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We study a scotogenic extension of the minimal gauged Lμ − Lτ model including three right-handed
singlet fermions and a scalar doublet all odd under an in-built Z2 symmetry to explain the anomalous
magnetic moments of the muon, CDF-II W-mass anomaly, and the 95 GeV excess reported by the CMS
collaboration. While the minimal model can successfully explain the muon (g − 2) and CDF-II W-mass
anomalies, the required diphoton signal strength for the 95 GeV scalar, together with that of the SM Higgs,
cannot be obtained in the minimal model. The same can, however, be explained by incorporating one
additional scalar doublet whose only role is to contribute radiatively to diphoton decay modes of the light,
neutral scalars. Due to the scotogenic extension, the model remains consistent with the observed properties
of light neutrinos and dark matter in the Universe.
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I. INTRODUCTION

The muon anomalous magnetic moment, aμ¼ðg−2Þμ=2,
has been measured recently by the E989 experiment at
Fermilab showing a discrepancy with respect to the
theoretical prediction of the Standard Model (SM) (aSMμ ¼
116591810ð43Þ × 10−11) [1]. The 2021 analysis by the
Muon g-2 collaboration, in combination with the previous
Brookhaven results, led to a 4.2σ discrepancy. More
recent analysis by the same collaboration [2] has led to
Δaμ ¼ aexpμ − aSMμ ¼ 249ð48Þ × 10−11, a discrepancy of
5.1σ CL. Here, it is worth noting that, due to the non-
perturbative character of the low energy strong interaction,
the uncertainty in aSMμ is mostly dominated by hadronic
vacuum polarization (HVP) contributions. These contribu-
tions are calculated from data-driven approaches, utilizing
measured eþe− → hadrons data or from lattice QCD.
Results from various lattice groups are combined using
a conservative procedure to give an average value to a
leading order (LO) as aLO HVP

μ ¼ 711.6ð18.4Þ × 10−10 [3].
The most recent result from lattice QCD with higher

precision is from BMW-20 analysis [4] that gives
aLO HVP
μ ¼ 707.5ð5.5Þ × 10−10. Similarly, earlier mea-

surements of HVP using eþe− → πþπ− gives aHVPμ ¼
6845ð40Þ × 10−11 [3] and the same has been measured
with greater precision by the recent CMD-3 experiment [5].
While these observations contribute to alleviating the
discrepancy between the experimental value of aμ and
its SM prediction, they are not definitive, and the prospect
of new physics beyond the Standard Model (BSM) being
the cause of this anomaly still persists. Review of such
theoretical explanations for muon (g − 2) can be found
in [6–8].
Similar anomalies have also been reported by collider

experiments. The CMS experiment at the large hadron
collider (LHC) has recently reported evidence for a neutral
scalar of 95 GeV mass decaying into a pair of photons
[9–11] at 2.9σ CL which is also supported by the LEP
data [12]. This excess is also supported by the ATLAS data
but with a slightly lower statistical significance. This has
led to several BSM explanations appeared in the literature
[13–36]. The other collider anomaly is the updated meas-
urement of the W-boson mass MW ¼ 80433.5� 9.4 MeV
[37] by CDF collaboration at Fermilab using the data
corresponding to 8.8 fb−1 integrated luminosity collected at
the CDF-II detector of Fermilab Tevatron collider. This
updated value has 7σ discrepancy with the SM expectation
(MW ¼ 80357� 6 MeV). This has already been explained
in the context of different BSM scenarios in the literature.
For instance see [38–48].
Motivated by these, we consider a popular BSM sce-

nario based on the gauged Lμ − Lτ symmetry, which is
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anomaly-free [49–51]. In the minimal Uð1ÞLμ−Lτ
model,

three right-handed neutrinos (RHNs) are introduced in
order to generate light neutrino masses at the tree level
[52–54]. However, in this paper, we intend to explain
neutrino mass in a scotogenic fashion [55,56] by imposing
an additional Z2 symmetry under which the RHNs and a
scalar doublet, η are odd. The unbroken Z2 symmetry
guarantees a stable dark matter (DM) candidate. A Lμ − Lτ

extension of the scotogenic model was discussed earlier in
the context of DM and muon (g − 2) in [57,58]. We will
show that the minimal scotogenic Lμ − Lτ model is con-
sistent with DM, neutrino mass while explaining the muon
(g − 2) and W-mass anomaly. However, the explanation of
the CMS 95 GeV excess with the observed Higgs signal
strength requires the addition of one more scalar doublet.
While we do not discuss other phenomenology of this
additional scalar doublet in the present work, it can be
motivated from neutrino mass point of view in the absence
of multiple generations of RHN [59].
This paper is organized as follows. In Sec. II, we briefly

discuss the minimal scotogenic Lμ − Lτ model followed by
the explanation of CDF-II W-mass anomaly in Sec. III and
CMS 95 GeV excess in Sec. IV. We discuss the details of
neutrino mass generation in Sec. V and muon (g − 2)
anomaly in Sec. VI. In Sec. VII, we discuss the DM
phenomenology and finally conclude in Sec. VIII.

II. THE MINIMAL MODEL

In the minimal scotogenic Lμ − Lτ setup, the SM particle
content is extended with three right-handed neutrinos (Ne,
Nμ, Nτ), two singlet scalars (Φ1, Φ2), and one doublet
scalar (η). For the generation of neutrino mass at one-loop
as well as for a stable DM candidate, an additional discrete
symmetry, Z2, is imposed under which the RHN and
doublet scalar η are odd while all other particles are even.
The light active neutrinos acquire their tiny mass from the
scotogenic loop with the RHN and η taking part in the loop.
The charge assignment of the BSM fields under the
SUð2ÞL ⊗ Uð1ÞY ⊗ Uð1ÞLμ−Lτ

⊗ Z2 symmetry is shown
in Table I.
The relevant fermion Lagrangian can be written as

L ⊇ Neiγμ∂μNe þ NμiγμDμNμ þ NτiγμDμNτ

−
Mee

2
NC

e Ne −MμτNC
μNτ − YeμΦ

†
1N

C
e Nμ

− YeτΦ1NC
e Nτ − YμΦ†

2N
C
μNμ − YτΦ2NC

τ Nτ

− YDeLeη̃Ne − YDμL̄μη̃Nμ − YDτL̄τη̃Nτ

− YleL̄eHeR − YlμL̄μHμR − YlτL̄τHτR þ H:c:; ð1Þ

where H is the SM Higgs doublet with vanishing Lμ − Lτ

charge, η̃ ¼ iτ2η� and the covariant derivative Dμ is
given as

Dα ≡ ∂α − igμτYμτðZμτÞα; ð2Þ

with Yμτ being the corresponding Uð1ÞLμ−Lτ
charge. The

new gauge kinetic terms in the Lagrangian are

LGauge¼−
1

4
BμνBμν−

1

4
ðZμτÞμνðZμτÞμν−

ϵ

2
ðZμτÞμνBμν; ð3Þ

where ϵ is the kinetic mixing parameter between the
Uð1ÞLμ−Lτ

and Uð1ÞY .
The scalar sector Lagrangian can be written as

Lscalar ¼ jDμHj2 þ jDμηj2 þ jDμΦij2 − VðH;Φi; ηÞ; ð4Þ

where i ¼ 1, 2 and the covariant derivative Dμ is
given by

Dμ ≡ ∂μ − i
g
2
τ:Wμ − ig0

Y
2
Bμ: ð5Þ

The scalar potential respecting the imposed symmetry
can be written as

TABLE I. New fields and their gauge charges in minimal
scotogenic Uð1ÞLμ−Lτ

model.

Fermion fields Scalar field

Gauge group Ne Nμ Nτ Φ1 Φ2 η

SUð2ÞL 1 1 1 1 1 2
Uð1ÞY 0 0 0 0 0 1

2

Uð1ÞLμ−Lτ
0 1 −1 1 2 0

Z2 −1 −1 −1 þ1 þ1 −1
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VðH;Φi; ηÞ ¼ −μ2HðH†HÞ þ λHðH†HÞ2 − μ2Φi
ðΦ†

iΦiÞ þ λΦi
ðΦ†

iΦiÞ2 þ λHΦi
ðH†HÞðΦ†

iΦiÞ

þm2
ηðη†ηÞ þ λ2ðη†ηÞ2 þ λ3ðη†ηÞðH†HÞ þ λ4ðη†HÞðH†ηÞ þ λ5

2
½ðH†ηÞ2 þ ðη†HÞ2�

þ ληΦi
ðη†ηÞðΦ†

iΦiÞ þ λΦ1Φ2
ðΦ†

1Φ1ÞðΦ†
2Φ2Þ þ ½μΦ2

1Φ
†
2 þ H:c:�: ð6Þ

As theneutral componentof theHiggsdoubletH breaks the
electroweak gauge symmetry, the singlets Φ1 and Φ2, upon
obtaining nonzero vacuum expectation values (VEVs), break
theLμ − Lτ gauge symmetry spontaneously. Here, it is worth
mentioning that the nontrivial mixing of light neutrinos is a
result of the structure of the RHN mass matrix, which is
generated by the scalar singletsΦ1 andΦ2. Interestingly, one
of these scalars responsible for breaking the Lμ − Lτ sym-
metry and gettingmixed with other Z2-even neutral scalars is
assumed to have a mass of 95 GeVand is responsible for the
95 GeVexcess observed in collider experiments. We discuss
these details in the subsequent sections.
The VEV alignments of the scalars are given as

H¼
�

0

vþhffiffi
2

p

�
; Φ1 ¼

1ffiffiffi
2

p ðϕ1þv1Þ; Φ2 ¼
1ffiffiffi
2

p ðϕ2þv2Þ:

ð7Þ

The mass squared matrix for the Z2-even neutral scalars in
the basis ðh;ϕ1;ϕ2ÞT can be written as

0
BBB@

2λHv2 λHΦ1
vv1 λHΦ2

vv2

λHΦ1
vv1 2λΦ1

v21 v1ð2λΦ1Φ2
v2þ

ffiffiffi
2

p
μ12Þ

λHΦ2
vv2 v1ð2λΦ1Φ2

v2þ
ffiffiffi
2

p
μ12Þ 2λΦ2

v22−
μ12v21ffiffi
2

p
v2

1
CCCA:

ð8Þ

The new gauge boson, Zμτ, obtains mass after the Lμ − Lτ

symmetry is broken and is given as

MZμτ
¼ gμτ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v21 þ 4v22

q
: ð9Þ

This new gauge coupling gμτ and gauge boson mass MZμτ

play crucial roles in explaining the muon (g − 2) anomaly.

III. W-MASS ANOMALY

The mass of the W-boson is intricately computed within
the robust framework of the SM, drawing upon precisely
measured input parameters. These parameters, which
encapsulate the fine-structure constant (α), the Fermi
constant (GF), and the mass of the Z boson (MZ), play
pivotal roles in the calculations. Their numerical values are
derived from extensive experimental measurements and are
given as [60]

α−1em ¼ 137.035999084ð51Þ; δαem=αem ¼ 0.4×10−9;

GF ¼ 1.1663787×10−5 GeV−2; δGF=GF ¼ 0.4×10−5;

MZ ¼ 91.1876�0.0021GeV; δMZ=MZ ¼ 2.5×10−5:

ð10Þ

It is through these well-established and rigorously deter-
mined input parameters that the mass of the W boson is
precisely ascertained theoretically as [43,61,62]

M2
W

�
1 −

M2
W

M2
Z

�
¼ παemffiffiffi

2
p

GF

ð1þ ΔrÞ; ð11Þ

where Δr represents the contributions from the quantum
corrections, and from the above equation, MW can be
calculated as

M2
W ¼ M2

Z

2

"
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4παemffiffiffi
2

p
GFM2

Z

ð1þ ΔrÞ
s #

: ð12Þ

This radiative contribution Δr to the W mass can be
written as [61]

Δr ¼ Δαem −
cos2 θW
sin2 θW

Δρþ Δr1; ð13Þ

with θW being the Weinberg angle. The primary factors
influencing Δr can be attributed to two main components.
Firstly, there is the contribution from pure quantum
electrodynamics correction, specifically the alteration of
the fine structure constant Δαem as it evolves from q2 ¼ 0

to q2 ¼ M2
Z. The second component is Δρ, which repre-

sents the vacuum polarization effect of the gauge boson
through the top-bottom fermion loop. The change in the
fine structure constant Δαem is

Δαem ¼ αemðM2
ZÞ − αemð0Þ
αemð0Þ

;

¼ −
αemð0Þ
3π

X
mf<MZ

Q2
f

�
5

3
− ln

�
M2

Z

m2
f

��
;

¼ 0.05943� 0.00011: ð14Þ

This stems from the renormalization of α, primarily influ-
enced by the contributions of light fermions. Likewise, Δρ
represents the oblique correction arising from a significant
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contribution attributed to the top and Higgs loops, expressed
as ðcos2θW=sin2θWÞΔρ ≃ 0.03. Beyond these, there are
further contributions to Δr originating from both vertex
corrections and box diagrams, collectively denoted as
Δr1 ¼ ΔBoxþVertex ≃ 0.0064.
While utilizing the central values of the parameters

provided in Eq. (10), the calculated result is ΔrjSM ¼
0.0381387. Consequently, employing Eq. (12), this yields
MW ¼ 80.3564 GeV. Notably, this value of MW is deviat-
ing by 7σ from the recently reported value by the CDF
collaboration [37]. To address this substantial discrepancy,
quantum corrections influencingΔr from its SM value may
play a crucial role. We find that a value of Δr ¼ 0.033192
aligns with the central value derived from the CDF
measurement, i.e., MW ¼ 80.4335 GeV. Considering the
potential modification of Δr through oblique corrections,
we identify the necessity for a new positive contribution to
Δρ, denoted as Δρreq ¼ 0.00149014, to account for the
anomaly observed in the W mass. This positive contribu-
tion can come from the self-energy correction of the W
boson with the new doublet scalar present in our setup. This
additional contribution to self-energy correction Δρ and
hence the T parameter (¼Δρ=αem) is given by [38]

T ¼
Θðm2

ηþ ; m
2
ηRÞ þ Θðm2

ηþ ; m
2
ηIÞ − Θðm2

ηR ; m
2
ηIÞ

16π2αemðMZÞv2
; ð15Þ

where the symmetric function Θ is given by

Θðx; yÞ≡ 1

2
ðxþ yÞ − xy

x − y
ln

�
x
y

�
: ð16Þ

In addition to the T-parameter contribution, the S
parameter can also modify the W-boson mass slightly.
The S parameter is given as

S ¼ 1

12π
log

�
M2

ηR þM2
ηI

2M2
ηþ

�
: ð17Þ

The modified W-boson mass considering both these con-
tributions is given by [44,63]

MW ≃MSM
W

�
1 −

αemðMZÞðS − 2 cos2 θWTÞ
4ðcos2 θW − sin2 θWÞ

�
: ð18Þ

We observe that the alteration in the W-boson mass
caused by the S parameter is generally negligible, with the
primary correction arising dominantly from the T param-
eter. We investigate the parameter space within our model
capable of elucidating the W-mass anomaly and the
95 GeV excess, as elaborated in the subsequent section,
where the analysis ensures its consistency with all other
phenomenological and experimental constraints.

IV. 95 GeV EXCESS

We now investigate whether our model can incorporate
the experimental (CMS and ATLAS) indications of a BSM
scalar at 95 GeV. In our setup, the Lμ − Lτ symmetry is
broken by the Z2-even scalars Φ1 and Φ2. Once these
scalars acquire VEVs, they mix among themselves and
with the SM Higgs, and we obtain three physical scalars as
H1, H2, and H3 in the particle spectrum. We identify H1 as
the SM Higgs boson with a mass of 125 GeV, H2 as the
95 GeV scalar, and H3 as a heavy scalar, which we assume
to be heavy compared to the other two. The flavor
eigenstates {h;ϕ1;ϕ2} and the mass eigenstates {H1,
H2, H3} of these scalars are related by an orthogonal
transformation that diagonalizes the mass matrix given in
Eq. (8). This can be written as

0
B@

h

ϕ1

ϕ2

1
CA¼

0
B@

c12c13 c13s12 s13
−c12s13s23−c23s12 c12c23−s12s13s23 c13s23
s12s23−c12c23s13 −c12s23−c23s12s13 c13c23

1
CA
0
B@
H1

H2

H3

1
CA; ð19Þ

where we abbreviated cos θij ¼ cij and sin θij ¼ sij. For
simplicity, we denote the scalars as follows:

H1 ≡HSM; H2 ≡H95; H3 ≡Hheavy: ð20Þ

The signal strength for a particular process, denoted as μ, is
determined by the ratio of the observed number of events to
the expected number of events. For a hypothetical SM like
Higgs boson, denoted as H95, with a mass of 95 GeV, the
signal strength for the observed diphoton excess in our
setup is expressed as

μγγH95
¼ σðgg → H95Þ

σSMðgg → H95Þ
×

BRðH95 → γγÞ
BRSMðH95 → γγÞ ;

¼ sin2 θ12 cos2 θ13 ×
BRðH95 → γγÞ

BRSMðH95 → γγÞ ; ð21Þ

where BRðH95 → γγÞ is the branching for 95 GeV scalar to
two photons in our model, and BRSMðH95 → γγÞ is the
branching to two-photon state for a SM like Higgs state
with a mass of 95 GeV. The existence of the inert doublet η
introduces extra loop contributions to the γγ decay channel
of both H1 and H2, in addition to the contributions from
the fermion loop and the W-boson loop. From Eqs. (6)
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and (19), the couplings of the Z2-even scalars with the
charged component of the inert doublet are given by

CH1ηη ¼ c12c13λ3vþ ð−c23s12 − c12s13s23ÞληΦ1
v1

þ ð−c12c23s13 þ s12s23ÞληΦ2
v2;

CH2ηη ¼ s12c13λ3vþ ðc23c12 − s12s13s23ÞληΦ1
v1

þ ð−s12c23s13 þ c12s23ÞληΦ2
v2;

CH3ηη ¼ s13λ3vþ c13s23ληΦ1
v1 þ c13c23ληΦ2

v2: ð22Þ

Thus the diphoton decay width of these Z2-even scalars is
given by [64]

ΓðHi→ γγÞ¼GFα
2m3

Hi

128
ffiffiffi
2

p
π3

����
X

f
NcQ2

fgHiffA1=2ðτfÞ

þgHiWWA1ðτWÞþ
v

2M2
ηþ
CHiηηA0ðτηÞ

����
2

; ð23Þ

where τk ¼ m2
Hi
=4m2

k and the loop functions ArðτÞ are
defined in Appendix C. Nc is the color factor, Qf is the
electric charge of the fermion, and gHiff, gHiWW are the
corresponding couplings of the scalars with fermions and
W boson, respectively.
The CMS collaboration has reported the signal strength

for this channel as μγγH95
¼ 0.33þ0.19

−0.12 . In the current analysis
of the 95 GeV signal strength, crucial parameters include
sin θ12, Mηþ , ληΦ1

, λ3, and the RHN mixing angle (sin β12).
As the production cross section of H95 is directly propor-
tional to sin θ12, if sin θ12 is very small, the production cross
section becomes minimal, leading to insufficient signal
strength. Conversely, with very large values of sin θ12, H95

predominantly decays into SM-charged fermions through
mixing with SM Higgs, causing a reduction in the diphoton
branching ratio. The mixing angles sin θ13 and sin θ23 can
influence the signal strengths if they are sufficiently larger,
as can be seen from Eq. (22). Thus, achieving the desired
95 GeV signal strength necessitates precise tuning of the
mixing angles. In addition, the mass of the charged
component of the inert doublet ηþ cannot be arbitrarily
large. As indicated in Eq. (23), as Mηþ increases, the decay
rate of the 95 GeV scalar to the diphoton state decreases. In
this context, it is essential to note that the necessary
correction to the W mass primarily stems from the T
parameter, which is highly sensitive to the mass difference
between the neutral and charged components of the doublet
scalar, which can be easily read from Eq. (15). Therefore, in
seeking a shared parameter space that effectively accounts
for both the 95 GeV signal strength and the W-mass
anomaly, the mass of the doublet scalar becomes signifi-
cantly constrained.
For the numerical scan, we consider the couplings λ3, λ5,

ληΦ1
, ληΦ2

, the charged scalar mass Mηþ , and the CP-even
scalar mass MηR as free parameters and determine MηI and

λ4 using Eqs. (B2)–(B4) of Appendix B. These parameters
are randomly varied within the following ranges:
MηR ∈ ½45; 150� GeV, λ5∈½10−8;10−2�, λ3∈½0.01;

ffiffiffiffiffiffi
4π

p �,
Mηþ−MηR∈½1;100�GeV, ληΦ1

∈½0.01;4π�, ληΦ2
∈½0.01;4π�.

The scalar mixing angles are varied within the range:
sinθ12∈½10−4;0.7�, sinθ23∈½10−4;0.7�, and sin θ13 ∈ ½10−4;
0.7�. Concerning the RHN mixing angles, two of them,
β13 ¼ 0 and β23 ¼ π=4, are uniquely determined due to the
symmetry. The only mixing angle that is randomly varied is
sin β12 ∈ ½10−4; 0.7�. Further details on this can be found in
Appendix A. Additionally, since the H2η

þη− vertex
depends on the VEV of Φ1, we randomly vary it as
v1 ∈ ½20; 100� GeV and determine v2 using Eq. (9).
Throughout the whole analysis, we have ensured that all
the couplings adhere to the perturbative bounds. We also
impose the LEP limits on the doublet scalar as MηR þ
MηI > MZ and a conservative limit on the charged sca-
lar Mηþ > 100 GeV.
In Fig. 1, we illustrate the parameter space that corre-

sponds to the observed 95 GeV diphoton signal strength in
the MηR and Mηþ plane, represented in gray. In the same
plane, we depict the parameter space satisfying theW-mass
anomaly in cyan. It is certain from Eq. (15) that in order to
satisfy the required W-mass anomaly, the T parameter
demands larger mass splitting between the charged and the
neutral components of the inert doublet. In this scenario,
the mass difference between the charged and neutral
components of the inert doublet falls within the range of
[80, 100] GeV, ensuring the required T and S parameters
capable of explaining the CDF-II W-mass anomaly.
However, it is important to note that for the validation
of this parameter space, its consistency with the measured
SMHiggs signal strength in the diphoton channel should be

FIG. 1. Parameter space satisfying CDF-II W-mass anomaly,
95 GeV excess, and SM Higgs diphoton signal strength in the
plane of MηR −Mηþ with one generation of η.
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verified. The measured value of this signal strength is
μγγHSM

¼ 1.1� 0.07 [60] in the 1σ limit. This is essential
because the same newly introduced BSM particles also
influence the SM Higgs branching ratio to the diphoton
channel. As depicted in Fig. 1, it is possible to simulta-
neously account for the 95 GeV signal strength and SM
Higgs signal strength, which is shown by the black star-
shaped points. This constrains the charged scalar mass
approximately in the range of ∼½100; 135� GeV. However,
it is important to note that no common parameter space
satisfies all three criteria simultaneously, including the
W-mass anomaly. As can be seen from Eq. (23), the
diphoton decay width decreases with an increase in
the mass of Mηþ . This decrease in the decay width can
be compensated in the signal strength by increasing the
production cross section, i.e., increasing the mixing angle
θ12 and decreasing θ13 in Eq. (21). However, this, in turn,
reduces the SM Higgs to diphoton signal strength as the
production cross section for the SM Higgs is proportional
to cos θ12 cos θ13. In models such as [30], which involve
one generation of η, the Z2-even scalars decay into γγ via
ηþ in the loop, in addition to the standard model channels.
In contrast, in our gauged Uð1ÞLμ−Lτ

scotogenic scenario,
we have two additional decay modes for the scalars,
namely, Hi → N1N1 and Hi → ZμτZμτ. Even if Hi →
N1N1 is tuned by suitable choices of Yukawa couplings,
the latter cannot be tuned arbitrarily due to tight constraints
on gμτ;MZμτ

from ðg − 2Þμ as we discuss later. However,
this mode can be tuned by choosing the θ13 and θ23
appropriately. The presence of these decay modes signifi-
cantly reduces the scalar branching for the diphoton
channel, resulting in a signal strength much less than the
required. As we have seen in Fig. 1, the mass splitting
between the charged and neutral components of η is
constrained to be in the range 80 to 100 GeV, and the
SM Higgs signal strength is allowing the maximum Mþ

η to
be 135 GeV, it is not possible to explain these two
simultaneously. Clearly, if we can further decrease this
mass splitting between the charged and neutral components
of η, we can get a common parameter space satisfying all
three criteria.
To salvage the scenario, we introduce additional gen-

eration of η to enhance the contribution to HSM → γγ for
larger Mηþ masses. This augmentation allows the explan-
ation of the SMHiggs signal strength, the observed 95 GeV
diphoton signal strength, and the W-mass anomaly simul-
taneously. The common parameter space satisfying the
95 GeV excess, SM Higgs signal strength, and W-mass
anomaly simultaneously is presented in Fig. 2, depicted by
the red colored points. The gray-colored points satisfy only
the 95 GeVexcess, while the black-colored stars satisfy the
95 GeVexcess and SM Higgs signal strength, and the cyan-
colored points satisfy the W-mass anomaly. As depicted
in Fig. 2, the charged scalar mass is constrained to lie

approximately in the range of ∼½120; 190� GeV. It is worth
highlighting that with two generations of the inert doublet,
the mass splitting between the charged and neutral com-
ponents of the inert doublet is reduced to [50, 70] GeV to
explain theW mass anomaly. Compared to Fig. 1, in Fig. 2,
the W-mass favored region shifts upwards due to the
decreased mass splitting. With two generations of η, the
allowed mass range for ηþ based on the 95 GeV and SM
Higgs to diphoton signal strength is [120, 190] GeV, while
MηR is in the range [62.5, 120] GeV. For simplicity, we
assume that the two doublets scalars are decoupled, mean-
ing intergeneration mixings are absent.
We also illustrate the parameter space in the sinθ12−Mηþ

plane in Fig. 3. The gray points depict the parameter space

FIG. 2. Parameter space satisfying CDF-II W-mass anomaly,
95 GeV excess, and SM Higgs signal strength in the plane of
MηR −Mηþ with two generations of η.

FIG. 3. Allowed parameter space in the plane of sin θ12 −Mηþ

with two generations of η.
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that satisfies only the 95 GeV diphoton signal strength
and the SM Higgs diphoton signal strength. On the other
hand, the colored points satisfy the 95 GeV scalar signal
strength, the SM Higgs signal strength, and the W-mass
anomaly. In this context, the scalar mixing angle sin θ12 is
confined within the range [0.04, 0.6]. From Eqs. (21)–(23),
we also see that as sin θ12 decreases, the signal strength
decreases. This can be compensated by increasing ληΦ1

,
as it solely enhances the diphoton decay width. This
feature can be easily read from Fig. 3. The scalar mixing
angles, sin θ13, and sin θ23 are constrained in the ranges
½2 × 10−4; 4 × 10−2�, and [0.06, 0.3], respectively. The
RHN mixing angle sin β12 cannot be too large to explain
both the 95 GeVexcess and SM Higgs signal strength. This
is because larger values of sin β12 lead to prominence of the
Hi → N1N1 decay mode, resulting in a decrease in the
corresponding diphoton branching.

V. NEUTRINO MASS

As previously discussed, the Majorana neutrino mass is
induced at the one-loop level, involving the participation of
particles from the dark sector in a manner akin to the
scotogenic model [55,56]. Due to the imposed symmetry
that governs the interactions, it becomes evident from
Eq. (1) that both the charged lepton mass matrix and the
Dirac Yukawa matrix of neutrinos exhibit a diagonal
structure. Consequently, the nontrivial neutrino mixing
can be generated by the structure of the RHN mass matrix,
which is generated by the scalar singlet fields. The charged
lepton mass matrix, neutrino Dirac Yukawa matrix, and
the right-handed neutrino mass matrix, respectively, are
given by

Ml ¼ 1ffiffiffi
2

p

0
B@

Yev 0 0

0 Yμv 0

0 0 Yτv

1
CA;

YD ¼

0
B@

YDe 0 0

0 YDμ 0

0 0 YDτ

1
CA;

MR ¼

0
B@

Mee Yeμv1 Yeτv1
Yeμv1 Yμv2 Mμτ

Yeτv1 Mμτ Yτv2

1
CA: ð24Þ

The neutrino mass arising at one-loop is given by [56,65]

ðMνÞαβ ¼
X
k

YαkYkβMk

32π2
½LkðM2

ηRÞ − LkðM2
ηIÞ�; ð25Þ

where M2
ηR ¼ M2

ηI þ λ5v2 from Eqs. (B2) and (B3), Mk

represents the mass eigenvalue associated with the right-
handed neutrino mass eigenstate Nk running in the internal
line, with the indices α and β ranging from 1 to 3, covering

the three neutrino generations. The Yukawa couplings Yαk
in the given neutrino mass formula are obtained from
the Dirac Yukawa couplings in Lagrangian (1) by tran-
sitioning to the diagonal basis of right-handed neutrinos
after spontaneous symmetry breaking. The loop function
Lkðm2Þ in neutrino mass formula (25) is defined as

Lkðm2Þ ¼ m2

m2 −M2
k

ln
m2

M2
k

: ð26Þ

It is noteworthy that the mass difference between the
neutral scalar and pseudoscalar components of η
(M2

ηR −M2
ηI ¼ λ5v2) plays a pivotal role in generating a

nonzero neutrino mass. From Eq. (25), it is evident that, in
the limit λ5 → 0, MηR ¼ MηI , which implies that Mν ¼ 0.
For the analysis, the initial step involves diagonalizing
MR and considering the physical basis of right-handed
neutrinos ðN1; N2; N3Þ with appropriate interactions.
Employing the Casas-Ibarra parametrization [66] extended
to the radiative seesaw model [67], we express the Yukawa
coupling matrix that satisfies the neutrino oscillation data
as follows:

Yαk ¼ ðUD1=2
ν R†Λ1=2Þαk: ð27Þ

In this expression,U is the Pontecorvo–Maki–Nakagawa–
Sakata (PMNS) matrix, and R is an arbitrary complex
orthogonal matrix satisfying RRT ¼ I. The diagonal light
neutrino mass matrix is denoted byDν ¼ diagðm1; m2; m3Þ,
and the diagonal matrix Λ has elements given by

Λk ¼
2π2

λ5
ζk

2Mk

v2
; ð28Þ

and ζk ¼
�

M2
k

8ðM2
ηR −M2

ηIÞ
½LkðM2

ηRÞ−LkðM2
ηIÞ�

�−1
: ð29Þ

VI. MUON (g− 2) ANOMALY

The magnetic moment of the muon is expressed as

μμ
!¼ gμ

�
q

2mμ

�
S⃗; ð30Þ

where gμ denotes the gyromagnetic ratio, assuming a value
of 2 for an elementary spin-1

2
particle with mμ and q

denoting the mass and electromagnetic charge of the muon,
respectively. From the Dirac equation, the value of the gμ at
the tree level is found to be 2. However, within the
framework of quantum field theory, minuscule corrections
to this value emerge owing to the particle’s interactions
with virtual particles and quantum effects. These correc-
tions are parametrized as aμ ¼ ðgμ − 2Þ=2. In our frame-
work, the primary augmentation to the muon magnetic
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moment predominantly comes from the one-loop diagram
facilitated by the Lμ − Lτ gauge boson, denoted as Zμτ. The
associated one-loop contribution is expressed as [68,69]

Δaμ ¼
αμτ
2π

Z
1

0

dx
2m2

μx2ð1 − xÞ
x2m2

μ þ ð1 − xÞM2
Zμτ

: ð31Þ

Here, αμτ is defined as αμτ ¼ g2μτ=ð4πÞ.
In Fig. 4, we present the parameter space that satisfies the

muon g − 2 in the gμτ −MZμτ
plane. This parameter space is

constrained by various exclusion limits from different
experiments, namely CCFR [70], COHERENT [71,72],
and BABAR [73]. The neutrino trident constraint from
CCFR is shown by a magenta-colored mesh since some
backgrounds have not been properly taken into account
[74,75]. Exclusion zones from astrophysical bounds, spe-
cifically related to the cooling of white dwarfs [76,77], are
shown by the upper-left triangular region of Fig. 4.
Additionally, constraints from Borexino [78], as discussed
in [79], rule out a slightly larger portion compared to white
dwarf cooling constraints. Cosmological considerations of
effective relativistic degrees of freedom [77,80–82] have
effectively eliminated the possibility of very light Zμτ. This
is due to the fact that delayed decay of light gauge bosons
into SM leptons after the standard neutrino decoupling
temperature leads to an increase in effective relativistic
degrees of freedom Neff , tightly constrained by cosmic
microwave background observations. Dashed lines in the
figure represent the future sensitivities of NA62 [74] and
NA64 [83,84] experiments. Clearly, a small region of
parameter space offering a potential explanation for the
muon (g − 2) and allowed from other experimental con-
straints remains verifiable in the near future. Similar

observations have been made in previous studies on the
minimal Lμ − Lτ model [53,54,75,85–90].
It should also be noted that in the scotogenic version of

the Lμ − Lτ model, an extra one-loop diagram can also
contribute to the anomalous magnetic moment. This dia-
gram involves the charged component of the scalar doublet,
denoted as ηþ, and the right-handed neutrino Nk in the
loop, as shown in Fig. 5. However, this diagram can yield
negative contributions to the anomalous magnetic moments
of the muon.
This contribution from the charged scalar loop is given

by [91,92]

Δaμ ¼
X
k

−
m2

μ

8π2M2
ηþ
jYμkj2fðM2

k=M
2
ηþÞ; ð32Þ

where

fðxÞ ¼ 1 − 6xþ 3x2 þ 2x3 − 6x2 log x
12ð1 − xÞ4 : ð33Þ

Incorporating this contribution into the overall ðg − 2Þμ
emphasizes the necessity for the positive contribution from
the vector boson loop, surpassing that from the charged
scalar loop. This guarantees the overall positivity of the
muon (g − 2) in line with experimental observations. As
illustrated in Fig. 4, there remains a parameter space not
constrained by experiments, allowing for a larger positive
contribution to the muon (g − 2) from the vector boson
loop. Therefore, even if the ηþ loop contributes negatively
to the muon (g − 2), the observed muon (g − 2) can be
explained by a combination of positive and negative
contributions within the scotogenic Lμ − Lτ model.

A. Lepton flavor violation

Charged lepton flavor-violating (CLFV) decays have
been considered to be promising probes of physics beyond
the SM. If we consider only the SM particle content with
massive neutrinos, these processes occur only at the one-
loop level and are significantly suppressed due to the tiny

FIG. 5. Contribution to ðg − 2Þμ from ηþ and RHN in the loop.

FIG. 4. Parameter space satisfying correct ðg − 2Þμ in the plane
of gμτ −MZμτ

. See text for details of various constraints imposed
on the parameter space.
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masses of neutrinos, keeping them well beyond the reach
of current and future experimental sensitivities [93].
Consequently, any future detection of CLFV decays, such
as μ → eγ, would serve as a distinctive indicator of physics
beyond the SM. Within our model, a new one-loop
contribution to CLFV arises from the charged component
of η and right-handed neutrinos in the loop, as illustrated in
Fig. 5. The branching ratio for the process μ → eγ can be
computed as [67,94]

Brðμ → eγÞ ¼ 3ð4πÞ3α
4G2

F
ðjAM

eμj2 þ jAE
eμj2ÞBrðμ → eνμνeÞ:

ð34Þ
Here, AM;E

eμ are the dipole form factors that are provided
in Appendix D. The most recent constraint from the MEG
collaboration is Brðμ → eγÞ < 3.1 × 10−13 at a 90% CL
[93]. We use this bound to constrain our parameter space to
keep our analysis consistent with the desired phenomenol-
ogy discussed above.

VII. DARK MATTER PHENOMENOLOGY

The model we consider here has two potential DM
candidates, given that both the inert doublet scalar and the
right-handed singlet fermions have odd parity under the Z2

symmetry, ensuring their stability. Since the doublet scalar η
plays a pivotal role in addressing the W-mass anomaly and
explaining the 95 GeVexcess, the scalar mass spectrum, and
couplings are already tightly constrained by these require-
ments. Consequently, our focus shifts to the study of the
fermionic DM phenomenology within this framework.
In our scenario, the lightest among all the odd-sector

particles, denoted as N1, assumes the role of dark matter.
The thermal freeze-out mechanism is employed to realize
the dark matter relic. Since N1 is a singlet under the SM
gauge symmetry, its production mechanism is intricately
tied to its Yukawa couplings with scalars and fermions of
the model as well as the Uð1ÞLμ−Lτ

gauge couplings. While
Uð1ÞLμ−Lτ

gauge coupling is restricted to a tiny window
from ðg − 2Þμ criteria, a large Yukawa coupling with SM
leptons can be achieved through Casas-Ibarra parametriza-
tion by tuning λ5 to smaller values. We have used λ5 in the
range λ5 ∈ ½3 × 10−8; 10−5�, which gives the Yukawas in the
range Yαk ∈ ½10−4; 10−2�. In this weakly interacting massive
particle (WIMP) realization of fermion singlet DM, the
processes contributing to the relic density via thermal
freeze-out fall into three categories: (i) DM particles
annihilate to SM particles or Zμτ through the t- or
u-channel processes; (ii) DM particles annihilate into
SM particles and Zμτ through s-channel scalar mediation;
and (iii) the coannihilations among the DM particle and
the next lightest dark sector particles, as well as the
annihilations of the coannihilation partners into SM sectors
and Zμτ. The relic density of DM has been computed using

micrOMEGAs [95], which takes into account all relevant
annihilation and coannihilation processes.
We have shown the variation of DM relic density as a

function of DM mass in Fig. 6. For the scan, the Yukawa
couplings are calculated using the Casas-Ibarra parametri-
zation, given in Eq. (27). The right-handed neutrinos
are varied in the range MN1

≡MDM ∈ ½1; 150� GeV,
MN2

¼ MN3
¼ MN1

þ 100 GeV, while all other parame-
ters are varied as discussed in Sec. IV.
The gray region in Fig. 6 is excluded by imposing the

constraints fromW-mass anomaly, 95 GeV signal strength,
and SM Higgs signal strength, as discussed earlier. The
color coding shows the mass splitting between the DM and
the next to lightest stable particle, ηR. This mass splitting
plays an important role in determining the processes
involved in relic generation. When the mass splitting is
large, the coannihilations are negligible, and the scalar-
mediated annihilation channels dominate. The sharp dips
around 47.5 and 62.5 GeV are due to the scalar resonances
corresponding to 95 GeV scalar H2 and SM Higgs H1.
When that mass splitting between DM and next to light-
est stable particle decreases, the contributions of coanni-
hilation processes also become significant in addition to
the annihilation processes, and consequently, the relic
decreases, as seen from Fig. 6. Clearly, we can see that
correct relic density [96] can be achieved for DM mass in
the range MDM ∈ ½25; 110� GeV.
Since DM is of WIMP type, we have the possibility of

probing it at direct detection experiments. Here, the DM-
nucleon scattering is possible via scalar and vector boson-
mediated interactions, as shown in Fig. 7.
The spin-independent (SI) DM-nucleon cross-section via

scalar mediation is given as [97]

σSIscalar ¼
μ2r
πA2

½M�2; ð35Þ

FIG. 6. DM relic density as a function of DM mass.
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where μr ¼ MDMmn
MDMþmn

is the reduced mass, mn is the nucleon
(proton or neutron) mass. M is the amplitude correspond-
ing to the scalar mediated diagram shown in Fig. 7. This
amplitude is given as

M ¼ Zfp þ ðA − ZÞfn; ð36Þ

where A is the mass number of target nucleus, Z is the
atomic number of target nucleus. The fp, and fn are the
interaction strengths of proton and neutron with DM,
respectively, and are given as

fip;n ¼
X

q¼u;d;s

fp;nTq
αiq

mp;n

mq
þ 2

27
fp;nTG

X
q¼c;t;b

αiq
mp;n

mq
; ð37Þ

where

αiq ¼ YHi
×
mq

v
×

�
1

m2
Hi

�
: ð38Þ

Here the values of fp;nTq
, fp;nTG

can be found in [98]. In the

above equation, YHi
are the effective couplings between

DM and the scalars (H1, H2, and H3) and are given as

YH1
¼ sin β12 cos β12ð−c12s12s23 − s23c23ÞYeμ

þ 1ffiffiffi
2

p sin2β12ðs12s23 − c12s13c23ÞYμ; ð39Þ

YH2
¼ sin β12 cos β12ð−s12s13s23 þ c12c23ÞYeμ

þ 1ffiffiffi
2

p sin2β12ð−c12s23 − s12s13c23ÞYμ; ð40Þ

YH3
¼ sin β12 cos β12ðc13s23ÞYeμ

þ 1ffiffiffi
2

p sin2β12ðc13c23ÞYμ; ð41Þ

where sij and cij are the scalar mixing angles and β12 is
the RHN mixing angle as discussed in Sec. IV and
Appendix A, respectively. The expressions for Yeμ and
Yμ can be found in Appendix A.
In addition to the scalar mediation process responsible

for DM-nucleon scattering, a vector portal interaction can
also occur due to the kinetic mixing between the Zμτ with Z
boson or photon in the SM. With the proper choice of the
basis, it is possible to rewrite the Lagrangian such that the
gauge fields’ kinetic terms are in the canonical form and
the kinetic mixing term is removed. The way to achieve this
is not unique as shown in [99], and it is possible to redefine
the gauge fields such that photon has no interaction with
Zμτ and hence with the dark gauge current. However, it is
important to note that, in a gauged Lμ − Lτ setup that we
considered here, even though the kinetic mixing at tree
level can be assumed to be zero or the kinetic mixing
between Zμτ and photon can be removed by redefinition of
the gauge fields, it is always induced at the one-loop level
with the particles charged under both Uð1ÞY and Uð1ÞLμ−Lτ

running in the loop. Thus, the kinetic mixing parameter
cannot be tuned arbitrarily and its one-loop value is given
by [54,100]

jϵj ≃ ggμτ
16π2

log
�
mμ

mτ

�
≃
gμτ
70

: ð42Þ

The corresponding Feynman diagram for DM-nucleon
scattering is depicted in the lower panel of Fig. 7. Due
to the nature of gauge coupling of DM, the vector-mediated
scattering cross section is either velocity suppressed or
spin-dependent, both of which lead to weak constraints.
The spin-independent cross section for the vector boson
(Z − Zμτ) mediated process is given by [101]

σSIvector ¼
2μ2r

πM4
Zμτ

Θ2g2g2μτϵ2v2DM; ð43Þ

Here, vDM represents the velocity of the dark matter particle
at present epoch and Θ is the effective coupling of the
dark sector interaction N̄1γ

μðZμτÞμN1 given in Eq. (A3).
A similar expression can be obtained for the (γ − Zμτ)
exchange process by replacing g with

ffiffiffiffiffiffiffiffiffiffi
4παe

p
in Eq. (43),

where αe is the fine structure constant.
Furthermore, spin-dependent DM-nucleon scattering can

occur via vector boson mediation, with the cross section
given by

FIG. 7. DM-nucleon scattering mediated by the scalars (top)
and vector bosons (bottom).

BORAH, MAHAPATRA, PAUL, and SAHU PHYS. REV. D 109, 055021 (2024)

055021-10



σSD ¼ 4μ2r
πM4

Zμτ

Θ2g2g2μτϵ2
�X

q

ΔN
q

�
2

JNðJN þ 1Þ: ð44Þ

Here, JN represents the angular momentum of the
nucleon, and ΔN

q denotes the spin fraction of quarks, as
detailed in [102]. And our parameter space remains
completely safe from the existing constraints [103]. So,
for our analysis, we exclusively consider the spin-
independent DM-nucleon scattering, which is tightly con-
strained by terrestrial DM search experiments. We also note
that the σSIvector always remains subdominant as compared to
σSIscalar because of the velocity suppression. For all practical
purposes, we set σSIvector ¼ 0 and σSD ¼ 0 in Eq. (43) by
considering a typical choice of the texture of the RHN mass
matrix as given in Eq. (A4), which predicts Θ ¼ 0. We note
that this typical choice simplifies our calculations without a
drastic change of the phenomenological consequences
achieved in other sections.
We have shown the SI direct detection cross-section as a

function ofDMmass in Fig. 8where the color codingdepicts
the RHN mixing angle (β12). Clearly, the existing exper-
imental bounds from the XENON1T [104] and LZ [103]
put an upper bound on the mixing angle sin β12 < 0.04.
However, future experiments like DARWIN [105] have the
potential to probe this mixing angle down to sin β12 ¼ 0.02.
Here, it is worth mentioning that, in addition to the tree-level
DM-nucleon scattering process shown in Fig. 7, it can also
arise at one-loop level with the doublet scalars in the loop as
studied in [106]. However, because of loop suppression, it
always remains subdominant as compared to the tree-level
cross section.

VIII. CONCLUSION

We have studied the possibility of finding a common
origin of three particle physics anomalies, namely, the
muon (g − 2) anomaly, CDF-IIW-mass anomaly, and CMS
95 GeVexcess within the framework of scotogenic Lμ − Lτ

model that also explains the origin of light neutrino mass
and dark matter in the Universe. While the lightest among
the singlet right-handed neutrinos responsible for generat-
ing light neutrino mass plays the role of DM, the Lμ − Lτ

gauge boson explains the muon (g − 2) anomaly. The inert
scalar doublet can lead to the required enhancement of W-
boson mass via radiative corrections. While a neutral scalar
formed out of the singlet scalars responsible for Lμ − Lτ

gauge symmetry breaking with a tiny admixture of the SM
Higgs can play the role of the 95 GeV scalar, the required
branching ratio for diphoton decay mode of this new light
scalar together with that of the SM Higgs forces one to
include one more inert Higgs doublet such that they can
give rise to additional one-loop contributions to these decay
widths without changing rest of the phenomenology. While
this new scalar doublet does not play any additional role in
our setup, it can be motivated from neutrino mass point of
view if we have only one right-handed neutrino. The
parameter space consistent with all the requirements
remains verifiable at ongoing and near-future experiments
like dark matter direct detection, dark photon searches,
charged lepton flavor violation, as well as colliders.
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APPENDIX A: RHN MASSES AND MIXING

From Eq. (24) the texture of the right-handed neutrino
mass matrix in the flavor basis, i.e., ðNe; Nμ; NτÞT is
given by

MR ¼

0
B@

a b c

b d e

c e f

1
CA: ðA1Þ

AssumingMR to be real, it can be diagonalized by using an
orthogonal matrix, O ¼ O12ðβ12Þ:O13ðβ13Þ:O23ðβ23Þ

FIG. 8. Spin-independent direct detection cross section as a
function of DM mass for the points satisfying correct relic
density.
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O ¼

0
B@

c12c13 c23s12 − c12s13s23 c12c23s13þ s12s23

−c13s12 c12c23þ s12s13s23 c12s23 − c23s12s13

−s13 −c13s23 c13c23

1
CA ðA2Þ

to get the mass-eigen state N1, N2, N3 such that the lightest
one, N1 is the DM. Here cos βij ¼ cij and sin βij ¼ sij.
Using Eqs. (1) and (A2), the effective coupling of
N1γ

μðZμτÞμN1 can be written as

Θ ¼ ðcos β23 sin β12 − cos β12 sin β13 sin β23Þ2
− ðsin β23 sin β12 − cos β12 sin β13 cos β23Þ2: ðA3Þ

For simplicity, we choose the texture of the RHN mass
matrix to be

MR ¼

0
B@

a b b

b c d

b d c

1
CA; ðA4Þ

where a ¼ Mee, b ¼ ðYeμ ¼ YeτÞv1, c ¼ ðYμ ¼ YτÞv2,
d ¼ Mμτ. Assuming a, b, c, d to be real in Eq. (A4),
MR can be diagonalized by using an orthogonal matrix,
U ¼ U12ðβ12Þ:U13ðβ13 ¼ 0Þ:U23ðβ23 ¼ π

4
Þ

U ¼

0
BBB@

cos β12
sin β12ffiffi

2
p sin β12ffiffi

2
p

− sin β12
cos β12ffiffi

2
p cos β12ffiffi

2
p

0 − 1ffiffi
2

p 1ffiffi
2

p

1
CCCA; ðA5Þ

to get the mass eigenstates N1, N2, N3, with N1 being the
DM. Using Eqs. (1) and (A2), the effective coupling of
N̄1γ

μðZμτÞμN1 is found to be Θ ¼ 0.
The couplings and the mass parameters can be expressed

in terms of the physical RHN masses, MN1
;MN2

;MN3
and

mixing angle, β12 as

Mee ¼ cos2 β12MN1
þ sin2 β12MN2

; ðA6Þ

Yμ¼Yτ¼
1

v2

�
sin2β12

MN1

2
þcos2β12

MN2

2
þMN3

2

�
; ðA7Þ

Mμτ ¼
1

v2

�
sin2 β12

MN1

2
þ cos2 β12

MN2

2
−
MN3

2

�
; ðA8Þ

Yeμ ¼ Yeτ ¼
1

v1

�
MN1ffiffiffi

2
p −

MN2ffiffiffi
2

p
�
cos β12 sin β12: ðA9Þ

APPENDIX B: PHYSICAL MASSES OF INERT
DOUBLET SCALAR COMPONENTS

The Z2-odd scalars can be written in component form as

η ¼
� ηþ

ηRþiηIffiffi
2

p

�
: ðB1Þ

The mass squared of the charged and neutral components
are given as

M2
ηR ¼ m2

η þ
v2

2
ðλ3 þ λ4 þ λ5Þ þ

v21
2
ληΦ1

þ v22
2
ληΦ2

; ðB2Þ

M2
ηI ¼ m2

η þ
v2

2
ðλ3 þ λ4 − λ5Þ þ

v21
2
ληΦ1

þ v22
2
ληΦ2

; ðB3Þ

M2
ηþ ¼ m2

η þ
v2

2
λ3 þ

v21
2
ληΦ1

þ v22
2
ληΦ2

: ðB4Þ

APPENDIX C: LOOP FUNCTIONS

The loop functions involved in the calculation of
Γðhi → γγÞ are given by [64,107]

A0 ¼ −½τ − fðτÞ�=τ2;
A1=2 ¼ 2½τ þ ðτ − 1ÞfðτÞ�=τ2;
A1 ¼ −½2τ2 þ 3τ þ 3ð2τ − 1ÞfðτÞ�=τ2; ðC1Þ

where the function fðτÞ is defined as

fðτÞ ¼
8<
:

arcsin2
ffiffiffi
τ

p
; τ ≤ 1

− 1
4

h
log 1þ

ffiffiffiffiffiffiffiffiffi
1−τ−1

p

1−
ffiffiffiffiffiffiffiffiffi
1−τ−1

p − iπ
i
2
; τ > 1

: ðC2Þ

APPENDIX D: CLFV

Ið�Þ1ð�Þ2
k ¼

Z
d3X

x
�
yþ ð�Þ1z me

mμ
þ ð�Þ2 Mk

mμ

	
−xym2

μ − xzm2
e þ ð1 − xÞM2

ηþ þ xM2
k

;

ðD1Þ

AM
eμ ¼

−1
ð4πÞ2

X
k

ðY�
ekYμkI

þþ
k þ Y�

ekYμkI
þ−
k Þ; ðD2Þ

AE
eμ ¼

−i
ð4πÞ2

X
k

ð−Y�
ekYμkI

−þ
k − Y�

ekYμkI−−k Þ: ðD3Þ
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