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Abstract: We propose a scotogenic model for generating neutrino masses through a three-
loop seesaw. It is a minimally extended inert doublet model with a spontaneously broken
global symmetry U(1)′ and a preserved Z2 symmetry. The three-loop suppression allows
the new particles to have masses at the TeV scale without fine-tuning the Yukawa couplings.
The model leads to a rich phenomenology while satisfying all the current constraints imposed
by neutrinoless double-beta decay, charged-lepton flavor violation, and electroweak precision
observables. The relatively large Yukawa couplings lead to sizable rates for charged lepton
flavor violation processes, well within future experimental reach. The model could also
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successfully explain the W mass anomaly and provides viable fermionic or scalar dark
matter candidates.
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1 Introduction

Despite its remarkable consistency with the experimental data, the Standard Model (SM)
fails to explain several issues, such as the observed SM fermion masses and mixing pattern,
including the tiny light active neutrino masses, the current amount of dark matter (DM) relic
density observed in the Universe, and the measured baryon asymmetry. Experiments with
solar, atmospheric, and reactor neutrinos have provided evidence of neutrino oscillations
caused by their non-vanishing masses. Several extensions of the SM have been constructed
in order to explain the tiny masses of the light active neutrinos; in this work we consider
neutrino masses generated radiatively; see e.g. ref. [1] for a review and ref. [2] for a
comprehensive study of one-loop radiative neutrino mass models.

The simplest extension of the SM that provides masses for the light active neutrinos
while keeping the SM gauge symmetry consists in adding right-handed (RH) Majorana
neutrinos, singlets under the SM gauge symmetry, that mix with the active neutrinos, thus
triggering the tree-level type-I seesaw mechanism at the origin of the tiny neutrino masses.
This requires either extremely heavy RH Majorana neutrinos with masses close to the Grand
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Unification scale, or tiny Dirac neutrino Yukawa couplings if one considers TeV-scale RH
Majorana neutrinos. In both scenarios, the mixing between active and heavy neutrinos is
strongly suppressed, thus yielding very tiny rates for charged-lepton flavor-violating decays,
several orders of magnitude below the current experimental sensitivity. This makes models
with tree-level type-I seesaw realizations difficult to test via charged-lepton flavor-violating
decays. In addition, those models are unable to successfully accommodate the current
amount of DM relic density observed in the Universe. Alternatively, radiative seesaw
models are examples of interesting and testable extensions of the SM explaining light
neutrino masses and their mixing, where the seesaw mediators play an important role in
successfully accommodating the current amount of DM relic density. In most radiative
seesaw models, the light neutrino masses are generated at a one-loop level, thus implying
that in order to successfully reproduce neutrino data as observed, one has to rely either on
very small neutrino Yukawa couplings (of the order of the electron Yukawa coupling) or on
an unnaturally small mass splitting between the CP-even and CP-odd components of the
neutral scalar mediators.

Three-loop neutrino mass models have been proposed in the literature [3–20] to provide
a more natural explanation for the smallness of the light active neutrino masses than those
relying on one- or two-loop seesaw realizations. However, most of these models have an
important new particle content with, most of the time, one type of DM candidate, usually
fermionic. In this work, we propose an extended Inert Doublet model (IDM) with moderate
particle content, where light-active neutrino masses arise from a three-loop-level radiative
seesaw mechanism. We extend the SM with a spontaneously broken global symmetry
U(1)′ and a preserved Z2 symmetry that induces active neutrino masses at the three-loop
level. Furthermore, the scalar sector is enlarged by the inclusion of four electrically neutral
gauge singlet scalars, whereas the SM fermion content is augmented by the inclusion of
two RH Majorana neutrinos. Due to the preserved Z2 symmetry, our model provides both
fermionic and scalar DM candidates. The fact that in our model the active neutrino masses
are generated at the three-loop level provides a more natural dynamical explanation for
the tiny values of the light active neutrino masses compared to the usual one-loop-level
radiative seesaw models. The model under consideration is consistent with the neutrino
oscillation experimental data and allows us to successfully accommodate the measured
DM relic abundance, as well as the constraints arising from charged lepton flavor violation
(cLFV), oblique parameters S, T , and U , in addition to being consistent with the recently
observed W -mass anomaly. In this work, we address the phenomenological and cosmological
implications of our model.

The paper is organized as follows. In section 2 we introduce the model, providing a
detailed description of the scalar and fermionic sectors. The generation of light neutrino
Majorana masses is studied in section 3, with a discussion on the prediction of the effective
neutrinoless double beta decay (0ν2β) effective mass. This model with its new field
content and a spontaneously broken global symmetry U(1)′ induces contributions to several
observables; section 4 is dedicated to electroweak precision observables and to charged
lepton flavor violating processes (radiative `→ `′γ and three-body decay `→ `′`′`′′) and to
the severe constraints the current bounds impose on the model. The domain wall problem
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Field qiL uiR diR `iL `iR NRk φ η ϕ ρ ζ σ

SU(3)C 3 3 3 1 1 1 1 1 1 1 1 1

SU(2)L 2 1 1 2 1 1 2 2 1 1 1 1

U(1)Y 1
6

2
3 −1

3 −1
2 −1 0 1

2
1
2 0 0 0 0

U(1)′ 1
3

1
3

1
3 −3 −3 0 0 3 3 −1 0 1

2

Z2 1 1 1 1 1 −1 1 −1 −1 −1 −1 1

Table 1. Particle charge assignments under the SU(3)C ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)′ ⊗ Z2 symmetry.
Here i = 1, 2, 3 and k = 1, 2.

is discussed in section 5, as well as the possibility of successful scenarios for generating the
baryon asymmetry of the Universe, and the viability of scalar and fermionic candidates
for DM. We summarize our findings in section 6. Expressions for the decay rates and
other relevant amplitudes, as well as additional information on the analysis, are collected in
the appendix.

2 The model

We propose an extension of the inert doublet model (IDM) [21–25] where the SM gauge
symmetry is extended by including a spontaneously broken global symmetry U(1)′ and a
preserved discrete symmetry Z2. The SM particle content is extended by four electrically
neutral scalar singlets σ, ρ, ϕ, ζ, and two RH neutrinos NRk (with k = 1, 2). The preserved
Z2 discrete symmetry allows for a stable scalar or fermionic DM candidate, corresponding
to the lightest electrically neutral particle. The particle content of the model and the
corresponding assignments under the SU(3)C ⊗ SU(2)L⊗U(1)Y ⊗U(1)′⊗Z2 symmetry are
shown in table 1.

As can be seen in table 1, the scalar field η has a non-trivial Z2 charge and corresponds
to the inert SU(2)L scalar doublet, implying that the lightest electrically neutral CP-even
and CP-odd components can be viable scalar DM candidates. Furthermore, having non-
trivial charges under the preserved Z2 discrete symmetry, the scalar singlets ϕ, ρ, and ζ
do not acquire a vacuum expectation value (VEV), thus possibly providing scalar DM
candidates with the lightest CP-even or odd components. In addition, to this end, the
lightest of the two states NRk can be a fermionic DM candidate. Furthermore, the global
symmetry U(1)′ is spontaneously broken by the VEV (at the TeV scale) of the gauge-singlet
scalar field σ. With this setup, as will be shown below, the scalar fields η, ρ, ζ, and ϕ

play a key role in the implementation of a three-loop radiative seesaw mechanism for the
generation of light and active neutrino masses. Furthermore, neutral fermions NRk , when
they are of Majorana nature, mediate the radiative seesaw mentioned above. Due to the Z2
symmetry, the RH neutrinos do not mix with active neutrinos, preventing the latter from
acquiring tree-level masses. Finally, the U(1)′ ⊗ Z2 symmetry is crucial to prevent one-loop
and two-loop masses for light-active neutrinos.
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Given the symmetries and particle spectrum described, the allowed charged-fermion
and neutrino Yukawa interactions are, respectively,

−LY = yijuφ q̄iLφ̃ujR + yijdφ q̄iLφdjR + yijlφ
¯̀
iLφ`Rj + H.c. (2.1)

−L(ν)
Y = yikη

¯̀
iLη̃NRk +Mkr

NR
N̄RkN

C
Rr + H.c. , (2.2)

where the superscript C stands for charge conjugation (ΨC ≡ C ΨT ), φ̃ = i τ2 φ
∗, η̃ = i τ2 η

∗,
and the summation over repeated indices must be understood, with i, j = 1, 2, 3 and
k, r = 1, 2.

2.1 The scalar potential

The most general scalar potential invariant under the symmetries of the model is

V = −µ2
φ(φ†φ)− µ2

σ(σ∗σ) + µ2
η(η†η) + µ2

ϕ(ϕ∗ϕ) + µ2
ρ(ρ∗ρ) + µ2

ζ(ζ∗ζ) + µ̃2
ζ

(
ζ2 + H.c.

)
+ λ1(φ†φ)2 + λ2(σ∗σ)2 + λ3(φ†φ)(σ∗σ) + λ4(η†η)2 + λ5(ϕ∗ϕ)2 + λ6(ρ∗ρ)2

+ λ7(ζ∗ζ)2 +
(
κ1ζ

4 + H.c.
)

+
(
κ2ζ

2 + H.c.
)

(ζ∗ζ) + λ8(η†η)(ϕ∗ϕ) + λ9(η†η)(ρ∗ρ)

+ λ10(η†η)ζ2 +
(
κ3ζ

2 + H.c.
)

(η†η) + λ11(ϕ∗ϕ)(ρ∗ρ) + λ12(ϕ∗ϕ)(ζ∗ζ)

+
(
κ4ζ

2 + H.c.
)

(ϕ∗ϕ) + λ13(ρ∗ρ)(ζ∗ζ) +
(
κ5ζ

2 + H.c.
)

(ρ∗ρ) + λ14
(
ϕρ3 + H.c.

)
+ λ15

(
ρζσ2 + H.c.

)
+ λ16(φ†φ)(η†η) + λ17(φ†η)(η†φ) + λ18(φ†φ)(ϕ∗ϕ)

+ λ19(φ†φ)(ρ∗ρ) + λ20(φ†φ)(ζ∗ζ) +
(
κ6ζ

2 + H.c.
)

(φ†φ) + λ21(σ∗σ)(η†η)

+ λ22(σ∗σ)(ϕ∗ϕ) + λ23(σ∗σ)(ρ∗ρ) + λ24(σ∗σ)(ζ∗ζ) +
(
κ7ζ

2 + H.c.
)

(σ∗σ)

+A
[
(η†φ)ϕ+ H.c.

]
, (2.3)

where the coefficients µφ, µσ, µη, µϕ, µρ, µζ , µ̃ζ and the trilinear coupling A are dimensionful
parameters, while the remaining quartic couplings are dimensionless. The scalar fields of
the model can be expanded as

φ =
(

φ+

1√
2
(
v + φ0

R + i φ0
I

) ) , η =
(

η+

1√
2
(
η0
R + i η0

I

) ) ,
σ = 1√

2
(vσ + σR + i σI) , ρ = 1√

2
(ρR + i ρI) ,

ϕ = 1√
2

(ϕR + i ϕI) , ζ = 1√
2

(ζR + i ζI) . (2.4)

The scalar potential minimization conditions yield the following relations

µ2
φ = λ1 v

2 + 1
2 λ3 v

2
σ ,

µ2
σ = λ3 v

2

2 + λ2 v
2
σ . (2.5)

From the analysis of the scalar potential, it follows that φ0
I and σI are massless CP-odd scalar

fields corresponding to the SM neutral Goldstone boson and to the majoron, respectively.
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Regarding the remaining CP-odd scalar fields, the only mixings allowed by the symmetries
of the model at tree level are ηI −ϕI and ρI − ζI . The corresponding CP-odd squared mass
matrices are given, in the basis (ηI , ϕI) and (ρI , ζI) by

M2
A =

 1
2

[
2µ2

η + (λ16 + λ17) v2 + λ21 v
2
σ

]
Av√

2
Av√

2
1
2

(
2µ2

ϕ + λ18 v
2 + λ22 v

2
σ

) , (2.6)

M2
P =

 1
2

(
2µ2

ρ + λ19 v
2 + λ23 v

2
σ

)
−1

2λ15v
2
σ

−1
2λ15v

2
σ

1
2

[
2µ2

ζ − 4µ̃2
ζ + (λ20 − 2κ6) v2 + (λ24 − 2κ7) v2

σ

] .
(2.7)

On the other hand, in the CP-even scalar sector, the only mixings allowed by the symmetries
of the model at tree level are φR − σR, ηR − ϕR, and ρR − ζR. The corresponding squared
CP-even mass matrices are given, in the basis (φR, σR), (ηR, ϕR), (ρR, ζR), by

M2
H =

(
2λ1 v

2 λ3 v vσ
λ3 v vσ 2λ2 v

2
σ

)
,

M2
Φ = M2

A =

 1
2

[
2µ2

η + (λ16 + λ17) v2 + λ21 v
2
σ

]
Av√

2
Av√

2
1
2

(
2µ2

ϕ + λ18 v
2 + λ22 v

2
σ

) ,

M2
Ξ =

 1
2

(
2µ2

ρ + λ19 v
2 + λ23 v

2
σ

)
1
2λ15v

2
σ

1
2λ15v

2
σ

1
2

[
2µ2

ζ + 4µ̃2
ζ + (λ20 + 2κ6) v2 + (λ24 + 2κ7) v2

σ

] .
(2.8)

The squared mass matrices for the neutral CP even M2
H , M2

Φ, M2
Ξ and neutral CP odd

M2
A, M2

P scalars can be diagonalized by the following transformations

RTS M
2
S RS =

 XS+YS
2 + 1

2

√
(XS − YS)2 + 4Z2

S 0
0 XS+YS

2 − 1
2

√
(XS − YS)2 + 4Z2

S

 ,
(2.9)

where

RS =
(

cos θS − sin θS
sin θS cos θS

)
, θΦ = θA, with S = H,Φ, Ξ, A, P,

XS =
(
M2
S

)
11
, YS =

(
M2
S

)
22
, ZS =

(
M2
S

)
12
,

tan 2θS = 2ZS
XS − YS

=
2
(
M2
S

)
12(

M2
S

)
22 −

(
M2
S

)
11
. (2.10)

Finally, φ± are the SM charged Goldstone bosons, whereas η± are the physical electrically
charged scalars with squared mass

m2
η± = 1

2
(
2µ2

η + λ16 v
2 + λ21 v

2
σ

)
. (2.11)
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Figure 1. Scotogenic loop for light active neutrino masses where ` = 1, 2 and α, β = e, µ, τ .

2.2 Accidental symmetries and smallness of neutrino masses

As will be shown in the following, light-active neutrino masses vanish when θΦ → 0, which
corresponds to the absence of the trilinear scalar interaction A

[
(η†φ)ϕ+ H.c.

]
in eq. (2.3).

In this limit, the Yukawa interactions and the scalar potential have an accidental global
symmetry U(1)X , under which the inert SU(2)L scalar doublet η has charge −1 and the
charges of the left and right leptonic fields are equal to 1, while the remaining fields are
neutral. Therefore, this global U(1)X does not undergo spontaneous breaking, leaving the
particle spectrum free of an extra Goldstone boson. However, the trilinear scalar coupling
A breaks the UX(1) softly. As a result, the small masses of light neutrinos are protected in
our model by this accidental symmetry and therefore are technically natural.

3 Neutrino mass matrix

The three-loop contribution to the (3× 3 light and active) neutrino mass matrix is shown
in figure 1 and is formulated as

(mν)αβ =
∑
`

(yα` Λ` yβ`) , (3.1)

where

Λ` = 9
4λ

2
14

cos2 θΦ sin2 θΦ
(4π)6 ∆m4

Φ
∑
i,j,k

M` ai aj ak

×
∫ 1

0
dx dy δ(x+ y − 1)

∫ 1

0
dz dw δ(z + w − 1)

∫ 1

0
ds dt du dv δ(s+ t+ u+ v − 1)

× s t

x y z w

1
M8
ijk`

(
ym2

j −
x2

y
m2
k

)(
z2

w
m2
i −

w

x
m2
j −

w

y
m2
k

)
. (3.2)

In the above expression, ∆m2
Φ ≡ m2

Φ1
−m2

Φ2
is the squared mass difference between the

mass eigenvalues of η0 and ϕ given by the matrices M2
Φ and M2

A, defined in eq. (2.8). The
indices i, j, k = 1, 2 represent the mass eigenstates for the CP-even states in the matrix

– 6 –
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M2
Ξ, while the indices i, j, k = 3, 4 are for the CP-odd states in the matrix M2

P . The index
` = 1, 2 labels the RH neutrinos. Furthermore, the coefficients ai are given by

ai =



+ cos2 θΞ for i = 1 ,
+ sin2 θΞ for i = 2 ,
− cos2 θ′Ξ for i = 3 ,
− sin2 θ′Ξ for i = 4 .

(3.3)

Finally, the mass parameter M2
ijk` is defined by

M2
ijk` ≡ sm2

Φ1 + tm2
Φ2 + u

w
m2
i + u

x z
m2
j + u

y z
m2
k + vM2

` , (3.4)

and the mixing angles θΦ for the complex scalars, θΞ for the CP-even and θ′Ξ for the CP-odd
real scalars, are defined by the matrices(

η0

ϕ

)
=
(

cos θΦ sin θΦ
− sin θΦ cos θΦ

)(
Φ1
Φ2

)
, (3.5)

(
ρR
ζR

)
=
(

cos θΞ sin θΞ
− sin θΞ cos θΞ

)(
Ξ1
Ξ2

)
, (3.6)

(
ρI
ζI

)
=
(

cos θ′Ξ sin θ′Ξ
− sin θ′Ξ cos θ′Ξ

)(
Ξ3
Ξ4

)
. (3.7)

It is interesting to note that in the original scotogenic model [22], the scalar quartic
coupling

(
φ†η

)2
arises at tree level. However, in the present scenario, it is induced at the

two-loop level, as shown in figure 1, being therefore naturally suppressed. This coupling
should be small enough, as required by the experimental constraints [26–28].

The neutrino mass matrix is diagonalized by the PMNS matrix (Pontecorvo-Maki-
Nakagawa-Sakata) UPMNS defined by

UTPMNSmν UPMNS = diag(m1,m2,m3). (3.8)

Notice that since we only have two RH neutrinos, the neutrino mass matrix thus has
two non-vanishing eigenvalues, so that one has a massless neutrino in the spectrum (ν1
in the normal ordering (NO) or ν3 in the inverted ordering (IO)). The matrix UPMNS is
parameterized as

UPMNS =

 c12c13 s12c13 s13e
iδ

−s12c23 − c12s23s13e
−iδ c12c23 − s12s23s13e

−iδ s23c13
s12s23 − c12c23s13e

−iδ −c12s23 − s12c23s13e
−iδ c23c13


e

iϕ1/2 0 0
0 eiϕ2/2 0
0 0 1

 ,
(3.9)

where cij = cos θij , sij = sin θij , δ is the Dirac phase and ϕ1, ϕ2 are the Majorana phases.
In our numerical study, we use the best-fit values of the NuFIT 5.0 global analysis [29]

sin2 θ12 = 0.304, sin2 θ13 = 0.02219, sin2 θ23 = 0.573,
∆m2

21 = 7.42× 10−5 eV2, ∆m2
3l = 2.517× 10−3 eV2, (3.10)

where ∆m2
3l ≡ ∆m2

31 > 0 for NO and ∆m2
3l ≡ ∆m2

32 < 0 for IO.

– 7 –
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It is convenient to express the Yukawa couplings in terms of the oscillation parameters
using an adapted Casas-Ibarra parameterization [30–32]

yη =
√

Λ
−1
R

(
0 √m2 0
0 0 √

m3

)
P U †PMNS , (3.11)

where Λ is defined as Λ = diag(Λ1,Λ2), with Λ` given by eq. (3.2). R is a general orthogonal
2 × 2 complex matrix satisfying RTR = RRT = I2, and the matrix P depends on the
ordering of the neutrino spectrum, defined as P = I3 for NO and P = P13 for IO, with

P13 =

0 0 1
0 1 0
1 0 0

 . (3.12)

In the case of IO, one should also replace m3 → m1. Note that the peculiar form of this
parameterization stems from the fact that we have only two RH neutrinos. This fact is also
reflected in the number of degrees of freedom of the matrix R, which can be parameterized
by a single complex angle, in contrast to the three complex angles in the three RH neutrino
case. Although the R matrix generally contains two free parameters, for simplicity, we will
assume that it depends on only one real angle. Furthermore, in what follows, we assume
that the Dirac and Majorana complex phases vanish, so that the Yukawa couplings, as
given by eq. (3.11), are real.

3.1 Effective mass for neutrinoless double beta decay

In our model, only two RH neutrinos mediate the loop diagram; therefore, one eigenvalue
will be massless, and the obtained spectrum for light neutrino masses can accommodate
both orderings of the spectrum (that is, inverted and normal). Furthermore, the first entry
of the mass matrix obtained in eq. (3.1) is related to the effective mass in neutrinoless
double beta decay (0ν2β). In this case, its tree-level decay amplitude is proportional to∑

G2
F U2

ei γµ PR
/p+mi

p2 −m2
i

γν PL '
∑

G2
F U2

ei

mi

p2 γµ PR γν , (3.13)

where GF is the Fermi constant, mi the neutrino (physical) mass, and p is the virtual
momentum of the neutrino such that p2 ' −(125 MeV)2 (the value corresponding to an
average of the virtual momenta in different decaying nuclei). We recall that in our setup,
the two additional neutrinos NR1,2 do not contribute to the decay amplitude due to the Z2
symmetry; see eq. (2.2). Finally, the 0ν2β decay width is only proportional to the effective
mass and not to the individual masses,1 due to the contribution of light-active neutrinos

mee =
∣∣∣∣∣

3∑
i=1

U2
eimi

∣∣∣∣∣ . (3.14)

Plugging the neutrino oscillation parameters given in eq. (3.10) into the previous
expression, one can easily see that if we neglect the complex phases, the effective mass

1It is worth emphasizing that given our setup, there cannot be any further contributions to this
effective mass.

– 8 –
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has a fixed value for each neutrino mass ordering, namely, mNO
ee = 3.67 meV (for NO)

and mIO
ee = 48.36 meV (for IO). Both of these values satisfy the KamLAND-ZEN upper

limit mee . 61 meV [33].
While in the NO case mee is too small to be detected in future 0ν2β experiments, for

the IO mee is within the reach of experiments such as EXO [34], LEGEND [35], CUPID [36]
and NEXT [37]. Therefore, a positive 0ν2β signal in the near future would mean to our
model that the neutrino mass ordering must be the inverted one. This picture does not
change if we allow for general complex phases. Note that the values for mNO

ee and mIO
ee

reported above correspond to the maximum possible values for mee, as the effective mass
is suppressed by cancelation between the different phases when on. Therefore, when we
continuously vary the complex phases, we would see a distribution of mee values with mNO

ee

and mIO
ee being the maximum in each ordering scenario. Therefore, there would still be a

region of parameter space that would be within the experimental reach in the case of an IO.
On the other hand, 0ν2β would remain beyond the reach of next-generation experiments in
the NO case.

4 Phenomenological implications

In this section, the impact of the model on electroweak precision measurements and charged-
lepton flavor violation is studied. We first address the impact of our model on the oblique
parameters and the W boson mass, and then consider some cLFV observables in the µ− e
sector, from which we have stringent bounds.

4.1 Oblique parameters and W boson mass

The extra scalars in our model, in particular those of the inert scalar doublet, affect the
oblique corrections of the SM, which are parameterized in terms of the well-known quantities
T , S and U , defined as [38–40]

T = Π33
(
q2)−Π11

(
q2)

αEM(MZ)M2
W

∣∣∣∣∣
q2=0

, (4.1)

S = 2 sin 2θW
αEM(MZ)

dΠ30
(
q2)

dq2

∣∣∣∣∣
q2=0

, (4.2)

U = 4 sin2 θW
αEM(MZ)

(
dΠ33

(
q2)

dq2 − dΠ11
(
q2)

dq2

)∣∣∣∣∣
q2=0

, (4.3)

where Π11 (0), Π33 (0), and Π30 (0) are the vacuum polarization amplitudes with the
{W 1

µ ,W
1
µ}, {W 3

µ , W
3
µ} and {W 3

µ , Bµ} external gauge bosons, respectively. We note that
in the definition of the parameters S, T , and U , the new physics scale is assumed to be
heavy compared to the masses of the electroweak gauge bosons W and Z, MW and MZ ,
respectively. Because their values are measured in high-precision experiments, they act as
constraints on our model. Furthermore, the new measurement of the W gauge boson mass
by the CDF collaboration [41], can be interpreted as an indication of non-trivial S, T , and
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U values. Namely, non-SM particles provide radiative corrections to the W boson mass
through their contribution to the oblique parameters

M2
W =

(
M2
W

)
SM

+ αEM (MZ) cos2 θW M2
Z

cos2 θW − sin2 θW

[
−S2 + cos2 θW T + cos2 θW − sin2 θW

4 sin2 θW
U

]
,

(4.4)
where, as pointed out in ref. [39],

(
M2
W

)
SM is the mass of the W gauge boson determined

in the SM model with the highest possible accuracy. Therefore, the observed shift in the W
boson mass can be explained by new physics that contributes to the oblique parameters. In
this section, we calculate the one-loop contributions to S, T , and U in our model and find
the parameter space in which the CDF result can be accommodated.

The one-loop contributions to the oblique parameters arising from the inert scalar
exchange are

T ' 1
16π2 v2 αEM(MZ)

 2∑
i=1

2∑
j=1

((RΦ)1i)
2
(
(RA)1j

)2
F

(
m2

Φ0
i
, m2

A0
j

)
+m2

η±

−
2∑
i=1

((RΦ)1i)
2 F

(
m2

Φ0
i
, m2

η±

)
−

2∑
i=1

((RA)1i)
2 F

(
m2
A0
i
, m2

η±

)]
, (4.5)

S '
2∑
i=1

2∑
j=1

((RΦ)1i)
2
(
(RA)1j

)2

12π K

(
m2

Φ0
i
, m2

A0
j
, m2

η±

)
, (4.6)

U ' −S +
2∑
i=1

[
((RA)1i)

2 K2

(
m2
A0
j
, m2

η±

)
+ ((RΦ)1i)

2 K2
(
m2

Φ0
i
, m2

η±

)]
, (4.7)

where we introduce the functions [42]

F
(
m2

1, m
2
2

)
= m2

1m
2
2

m2
1 −m2

2
ln
(
m2

1
m2

2

)
, (4.8)

K
(
m2

1, m
2
2, m

2
3

)
= 1(

m2
2 −m2

1
)3
[
m4

1

(
3m2

2 −m2
1

)
ln
(
m2

1
m2

3

)
−m4

2

(
3m2

1 −m2
2

)
ln
(
m2

2
m2

3

)

− 1
6
[
27m2

1m
2
2

(
m2

1 −m2
2

)
+ 5

(
m6

2 −m6
1

)]]
, (4.9)

with the following properties

lim
m2→m1

F
(
m2

1, m
2
2

)
= m2

1 , (4.10)

lim
m1→m3

K(m2
1, m

2
2, m

2
3) = K2(m2

2, m
2
3) , (4.11)

lim
m1→m2

K(m2
1, m

2
2, m

2
3) = K1(m2

2, m
2
3) = ln

(
m2

2
m2

3

)
, (4.12)

lim
m2→m3

K(m2
1, m

2
2, m

2
3) = K2(m2

1, m
2
3)

=
−5m6

1 + 27m4
1m

2
3 − 27m2

1m
4
3 + 6

(
m6

1 − 3m4
1m

2
3
)

ln
(
m2

1
m2

3

)
+ 5m6

3

6
(
m2

1 −m2
3
)3 .

(4.13)
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Parameter Value Correlation
S T U

S 0.06± 0.10 1.00 0.90 -0.59
T 0.11± 0.12 1.00 -0.85
U 0.14± 0.09 1.00

Table 2. Values of the S, T , and U parameters along with their correlation matrix allowed by the
electroweak fit including the W boson mass as measured by the CDF collaboration [43].

Here RΦ and RA are the rotation matrices diagonalizing the squared mass matrices M2
Φ

and M2
A, respectively, according to

RTΦ, AM
2
Φ, ARΦ, A =

(
M2

Φ, A

)
diag

. (4.14)

Note that, since the matrices M2
Φ and M2

A are identical (cf. eq. (2.8)), it follows that
mA0

i
= mΦ0

i
and (RA)ij = (RΦ)ij , so that S, T , U can be chosen to be functions of mη± ,

mΦ0
i
and θΦ. Note also that, in the degenerate limit mΦ0

1
= mΦ0

2
= mη± , all oblique

parameters vanish. Therefore, Φ0
1, Φ0

2, and η± must be non-degenerate to give rise to
non-vanishing contributions.

Before the new CDF measurement of the W mass, the values allowed for S, T , and U
from the PDG electroweak fit [44], S = −0.01± 0.10, T = 0.03± 0.12 and U = 0.02± 0.11
were in good agreement with the SM prediction S = T = U = 0. However, the result of the
CDF collaboration [41]

MW = (80.433± 0.0064stat ± 0.0069syst) GeV (4.15)

challenges this electroweak fit, as it deviates by 7σ from the SM prediction,

(MW )SM = (80.379± 0.012) GeV, (4.16)

requiring new values for S, T , and U . Since the electroweak parameters in the SM are closely
related to each other, any modification of the W mass can easily alter the other precisely
measured parameters. Therefore, a careful analysis that encompasses all data is required to
include the CDF measurement consistently. A dedicated fit has been performed in ref. [43].
Here, we quote their results for the best-fit values of S, T , U and their correlations in
table 2. Compared to the previous electroweak fit, there is a preference for larger values for
S, T , and U , especially in the case of the U parameter. Using these values, we determine
the allowed region in the S, T , U space, and, using eqs. (4.5) to (4.7), we map it into the
parameter space of our model. The result is shown in figure 2, where we plot the 1-σ and
2-σ favored regions in the mΦ1 −mη+ versus mη+ plane. In the panel on the left (right),
the mass of the neutral scalar Φ2 is mΦ2 = 1TeV (mΦ2 = 2TeV), while the mixing angle is
fixed at θΦ = 0.2 in both plots.

We note that the CDF measurement can accommodate scalar masses in the TeV scale,
provided that the mass splitting among the charged and neutral scalars is not larger than a
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Figure 2. The 1-σ and 2-σ regions in the mΦ1 −mη+ versus mη+ plane allowed by the fit of the
oblique S, T and U parameters including the CDF measurement of the W mass. In the left (right)
panel the mass of the neutral scalar Φ2 is mΦ2 = 1TeV (mΦ2 = 2TeV). In both cases, the mixing
angle is fixed at θΦ = 0.2.

few hundred GeV. In this scenario, in addition to explaining the anomaly and avoiding the
current experimental constraints, the model becomes highly predictive. To illustrate this
aspect, in the plots we show two benchmark points (BP) that provide clear signatures in
future flavor-violation experiments, as detailed in the next section.

4.2 Charged lepton flavor violating observables

In what follows, we will derive constraints arising from the charged lepton flavor violating
(cLFV) decays µ→ eγ, µ→ eee and from the conversion µ− e in atomic nuclei, which arise
at one-loop level from the virtual exchange of the electrically charged scalars η±, originating
from the SU(2)L inert doublet η and the RH Majorana neutrinos NRi (i = 1, 2).

The branching ratio for the lα → lβγ decays is given by [45–48]

BR (lα → lβγ) = 3 (4π)3 αEM
4G2

F

|AD|2 BR (lα → lβνανβ) , (4.17)

where the form factor AD, which arises from dipole-photon penguin diagrams, takes the form

AD =
2∑
i=1

z∗iβ ziα

2(4π)2
1

m2
η+
F2 (ξi) . (4.18)

Here zis =
∑3
k=1 y

ks
η

(
V †lL

)
ik
, where VlL is the rotation matrix that diagonalizes MlM

†
l the

charged lepton mass matrix,2 and ξi = m2
NRi

/m2
η+ , with mη+ being the mass of the charged

scalar component of the SU(2)L inert doublet, while mNRi
correspond to the masses of

the RH Majorana neutrinos. On the other hand, the branching ratio for 3-body decays

2Note that zis reduces to yisη in the case that the charged lepton mass matrix is diagonal.
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`α → 3 `β is given by [46, 47]

BR
(
`α → `β`β`β

)
= 3(4π)2α2

EM
8G2

F

[
|AND|2 + |AD|2

(
16
3 log

(
mα

mβ

)
− 22

3

)
+ 1

6 |B|
2

+
(
−2AND A∗D + 1

3ANDB
∗ − 2

3ADB
∗ + H.c.

)]
BR (`α → `βνανβ) .

(4.19)

The form factor AND is generated from the non-dipole photon penguin diagrams and takes
the form

AND =
3∑
i=1

z∗iβ ziα

6(4π)2
1

m2
η+
G2 (ξi) . (4.20)

In addition to that, the contribution of box diagrams generates the form factor B, which is
given by

e2B = 1
(4π)2m2

η+

3∑
i, j=1

[1
2D1(ξi, ξj) z∗jβ zjβ z∗iβ ziα +

√
ξi ξjD2(ξi, ξj) z∗jβ z∗jβ ziβ ziα

]
,

(4.21)
where the different loop functions take the form

F2(x) = 1− 6x+ 3x2 + 2x3 − 6x2 log x
6(1− x)4 , (4.22)

G2(x) = 2− 9x+ 18x2 − 11x3 + 6x3 log x
6(1− x)4 , (4.23)

D1(x, y) = − 1
(1− x)(1− y) −

x2 log x
(1− x)2(x− y) −

y2 log y
(1− y)2(y − x) , (4.24)

D2(x, y) = − 1
(1− x)(1− y) −

x log x
(1− x)2(x− y) −

y log y
(1− y)2(y − x) . (4.25)

Note that the large factor in front of |AD|2 in eq. (4.19) makes the contribution of
the form factor AD to be typically more important than the contribution of AND in the
µ→ eee decay. Also note that the form factor B is proportional to the fourth power of the
Yukawa couplings, while AD and AND are proportional to the second power. Therefore,
when the Yukawa couplings are sufficiently small, the contribution AD tends to dominate
the amplitude. In this case, the processes µ→ eee and µ→ eγ are correlated in a simple
way, i.e., the rate µ→ eee becomes proportional to µ→ eγ with a proportionality factor
much smaller than one. This scenario of dipole dominance is the typical case studied in
the literature, in which the decay of µ → eee is suppressed with respect to µ → eγ, and
the strongest constraints come from the process µ→ eγ. However, in the regime of large
Yukawa couplings, the box contributions become sizable and cannot be neglected, especially
in the limits mη+ � mNR or mη+ � mNR , in which B is enhanced compared to AD, due
to the particular behavior of the loop functions D1, D2, and F2. In this case, the decay
µ→ eee yields competitive bounds.

This is illustrated in figure 3, where the allowed parameter space in the mη+ − ziα
plane is shown after imposing the bounds from MEG [49] on µ → eγ (left panel) and
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Figure 3. Parameter space in the mη+−ziα plane consistent with the charged lepton flavor violation
limits. The colored regions are allowed by the current constraints.

SINDRUM [50] on µ → eee (right panel). We consider the Yukawa couplings of O(0.1),
which is high enough for the box contributions to be relevant. For simplicity, we assumed
that all Yukawa couplings are equal and degenerate Majorana neutrinos, with a fixed mass
mNR = 500GeV. One can notice that the excluded parameter space for both processes is
very similar, with µ→ eee becoming slightly more constraining for larger mη+ values (due
to the enhancement of the box contributions in the regime mη+ � mNR). One can also
see that for Yukawa couplings of order O(0.1), the model complies with the cFLV bounds
provided that η+ and NRi have masses in the TeV ballpark. On the other hand, if the
couplings and masses lie around this range, cLFV rates can be sufficiently high to be within
the reach of future experiments, such as MEG II and Mu3e, as we discuss next.

Before that, let us turn to the conversion µ− e in the nuclei, whose ratio µ− − e− is
defined as [48]

CR (µ− e) = Γ (µ− + Nucleus (A, Z)→ e− + Nucleus (A, Z))
Γ (µ− + Nucleus (A, Z)→ νµ + Nucleus (A, Z − 1)) . (4.26)

For the radiative neutrino mass model considered in this work, the conversion rate, normal-
ized to the charged lepton capture rate, takes the form [47]:

CR(`αN→ `βN) =
pβEβm

3
αG

2
Fα

3
EMZ

4
effF

2
p

8π2ZΓcapt

[∣∣∣(Z+N)
(
g

(0)
LV +g(0)

LS

)
+(Z−N)

(
g

(1)
LV +g(1)

LS

)∣∣∣2
+
∣∣∣(Z+N)

(
g

(0)
RV +g(0)

RS

)
+(Z−N)

(
g

(1)
RV +g(1)

RS

)∣∣∣2] , (4.27)

where the expressions for the quantities Zeff, Fp, Γcapt, and g(i)
L/RS/V are given in refs. [47, 51].

Compared to µ→ eee and µ→ eγ, the conversion µ− e in nuclei currently provides
very weak constraints. A similar exclusion region to that of figure 3 for the µ− e conversion
would exclude almost no parameter space and, therefore, is not shown. However, given
that future experiments, such as Mu2e and COMET [52], are expected to measure or at
least constrain lepton flavor conversion in nuclei with much better precision than radiative
cLFV decays, we included flavor conversion processes and the other cLFV channels when
analyzing their detection prospects in future cLFV experiments.
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Figure 4. Correlation between the cLFV processes µ→ eee and µ→ e conversion in gold nuclei
for normal (upper panel) and inverted (lower panel) neutrino mass ordering. The points are colored
according to the size of the branching ratio of the µ→ eγ process, as shown in the color bars. The
current upper bounds are indicated by the black full lines, while the future sensitivities, by the black
dashed lines. The blue and red star points correspond to the benchmarks BP1 and BP2, respectively
(see table 4). In the bars, the current and projected bounds for µ→ eγ and the benchmark points
are indicated by strips, which employ the same color convention as before.

Parameters Scanned ranges
θR [0, 2π]
λ14 [0.01, 1]

mNR , mη+ , mΦ1,2 , mΞ1,2,3,4 [500, 10000]GeV

Table 3. Scanned parameter ranges.

We perform a scan over the parameter space of the model and calculate the corresponding
cLFV rates. The result is shown in figure 4, for both neutrino mass orderings, NO (top
panel) and IO (bottom panel). The input parameters are randomly scanned according to
the ranges shown in table 3. The scalar mixing angles were fixed as θΦ = 0.2, θΞ = 0.3
and θΞ

′ = 0.1. For simplicity, we assumed that RH neutrinos are degenerate with mass
(mNR). We chose λ14 in the range indicated in table 3, as we realized that λ14 in this
range allows Yukawa couplings of O(0.1); larger λ14 values would decrease the Yukawas
and suppress the cLFV rates. Following the recipe of section 3 for the adapted Casas-Ibarra
parameterization, shown in eq. (3.11), these parameters enter as inputs for the Yukawa
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couplings, which depend on λ14 and on the scalar masses and mixing angles through the
Λ function (cf. eq. (3.2)), and also on θR, the arbitrary angle of the orthogonal matrix
R (which we assume to be real). In this manner, the neutrino masses and mixing are
guaranteed to be reproduced for all the calculated points.

We observe from figure 4 that, indeed, the current limits from the µ− e conversion in
the nuclei are very weak and practically do not give any constraints on the model. However,
it is apparent that the high precision expected for future µ− e conversion experiments will
allow a large portion of the parameter space of the model to be probed. In the plots, the
CR(µ→ e) values were calculated considering the gold (Au) nucleus to be compared with
the current bound from the SINDRUM experiment, which used this nucleus as the target.
However, note that the projected sensitivity refers to the aluminum (Al) nucleus, which
is used as the target in the COMET and Mu2e experiments. However, we checked that
the difference in the predicted rates for the Au and Al nuclei is only marginal along the
parameter space of interest. Therefore, a comparison of the projected bounds involving
these two nuclei is possible.

We also highlight the important role that future µ→ eee searches play in our model.
One can see that it will be able to cover a very significant part of its parameter space. This
is a consequence of the high precision expected for the Mu3e experiment, combined with the
high rates predicted for this process due to the box-diagram contributions. On the other
hand, despite the sizable rates predicted for the µ→ eγ process, the expected experimental
accuracy of MEG II does not allow one to probe as much parameter space as the other
cLFV searches.

In figure 4 we also show two benchmark points, BP1 (blue star) and BP2 (red star).
The values of the various parameters are detailed in table 4. These points correspond to the
same BP1 and BP2 shown in figure 2, which explain the W mass anomaly. However, in that
plot, as the neutrino ordering does not affect the S, T , and U parameters, the points in NO
and IO become degenerate, and this is why they appear as single points in that figure. Note
that both BP1 and BP2 provide measurable rates for the three cLFV processes considered
above, in both neutrino mass orderings. In addition to that, in the specific case of IO, a
0ν2β decay signal would also be possible. These benchmark points are concrete examples of
how this three-loop model allows one to generate active neutrino masses without fine-tuning
the Yukawa couplings (or any other parameter), explain the W mass anomaly, and offer
new signatures in future experiments. Further cosmological features of the model, such as
baryogenesis and dark matter, are discussed in the next section.

4.3 Muon g − 2

There is a persisting positive deviation ∆aµ > 0 of the experimental value of the anomalous
magnetic moment of muon aµ = (g − 2)/2 [53–55] from its SM value [56], which can be
interpreted as a contribution of physics beyond the SM. The model we proposed in this work
predicts a negative value of ∆aµ < 0 in contrast to the above-mentioned positive-valued
experimental result. In our model, ∆aµ is generated according to figure 5a at one-loop level
by the electrically charged scalar η+ and a right-handed Majorana neutrino NR running in
the internal lines of the loop, where chirality flipping occurs only in the external fermionic
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Parameters BP1 BP2
θΦ 0.2 0.2
θΞ 0.3 0.3
θ′Ξ 0.1 0.1

mη+ [GeV] 1500 1700
mΦ1 [GeV] 1600 1765
mΦ2 [GeV] 1000 2000

NO IO NO IO
mNR [GeV] 8954.5 4246.9 5040.0 3450.7
mΞ1 [GeV] 8130.4 2925.0 8244.0 3282.9
mΞ2 [GeV] 1452.5 4748.5 2431.6 1815.4
mΞ3 [GeV] 8932.4 2763.1 6392.1 3637.6
mΞ4 [GeV] 7127.2 9336.4 1296.0 1458.4

λ14 0.729 0.726 0.363 0.504
ye1η 0.124 0.346 −0.009 0.639
ye2η −0.253 0.389 0.154 0.152
yµ1
η 0.746 0.220 −0.313 0.031
yµ2
η −0.307 −0.272 0.312 −0.440
yτ1
η 0.705 −0.335 −0.400 −0.183
yτ2
η 0.207 0.225 0.043 0.475

Observables
BR(µ→ eγ) 2.730× 10−13 9.170× 10−14 1.428× 10−13 3.452× 10−13

BR(µ→ eee) 3.686× 10−13 1.933× 10−13 9.799× 10−14 6.997× 10−13

BR(µ− e,Au) 2.392× 10−15 1.599× 10−16 2.816× 10−16 2.122× 10−16

mee [meV] 3.67 48.36 3.67 48.36

Table 4. Input parameters, cLFV observables and 0ν2β effective mass for the selected benchmark
points BP1 and BP2. They satisfy all the current constraints and accommodate the CDF anomaly
while offering detectable signals in future cLFV and 0ν2β decay experiments.

NRµL µL µR

γ

η+ η+

×

(a)

×

η0 φµR µL

γ

E−
L

E−
R E−

R

×

⟨ϕ⟩

(b)

Figure 5. 1-loop contributions to the muon anomalous magnetic moment. The diagram (a) leads to
a negative value of ∆aµ < 0. With the inclusion of a vector-like lepton E in diagram (b), a positive
value of ∆aµ > 0 is predicted.
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line. This contribution to ∆aµ is known to be negative [48]. To resolve this issue, our
model should be properly modified. This topic is beyond the scope of the present paper
and should be addressed elsewhere. Here, only a brief comment is in order. Our model
can be minimally extended by adding exotic SU(2)L-singlet vector-like leptons EL,R with
negative Z2-parity, weak hypercharge Y = −1 and the U ′(1) charge Q′ = −6. With this
assignment, we have new Lagrangian terms

L ⊃ yηE l2LηER + yϕE ELϕ
∗µR +MEELER + h.c, (4.28)

obeying all the symmetries of our model. The mass ME of the exotic leptons should be
large enough to pass the existing experimental limits [57]. These new terms together with
the trilinear coupling A(η†φ)ϕ in the scalar potential of eq. (2.3) allow us to construct an
extra one-loop contribution to ∆aµ shown in figure 5b. In this case, the photon is attached
to the charged internal E− line and the helicity-flip is due to large ME . This contribution
is positive and can easily be made larger than the negative contribution induced by the
η+ −NR loop we mentioned earlier. In this minimal way, we can successfully accommodate
the experimental magnitude and sign of ∆aµ without having affected all the results derived
in the present paper.

5 Cosmological implications

In this section, a couple of phenomenological implications for early universe cosmology are
discussed: the domain-wall issue, possible production mechanisms for the DM, and the
baryon asymmetry of the universe.

5.1 The U ′(1) Goldstone and domain walls

In our model, there is a potential cosmological issue related to the presence of the global
U ′(1) symmetry spontaneously broken at the scale vσ ≥ 1TeV, which is significantly larger
than the electroweak scale v ∼ 200GeV. First, this entails the appearance of a massless
electroweak singlet Goldstone boson, which can acquire its small mass due to the Planck-
scale effects of quantum gravity [58, 59]. This particle, similar to a singlet majoron, is
phenomenologically harmless. On the other hand, it could serve as a DM candidate if its
mass was in the keV range [58, 60], which seems to be too large for Planck-scale effects
and would require soft breaking U ′(1) symmetry. We do not consider this option and leave
U ′(1) Goldstone without further discussion.

The issue arises from the side of the domain-wall formation. We note that non-
perturbative instanton effects [61], originating from the mixed [SU(2)L]2 × U ′(1) anomaly,
explicitly break this symmetry U ′(1) down to a discrete ZN . According to ref. [62] and our
U ′(1) assignments in table 1, we have

N =
∣∣∣∣∣∑
R

N(R)×Q′(R)× T (R)
∣∣∣∣∣ =

∣∣∣∣(3× 3)× 1
3 × 1− 3× 3× 1

∣∣∣∣ = 6 , (5.1)

where N(R) is the number of a fermion representation R, the U ′(1) charge of the fermion
is denoted by Q′(R), and T (R) is the Dynkin index of the group SU(2)L, which is T (1) = 0
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and T (2) = 1 for singlets and doublets, respectively. In eq. (5.1) we explicitly show two
contributions that arise in our model. The first term is the quark-doublet contribution with
N(qL) = (number of generations) × (number of colors) = 3 × 3, Q′(qL) = 1/3, while the
second term is the contribution of lepton doublets with N(`L) = (number of generations) =
3 and Q′(`L) = −3. Thus, the instantons break U ′(1) down to its subgroup Z6. However,
spontaneous breaking is induced by a unique term λ15 ρ ζ σ

2 in the scalar potential in
eq. (2.3) leading to ∆Q′ = 1 breaking. Then U ′(1) is spontaneously broken down to the
trivial Z1. Therefore, the exact Z6 is broken spontaneously, leading to the formation of the
domain walls. There are several mechanisms proposed in the literature to solve this problem
from the cosmological and particle physics sides. In the first case, one appeals to a suitable
inflation scenario, in which the dangerous domain walls are beyond the horizon. The most
known post-inflation particle physics solution resorts to the Lazarides-Shafi mechanism [63]
which assigns the spontaneously broken discrete symmetry — in our case, this is Z6 — to
be a subgroup of some gauge group. This allows one to gauge away the physical degeneracy
between the different vacua. The above two mechanisms can be implemented in our model
without modifying its field content and symmetries. Invoking the Lazarides-Shafi mechanism
would imply that the global U ′(1) is a subgroup of some gauge group G so that Z6 ∈ U ′(1) is
the center of G. The group G is supposed to be spontaneously broken at a sufficiently high
scale, down to a group containing the global U ′(1) subgroup. We emphasize that the choice
of a particular mechanism from these two does not affect the results of the present study.

5.2 Baryon asymmetry of the Universe

The baryon asymmetry of the Universe may be generated by a combination of RH neutrino
out-of-equilibrium decays and the sphaleron process, similar to the canonical (TeV scale)
seesaw mechanism [64]. In our three-loop neutrino mass model, the size of the Yukawa
neutrino coupling is as large as O(0.1) as shown in table 4, leading to a strong washout
effect through scattering processes such as `i η+ ↔ ¯̀

i η
− and `i`i ↔ η−η−. The size of

the Yukawa neutrino coupling should be smaller than O(10−4) − O(10−3) for successful
leptogenesis on the TeV scale [65, 66]. Therefore, it is difficult to produce baryon asymmetry
through leptogenesis in this scenario.3 Inert scalar annihilations may also be used to
generate lepton asymmetry instead of RH neutrino decays. This framework is named
WIMPy leptogenesis [68]. Even in this case, the washout effect is strong enough to erase
the produced lepton asymmetry.

A possible idea for generating the baryon asymmetry in our model may be electroweak
baryogenesis. Electroweak baryogenesis in a different three-loop neutrino mass model has
been studied in refs. [4, 69]. If a CP-violating phase exists in the scalar potential and
a strong electroweak first-order phase transition occurs, the baryon asymmetry may be
generated via electroweak baryogenesis in our model, although this is not the scope of
this work.

3A recent study considers a scalar mass lighter than the sphaleron process freeze-out temperature, which
could be a possible way to avoid the strong wash-out effect [67].
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5.3 Dark matter

First, we note that the Z2 symmetry protects the lightest odd state of the dark sector,
making it a viable candidate for DM. In the present scenario, one could have a scalar (η0,
ϕ, ρ or ζ) or fermionic (NR1) DM, depending on the mass hierarchy. For DM masses in
the GeV to TeV ballpark and couplings to the SM at the electroweak scale, DM could have
been generated in the early universe via the WIMP mechanism. As it has been previously
shown that this model offers a quite broad viable parameter space, instead of performing
an intensive scan to find the precise regions compatible with the observed DM abundance,
here we prefer to give some general comments on WIMP DM phenomenology.

The case of scalar DM corresponds to the scenario in which the candidate for DM is
the lightest of η0, ϕ, ρ, and ζ. In the early universe, the DM candidate can be produced out
of the SM thermal bath by the WIMP mechanism via a number of 2-to-2 processes. A pair
of DM particles can annihilate into two SM states via the s channel exchange of a Higgs
boson or to a couple of Higgs bosons due to the contact interaction or the t- and u-channel
exchange of a DM. Furthermore, it can also annihilate into a couple of active neutrinos by
the mediation of a RH neutrino in the t- and u-channels. If the dominant component of
DM is η0, the properties of DM are similar to those of the inert scalar DM [24]. The main
annihilation channels are into the gauge bosons and Higgs bosons via the gauge interactions.
On the other hand, if DM is dominated by the other components, the main annihilation
channels are into the Higgs bosons via the scalar couplings. This scenario corresponds to
the Higgs portal DM [70, 71].

Alternatively, for fermionic DM, the candidate is the lightest state NR1 . In the early
Universe, it can be annihilated into a couple of charged leptons or active neutrinos via
the η exchange (t- and u-channels). The DM properties for this scenario are similar to
those of the original scotogenic model [22], and a detailed study has been carried out in
refs. [26–28, 72, 73].

Before closing this section, it is interesting to note that in the present scenario, there
are alternatives to the WIMP mechanism. For example, DM could also have been produced
non-thermally in the early Universe via the FIMP mechanism [74–79]. In that case, much
smaller portal couplings O(10−11) with a wider mass range are required. Furthermore, if
the portal couplings are suppressed and DM has significant self-interactions, thermalization
in the dark sector could have a strong impact on the DM abundance [80–86]. Finally, we
note that non-standard cosmological histories could also greatly modify the expected DM
abundance, with respect to the standard scenario [87–90].

6 Conclusions

We have constructed an extended Inert Doublet model (IDM) with a spontaneously broken
global symmetry U(1)′ and a preserved Z2 symmetry, which allows the implementation of
a three-loop radiative seesaw mechanism that produces the tiny active neutrino masses.
In our proposed model, the scalar and fermion sectors are enlarged by the inclusion of
four electrically neutral gauge singlet scalars and two right-handed Majorana neutrinos,
respectively. In this setup, a fermionic or scalar DM candidate can easily be accommodated,
whose stability is ensured by the preserved Z2 symmetry. Moreover, the three-loop sup-
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pression allows the new particles to have masses in the TeV scale without fine-tuning the
Yukawa couplings. With the new particles in that scale, we have shown that the model is
capable of successfully explaining the W mass anomaly, provided that the mass splitting
between the charged and neutral inert scalars is not too large. Furthermore, the model
leads to interesting phenomenology while satisfying all the current constraints imposed by
neutrinoless double-beta decay, charged-lepton flavor violation, and electroweak precision
observables. In particular, the relatively large Yukawa couplings lead to sizable rates for the
charged lepton flavor violation processes which are within the sensitivity of future facilities,
especially those looking for three-body decay µ→ eee and µ− e conversion in atomic nuclei,
rendering the model testable in the next generation of flavor violation experiments.
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A Tree level stability conditions of the scalar potential

Here, we determine the stability conditions of the scalar potential. To this end, we proceed
to analyze its quartic terms, since they will provide the leading contribution to the behavior
of the scalar potential in a regime of very large values of the field components. The quartic
terms of the model scalar potential are given by4

V4 = λ1(φ†φ)2 + λ2(σ∗σ)2 + λ3(φ†φ)(σ∗σ) + λ4(η†η)2 + λ5(ϕ∗ϕ)2

+ λ6(ρ∗ρ)2 + λ7(ζ∗ζ)2 + λ8(η†η)(ϕ∗ϕ) + λ9(η†η)(ρ∗ρ) + λ10(η†η)(ζ∗ζ)

+ λ11(ϕ∗ϕ)(ρ∗ρ) + λ12(ϕ∗ϕ)(ζ∗ζ) + λ13(ρ∗ρ)(ζ∗ζ) +
(
λ14ϕρ

3 + H.c.
)

+
(
λ15ρζσ

2 + H.c.
)

+ λ16(φ†φ)(η†η) + λ17(φ†η)(η†φ) + λ18(φ†φ)(ϕ∗ϕ)

+ λ19(φ†φ)(ρ∗ρ) + λ20(φ†φ)(ζ∗ζ) + λ21(σ∗σ)(η†η) + λ22(σ∗σ)(ϕ∗ϕ)
+ λ23(σ∗σ)(ρ∗ρ) + λ24(σ∗σ)(ζ∗ζ). (A.1)

We introduce the following bilinear combinations of the scalar fields

a = φ†φ, b = σ∗σ, c = η†η, d = ϕ∗ϕ,

e = ρ∗ρ, f = (ζ∗ζ) , r = φ†η + η†φ , s = −i
(
φ†η − η†φ

)
,

p1 = 2 Re (ϕρ) , p2 = 2 Im (ϕρ) , w1 = 2 Re (ρζ) , w2 = 2 Im (ρζ) ,

o1 = 2 Re
(
ρ2
)
, o2 = 2 Im

(
ρ2
)
, o3 = 2 Re

(
σ2
)
, o4 = 2 Im

(
σ2
)
. (A.2)

4Here, in order to simplify our analysis we have considered the case of κi = 0, (i = 1, 2, . . . 7).
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The quartic terms of the scalar potential can be rewritten as follows

V4 =
(√

λ1a−
√
λ2b

)2
+
(√

λ1a−
√
λ4c

)2
+
(√

λ1a−
√
λ5d

)2
+
(√

λ1a−
√
λ6e

)2

+
(√

λ1a−
√
λ7f

)2
+
(√

λ2b−
√
λ4c

)2
+
(√

λ2b−
√
λ5d

)2
+
(√

λ2b−
√
λ6e

)2

+
(√

λ2b−
√
λ7f

)2
+
(√

λ4c−
√
λ5d

)2
+
(√

λ4c−
√
λ6e

)2
+
(√

λ4c−
√
λ7f

)2

+
(√

λ5d−
√
λ6e

)2
+
(√

λ5d−
√
λ7f

)2
+
(√

λ6e−
√
λ7f

)2

− 4
(
λ1a

2 + λ2b
2 + λ4c

2 + λ5d+ λ6e+ λ7f
2
)

+ λ17
(
r2 + s2

)
+
(
λ3 + 2

√
λ1λ2

)
ab+

(
λ16 + 2

√
λ1λ4

)
ac+

(
λ18 + 2

√
λ1λ5

)
ad

+
(
λ19 + 2

√
λ1λ6

)
ae+

(
λ20 + 2

√
λ1λ7

)
af +

(
λ21 + 2

√
λ2λ4

)
bc

+
(
λ22 + 2

√
λ2λ5

)
bd+

(
λ23 + 2

√
λ2λ6

)
be+

(
λ24 + 2

√
λ2λ7

)
bf

+
(
λ16 + 2

√
λ4λ5

)
cd+

(
λ9 + 2

√
λ4λ6

)
ce+

(
λ10 + 2

√
λ4λ7

)
cf

+
(
λ11 + 2

√
λ5λ6

)
de+

(
λ12 + 2

√
λ5λ7

)
df +

(
λ13 + 2

√
λ6λ7

)
ef

+ 1
8λ14 (p1o1 − p2o2) + 1

8λ15 (w1o3 − w2o4) . (A.3)

For the analysis of the tree-level stability of the scalar potential, we follow the method
described in refs. [91, 92], we find the following tree-level stability conditions of the
scalar potential

λ1 ≥ 0, λ2 ≥ 0, λ4 ≥ 0, λ5 ≥ 0, λ6 ≥ 0,
λ7 ≥ 0, λ17 ≥ 0, λ14 ≥ 0, λ15 ≥ 0,

λ3 + 2
√
λ1λ2 ≥ 0, λ16 + 2

√
λ1λ4 ≥ 0, λ18 + 2

√
λ1λ5 ≥ 0,

λ19 + 2
√
λ1λ6 ≥ 0, λ20 + 2

√
λ1λ7 ≥ 0, λ21 + 2

√
λ2λ4 ≥ 0,

λ22 + 2
√
λ2λ5 ≥ 0, λ23 + 2

√
λ2λ6 ≥ 0, λ24 + 2

√
λ2λ7 ≥ 0,

λ16 + 2
√
λ4λ5 ≥ 0, λ9 + 2

√
λ4λ6 ≥ 0, λ10 + 2

√
λ4λ7 ≥ 0

λ8 + 2
√
λ4λ5 ≥ 0, λ12 + 2

√
λ5λ7 ≥ 0, λ13 + 2

√
λ6λ7 ≥ 0.
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