scalar, i.e.

L ⊃/ −1

2
f ′δ+ l̄cLiτ2lL +H.c. with f ′ = −f ′T . (1)

For example, we can take S = Z2 under which one type or
three types of the right-handed fermions, one Higgs scalar
and the singly charged scalar carry an odd parity while
the others are even. Alternatively, the S symmetry can
be a global lepton number under which only one Higgs
scalar, the doubly charged scalar and the SM leptons are
non-trivial.
We then summarize the allowed Yukawa couplings as

below,

• Case-1 : The right-handed up-type quarks, down-
type quarks and charged leptons couple to a same
Higgs doublet,

LY = −y′uq̄Lφ̃1uR − y′dq̄Lφ1dR − y′e l̄Lφ1eR

−1

2
fξ−−ēRe
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• Case-3 :

6.8× 10−3 ! cotβ ! 3.3 for

1√
2πv2

m2
b

− 1
< cotβ <

√
2πv2

m2
t

− 1 ; (22)

• Case-4 :

0.3 ! tanβ ! 147 for

1√
2πv2

m2
t

− 1
< tanβ <

√
2πv2

m2
b

− 1 . (23)

IV. NEUTRINO MASSES

As shown in Fig. 1, the left-handed neutrinos can ob-
tain a Majorana mass term at two-loop level,

L ⊃ −1

2
mν ν̄Lν

c
L +H.c. . (24)

We calculate

m2-loop
ν =

cI2 sin
2 2θ

2(16π2)2
ŷefŷeω =

cI2 sin
2 2θ

28π4

m̂efm̂e

v2
ω

with c =

{
cot2 β in Case-1,3 ,

tan2 β in Case-2,4 .

Here I2 is given by the two-loop integral,

I2

(
m2

δ̂±

m2
ξ±±

,
m2

χ̂±

m2
ξ±±

)
= F2

(
m2

δ̂±

m2
ξ±±

,
m2

δ̂±

m2
ξ±±

)
+ F2

(
m2

χ̂±

m2
ξ±±

,
m2

χ̂±

m2
ξ±±

)
− 2F2

(
m2

χ̂±

m2
ξ±±

,
m2

δ̂±

m2
ξ±±

)
, (25)

where the function F2(x
2
1, x

2
2) is defined by

F2(x
2
1, x

2
2) = (16π2)2

∫
d4q̃1
(2π)4

d4q̃2
(2π)4

× /̃q1/̃q2
q̃21(q̃

2
1 − x2

1)q̃
2
2(q̃

2
2 − x2

2)[(q̃1 + q̃2)
2 − 1]

,

(26)

with q̃1,2 = q1,2/mξ±± being the reduced momentum.
In Fig. 2, we show the numerical results of the two-

loop integral I2(x
2
1, x

2
2) as a function of ∆x ≡ x2−x1 for

a given x1. The dot, dash and solid lines correspond to
x1 = 0.1, x1 = 1 and x1 = 10, respectively. For a proper
parameter choice, the two-loop integral I2 can be of the
order of O(1). Note that I2(x

2
1, x

2
2) ≡ 0 for x1 = x2.

Although the three-loop diagram given in Fig. 3 also
generates the neutrino masses,

m3-loop
ν ∝ m̂efm̂e , (27)

its contribution should be negligible compared with the
two-loop contribution (25). So, the neutrino mass matrix
can be well described by

mν ≃ m2-loop
ν ≫ m3-loop

ν , (28)

which has a structure fully determined by the symmetric
Yukawa couplings f . For example, the electron neutrino
mass should be

mee ≡ (mν)ee = 1.6× 10−4 eV
( c
1

)(I2
1

)(
sin2 2θ

1

)

×
( ω

1TeV

)( fee√
4π

)
.

In turn, we can parametrize the Yukawa couplings f by
the neutrino mass matrix,

f =
28π4v2

cI2 sin
2 2θ

1

m̂e

mν
1

m̂e

1

ω

= 2.8×
(
1

c

)(
1

I2

)(
1

sin2 2θ

)

×
(
me

m̂e

)( mν

0.1 eV

)(mµ

m̂e
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1TeV

ω

)
,
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FIG. 2: The two-loop integral I2(x
2
1, x

2
2) as a function of ∆x ≡ x2 −x1 for a given x1. The dot, dash and solid lines correspond

to x1 = 0.1, x1 = 1, x1 = 10,, respectively.
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FIG. 3: Three-loop diagram for Majorana neutrino masses.

which is easy to fulfill the perturbation requirement,

|f | <
√
4π for c !

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

10 in Case-1 ,

1.2× 105 in Case-2 ,

10 in Case-3 ,

2.2× 104 in Case-4 .

V. NEUTRINOLESS DOUBLE BETA DECAY

It is well known that the electron neutrino with a Ma-
jorana mass can mediate a neutrinoless double beta de-
cay. This most popular picture of the neutrinoless double
beta decay can be described by the effective operator as
below,

O2-loop =
g4

2m4
W

ūLγ
µdLūLγ

νdLēLγµγνe
c
L
mee

q2
=

1

Λ5
2

ūLγ
µdLūLγ

νdLēLγµγνe
c
L with

1

Λ5
2

= 16G2
F
mee

q2
, (29)
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ŷefŷeω =

cI2 sin
2 2θ

28π4

m̂efm̂e

v2
ω

with c =

{
cot2 β in Case-1,3 ,

tan2 β in Case-2,4 .

Here I2 is given by the two-loop integral,

I2

(
m2

δ̂±

m2
ξ±±

,
m2

χ̂±

m2
ξ±±

)
= F2

(
m2

δ̂±

m2
ξ±±

,
m2

δ̂±

m2
ξ±±

)
+ F2

(
m2

χ̂±

m2
ξ±±

,
m2

χ̂±

m2
ξ±±

)
− 2F2

(
m2

χ̂±

m2
ξ±±

,
m2

δ̂±

m2
ξ±±

)
, (25)

where the function F2(x
2
1, x

2
2) is defined by

F2(x
2
1, x

2
2) = (16π2)2

∫
d4q̃1
(2π)4

d4q̃2
(2π)4

× /̃q1/̃q2
q̃21(q̃

2
1 − x2

1)q̃
2
2(q̃

2
2 − x2

2)[(q̃1 + q̃2)
2 − 1]

,

(26)

with q̃1,2 = q1,2/mξ±± being the reduced momentum.
In Fig. 2, we show the numerical results of the two-

loop integral I2(x
2
1, x

2
2) as a function of ∆x ≡ x2−x1 for

a given x1. The dot, dash and solid lines correspond to
x1 = 0.1, x1 = 1 and x1 = 10, respectively. For a proper
parameter choice, the two-loop integral I2 can be of the
order of O(1). Note that I2(x

2
1, x

2
2) ≡ 0 for x1 = x2.

Although the three-loop diagram given in Fig. 3 also
generates the neutrino masses,

m3-loop
ν ∝ m̂efm̂e , (27)

its contribution should be negligible compared with the
two-loop contribution (25). So, the neutrino mass matrix
can be well described by

mν ≃ m2-loop
ν ≫ m3-loop

ν , (28)

which has a structure fully determined by the symmetric
Yukawa couplings f . For example, the electron neutrino
mass should be

mee ≡ (mν)ee = 1.6× 10−4 eV
( c
1

)(I2
1

)(
sin2 2θ

1

)

×
( ω

1TeV

)( fee√
4π

)
.

In turn, we can parametrize the Yukawa couplings f by
the neutrino mass matrix,

f =
28π4v2

cI2 sin
2 2θ

1

m̂e

mν
1

m̂e

1

ω

= 2.8×
(
1

c

)(
1

I2

)(
1

sin2 2θ

)

×
(
me

m̂e

)( mν

0.1 eV

)(mµ

m̂e

)(
1TeV

ω

)
,

5

FIG. 2: The two-loop integral I2(x
2
1, x

2
2) as a function of ∆x ≡ x2 −x1 for a given x1. The dot, dash and solid lines correspond

to x1 = 0.1, x1 = 1, x1 = 10,, respectively.

νL νL
eR eReL eL

δ± δ±

⟨ϕ0⟩ ⟨ϕ0⟩
⟨ϕ0⟩ ⟨ϕ0⟩

χ0 χ0

⟨ϕ0⟩ ⟨ϕ0⟩

ξ±±
W± W±

χ± χ±

FIG. 3: Three-loop diagram for Majorana neutrino masses.

which is easy to fulfill the perturbation requirement,

|f | <
√
4π for c !

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

10 in Case-1 ,

1.2× 105 in Case-2 ,

10 in Case-3 ,

2.2× 104 in Case-4 .

V. NEUTRINOLESS DOUBLE BETA DECAY

It is well known that the electron neutrino with a Ma-
jorana mass can mediate a neutrinoless double beta de-
cay. This most popular picture of the neutrinoless double
beta decay can be described by the effective operator as
below,

O2-loop =
g4

2m4
W

ūLγ
µdLūLγ

νdLēLγµγνe
c
L
mee

q2
=

1

Λ5
2

ūLγ
µdLūLγ

νdLēLγµγνe
c
L with

1

Λ5
2

= 16G2
F
mee

q2
, (29)
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• Case-1 :

LY = −yuq̄Lϕ̃uR − ydq̄LϕdR − ye l̄LϕeR
−(yu cotβ)q̄Lχ̃uR − (yd cotβ)q̄LχdR

−(ye cotβ)l̄LχeR − 1

2
fξ−−ēRe

c
R +H.c. ; (10)

• Case-2 :

LY = −yuq̄Lϕ̃uR − ydq̄LϕdR − ye l̄LϕeR
−(yu cotβ)q̄Lχ̃uR − (yd cotβ)q̄LχdR

+(ye tanβ)l̄LχeR − 1

2
fξ−−ēRe

c
R +H.c. ;(11)

• Case-3 :
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2
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c
R +H.c. ; (12)
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2
fξ−−ēRe

c
R +H.c. .(13)

After the Higgs scalar ϕ develops its VEV for the elec-
troweak symmetry breaking, we can take

ϕ =

[
0

1√
2
(v + h)

]
, χ =

[
χ+

1√
2
(χ0

R + iχ0
I)

]
. (14)

By inserting the above expression into the scalar poten-
tial, we can get the mass terms as follows,

V ⊃ 1

2
m2

hh
2 +

1

2
m2

χ0
R
(χ0

R)
2 +

1

2
m2

χ0
I
(χ0

I)
2 +m2

χ±χ+χ−

+m2
δ±δ

+δ− +m2
χ±δ±(χ

+δ− +H.c.)

+m2
ξ±±ξ++ξ−− , (15)

with

m2
h = 2κ1v

2 = 125GeV ,

m2
χ0
R

= µ2
χ +

(
1

2
κ3 +

1

2
κ4 + κ5

)
v2 > 0 ,

m2
χ0
I

= µ2
χ +

(
1

2
κ3 +

1

2
κ4 − κ5

)
v2 > 0 ,

m2
χ± = µ2

χ +
1

2
κ3v

2 ,

m2
δ± = µ2

δ +
1

2
κϕδv

2 ,

m2
χ±δ± = − 1√

2
vσ ,

m2
ξ±± = µ2

ξ +
1

2
κϕξv

2 > 0 . (16)

Now the singly charged scalars δ± and χ± mix with each
other. Their mass eigenstates should be

χ̂± = χ± cos θ − δ± sin θ with

m2
χ̂± =

m2
χ± +m2

δ± +
√
(m2

χ± −m2
δ±)

2 + 2v2σ2

2
> 0 ,

δ̂± = χ± sin θ + δ± cos θ with

m2
δ̂±

=
m2

χ± +m2
δ± −

√
(m2

χ± −m2
δ±)

2 + 2v2σ2

2
> 0 ,

(17)

where the rotation angle θ is determined by

tan 2θ =

√
2vσ

m2
χ± −m2

δ±
⇒

sin2 2θ =
2v2σ2

(m2
χ̂± −m2

δ̂±
)2

≤ 1 for

∆m2
± ≡ m2

χ̂± −m2
δ̂±

=
√
(m2

χ± −m2
δ±)

2 + 2v2σ2

≥
√
2v|σ| . (18)

Furthermore, the charged fermions can get their
masses through the Yukawa couplings involving the Higgs
scalar ϕ, i.e.

m̂u =
v√
2
ŷu = diag{mu,mc,mt}

≃ diag{1−3MeV, 4.2GeV, 172GeV} ,

m̂d =
v√
2
ŷd = diag{md,ms,mb}

≃ diag{2−6MeV, 100MeV , 4.2GeV} ,

m̂e =
v√
2
ŷe = diag{me,mµ,mτ}

≃ diag{0.511MeV, 107MeV, 1.78GeV} . (19)

Note the perturbation requirement |ŷ′t| <
√
4π, |ŷ′b| <√

4π and |ŷ′τ | <
√
4π constrains

• Case-1 :

cotβ ! 3.3 for cotβ <

√
2πv2

m2
t

− 1 ; (20)

• Case-2 :

0.3 ! tanβ ! 346 for

1√
2πv2

m2
t

− 1
< tanβ <

√
2πv2

m2
τ

− 1 ; (21)
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d
R(L)

d
R(L)
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χ±
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u
L(R)

u
L(R)

eR
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⟨ϕ0⟩

⟨ϕ0⟩

⟨ϕ0⟩
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dL
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χ0

δ±
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χ±

χ±

W±

W±

uL

uL

eR

eR

ξ±±

(a) (b)

FIG. 4: Three and one-loop diagram for neutrinoless double beta decay.

FIG. 5: The one-loop integral Ĩ1(x
2
1, x

2
2) ≡ I1R(x

2
1, x

2
2) or Ĩ1(x

2
1, x

2
2) ≡ I1I(x

2
1, x

2
2) as a function of ∆x ≡ x2 − x1 for a given x1.

The dot, dash and solid lines correspond to x1 = 0.1, x1 = 1, x1 = 10, respectively.
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I1 = I1R

(
m2

χ̂±

m2
χ0
R

,
m2

δ̂±

m2
χ0
R

)
− I1I

(
m2

χ̂±

m2
χ0
I

,
m2

δ̂±

m2
χ0
I

)
,

I1R

(
m2

χ̂±

m2
χ0
R

,
m2

δ̂±

m2
χ0
R

)
= F1

(
m2

χ̂±

m2
χ0
R

,
m2

χ̂±

m2
χ0
R

)
+ F1

(
m2

δ̂±

m2
χ0
R

,
m2

δ̂±

m2
χ0
R

)
− 2F1

(
m2

χ̂±

m2
χ0
R

,
m2

δ̂±

m2
χ0
R

)
,

I1I

(
m2

χ̂±

m2
χ0
I

,
m2

δ̂±

m2
χ0
I

)
= F1

(
m2

χ̂±

m2
χ0
I

,
m2

χ̂±

m2
χ0
I

)
+ F1

(
m2

δ̂±

m2
χ0
I

,
m2

δ̂±

m2
χ0
I

)
− 2F1

(
m2

χ̂±

m2
χ0
I

,
m2

δ̂±

m2
χ0
I

)
, (33)

with the function F1(a, b) being a double integral,

F1(a, b) =

∫ 1

0
dx

∫ 1−x

0
dy ln(1− x− y + ax+ by) . (34)

Clearly, I1 ≡ 0 for mχ0
R
= mχ0

I
or m

ξ̂±
= m

δ̂±
. In Fig. 5,

we show the numerical results of Ĩ1(x
2
1, x

2
2) ≡ I1R(x

2
1, x

2
2)

or Ĩ1(x
2
1, x

2
2) ≡ I1I(x

2
1, x

2
2) as a function of ∆x ≡ x2 − x1

for a given x1. The dot, dash and solid lines correspond
to x1 = 0.1, x1 = 1, x1 = 10, respectively. The one-loop
integral I1 = I1R − I1I can be of the order of O(1) for a
proper parameter choice.

From Eqs. (29), (30) and (32), we can conclude

1

Λ5
1

>>
1

Λ5
01

,
1

Λ5
02

,
1

Λ5
03

,
1

Λ5
2

, (35)

for a reasonable parameter choice. The neutrinoless dou-
ble beta decay process thus should be dominated by the
one-loop contribution. The lifetime is determined by

1

T 0ν
1/2

= G0ν |ηNMN |2 with

ηN =
16π2

c

I1
I2

meempv
2

m2
ξ±±m2

e

,

MN =
mp

me

[(
fV
fA

)2

MF,N −MGT,N

]
, (36)

where G0ν is the phase space factor, MF,N and MGT,N
are the nuclear matrix elements, while fV ≈ 1 and
fA ≈ 1.26 normalize the hadronic current. For the 136Xe
isotope with G0ν = 3.56 × 10−14 yr−1, MGT,N = 0.113
andMF,N = −0.0407, as well as 76Ge isotope with G0ν =
5.77×10−15 yr−1, MGT,N = 0.058 and MF,N = −0.0203,

we find

T 0ν
1/2(

136Xe) = 4.80× 1026 yr×
(
10−7 eV

|mee|

)2 ( mξ

1TeV

)4

×
( c
1

)2(I2
1

)2( 1

I1

)2

,

T 0ν
1/2(

76Ge) = 1.67× 1026 yr×
(
10−6 eV

|mee|

)2 ( mξ

1TeV

)4

×
( c
1

)2(I2
1

)2( 1

I1

)2

.

Currently the experimental limits are T 0ν
1/2(

136Xe) >

3.4× 1025 yr from the KamLAND-Zen collaboration [22]
and T 0ν

1/2(
76Ge) > 3.0 × 1025 yr from the GERDA col-

laboration [23]. The 0νββ half-life sensitivity is ex-
pected to improve in the future, such as T 0ν

1/2(
136Xe) >

4.0 × 1026 yr in the KamLAND-Zen experiment and
T 0ν
1/2(

76Ge) > 2.0 × 1026 yr in the GERDA Phase-II ex-

periment [24]. This means even if the electron neutrino
mass mee is extremely small, the one-loop neutrinoless
double decay can arrive at an observable level. Actu-
ally, the most popular neutrinoless double beta decay,
i.e. the two-loop neutrinoless double beta decay in the
present model, can not be seen in the experiments for
|mee| ! O(0.01 eV). However, Eq. (37) shows the one-
loop neutrinoless double beta decay can be observed as
long as |mee| " O(10−7 eV).

VI. OTHER CONSTRAINTS AND
IMPLICATIONS

We now check other experimental constraints and im-
plications such as µ → 3e, µ → eγ, (g − 2)µ and so on.

For µ → 3e, we calculate the decay width,

Γµ→3e =
|fµefee|2

3× 28π3

m5
µ

m4
ξ±±

=
28π5

3 c2I22 sin
4 2θ

v4m4
µ|mee||meµ|

m3
eω

2m4
ξ±±

. (37)
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By taking into account the SM result of the muon total
decay width,

Γµ ≃ ΓSM
µ→eν̄eνµ

=
G2

Fm
5
µ

192π3
, (38)

we can read the branching ratio,

Br(µ → 3e) =
Γµ→3e

Γµ

=
214π8

3 c2I22 sin
4 2θ

v4|mee||meµ|
G2

Fm
3
emµω

2m4
ξ±±

.(39)

Γµ→eγ =
αm5

µ

9× 210 π3

4|fµefee|2 + 4|fµefµµ|2 + 16|fµτfeτ |2

m4
ξ±±

,(40)

∆aµ = −
m2

µ

24π2

4|fµe|2

m2
ξ±±

(41)

µ → eee, µ → eγ, (g − 2)µ, ... (42)

VII. PARAMETER CHOICE
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with the function F1(a, b) being a double integral,

F1(a, b) =

∫ 1

0
dx

∫ 1−x

0
dy ln(1− x− y + ax+ by) . (34)

Clearly, I1 ≡ 0 for mχ0
R
= mχ0

I
or m

ξ̂±
= m

δ̂±
. In Fig. 5,

we show the numerical results of Ĩ1(x
2
1, x

2
2) ≡ I1R(x

2
1, x

2
2)

or Ĩ1(x
2
1, x

2
2) ≡ I1I(x

2
1, x

2
2) as a function of ∆x ≡ x2 − x1

for a given x1. The dot, dash and solid lines correspond
to x1 = 0.1, x1 = 1, x1 = 10, respectively. The one-loop
integral I1 = I1R − I1I can be of the order of O(1) for a
proper parameter choice.

From Eqs. (29), (30) and (32), we can conclude

1

Λ5
1

>>
1

Λ5
01

,
1

Λ5
02

,
1

Λ5
03

,
1

Λ5
2

, (35)

for a reasonable parameter choice. The neutrinoless dou-
ble beta decay process thus should be dominated by the
one-loop contribution. The lifetime is determined by

1

T 0ν
1/2

= G0ν |ηNMN |2 with

ηN =
16π2

c

I1
I2

meempv
2

m2
ξ±±m2

e

,

MN =
mp

me

[(
fV
fA

)2

MF,N −MGT,N

]
, (36)

where G0ν is the phase space factor, MF,N and MGT,N
are the nuclear matrix elements, while fV ≈ 1 and
fA ≈ 1.26 normalize the hadronic current. For the 136Xe
isotope with G0ν = 3.56 × 10−14 yr−1, MGT,N = 0.113
andMF,N = −0.0407, as well as 76Ge isotope with G0ν =
5.77×10−15 yr−1, MGT,N = 0.058 and MF,N = −0.0203,

we find

T 0ν
1/2(

136Xe) = 4.80× 1026 yr×
(
10−7 eV

|mee|

)2 ( mξ

1TeV

)4

×
( c
1

)2(I2
1

)2( 1

I1

)2

,

T 0ν
1/2(

76Ge) = 1.67× 1026 yr×
(
10−6 eV

|mee|

)2 ( mξ

1TeV

)4

×
( c
1

)2(I2
1

)2( 1

I1

)2

.

Currently the experimental limits are T 0ν
1/2(

136Xe) >

3.4× 1025 yr from the KamLAND-Zen collaboration [22]
and T 0ν

1/2(
76Ge) > 3.0 × 1025 yr from the GERDA col-

laboration [23]. The 0νββ half-life sensitivity is ex-
pected to improve in the future, such as T 0ν

1/2(
136Xe) >

4.0 × 1026 yr in the KamLAND-Zen experiment and
T 0ν
1/2(

76Ge) > 2.0 × 1026 yr in the GERDA Phase-II ex-

periment [24]. This means even if the electron neutrino
mass mee is extremely small, the one-loop neutrinoless
double decay can arrive at an observable level. Actu-
ally, the most popular neutrinoless double beta decay,
i.e. the two-loop neutrinoless double beta decay in the
present model, can not be seen in the experiments for
|mee| ! O(0.01 eV). However, Eq. (37) shows the one-
loop neutrinoless double beta decay can be observed as
long as |mee| " O(10−7 eV).

VI. OTHER CONSTRAINTS AND
IMPLICATIONS

We now check other experimental constraints and im-
plications such as µ → 3e, µ → eγ, (g − 2)µ and so on.

For µ → 3e, we calculate the decay width,

Γµ→3e =
|fµefee|2

3× 28π3

m5
µ

m4
ξ±±

=
28π5

3 c2I22 sin
4 2θ

v4m4
µ|mee||meµ|

m3
eω

2m4
ξ±±

. (37)



1.The non-SM scalars are near the TeV scale. Their 
existence may be tested at the running and/or future 
colliders. 

2.The Yukawa couplings of  the doubly charged scalar 
to the right-handed leptons fully determine the 
structure of  the neutrino mass matrix. This neutrino 
mass generation may be tested at the colliders. 

3.Even if  the electron neutrino has an extremely small 
Majorana mass, the neutrinoless double beta decay 
can arrive at a testable level. 

Testability	at	Colliders	



Neutrinoless	Double	Beta	Decay	in	the	Linear	Seesaw	Models	

• 	The	linear	seesaw	has	an	interesting	feature	that	the	left-
handed	neutrinos	have	a	Majorana	mass	matrix	
proportional	to	the	Dirac	mass	term	between	the	left-	and	
right-handed	neutrinos.		

• 	The	linear	seesaw	can	be	realized	in	some	left-right	
symmetric	models.



A	Simple	Linear	Seesaw	Model





S.M.	Barr,	2003







G.	Pantis,	F.	Simkovic,	J.D.	Vergados,	and	A.	Faessler,	1996;	J.	Kotila	and	F.	Iachello,	2012.	



A	Realistic	Linear	Seesaw	Model







G.	Pantis,	F.	Simkovic,	J.D.	Vergados,	and	A.	Faessler,	1996;	J.	Kotila	and	F.	Iachello,	2012.	



The	global	symmetry	U(1)_PQ	is	the	Peccei-Quinn	symmetry,	
while	the	Goldstone	boson	a	is	an	axion!		
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Wilczek,	Phys.	Rev.	Lett.	40,	279	(1978).	
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J.E.	Kim,	Phys.	Rev.	Lett.	43,	103	(1979);	M.A.	Shifman,	A.I.	Vainshtein,	V.I.	Zakharov,	Nucl.	Phys.	B	166,	493	
(1980).



1.The new gauge bosons are near the TeV scale. Their 
existence may be tested at the running and/or future 
colliders. 

2.The Higgs bidoublet has a seesaw-suppressed 
vacuum expectation value, so its Yukawa couplings to 
the quarks can only give a negligible contribution to 
the quark masses and hence their values can be set 
flexibly.  

Testability	at	Colliders	



3.The	Yukawa	couplings	of	this	Higgs	bidoublet	to	the	
leptons	are	completely	determined	by	the	neutrino	
mass	matrix.		

4.The	Higgs	bidoublet	is	allowed	near	the	TeV	scale,	so	
that	it	may	be	tested	at	the	running	and/or	planning	
colliders.		

5.The	decays	of	the	Higgs	bidoublet	into	the	charged	
leptons	can	open	a	window	to	measure	the	neutrino	
mass	matrix.



Summary
• Any	neutrinoless	double	beta	decay	processes	require	the	new	physics	with	the	
lepton	number	violation	of	two	units.	

• The	lepton	number	violation	for	the	neutrinoless	double	beta	decay	may	lead	to	a	
negligible	contribution	to	the	Majorana	neutrino	masses.	A	pseudo	Dirac	neutrino	
can	be	consistent	with	an	observable	neutrinoless	double	beta	decay.		

• Some	extended	two	Higgs	doublet	models	can	simultaneously	provide	a	testable	
neutrino	mass	generation	and	an	enhanced	neutrinoless	double	beta	decay.	

• In	a	class	of	left-right	symmetric	models	for	the	linear	seesaw,	a	neutrinoless	
double	beta	decay	can	be	irrelevant	to	the	neutrino	mass	matrix.	This	
neutrinoless	double	beta	decay	can	reach	the	experimental	sensitivities	if	the	
right-handed	charged	gauge	boson	is	below	the	100	TeV	scale.	

• These	new	physics	for	the	testable	neutrinoless	double	beta	decay	may	be	tested	
at	the	running	and	planning	colliders.
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