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We perform a detailed and comprehensive study of several flavor physics observables in both
lepton and quark sectors within the framework of an extended 2HDM theory where the inverse
seesaw mechanism is implemented to generate the SM fermion mass hierarchy. In that theory,
the SM gauge symmetry is supplemented by the local U(1)X and discrete Z4 × Z2 groups. In
particular, we find that the leptonic flavor observables specifically, the branching ratios of charged
lepton flavor violating decays µ → eγ, τ → e(µ)γ as well as the anomalous magnetic moments
∆ae(µ) strongly depend on the couplings of the neutral CP even(odd) Higgses with exotic charged

lepton E1, whereas other observables involving three-body leptonic decays BR(l → 3l′), Mu-Mu
transition and coherent conversion µ → e in a muonic atom are predicted to be less than several
orders of magnitude compared to the corresponding experimental limits. Regarding the quark flavor
observables, the most stringent limits arising from the flavor changing neutral currents (FCNC) are
those involving the down type quark da → db (a = 1, 2, 3) transitions and including the branching
ratios of inclusive decay BR(B̄ → Xsγ), pure leptonic decay of Bs meson BR(Bs → µ+µ−), and
meson mixing ∆mK,Bs,Bd . Considering the obtained constraints from these observables, the new
physics contributions to other processes such as BR(Bs → τ+µ−), BR(B+ → K+τ+τ−), BR(B+ →
K+τ+µ−), as well as FCCC b → c transition, specifically LFUV ratios RD(∗) are shown to be
remarkably small. Regarding the observables in the up type quark transitions, the FCNC top quark
processes t → u(c)γ and t → u(c)h have branching ratios consistent with the experimental limits.
Additionally, observables related to SM-like Higgs boson decays, such as LFV decays BR(h → l̄′l)
and modified couplings ahf̄f are also discussed.

I. INTRODUCTION

Without a doubt, the Standard Model (SM) is not complete, regardless of its incredible theoretical and phenomeno-
logical successes as indicated by the experimental confirmation of its predictions. However, the SM falls short in
addressing unsolved puzzles in both theory and experiment. One such puzzle is the unnatural hierarchy observed in
the SM fermion masses, which is extended by five orders of magnitude from the electron mass up to the top quark
mass. This mass discrepancy widens to thirteen orders of magnitude when considering the neutrino sector. Neutrino
oscillation experiments have revealed that active neutrinos have very tiny masses many orders of magnitude smaller
than the scale of spontaneous breaking of electroweak symmetry [1–12]. Moreover, the SM fails to account for the
substantial disparity between the patterns of quark and lepton mixings. While the mixing angles are small in the
quark sector, suggesting that the quark mixing matrix is very close to the identity matrix, the lepton sector exhibits
two large mixing angles are large and one small angle, which implies that the leptonic mixing matrix significantly
deviates from the identity matrix [13]. Additionally, the SM lacks an explanation of why there are three generations
of fermions and the absence of viable Dark Matter (DM) [14, 15] and is unable to accommodate the observed baryon
asymmetry of the Universe (BAU) [13, 16]. Furthermore, recent experiments have reported tensions between measure-
ments and SM predictions in low-energy flavor processes. For instance, global fit results for flavor-changing neutral
currents (FCNCs) transitions b→ sl+l− and flavor-changing charged currents (FCCCs) b→ c show the significances
greater than 5σ [17–23] and greater than 3σ [24–26], respectively.

To address the aforementioned issues, many new physics (NP) models have been proposed by extending the SM
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including enlarged symmetries, [27],[28–34], expanding particle content [35–42]. Among these NP models, the Two-
Higgs-Doublet model (2HDM) [43, 44] is one of the most motivated BSM theories. Recently, the authors in Ref. [45]
have extended the 2HDM with the inclusion of the U(1)X × Z4 × Z2 symmetry and new particles including gauge
singlet scalars, charged vector-like fermions, right-handed Majorana neutrinos. In that theory, the local U(1)X and
the discrete Z4 symmetries are spontaneously broken, whereas the Z2 symmetry is preserved. Within this setup, the
model can explain the hierarchy of SM fermion masses via the inverse seesaw mechanism which is implemented in
both charged fermion and neutrino sectors. Specifically, the second and first families of SM charged fermions obtain
masses from an inverse seesaw mechanism at the tree level and one-loop level, respectively. On the other hand, one
of the Higgs doublets, namely ϕ1 generates the top quark mass, whereas the other one, i.e., ϕ2 contributes to the
generation of the masses of the bottom quark and tau lepton. The tiny masses of active neutrinos are caused by an
inverse seesaw mechanism at a two-loop level, whose radiative nature is ensured by the preserved Z2 symmetry. To
the best of our knowledge, this model is the first one explaining the mass hierarchy of the charged fermion sector
by an inverse seesaw mechanism. Besides, the model provides stable scalar and fermionic DM candidates due to the
preserved Z2 symmetry. Furthermore, BAU is discussed via the leptogenesis mechanism. The flavor observables data
such as meson oscillations ∆mK,Bs,Bd

and electron (muon) anomalous magnetic moments ∆ae,∆aµ are shown to be
consistent with the model predictions.

In the model, it is important to note that both charged and neutral CP-even (odd) Higgs bosons couple with the SM
and new fermions at the tree level. Furthermore, non-universal assignments between the (first and second) and third
quark generations exist under the extended local U(1)Xsymmetry. This implies the existence of tree level FCNC
interactions between the SM up (down) type quarks, mediated by the exchange of the new neutral gauge boson
Z ′. Consequently, the model provides rich sources for numerous flavor-violating processes in both lepton and quark
sectors at both tree and loop levels. It is worth noting that in Ref. [45], the authors just considered a few flavor
phenomenological studies within simplified assumptions of the scalar spectrum and couplings.

In this work, we aim to investigate in great detail both leptonic and quark flavor observables, including comprehensive
scalar contributions. For the lepton flavor observables, we study the lepton flavor violating (LFV) decays of SM-like

Higgs boson h→ lilj , (i ̸= j) as well as the deviation factors of h with SM fermions ahf̄f =
(ahf̄f )theory
(ahf̄f )SM

. We investigate

the LFV decays of charged leptons lj → liγ, three body leptonic decays lj → lilklρ, as well as the transition between

the muonium (Mu :µ+e−) and antimuonium (Mu : µ−e+),and µ→ e conversion in a muonic atom in detail. We also
revisit the anomalous magnetic moments ∆ae(µ) in general case. In the quark flavor sector, we focus on observables

related to FCNC in down-type quark transitions. This includes the branching ratios of leptonic decay (Bs → µ+µ−),
BR(Bs → τ+µ−), inclusive decay (B̄ → Xsγ), semileptonic decays BR(B+ → K+τ+τ−), BR(B+ → K+τ+µ−) and
meson oscillations ∆mK,Bs,Bd

. In addition, the FCCC b→ c transitions are also interesting, namely the lepton flavor
universality violating (LFUV) ratios RD(∗) . Additionally, we investigate up-type quark flavor observables such as
FCNC top quark decays t→ u(c)h, and radiative decays t→ u(c)γ are probed as well.

The paper is structured as follows: In Sec. II, we revisit the particle spectrum of the model. Next, in Sec .III, we
obtain the benchmark points that satisfy the lepton masses and mixing spectrum. Sec. IV investigates the scalar
potential spectrum in detail. We provide analytical expressions for lepton and quark flavor observables in the following
section, and then carry out the numerical studies in Sec. VI. Finally, we summarize the main results in the conclusion
section.

II. THE REVIEW OF MODEL

In this section, we briefly review the extended 2HDM model with the universal inverse seesaw mechanism. The model
is based on the SU (3)C × SU (2)L × U (1)Y × U (1)X gauge symmetry supplemented by the discrete group Z4 × Z2.
The spontaneous breaking of the SU (3)C × SU (2)L × U (1)Y × U (1)X × Z4 symmetry allows the radiative inverse
seesaw mechanism at two-loop level, resulting in the tiny masses of active neutrinos, while the Z2 symmetry remains
preserved The scalar sector of the model consists of two Higgs doublets ϕ1 and ϕ2, with different charges under U1(X)
and Z4 symmetries, along with 10 gauge singlets. The particle spectrum of the model and their transformations under
the group SU (3)C×SU (2)L×U (1)Y ×U (1)X×Z2×Z4 are displayed in Tables I,III,II With the previously specified
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SU (3)C SU (2)L U (1)Y U (1)X Z2 Z4

ϕ1 1 2 1
2

1
3

0 −1

ϕ2 1 2 1
2

2
3

0 1

σ 1 1 0 1
3

0 −1

χ 1 1 0 2
3

0 −2

η 1 1 0 −1 0 −1

ρ 1 1 0 2 0 0

κ 1 1 0 2 0 −2

S 1 1 0 0 0 1

ζ+1 1 1 1 2
3

0 1

ζ+2 1 1 1 1 0 0

φ1 1 1 0 1 1 0

φ2 1 1 0 0 1 1

Table I: Scalar assignments under SU (3)C × SU (2)L × U (1)Y × U (1)X × Z2 × Z4.

SU (3)C SU (2)L U (1)Y U (1)X Z2 Z4

qnL 3 2 1
6

0 0 −2

q3L 3 2 1
6

1
3

0 0

uiR 3 1 2
3

2
3

0 −1

diR 3 1 − 1
3

− 1
3

0 −1

UL 3 1 2
3

1
3

0 0

UR 3 1 2
3

2
3

0 −1

TL 3 1 2
3

− 1
3

0 2

TR 3 1 2
3

− 1
3

0 2

D1L 3 1 − 1
3

0 0 −2

D1R 3 1 − 1
3

− 1
3

0 −1

D2L 3 1 − 1
3

0 1 −1

D2R 3 1 − 1
3

− 1
3

0 0

BL 3 1 − 1
3

2
3

0 0

BR 3 1 − 1
3

2
3

0 0

Table II: Quark assignments under SU (3)C × SU (2)L × U (1)Y × U (1)X × Z2 × Z4. Here i = 1, 2, 3.

SU (3)C SU (2)L U (1)Y U (1)X Z2 Z4

liL 1 2 − 1
2

− 1
3

0 0

lnR 1 1 −1 −1 0 2

l3R 1 1 −1 −1 0 −1

E1L 1 1 −1 −1 0 1

E1R 1 1 −1 −1 0 −1

E2L 1 1 −1 1 0 1

E2R 1 1 −1 1 0 1

νC
iR 1 1 0 − 1

3
0 −1

NiR 1 1 0 0 0 −2

ΨnR 1 1 0 1 1 2

ΩnR 1 1 0 −1 0 −1

Table III: Lepton assignments under SU (3)C × SU (2)L × U (1)Y × U (1)X × Z2 × Z4. Here i = 1, 2, 3 and n = 1, 2.
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particle content and symmetries, the following quark and leptonic Yukawa interactions arise:

−L(q)
Y =

3∑
i=1

y
(u)
i q3Lϕ̃1uiR +

3∑
i=1

y
(d)
i q3Lϕ2diR +

2∑
n=1

x(U)
n qnLϕ̃2UR +

2∑
n=1

x(D)
n qnLϕ1D1R

+zDD2LσD2R +

3∑
i=1

x
(u)
i ULσ

∗uiR + zTULχTR + zUTLηUR +mTTLTR

+

3∑
i=1

x
(d)
i D1LσdiR + zBD1Lχ

∗BR + zDBLη
∗D1R +mBBLBR

+

3∑
i=1

w
(u)
i D1Lζ

−
1 uiR +

3∑
i=1

w
(d)
i ULζ

+
1 diR +H.c, (1)

−L(l)
Y =

3∑
i=1

y
(l)
i liLϕ2l3R +

3∑
i=1

y
(E)
i liLϕ2E1R +

2∑
n=1

x(l)n E1LS
∗lnR + yEE1Lρ

∗E2R + xEE2LκE1R +mEE2LE2R

+

3∑
i=1

3∑
j=1

y
(ν)
ij liLϕ̃2νjR +

3∑
i=1

2∑
n=1

z
(l)
inN

C
iRζ

+
2 lnR +

3∑
i=1

3∑
j=1

y
(N)
ij νiRσ

∗NC
jR +

3∑
i=1

2∑
n=1

(xN )inN iRΨ
C
nRφ1

+

2∑
n=1

2∑
m=1

(xΨ)nm ΨnRφ2Ω
C
mR +

2∑
n=1

2∑
m=1

(yΩ)nm ΩnRΩ
C
mRκ

∗ + h.c (2)

We would like to note that some of Lagrangian Yukawa terms in previous work [45] are not invariant under Z4

symmetry if the Z4 charges of particles are assigned as shown in this reference. For example, the first term in Eq. (1)
and the fourth, and fifth terms in Eq . (2) are not invariant concerning Z4 symmetry. Therefore, in the present work,
we redefine the charges of particle content, as given in the Tables I,II and III, so that the structure of the Yukawa
Lagrangian terms for quark and lepton is maintained. In particular, the Z4 charge of the new singlet charged scalar
ζ±1 is assigned as +1, instead of −1 as in [45], thus giving it the same quantum numbers as the charged singlet ζ±3 .
Consequently, one of these charged singlets can be removed; for instance, we choose to remove ζ±3 . However, the
new neutral singlet κ is proposed to ensure that the fourth and fifth terms in the first line of Eq. (2) are invariant.
Therefore, the total number of scalar fields remains unchanged, and the results of previous work remain valid.

III. THE CHARGED LEPTON SECTOR

In Ref. ([45]), a detailed numerical analysis of the quark masses and mixing was performed, and the corresponding
benchmark point that successfully reproduces the quark masses and CKM mixing parameters were provided. However,
the benchmark point that successfully accommodates the lepton masses and mixings was not provided in [45] In this
section, we perform a numerical analysis of lepton masses and mixings. From the charged lepton Yukawa interactions,
it is found in [45] that the mass matrix for SM charged leptons takes the form:

M̃E = CE +
mE

XEYE
FEG

T
E +∆E . (3)

where

ME =

 CE +∆E FE 03×1

GT
E 0 XE

01×3 YE mE

 , (FE)i = y
(E)
i

v2√
2
,

(
GT

E

)
n
= x(l)n

vS√
2
,

(
GT

E

)
3
= 0,

CE =

 0 0 y
(l)
1

0 0 y
(l)
2

0 0 y
(l)
3

 v2√
2
, XE = yE

vρ√
2
, YE = xE

vκ√
2
, i = 1, 2, 3, n = 1, 2, (4)
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and

∆E =
mẼ

16π2

3∑
i=1

 r
(E)
1i w

(E)
1i r

(E)
1i w

(E)
2i r

(E)
1i w

(E)
3i

r
(E)
2i w

(E)
1i r

(E)
2i w

(E)
2i r

(E)
2i w

(E)
3i

0 0 0

 m2
H±

i

m2
H±

i

−m2
Ẽ

ln

(
m2

H±
i

m2
Ẽ

)
. (5)

The first term in Eq. (3) provides the dominant contribution to the SM charged lepton mass matrix and arises
from the renormalizable Yukawa interaction involving the SU (2) scalar doublet ϕ2. resulting in the tau lepton mass.
Conversely, the second and third terms of Eq. (3) stem from the inverse seesaw mechanism at the tree and one loop
levels, respectively, contributing to the masses of muon and electron. By solving the eigenvalue problem of the SM
charged lepton mass matrix, we successfully reproduce the experimental values for charged lepton masses, [13, 46]
with the following benchmark point:

vS ≃ 6 TeV, vρ = vκ ≃ 1 TeV, mE ≃ 1.12653 GeV, mẼ ≃ 4.243 TeV, (6)

y
(l)
1 ≃ 0.0707, y

(l)
2 ≃ −0.0066, y

(l)
3 ≃ 0.0117, y

(E)
1 ≃ 0.086, y

(E)
2 ≃ −0.05, y

(E)
3 ≃ −0.0364

x
(l)
1 ≃ 0.0645, x

(l)
2 ≃ −0.113, yE = xE ≃ 1.3131, r

(E)
1j ≃ −0.0961, r

(E)
2j ≃ −0.0331

w
(E)
1j ≃ −0.1, w

(E)
2j ≃ 0.0538, w

(E)
3j ≃ −0.0915, (7)

IV. SCALAR SECTOR

The full scalar potential of the model which is invariant under the gauge and discrete symmetries can be split as
follows following summation

V = Vϕ + Vneutral singlets + Vcharged singlets + Vodd Z2 singlets + Vmix, (8)

where Vϕ, Vneutral singlets, Vcharged singlets, Vodd Z2 singlets, Vmix correspond to the scalar potential of two doublets ϕ1,2,

6 neutral singlets σ, χ, η, ρ, κ, S, 2 charge singlets ζ±1,2, and two odd Z2 singlets φ1,2 and mixing between them,
respectively. These different contributions are given by:

Vϕ =

2∑
j=1

(|ϕj |2 + λj |ϕj |4) + λ12|ϕ1|2|ϕ2|2 + λ̃12(ϕ
†
1ϕ2)(ϕ

†
2ϕ1) + λ

′

12[ϵabϵcd(ϕ1)
a(ϕ2)

b(ϕ†1)
c(ϕ†2)

d +H.c.], (9)

Vneutral singlets =

κ∑
j=σ

(µ2
j |sj |2 + λj |sj |4) + |σ|2

κ∑
j=χ

λσj |sj |2 + |χ|2
κ∑

j=η

λχj |sj |2 + |η|2
κ∑

j=ρ

ληj |sj |2

+|ρ|2
κ∑

j=S

λρj |sj |2 + λSκ|S|2|κ|2, (10)

Vcharged singlets =

2∑
j=1

[µ2
cjζ

+
i ζ

−
i + λcj(ζ

+
i ζ

−
i )

2] + λζ12
(ζ−1 ζ

+
1 )(ζ

−
2 ζ

+
2 ), (11)

Vodd Z2 singlets =

2∑
j=1

(µ2
oj |φj |2 + λoj |φj |4) + λ̃o2φ

4
2 + 2λφ12

|φ1|2|φ2|2, (12)
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Vmix =

2∑
j=1

2∑
k=1

αjk|ϕj |2(ζ+k ζ−k ) +
κ∑

j=σ

2∑
k=1

βjk|sj |2(ζ+k ζ−k ) +
2∑

j=1

2∑
k=1

γjkφ
2
j (ζ

+
k ζ

−
k )

+

2∑
j=1

κ∑
k=σ

κjk|ϕj |2|sk|2 +
2∑

j=1

2∑
k=1

ςjk|ϕj |2||φk|2 +
2∑

j=1

κ∑
k=σ

ϱjk|φj |2|sk|2

+B1(σχη +H.c.) +B2(ζ
+
1 ζ

−
2 σ +H.c.) +B3(ϵabϕ

a
1ϕ

b
2ζ

−
2 +H.c.) +B4(η

2κ+H.c.) +B5(σ
2χ∗ +H.c.)

+f1(ϵabϕ
a
1ϕ

b
2ζ

−
1 σ

∗ +H.c.) + f2(ϕ
†
1ϕ2σ

∗S +H.c.) + f3(ζ
−
1 ζ

+
2 ηχ+H.c.) + f4(σ

3η +H.c.)

+f5(χ
2σ∗η +H.c.) + f6(ζ

−
1 ζ

+
2 χ

∗σ +H.c.) + f7(S
4 +H.c.) + f8(σχη

∗κ∗ +H.c.)

+f9(ρκ
∗S2 +H.c.) + f10(ρκ

∗S∗2 +H.c.) + f11(ρ
2κ∗2 +H.c.) + f12(χ

3κ∗ +H.c.)

+f13(φ
∗
1φ2ηρ+H.c.) (13)

where sj denotes the neutral singlets σ, χ, η, ρ, S, κ, respectively. It is important to note that the couplings Bi, i =
1, .., 5 have mass dimension, whereas fj , j = 1, , , 13 are dimensionless. Expanding the even Z2 Higgs multiplets around
their minimum, excepting φ1,2 since they are charged under Z2 symmetry, we have

ϕ1,2 =

(
ϕ+1,2

v1,2+ϕ0
1,2R+iϕ0

1,2I√
2

)
, s =

vs + sR + isI√
2

, s = σ, .., κ,

φ1,2 =
φ9,10R + iφ9,10I√

2
(14)

From the minimization conditions of the scalar potential, we obtain the following relations

µ2
1 = −1

2

f2v2vSvσ
v1

+ 2λ1v
2
1 + (λ̃12 + λ′12)v

2
2 +

S∑
j=σ

κ1jv
2
j

 ,

µ2
2 = −1

2

f2v1vSvσ
v2

+ 2λ2v
2
2 + (λ̃12 + λ′12)v

2
1 +

S∑
j=σ

κ2jv
2
j

 ,

µ2
σ = −1

2

f2v2v1vS
vσ

+ 3f4vηvσ + 2λσv
2
σ +

vηvχ(
√
2B1 + f8vκ + f5vχ)

vσ
+ 2

√
2B5vχ +

2∑
j=1

κjσv
2
j +

∑
j=χ,η,ρ,S,κ

λσjv
2
j

 ,

µ2
η = −1

2

2
√
2B4vκ +

f4v
3
σ

vη
+ 2ληv

2
η + λσηv

2
σ +

vσvχ(
√
2B1 + f8vκ + f5vχ)

vη
+

2∑
j=1

κjηv
2
j +

S∑
j=σ,χ,ρ,S,κ

ληjv
2
j

 ,

µ2
χ = −1

2

√
2vσ(B1vη +B5vσ)

vχ
+
f8vσvηvκ

vχ
+ 2f5vηvσ + 3f12vκvχ + 2λχv

2
χ +

2∑
j=1

κjχv
2
j +

∑
j=σ,η,ρ,S,κ

λχjv
2
j

 ,

µ2
ρ = −1

2

 (f10 + f9)v
2
Svκ

vρ
+ 2λρv

2
ρ + 2f11v

2
κ +

2∑
j=1

κjρv
2
j +

∑
j=σ,χ,η,S,κ

λρjv
2
j

 ,

µ2
S = −1

2

f2v1v2vσ
vS

+ 2v2S(λS + 2f7) + 2(f9 + f10)vρvκ +

2∑
j=1

κjSv
2
j +

∑
j=σ,χ,η,ρ,κ

λSjv
2
j

 ,

µ2
κ = −1

2

√
2B4v

2
η

vκ
+

(f10 + f9)v
2
Svρ

vκ
+
f8vηvσvχ + f12v

3
χ

vκ
+ 2λκv

2
κ + 2f11v

2
ρ +

2∑
j=1

κjκv
2
j +

∑
j=σ,χ,η,ρ,S

λκjv
2
j

 . (15)
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A. Charged sector

From the scalar potential and taking into account its minimization conditions, we find that the squared mass matrix
for the electrically charged scalar fields in the basis (ϕ+1 ϕ+2 ζ+1 ζ+2 )

T is given by:

M2
c =


−v2(f2vSvσ+v1v2(λ̃12−2λ′

12))
2v1

f2vSvσ+v1v2(λ̃12−2λ′
12)

2
f1v2vσ

2
B3v2√

2
f2vSvσ+v1v2(λ̃12−2λ′

12)
2 −v1(f2vSvσ+v1v2(λ̃12−2λ′

12))
2v2

− f1v1vσ
2 −B3v1√

2
f1v2vσ

2 − f1v1vσ
2 (M2

c )33
√
2B2vσ+f3vηvχ+f6vσvχ

2
B3v2√

2
−B3v1√

2

√
2B2vσ+f3vηvχ+f6vσvχ

2 (M2
c )44

 ,(16)

where the 33 and 44 matrix elements are defined as

(M2
c )33 = µ2

ζ1
+

1

2
(

2∑
j=1

αj1v
2
j +

κ∑
j=σ

βj1v
2
j ),

(M2
c )44 = µ2

ζ2
+

1

2
(

2∑
j=1

αj2v
2
j +

κ∑
j=σ

βj2v
2
j ) (17)

This matrix contains one vanishing eigenvalue, corresponding to the SM Goldstone bosons GW± associated with
the longitudinal components of the W± bosons. The remaining eigenstates are massive and depend on the new
physics scales vσ,..,S , which generally have very complicated forms. However, we can use the perturbation method to

approximately diagonalize this matrix in the limit v1,2 ≪ vσ,...,κ and Bi ∼ O(10−3 − 10−2) TeV ≪ v =
√
v21 + v22 ∼

0.246 TeV, fi ∼ O(10−3 − 10−2) ≪ 1, assuming that all mass dimension(less) couplings Bi and fi are the same for
different indices i. Additionally, we assume that the couplings between the doublet scalars ϕ1,2 with charged singlets

ζ±1,2 satisfy α11 ∼ α12, α21 ∼ α22. Therefore, the original matrix can be split into two parts such as M2
c =M2

c0 +M2
cp

where M2
c0 is the leading matrix obtained in the limit B, v → 0, and inversely M2

cp contain B, v terms. At the
first-order in O(v2/v2σ,..,κ), we find that the physical masses and states of electrically charged scalars are given as
follows:

m2
GW± = 0, m2

H± ≃ −fvSvσ
s2α

− v2(λ̃12 − 2λ′12)

2
, (18)

m2
H±

1,2
≃ 1

2


µ2

ζ1
+ µ2

ζ2
+

κ∑
j=σ

(βj1 + βj2)v
2
j

2



∓

√√√√√µ2
ζ1

− µ2
ζ2

+

κ∑
j=σ

(βj1 − βj2)v
2
j

2

2

+ [fvχ(vη + vσ)]2


+
v2[α12 + α22 + (α12 − α22)c2α]

4
± Bvσs2θ√

2
. (19)

where the coupling f satisfies f < 0 to ensure that the squared masses are positive. The physical eigenstates are
related to the gauge eigenstates of charged scalars by the following relation:

(GW± H± H±
1 H±

2 )T = Uc(ϕ
±
1 ϕ±2 ζ±1 ζ±2 )

T , (20)

where the mixing matrix Uc is given by

Uc ≃


cα −sα 0 0

sα cα
v[fvσ(ϵ1+ϵ2)−(ϵ1−ϵ2)(fvσc2θ+

√
2Bsθ)]

4ϵ1ϵ2

v[
√
2B(ϵ1+ϵ2)+(ϵ1−ϵ2)(−fvσs2θ+

√
2Bc2θ)]

4ϵ1ϵ2
vsα(fvσcθ+

√
2Bsθ)

2ϵ1
−vcα(fvσcθ+

√
2Bsθ)

2ϵ1
cθ − Bvσc2θsθ√

2(ϵ1−ϵ2)
sθ +

Bvσc2θcθ√
2(ϵ1−ϵ2)

vsα(−fvσsθ+
√
2Bcθ)

2ϵ2

vcα(fvσsθ−
√
2Bcθ)

2ϵ2
−sθ − Bvσc2θcθ√

2(ϵ1−ϵ2)
cθ − Bvσc2θsθ√

2(ϵ1−ϵ2)

 ,(21)
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and the mixing angles α, θ and terms ϵ1, ϵ2 defined as

tα =
v2
v1
, t2θ =

fvχ(vη + vσ)

µ2
ζ1

− µ2
ζ2

+
∑κ

j=σ(βj1 − βj2)v
2
j /2

, (22)

ϵ1,2 = m2
H±

1,2
−m2

H± =
1

2


µ2

ζ1
+ µ2

ζ2
+

κ∑
j=σ

(βj1 + βj2)v
2
j

2



∓

√√√√√µ2
ζ1

− µ2
ζ2

+

κ∑
j=σ

(βj1 − βj2)v
2
j

2

2

+ [fvχ(vη + vσ)]2

+
fvSvσ
s2α

(23)

B. CP odd sector

The squared mass matrix of the CP-odd scalar fields in the basis (ϕ01I ϕ
0
2I σI ηI χI ρI SI kaI)

T can be written as:

M2
A =

(
M2

A1
(M2

A2
)T

M2
A2

M2
A3

)
, (24)

where the submatrices M2
A1,2,3

are given by

M2
A1

=

(
− f2v2vSvσ

2v1

f2vSvσ
2

f2vSvσ
2 − f2v1vSvσ

2v2

)
, M2

A2
=



− f2v2vS
2

f2v1vS
2

0 0

0 0

0 0
f2v2vσ

2 − f2v1vσ
2

0 0


,

M2
A3

=



(m2
A3

)11 (m2
A3

)12 (m2
A3

)13 0 f2v1v2
2

f8vηvχ
2

(m2
A3

)12 (m2
A3

)22 (m2
A3

)23 0 0 (m2
A3

)26

(m2
A3

)13 (m2
A3

)23 (m2
A3

)33 0 0
f8vσvη+3f12v

2
χ

2

0 0 0 (m2
A3

)44 (f10 − f9)vSvκ (m2
A3

)46
f2v1v2

2 0 0 (f10 − f9)vSvκ (M2
A3

)55 (−f10 + f9)vSvρ
f8vηvχ

2 (M2
a3
)26

f8vσvη+3f12v
2
χ

2 (m2
A3

)46 (−f10 + f9)vSvρ (m2
A3

)66


, (25)
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with some matrix elements of M2
A3

defined as follows

(m2
A3

)11 = −f2v1v2vS + 9f4vηv
2
σ + 4

√
2B5vσvχ + vηvχ(

√
2B1 + f8vκ + f5vχ)

2vσ
,

(m2
A3

)12 =
−3f4v

2
σ + vχ(−

√
2B1 + f8vκ + f5vχ)

2
,

(m2
A3

)13 =
√
2B5vσ − vη(

√
2B1 + f8vκ − 2f5vχ)

2
,

(m2
A3

)22 = −2
√
2B4vκ − vσ[f4v

2
σ + vχ(

√
2B1 + f8vκ + f5vχ)]

2vη
,

(m2
A3

)23 = −vσ(
√
2B1 − f8vκ + 2f5vχ)

2
,

(m2
A3

)26 = −
√
2B4vη −

f8vσvχ
2

,

(m2
A3

)33 = −
√
2B1vηvσ + f8vηvσvκ +

√
2B5v

2
σ + 4f5vηvσvχ + 9f12vκv

2
χ

2vχ
,

(m2
A3

)44 = −2f11v
2
κ − (f10 + f9)v

2
Svκ

2vρ
,

(m2
A3

)46 = 2f11vκvρ +
(f10 + f9)v

2
S

2
,

(m2
A3

)55 = −8f7v
2
S − 2(f10 + f9)vκvρ −

f2v1v2vσ
2vS

,

(m2
A3

)66 = −
√
2B4v

2
η + vρ[(f10 + f9)v

2
S + 4f11vκvρ] + f8vηvσvκ + f12v

3
χ

2vκ
(26)

The matrix M2
A will be perturbatively diagonalized by a A similar method used in the diagonalization of M2

c , i.e
we split this matrix into leading and perturbative parts as M2

A = M2
A0

+M2
Ap

, where M2
A0

is obtained in the limit

B, v → 0. It should be noted that we have obtained all values of VEVs from the fermion mass and mixing spectrum
studies, namely vS = vσ = 6 TeV, vη = vχ = 5 TeV, vρ = vκ = 1 TeV. Replacing all values of VEVs and at the
leading order, the CP odd squared mass matrix can be diagonalized as follows

UA0M2
A0UT

A0 = (Mdiag
A0 )2 ≃ f × diag(0, 0,−30.76,−86,−148.7,−162.5,−206,−293) [TeV2], (27)

where the mixing matrix UA0 is defined by

UA0
≃



0.993 0.122 0. 0. 0. 0. 0. 0.

0. 0. −0.288 0.721 −0.481 −0.288 0. −0.288

0. 0. −0.11 0.354 −0.053 0.911 0. 0.174

0. 0. −0.002 0.535 0.771 −0.215 0. 0.271

−0.122 0.993 0. 0. 0. 0. 0. 0.

0. 0. 0.95 0.261 −0.166 0.009 0. −0.03

0. 0. −0.039 0.01 −0.38 −0.203 0. 0.901

0. 0. 0. 0. 0. 0. −1. 0.


. (28)

This matrix shows the relations between physical and gauge eigenstates as follows

(GZ GZ′ A3 A4 A5 A6 A7 A8)
T = UA0(ϕ1I ϕ2I σI ηI χI ρI SI κI)

T , (29)

It should be noted that here the squared masses for the CP odd scalars are expressed in units of TeV2. For
instance, if f ∼ −10−2, B ∼ 10−3 TeV, we obtain the range of masses for the CP odd scalars as MA ∼
(0, 0, 0.554, 0.927, 1.219, 1.271.428, 1.705) TeV. The mass spectrum of CP odd scalars shows that two massless states
correspond to two Goldstone bosons GZ and GZ′ associated with the longitudinal components of the SM Z and new
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heavy neutral Z ′ gauge bosons, respectively. 1. When considering next-to-leading order via the matrixM2
Ap

∼ O(Bv),

the physical squared masses and states of CP odd scalars are slightly modified as follows

δM2
A ≃ B[TeV]× diag(0, 0,−2.027,−14.245, 0,−19.027,−15.692, 0) [TeV]. (30)

For B ∼ 10−3 TeV, these corrections for CP odd Higgs squared masses are of the order ∼ O(10−3 − 10−2) TeV2,
which is significantly 2 to 3 orders of magnitude lower compared with the leading order results in Eq. (27). Similarly,
the physical states are also slightly shifted when considering the first order. Thus, we can safely ignore the very
subleading second-order correction and use only the leading first-order result.

C. CP even sector

The squared mass matrix for CP even scalar fields in the basis (ϕ01R ϕ02R σR ηR χR ρR SR κR)
T have the following

form:

M2
S =

(
M2

S1
(M2

S2
)T

M2
S2

M2
S3

)
, (31)

where the submatrices M2
S1,2,3

are given by:

M2
S2

=



f2v2vS
2 + λ1σv1vσ

f2v1vS
2 + λ2σv2vσ

λ1ηv1vη λ2ηv2vη
λ1χv1vχ λ2χv2vχ
λ1ρv1vρ λ2ρv2vρ

f2v2vσ
2 + λ1Sv1vS

f2v1vσ
2 + λ2Sv2vS

λ1κv1vκ λ2κv2vκ


,

M2
S1

=

(
− f2v2vSvσ

2v1
+ 2λ1v

2
1

f2vSvσ
2 + v1v2(λ12 + λ̃12)

f2vSvσ
2 + v1v2(λ12 + λ̃12) − f2v1vSvσ

2v2
+ 2λ2v

2
2

)
, (32)

M2
S3

=



(m2
S3
)11 (m2

S3
)12 (m2

S3
)13 λσρvσvρ λσSvσvS + f2v1v2

2 λσκvσvκ +
f8vηvχ

2

(m2
S3
)12 (m2

S3
)22 (m2

S3
)23 ληρvηvρ ληSvηvS (m2

S3
)26

(m2
S3
)13 (m2

S3
)23 (m2

S3
)33 λχρvχvρ λχSvχvS (m2

S3
)36

λσρvσvρ ληρvηvρ λχρvχvρ (m2
S3
)44 (m2

S3
)45 (m2

S3
)46

λσSvσvS + f2v1v2
2 ληSvηvS λχSvχvS λρSvρvS + (f9 + f10)vSvκ (m2

S3
)55 (m2

S3
)56

λσκvσvκ +
f8vηvχ

2 (m2
S3
)26 (m2

S3
)36 (m2

S3
)46 (m2

S3
)56 (m2

S3
)66


,

1 We want to emphasize that the full matrix M2
A has exactly two vanishing eigenvalues corresponding to two Goldstone bosons GZ,Z′ .

These two massless states will not receive masses even when we consider corrections arising from higher order terms in the perturbative
expansion.
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with some matrix elements of M2
S3

defined as:

(m2
S3
)11 = −f2v1v2vS − 3f4vηv

2
σ + vηvχ(

√
2B1 + f8vκ + f5vχ)− 4λσv

3
σ

2vσ
,

(m2
S3
)12 = −3f4v

2
σ

2
+
vχ(

√
2B1 + f8vκ + f5vχ)

2
+ λσηvσvη,

(m2
S3
)13 =

B1vη√
2

+
f8vηvκ

2
+

√
2B5vσ + f5vηvχ + λσχvσvχ,

(m2
S3
)26 =

√
2B4vη + ληκvηvκ +

f8vσvχ
2

,

(m2
S3
)55 = 4f7v

2
S + 2λSv

2
S − f2v1v2vσ

2vS
,

(m2
S3
)56 = λκSvκvS + (f9 + f10)vSvρ,

(m2
S3
)66 = −

√
2B4v

2
η + (f9 + f10)v

2
Svρ + f8vηvσvχ + f12v

3
χ − 4λκv

3
κ

2vκ
(33)

We continue to approximately diagonalize the given CP even squared mass matrix under the assumption that B ≪
v ≪ vσ,...,κ, using a similar procedure employed in the diagonalization of M2

A and M2
c . However, this matrix contains

more parameters, such as λij , λ1(2)j , compared to M2
A, M

2
c , thus we will made several assumptions regarding these

parameters. Our first assumption concerns the λi couplings of four new singlets i, (i = σ, ..., κ). We consider a
benchmark scenario where vσ = vS = 6 TeV, vρ = vκ = 1 TeV, vη = vχ = 5 TeV, with the following conditions

λσ = λS = λ, λρ = λκ ∼ λ
vρ
vσ
, λη = λχ ∼ λ

vχ
vσ
. (34)

Furthermore, we set the couplings λij between new singlets i and j relating to λ as

λij ∼ λO
(
vivj
v2σ

)
, (35)

and for λ1,2i are coupling between two doublets ϕ1,2 with new singlets i, we assume for the sake of simplicity that

λ1,2i ∼ λ1,2O
(
v1,2
vi

)
≪ 1, (36)

Due to these assumptions, the matrix M2
S can be decomposed as

M2
S =M2

S0
+M2

Sp
(37)

At the leading order, we obtain the physical masses

US0M2
S0
UT
S0 ≃ f × diag(0,−20.95,−44.46,−144.12,−148.73,−221.55,−228.5,−548.54) [TeV2], (38)

where the matrix US0 is given by

US0 ≃



0.993 0.122 0. 0. 0. 0. 0. 0.

0. 0. −0.259 −0.192 0.204 0.805 0.378 0.253

0. 0. −0.405 −0.326 0.267 −0.536 0.605 −0.075

0. 0. −0.038 0.155 0.605 −0.202 −0.303 0.689

−0.122 0.993 0. 0. 0. 0. 0. 0.

0. 0. 0.545 −0.739 −0.18 −0.074 0.023 0.343

0. 0. −0.129 0.35 −0.632 −0.135 0.333 0.576

0. 0. 0.674 0.405 0.297 0.01 0.537 −0.076


, (39)

and the physical states are determined by

(H1 H2 H3 H4 H5 H6 H7 H8)
T = US0(ϕ1R ϕ2R σR ηR χR ρR SR κR)

T , (40)
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We see that at the leading order, there is a physical state H1 with zero mass which is composed of real components of
doublets ϕ1R and ϕ2R. This state will be identified as an SM-like Higgs boson h discovered by the LHC. Furthermore,
there are seven heavy CP even scalars with masses that are proportional to coupling f and are on the TeV scale.
When considering the next-to-leading order, the SM-like Higgs boson gains a small mass through the perturbative
expansion

δm2
H1≡h ≃ 0.1175λ1 + 2.675× 10−5λ2 + 1.773× 10−3(λ12 + λ̄12) [TeV

2] ≃ 0.1175λ1 [TeV2] (41)

We comment that the SM-like Higgs boson mass is at the electroweak scale, and to assign its mass 125 GeV, as
measured by the ATLAS and CMS experiments [13], the coupling λ1 ∼ 0.133. As for the remaining seven heavy
scalars H2,..,8, their masses are shifted by

δm2
H ≃ B[TeV]× (−3.803,−3.763,−10.21, 0,−13.25,−7.55, 4.366)[TeV]. (42)

For B ∼ O(10−3) TeV, we obtain δm2
H ∼ O(10−3 − 10−2) TeV2, which much smaller compared with leading order

ones given in Eq. (38). Similarly, their eigenstates are also slightly changed. Consequently, we will adopt the leading
order results, as in the CP odd scalar sector.

V. FLAVOR PHENOMENOLOGY

With the Yukawa terms shown in Eqs. (1,2), we find that the model under consideration contains several couplings of
both charged and neutral CP even(odd) Higgs bosons with SM and new exotic fermions. Besides that, the different
U(1)X charges of the third and two first quark generations causes quark flavor-changing q̄iqjZ

′ interactions mediated by
new neutral gauge boson Z ′ at tree-level. Consequently, these couplings give rise to quark flavor-violating observables
at tree or one-loop level. In this section, we study these processes in detail.

A. Lepton flavor phenomenology

From the leptonic Yukawa interactions of Eq. (2), we get the following terms describing the lepton flavor violating
(LFV) processes

−Llepton =

3∑
i=1

y
(l)
i liL

v2 + ϕ02R + iϕ02I√
2

l3R +

3∑
i=1

y
(l)
i νiLϕ

+
2 l3R

+

3∑
i=1

y
(E)
i liL

v2 + ϕ02R + iϕ02I√
2

E1R +

2∑
n=1

x(E)
n E1L

vS + SR − iSI√
2

lnR

−
3∑

i=1

3∑
j=1

y
(ν)
ij liLϕ

−
2 νjR +

3∑
i=1

2∑
n=1

z
(l)
inN

C
iRζ

+
2 lnR +H.c., (43)

We work based on physical states of charged leptons e′aL(R), which are related to the flavor states eiL(R) via the

following transformations:

eiL(R) = (VeL(R)
)iae

′
aL(R), (44)

where VeL(R)
are mixing matrix of the left (right)-handed lepton fields. We want to emphasize that there is barely any

mixing between mass states of active neutrinos νL and heavy neutrinos νR, NR via the inverse seesaw mechanism. For
simplicity, we assume this mixing is suppressed and ignored, and only active neutrinos are mixed between themselves
via the 3× 3 matrix VνL

which is defined by the relation V †
νL
VeL = VPMNS, and the flavor states are related with the

physical states as follows

νiL = (VνL
)iaν

′
aL (45)

Furthermore, we assume the flavor states of right-handed neutrino νiR,NiR are related to physical states via matrices
VνR

and VNR

νiR = (VνR
)iaν

′
aR, NiR = (VNR

)iaN
′

aR. (46)
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Besides that, using the relations between physical and gauge eigenstates of charged, CP odd and CP even scalars
shown in Eqs. (20,29,40), the leptonic Yukawa interactions can be rewritten as follows:

−Llepton = ν′aLg
H+ν̄aLlb
R PRl

′
bH

+ +N
′C
aRg

H+Nalb
R PRl

′
bH

+ + ν′aRg
H+ν̄Rl
R PLl

′
bH

+

+ν′aLg
H+

1,2ν̄aLlb
R PRl

′
bH

+
1,2 +N

′C
aRg

H+
1,2Nalb

R PRl
′
bH

+
1,2 + ν′aRg

H+
1,2ν̄Rl

R PLl
′
bH

+
1,2

+

8∑
p=1

E′
1(g

HpĒ1lb
L PL + g

HpĒ1lb
R PR)l

′
bHp + i

8∑
p=3

E′
1(g

ApĒ1lb
L PL + g

ApĒ1lb
R PR)l

′
bAp

+

8∑
p=1

l′ag
Hp l̄alb
R PRl

′
bHp + i

8∑
p=3

l′ag
Ap l̄alb
R PRl

′
bAp +H.c., (47)

with the coefficients given explicitly in Appendix A. Here the index p is taken from 3 to 8 for interactions of CP odd
Higgs A since we only care about the physical fields. Let’s discuss the roles of each term in the equation provided
above. The terms in first line of Eq. (47) contribute to the radiative decays lb1 → lb2γ with the one loop level exchange
of charged Higgs H+, H+

1,2 and active neutrinos νaL, right-handed neutrinos N c
aR, νaR running in the internal lines,

respectively. Furthermore, the second and third lines contain terms describing radiative decays mediated by the
neutral CP even (odd) Higgs H(A) and new exotic lepton E1 or ordinary charged leptons la. The Feynman diagrams
for such observables are shown in subfigures (alb) in Fig . (1). Additionally, the last line provides sources for tree-level
lepton flavor violating decays of the SM like Higgs boson H1 ≡ h if index p = 1, h→ l̄alb, and potentially the tree-level
three leptonic body decays l → 3l′ via the CP even (odd) Higgs bosons H(A), demonstrates in subfigures (c,d) in
Fig. (1). These LFV terms also trigger other processes, namely the coherent µ→ e conversion in a muonic atom and
the transition between muonium Mu to antimuonium Mu state, see in subfigure (e) and (f) of Fig. (1).
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H+, H+
1,2

νaL, νaR, N
c
aR νaL, νaR, N

c
aR

γ

lb1 lb2

(a) One-loop diagrams for the radiative
decays induced by charged Higgs

bosons H±,H±
1,2.

H(A)

E1, la E1, la

γ

lb1 lb2

(b) One-loop diagrams for radiative
decays induced by CP even(odd) Higgs

H(A).

H(A)

lb1

lb2

l̄b3

lb4

(c) Tree level diagrams for three body
leptonic decays lb1 → lb2 l̄b3 lb4

with flavor off-diagonal couplings.

H(A)

lb1

lb2

l̄b3

lb3

(d) Tree level diagrams for three body
leptonic decays lb1 → lb2 l̄b3 lb3

with flavor diagonal couplings.

H(A)

µ− e−

q q

(e) Tree level diagrams induced by
neutral scalar Higgs bosons H(A) for

coherent µ→ e in a muonic atom.

H(A)

e− µ−

µ+ e+

(f) Tree level diagrams induced by
neutral scalar Higgs bosons H(A) for

Mu-Mu transition.

1

Figure 1: Feynman diagrams for leptonic observables.

1. LFV decays

The radiative cLFV observables lb1 → lb2γ with lb1 = {µ, τ}, lb2 = {e, µ} and lb1 ̸= lb2 can be described via the
effective Hamiltonian contributing by new charged Higgs and neutral CP even (odd) Higgs at the one-loop levels

Hlepton
eff = ēb2σµν [(CL)b2b1PL + (CR)b2b1PR]eb1F

µν , (48)

where the coefficients (CL,R)b2b1 are determined by evaluating one-loop diagrams involving charged Higgs H±, H±
1,2,

neutral CP even (odd) Higgs H(A) , and the SM charged gauge boson W±
µ as follows

(CL)b2b1 = (CH+ν̄Ll
L )b2b1 + (CH+N̄l

L,R )b2b1 + (C
H+

1,2ν̄Ll

L,R )b2b1 + (C
H+

1,2N̄l

L,R )b2b1 + (C
Hp(Ap)Ē1l
L )b2b1

+(C
Hp(Ap)l̄l
L )b2b1 ,

(CR)b2b1 = (CW+ν̄Ll
R )b2b1 + (CH+ν̄Rl

R )b2b1 + (C
H+

1,2ν̄Rl

R )b2b1 + (C
Hp(Ap)Ē1l
R )b2b1 . (49)

Besides, these coefficients are obtained in the limit that the external mass of daughter lepton mb2 is very small in
compared with the mass of decaying leptonmb1 , i.emb2 ≪ mb1 , mb2 ∼ 0. Therefore, we have the following expressions
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for (CL,R)b2b1

(CW+ν̄Ll
R )b2b1 =

−emb1

32π2m2
W±

3∑
a=1

(g
W+ν̄aLlb2
L )∗g

W+ν̄aLlb1
L fWγ

(
m2

νaL

m2
W+

)
,

(CH+ν̄Ll
L )b2b1 =

−emb1

32π2m2
H±

1,2

3∑
a=1

(g
H+ν̄aLlb2
R )∗g

H+ν̄aLlb1
R fγ

(
m2

νaL

m2
H+

)
,

(CH+Nl
L )b2b1 =

−emb1

32π2m2
H±

1,2

3∑
a=1

(g
H+Nalb2
R )∗g

H+Nalb1
R fγ

(
m2

Na

m2
H+

)
,

(CH+νRl
R )b2b1 =

−emb1

32π2m2
H±

1,2

3∑
a=1

(g
H+νaRlb2
L )∗g

H+νaRlb1
L fγ

(
m2

νaR

m2
H+

)
,

(C
H+

1,2ν̄Ll

L )b2b1 =
−emb1

32π2m2
H±

1,2

3∑
a=1

(g
H+

1,2ν̄aLlb2
R )∗g

H+
1,2ν̄aLlb1

R fγ

m2
νaL

m2
H+

1,2

 ,

(C
H+

1,2Nl

L )b2b1 =
−emb1

32π2m2
H±

1,2

3∑
a=1

(g
H+

1,2Nalb2
R )∗g

H+
1,2Nalb1

R fγ

 m2
Na

m2
H+

1,2

 ,

(C
H+

1,2νRl

R )b2b1 =
−emb1

32π2m2
H±

1,2

3∑
a=1

(g
H+

1,2νaRlb2
L )∗g

H+
1,2νaRlb1

L fγ

m2
νaR

m2
H+

1,2

 ,

(C
HpE1l
R )b2b1 =

8∑
p=1

emb1

32π2m2
Hp

[
(g

HpE1lb2
L )∗g

HpE1lb1
L f ′γ

(
m2

E1

m2
Hp

)
+ (g

HpE1lb2
L )∗g

HpE1lb1
R

mE1

mb1

h′γ

(
m2

E1

m2
Hp

)]
,

(C
HpE1l
L )ab =

8∑
p=1

emb1

32π2m2
Hp

[
(g

HpE1lb2
R )∗g

HpE1lb1
R f ′γ

(
m2

E1

m2
Hp

)
+ (g

HpE1lb2
R )∗g

HpE1lb1
L

mE1

mb1

h′γ

(
m2

E1

m2
Hp

)]
,

(C
ApE1l
R )b2b1 =

8∑
p=3

emb1

32π2m2
Ap

[
(g

ApE1lb2
L )∗g

ApE1lb1
L f ′γ

(
m2

E1

m2
Ap

)
+ (g

ApE1lb2
L )∗g

ApE1lb1
R

mE1

mb1

h′γ

(
m2

E1

m2
Ap

)]
,

(C
ApE1l
L )b2b1 =

8∑
p=1

emb1

32π2m2
Ap

[
(g

ApE1lb2
R )∗g

ApE1lb1
R f ′γ

(
m2

E1

m2
Ap

)
+ (g

ApE1lb2
R )∗g

ApE1lb1
L

mE1

mb1

h′γ

(
m2

E1

m2
Ap

)]
,

(C
Hpll
L )b2b1 =

3∑
a=1

8∑
p=1

emb1

32π2m2
Hp

(g
Hplalb2
R )∗(g

Hplalb1
R )f ′γ

(
m2

la

m2
Hp

)
,

(C
Apll
L )b2b1 =

3∑
a=1

8∑
p=3

emb1

32π2m2
Ap

(g
Aplalb2
R )∗(g

Aplalb1
R )f ′γ

(
m2

la

m2
Ap

)
, (50)

where the couplings of SM gauge boson W are given as : g
W+ν̄aLlb1(2)
L =

∑3
i=1(V

∗
νL

)ia(VeL)ib1(2) . Besides, the loop

functions fWγ , h
′

γ , f
(′)
γ are defined in Appendix B. The formulas of the branching ratio of cLFV decays are expressed

by

BR(lb1 → lb2γ) =
m3

lb1

4πΓlb1

(|(CL)b2b1 |2 + |(CR)b2b1 |2), (51)

where Γlb1
is the total decay width of decaying lepton lb1 . For LFV decays of SM like Higgs boson h → l̄alb , their

branching ratio are given as follows

BR(h→ l̄alb) =
mh

8πΓSM
h

(|ghl̄albR |2 + |g∗hl̄blaR |2), (52)

where ΓSM
h ≃ 4.1 MeV is the total width of SM Higgs boson h.
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Besides, the LFV couplings in the last line of Eq . (47) can also cause the three body leptonic decays. The expressions
for their branching ratios read

BR(τ → 3µ) =
m5

τ

1536π3Γτ


8∑

p=1

2 ∣∣∣∣∣g
Hp l̄2l3
R g

Hp l̄2l2
R

m2
Hp

∣∣∣∣∣
2

+ 2

∣∣∣∣∣ (g
Hp l̄3l2
R )∗(g

Hp l̄2l2
R )∗

m2
Hp

∣∣∣∣∣
2

+

∣∣∣∣∣g
Hp l̄2l3
R (g

Hp l̄2l2
R )∗

m2
Hp

∣∣∣∣∣
2

+

∣∣∣∣∣ (g
Hp l̄3l2
R )∗g

Hp l̄2l2
R

m2
Hp

∣∣∣∣∣
2


+

8∑
p=3

2 ∣∣∣∣∣g
Ap l̄2l3
R g

Ap l̄2l2
R

m2
Ap

∣∣∣∣∣
2

+ 2

∣∣∣∣∣ (g
Ap l̄3l2
R )∗(g

Ap l̄2l2
R )∗

m2
Ap

∣∣∣∣∣
2

+

∣∣∣∣∣g
Ap l̄2l3
R (g

Ap l̄2l2
R )∗

m2
Ap

∣∣∣∣∣
2

+

∣∣∣∣∣ (g
Ap l̄3l2
R )∗g

Ap l̄2l2
R

m2
Ap

∣∣∣∣∣
2
 ,

BR(τ → µeµ) =
m5

τ

1536π3Γτ


8∑

p=1

2 ∣∣∣∣∣g
Hp l̄2l3
R g

Hp l̄2l1
R

m2
Hp

∣∣∣∣∣
2

+ 2

∣∣∣∣∣ (g
Hp l̄3l2
R )∗(g

Hp l̄1l2
R )∗

m2
Hp

∣∣∣∣∣
2

+

∣∣∣∣∣g
Hp l̄2l3
R (g

Hp l̄1l2
R )∗

m2
Hp

∣∣∣∣∣
2

+

∣∣∣∣∣ (g
Hp l̄3l2
R )∗g

Hp l̄2l1
R

m2
Hp

∣∣∣∣∣
2


+

8∑
p=3

2 ∣∣∣∣∣g
Ap l̄2l3
R g

Ap l̄2l1
R

m2
Ap

∣∣∣∣∣
2

+ 2

∣∣∣∣∣ (g
Ap l̄3l2
R )∗(g

Ap l̄1l2
R )∗

m2
Ap

∣∣∣∣∣
2

+

∣∣∣∣∣g
Ap l̄2l3
R (g

Ap l̄1l2
R )∗

m2
Ap

∣∣∣∣∣
2

+

∣∣∣∣∣ (g
Ap l̄3l2
R )∗g

Ap l̄2l1
R

m2
Ap

∣∣∣∣∣
2
 ,

BR(τ → eµµ) =
m5

τ

1536π3Γτ

8∑
p=1

∣∣∣∣∣g
Hp l̄1l3
R g

Hp l̄2l2
R

m2
Hp

+
g
Hp l̄2l3
R g

Hp l̄1l2
R

m2
Hp

∣∣∣∣∣
2

+

∣∣∣∣∣ (g
Hp l̄3l1
R )∗(g

Hp l̄2l2
R )∗

m2
Hp

+
(g

Hp l̄3l2
R )∗(g

Hp l̄2l1
R )∗

m2
Hp

∣∣∣∣∣
2

+

∣∣∣∣∣ (g
Hp l̄3l1
R )∗g

Hp l̄2l2
R

m2
Hp

∣∣∣∣∣
2

+

∣∣∣∣∣ (g
Hp l̄3l2
R )∗g

Hp l̄1l2
R

m2
Hp

∣∣∣∣∣
2


+
m5

τ

1536π3Γτ

8∑
p=3

∣∣∣∣∣g
Ap l̄1l3
R g

Ap l̄2l2
R

m2
Ap

+
g
Ap l̄2l3
R g

Ap l̄1l2
R

m2
Ap

∣∣∣∣∣
2

+

∣∣∣∣∣ (g
Ap l̄3l1
R )∗(g

Ap l̄2l2
R )∗

m2
Ap

+
(g

Ap l̄3l2
R )∗(g

Ap l̄2l1
R )∗

m2
Ap

∣∣∣∣∣
2

+

∣∣∣∣∣ (g
Ap l̄3l1
R )∗g

Ap l̄2l2
R

m2
Ap

∣∣∣∣∣
2

+

∣∣∣∣∣ (g
Ap l̄3l2
R )∗g

Ap l̄1l2
R

m2
Ap

∣∣∣∣∣
2
 , (53)

Similarly, we can obtain the branching ratios of the other three body leptonic decays such as µ → 3e, τ → 3e, and
τ → eµe by replacing appropriate indices.

We would like to emphasize that the model includes contributions to the anomalous magnetic moments for electron or
muon, denoted as ∆ae,µ respectively, as studied in previous work [45]. However, as aforementioned, the paper consid-
ered the observables within a framework of a very simplifying benchmark scenario containing few scalar contributions.
Therefore, in this work, we revisit ∆ae,µ in a more comprehensive manner, considering all possible contributions. The
expressions for ∆ae,µ are written as follows

∆ae(µ) = −4meµ

e
Re[(CR)b1b1(b2b2)],

(CR)b1b1(b2b2) = (CH+ν̄Rl
R )b1b1(b2b2) + (C

H+
1,2ν̄Rl

R )b1b1(b2b2) + (C
H(A)ll
R )b1b1(b2b2), (54)

To close this section, we offer a concise qualitative discussion on how our model impacts the electric dipole moment of
the neutron. Following the considerations given in [47, 48], the neutron’s electric dipole moment in multi-Higgs doublet
models like the one considered in this work originates from various factors. Firstly, there’s the tree-level exchange of
CP-violating scalars, resulting in four-fermion operators involving both up- and down-type quarks. Secondly, there’s
the CP-violating three-gluon operator, known as the Weinberg operator, along with Barr-Zee type two-loop diagrams.
These contribute to the electric dipole moment and chromoelectric dipole moments of both up- and down-type quarks.
Notably, the contributions from the first and third sources are diminished due to the small masses of the light quarks
[47, 48].

Consequently, it is expected that the main contribution to the electric dipole moment of the neutron in the extended
2HDM theory considered in this work will arise from the CP violating two loop level self-gluon trilinear interaction
involving the exchange of charged scalars along with top and bottom quarks through virtual processes as in Refs.
[47, 48]. Thus, the upper limit on the electric dipole moment of the neutron |de| ⩽ 1.1 × 10−29e cm [49] can
set constraints on the ratio between CP-violating parameter combinations and squared charged scalar masses, as
discussed in detail in Ref. [47]. Some recent detailed studies of the consequences of multi Higgs doublet models
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in the electric dipole moment of the neutron are done in Refs. [48, 50, 51]. A detailed numerical analysis of the
constraints arising from the upper experimental bound on the electric dipole moment of the neutron in our model
under consideration goes beyond the scope of the present work and is deferred for future work.

2. Mu−Mu transition

The LFV couplings of CP odd(even) Higgs H(A) in the last line of Eq. (47) also cause another process, called the
muonium (Mu: µ+e−) to antimuonium (Mu: µ−e+) transition. This process can be induced via the following effective
Lagrangian

LMu−Mu
eff = −

∑
i=1,2

Gi√
2
Qi, (55)

where the coefficients and corresponding operators are defined as follows

Q1 = [µ̄(1− γ5)e][µ̄(1− γ5)e], G1 =

8∑
p=1

[(g
Hp l̄1l2
R )∗]2

4
√
2m2

Hp

+

8∑
p=3

[(g
Ap l̄1l2
R )∗]2

4
√
2m2

Ap

Q2 = [µ̄(1 + γ5)e][µ̄(1 + γ5)e], G2 =

8∑
p=1

(g
Hp l̄2l1
R )2

4
√
2m2

Hp

+

8∑
p=3

(g
Ap l̄2l1
R )2

4
√
2m2

Ap

(56)

The Mu−Mu transition probability in the presence of external magnetic field B is given by [52]

P (Mu → Mu) = 2τ2

(
|c0,0|2|MB

0,0|2 + |c1,0|2|MB
1,0|2 +

∑
m=±1

|c1,m|2 |M1,m|2
1 + (τ∆E)2

)
, (57)

where τ ∼ 2.2 × 10−6s is the expected lifetime of the Mu system. Additionally, |c0,0|2 = 0.32, |c1,0|2 = 0.18 are the
population of Mu states. ∆E is the energy splitting between the (1, 1) and (1,−1) states caused by external magnetic
field B. The factor X = 0.631 is for a magnetic field B = 0.1 Tesla. It should be noted that the transition probability
for (1,±1) states is suppressed for the case B ≥ O(10−6) Tesla. The transition probability in this case reads

P (Mu → Mu) ≃ 5.74× 10−7 |G1 + G2|2
G2

F

(58)

The PSI experiment for Mu-Mu transition reported that P(Mu → Mu) < 8.3× 10−11 [53], which implies

|G1 + G2| < 1.2× 10−2GF . (59)

3. µ → e coherent conversion

On the one hand, the LFV couplings of neutral Higgs boson H(A) can also induce the coherent µ → e conversion
in a muonic atom. Specifically, µ− is captured by atomic nuclei target and subsequently converts into e− without
emitting a neutrino due to the influence of the nuclear field, as described in the Feynman diagram (e) of Fig. (1).
In this work, the µ → e conversion arises from the non-photonic contribution and can be described via the effective
Lagrangian at the quark level as follows

Lµ→e
eff = −GFmµmN

∑
q=u,d,s

[Cq
SL(ēPLµ) + Cq

SR(ēPRµ)](q̄q) +H.c., (60)

where the operators q̄γ5q do not contribute to the coherent conversion process [54], therefore we do not include them.
mµ and mN are the masses of muon and nuclei N , respectively. The coefficients Cq

SL, C
q
SR are given by

Cq
SL =

8∑
p=1

(g
Hp l̄2l1
R )∗Re(g

Hpq̄q
R )

m2
Hp

+

8∑
p=3

(g
Ap l̄2l1
R )∗Im(g

Apq̄q
R )

m2
Ap

,

Cq
SR =

8∑
p=1

g
Hp l̄1l2
R Re(g

Hpq̄q
R )

m2
Hp

+

8∑
p=3

g
Ap l̄1l2
R Im(g

Apq̄q
R )

m2
Ap

, (61)
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where coefficients gHp(Ap)q̄q, (q = u, d, s) are defined below in the Section. (VB). To evaluate the rate of µ → e
transition in a nuclei, we should transform the above Lagrangian from the quark to nucleon level

LµN→eN
eff = −

∑
N=p,n

[CN
SL(ēPLµ) + CN

SR(ēPRµ)](ψ̄NψN ) +H.c., (62)

with ψN is defined as the nucleon field, whereas the coefficients are rewritten as

C
p(n)
SL(R) =

∑
q=u,d,s

Cq
SL(R)f

q
Sp(n)

,

fuSp(n)
=

mu

mu +md

σπN

mp
(1± ξ), fdSp(n)

=
md

mu +md

σπN

mp
(1∓ ξ), fsSp

=
ms

mu +md

σπN

mp
y, (63)

where the nucleon matrix elements σπN = 39.8 MeV, ξ = 0.18 and y = 0.09. mu,d,s are the quark masses evaluated
at the scale of 2 GeV [13, 55]. Then the branching ratio of µ → e conversion in a target of atomic nuclei N is given
by

BR(µN → eN) =
4G2

Fm
7
µ

ΓN
capt

[
|mpC

p
SRS

p
N +mnC

n
SRS

n
N |2 + |mpC

p
SLS

p
N +mnC

n
SLS

n
N |2
]
, (64)

where ΓN
capt is the total capture rate, Sp,n

N are the overlap integrals of atomic nuclei N . For instance, we consider the

µ → e transition captured by Gold (Au) nuclei, we have Sp
Au = 0.0614, Sn

Au = 0.0918 [54], ΓAu
capt ≃ 8.7 × 10−18 GeV

[56]. The predicted branching ratio in Eq. (64) will be compared to the experimental limit reported by SINDRUM-II
[57].

All the above-mentioned leptonic observables should be compared with the corresponding upper experimental limits
shown in Table. IV. Here we require the consistency with the 3σ experimentally allowed range for the observable
∆ae(µ) by the following reason. The first and second charged fermion families of the model, i.e., the electron and
muon receive tree and loop-level masses, respectively, from the inverse seesaw mechanism. This makes the interactions
of the first and second generations of fermions with other particles quite suppressed, therefore we will compare the
predictions with the 3σ experimentally allowed ranges of ∆ae(µ). For other observables related to electron or muon,
we apply this setup.

LFV Observables Experimental limits LFV Observables Experimental limits

BR(µ → eγ) ≤ 4.2× 10−13 [57–59] BR(h → eµ) < 6.1× 10−5 [13]

BR(τ → eγ) ≤ 3.3× 10−8 [57–59] BR(h → eτ) < 2.2× 10−3 [13]

BR(τ → µγ) ≤ 4.4× 10−8 [57–59] BR(h → µτ) < 1.5× 10−3 [13]

BR(µ− → e−e+e−) ≤ 1.0× 10−12 [13] BR(τ− → µ−e+µ−) ≤ 9.8× 10−9 [13]

BR(τ− → e−e+e−) ≤ 1.4× 10−8 [13] BR(τ− → e−µ+e−) ≤ 8.4× 10−9 [13]

BR(τ− → e−µ+µ−) ≤ 1.6× 10−8[13] BR(τ− → µ−µ+µ−) ≤ 1.1× 10−8 [13]

BR(τ− → µ+µ−) ≤ 1.6× 10−8[13] P(Mu−Mu) < 8.3× 10−11[53]

BR(µ−Au → e−Au) ≤ 7.0× 10−13 [57] ∆aRb
e 0.48(30)× 10−12[13]

∆aRb
µ 249(48)× 10−11 [60]

Table IV: Experimental constraints for leptonic flavor observables.

B. Quark flavor phenomenology

The Yukawa terms contributing to the down type quark transitions, such as b → s(d), are obtained from Eq. (1) as
follows

−Lda→db

quark =

3∑
i=1

y
(d)
i ū3Lϕ

+
2 diR +

3∑
i=1

y
(d)
i d̄3L

v2 + ϕ02R + iϕ02I√
2

diR +

3∑
i=1

w
(d)
1 ŪLζ

+
1 diR +

3∑
i=1

x
(d)
i D̄1L

vσ + σR + iσI√
2

diR

−
3∑

i=1

y
(u)
i d̄3Lϕ

−
1 uiR −

2∑
n=1

x(U)
n d̄nLϕ

−
2 UR +

2∑
n=1

x(D)
n d̄nL

v1 + ϕ01R + iϕ01I√
2

D1R +H.c.. (65)
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For the observables related to the up-type quark transitions such as t → (u, c), we have the following Yukawa
interactions:

Lua→ub

quark =

3∑
i=1

y
(u)
i ū3L

v1 + ϕ01R + iϕ01I√
2

uiR +

2∑
n=1

x(U)
n ūnL

v2 + ϕ02R + iϕ02I√
2

UR

+

2∑
n=1

x(D)
n ūnLϕ

+
1 D1R +

3∑
i=1

w
(u)
i D̄1Lζ

−
1 uiR +

3∑
i=1

x
(u)
i ŪL

vσ + σR − iσI√
2

uiR +H.c.. (66)

We now rewrite the above-given quark Yukawa interactions in a physical basis taking into account that the physical
quark eigenstates u′L, d

′
L are related with the quark interaction eigenstates by the following transformations

uiL(R) = (VuL(R)
)iau

′
aL(R), diL(R) = (VdL(R)

)iad
′
aL(R), (67)

where Vu(d)L,R
are the mixing matrices of left(right) of up(type) quarks, respectively. Furthermore, the physical states

of scalar fields are similar as pointed out in the lepton flavor sector. The quark Yukawa terms of Eqs. (65,66) are
then be rewritten as follows

−Lda→db = ū′a(g
H+ūadb

L PL + gH
+ūadb

R PR)d
′
bH

+ + ū′a(g
H+

1,2ūadb

L PL + g
H+

1,2ūadb

R PR)d
′
bH

+
1,2

+Ū ′(gH
+Ūdb

L PL + gH
+Ūdb

R P)d
′
bH

+ + Ū ′(g
H+

1,2Ūdb

L PL + g
H+

1,2Ūdb

R P)d
′
bH

+
1,2

+

8∑
p=1

D̄′
1(g

HpD̄1db

L PL + g
HpD̄1db

R PR)d
′
bHp + i

8∑
p=3

D̄′
1(g

ApD̄1db

L PL + g
HpD̄1db

R PR)d
′
bAp

+

8∑
p=1

d̄′a(g
Hpd̄adb

R PR)d
′
bHp + i

8∑
p=3

d̄′i(g
Apd̄adb

L PR)d
′
bAp +H.c., (68)

−Lua→ub = D̄′
1(g

H−D̄1ub

L PL + gH
−D̄1ub

R PR)u
′
bH

− + D̄′
1(g

H−
1,2D̄1ub

L PL + g
H−

1,2D̄1ub

R PR)u
′
bH

−
1,2

+

8∑
p=1

Ū ′(g
HpŪub

L PL + g
HpŪub

R PR)u
′
bHp + i

8∑
p=3

Ū ′(g
ApŪub

L PL + g
HpŪub

R PR)u
′
bAp

+

8∑
p=1

ū′a(g
Hpūaub

R PR)u
′
bHp + i

8∑
p=3

ū′a(g
Apūaub

R PR)u
′
bAp +H.c., (69)

where the coefficients in Eqs. (68,69) are defined in Appendix A. Here, we will clarify in detail the roles of each term in
the above given Yukawa interactions. The terms in the first and second lines of Eq. (68) contribute to flavor-changing
neutral current processes (FCNC), such as the inclusive decay branching ratio BR(B̄ → Xsγ) at one-loop level. This
process involves the virtual exchange of charged Higgs H±, H±

1,2 and up type quarks (both SM u or new exotic ones

U) in the internal lines of the loops, as illustrated in subfigure (a) in Fig. (2). The terms of the third line similarly
contribute to such processes, but through the one-loop level exchange of neutral CP even (odd) Higgs bosons H(A)
and new exotic down type quark D1, as shown in (subfigure (b) in Fig. (2)). The observables are also influenced by
the one-loop exchange of the same neutral Higgs, but with the internal quarks in the loop being the SM ones d, rather
than the new quark D1, shown in the last line of Eq. (68). Otherwise, the terms in Eq. (69) contribute to observables
in up type quark transition ua → ub, such as the branching ratios of FCNC top quark decays, i.e BR(t → u(c)γ),
BR(t→ h(u, c)) (see the subfigure (c) and (d) in Fig. (2).) Furthermore, we want to emphasize that the terms in the
last line of Eq. (68) and Eq. (69) trigger the meson mixing K0 − K̄0, B0

s,d − B̄0
s,d and D0 − D̄0 at the tree-level via

the exchange of CP even(odd) Higgs bosons H(A) (see the subfigure (e)). Particularly, for the index p = 1, the terms
also describe the tree-level flavor violating decays of SM-like Higgs boson h→ d̄adb, h→ ūaub.

It is important to note that when combining the lepton flavor conserving (violating) interactions by H(A) in Eq. (47),
the model provides the tree-level contributions to several observables, namely the branching ratio of leptonic decays
BR(Bs → l+l−), BR(Bs → τ+µ−); semileptonic decays BR(B → Kτ+τ−), BR(B+ → K+τ+µ−), the lepton flavor

universality violating (LFUV) ratios RK(∗) = BR(B→K(∗)µ+µ−)
BR(B→K(∗)e+e−)

(shown in subfigure (f)). Additionally, the terms in

the first line also contribute to the observables related to flavor-changing charged currents (FCCCs) at the tree-level

(b→ cτ̄ντ ), such as LFUV ratios RD(∗) =
BR(B̄→D(∗)τν̄τ )
BR(B̄→D(∗)lν̄l)

, l = e, µ, shown in subfigure (g) in Fig. (2).
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Besides the above-mentioned contributions, the model also provides other contributions arising from the new neutral
gauge boson Z ′ with quark flavor violating couplings Z ′q̄iLqjL at tree-level, due to the different U(1)X charges of
left-handed third quark q3L generation compared to the first and second ones q(1,2)L. This kind of contribution not
only yields new physics contributions to meson mass splittings ∆mK,Bs,Bd

at tree-level as pointed out in the previous
work [45] but also give rise to other FCNC observables such as BR(B̄ → Xsγ) at one-loop level (with Z ′ and SM
down type quark di are internal lines), BR(Bs → l+l−) at the tree-level (subfigure (h) in Fig. (2)). However, the
contribution of this Z ′ to the inclusive decay BR(B̄ → Xsγ) is negligible, in comparison with contributions of charged
Higgs bosons [61]. All of these contributions will be analyzed in detail in the section on numerical studies.

H+, H+
1,2

ua, U ua, U

γ

b s

(a) One-loop diagrams for b→ sγ
induced by charged Higgs bosons

H±,H±
1,2.

H(A)

D1, da D1, da

γ

b s

(b) One-loop diagrams for b→ sγ
induced by CP even(odd) Higgs bosons

H(A).

H+, H+
1,2

D1 D1

γ

t u(c)

(c) One-loop diagrams for t→ u(c)γ
induced by CP even(odd) Higgs bosons

H(A).

H(A)

ua, U ua, U

γ

t u(c)

(d) One-loop diagrams for t→ u(c)γ
induced by CP even(odd) Higgs bosons

H(A).

H(A)

qa

qb qa

qb

(e) Tree level diagrams for meson
mixing induce by CP even(odd) Higgs

bosons H(A), here q = u, d.

H(A)

s

b l−I

l+J

(f) Tree level diagrams for b→ s
observables induced by CP even(odd)

Higgs bosons H(A).

H+, H+
1,2

c

b l−

ν̄l

(g) Tree level diagrams for b→ clν̄l
induced by charged Higgs bosons

H±,H±
1,2.

Z ′

s

b l−I

l+I

(h) Tree level diagrams for b→ s
observables induced by Z ′.

1

Figure 2: Feynman diagrams for b → s, b → c and t → u(c) quark transitions.
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1. FCNC da → db observables

Firstly, we study the FCNC da → db observables which can described via the general effective Hamiltonian

Heff = −4GF√
2
V ∗
tsVtb

 ∑
i=7,8,9,10

[Ci(µ)Oi(µ) + C ′
i(µ)O′

i(µ)] +
∑

i=S,P

[CIJ
i (µ)OIJ

i (µ) + C
′IJ
i (µ)O′IJ

i (µ)]

 , (70)

where C
(′)
i (µ) are the Wilson coefficients (WCs) corresponding to the effective operators O(′)

i for b → s observables

at the scale µ = O(m)b. The indices I, J denote different lepton flavors in WCs C
(′)
S,P since the model contains lepton

flavor violating coupling related to CP even(odd) Higgs bosons 2. All WCs are defined as follows

O(′)
7 =

e

16π2
mb(s̄σ

µνPR(L)b)Fµν , O(′)
8 =

gs
16π2

mb(s̄σ
µνT aPR(L)b)G

a
µν , (71)

O(′)
9 =

e2

16π2
(s̄γµPL(R)b)(l̄γµl), O(′)

10 =
e2

16π2
(s̄γµPL(R)b)(l̄γµγ5l), (72)

OIJ(′)
S =

e2

16π2
(s̄PL(R)b)(l̄I lJ), OIJ(′)

P =
e2

16π2
(s̄PL(R)b)(l̄Iγ5lJ). (73)

The primed WCs C ′
i, C̃

′
S corresponding to the operators O′

i, Õ′
S are obtained by flipping the chirality PL ↔ PR

of unprimed ones. It is important to emphasize that the quark mixing matrix Vq = V †
uL
VdL

obtained from the
diagonalization of the low energy up and down type quark mass matrices is found to be unitary. Its magnitude |V |
is consistent with the absolute entry value constraints of the CKM matrix given in [13], as shown in Sec (VIA).
However, the matrix itself V has the different entries (Vq)ij compared to corresponding CKM ones defined by the
”standard” parametrization with three mixing angles and one CP violation phase [13]. Therefore, the SM WCs in our

model are modified by CSM
7,8,9,10 → CSM

7,8,9,10
(V ∗

q )32(Vq)33
V ∗
tsVtb

. We can split the WCs as combination of both SM and NP, i.e

C
(′)
7,8,9,10 = CSM

7,8,9,10
V ∗
32V33

V ∗
tsVtb

+C
(′)NP
i , where CSM

7,8,9,10 have been calculated in SM [62–64], whereas CSM
S,P are absent. For

WCs of NP C
(′)NP
7,8,9,10,S,P , we can write them as the summation of different NP contributions as follows

CNP
7,8 (µ) = CH+ūd

7,8 (µ) + C
H+

1(2)
ūd

7,8 (µ) + CH+Ūd
7,8 (µ) + C

H+
1(2)

Ūd

7,8 (µ) + C
HpD̄1d
7,8 (µ) + C

ApD̄1d
7,8 (µ),

C
′NP
7,8 (µ) = C

′H+ūd
7,8 (µ) + C

′H+
1(2)

ūd

7,8 (µ) + C
′H+Ūd
7,8 (µ) + C

′H+
1(2)

Ūd

7,8 (µ) + C
′HpD̄1d
7,8 (µ) + C

′A1pD̄1d
7,8 (µ)

+C
′Hpd̄d
7,8 (µ) + C

′Apd̄d
7,8 (µ),

CNP
9 (µ) = CZ′

9 (µ), CNP
10 (µ) = CZ′

10 (µ), C
′NP
9,10(µ) = 0,

C
(′)IJ
S (µ) =

8∑
p=1

(C
(′)Hpd̄2d3

S )IJ(µ), C
(′)IJ
P (µ) =

8∑
p=3

(C
(′)Apd̄2d3

P )IJ(µ). (74)

It should be noted that the WCs depend on the energy scale. The model contains several energy scales namely masses
of the new Higgses as well as the Z ′ gauge boson mass. Because the QCD running effect is negligible at high energy,
we can assume that these scales are approximately the same µH ∼ O(mH), thus implying that the WCs only depend
on a single energy scale µ = µH . For simplicity, we calculate the loop contributions at on-shell, i.e., q2 = 0, p2s = m2

s,
and p2b = m2

b . Because ms ≪ mb, we set the s quark mass to be zero, ms = 0, and keep the mass of b quark at the
linear order, i.e. m2

b = 0. Thus, we have the following expression of WCs at scale µ = µH for b → s transitions as

2 However, the WCs C9,10 are only generated by new neutral gauge boson Z′ which have the same couplings with three lepton generations,
thus these are no lepton flavor universality violations (LFUV) caused by these WCs.
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follows

CH+ūd
7 (µH) =

−
√
2

8GFV ∗
tsVtbm

2
H±

3∑
a=1

[
(gH

+ūad2

L )∗gH
+ūad3

L f ′′γ

(
m2

ua

m2
H+

)
+ (gH

+ūad2

L )∗gH
+ūad3

R

mua

mb
h′′γ

(
m2

ua

m2
H+

)]
,

C
′H+ūd
7 (µH) =

−
√
2

8GFV ∗
tsVtbm

2
H±

3∑
a=1

[
(gH

+ūad2

R )∗gH
+ūad3

R f ′′γ

(
m2

ua

m2
H+

)
+ (gH

+ūad2

R )∗gH
+ūad3

L

mua

mb
h′′γ

(
m2

ua

m2
H+

)]
,

C
H+

1(2)
ūd

7 (µH) =
−
√
2

8GFV ∗
tsVtbm

2
H±

1(2)

3∑
a=1

(gH+
1(2)

ūad2

L )∗g
H+

1(2)
ūad3

L f ′′γ

 m2
ua

m2
H+

1(2)

+ (g
H+

1(2)
ūad2

L )∗g
H+

1(2)
ūad3

R

mua

mb
h′′γ

 m2
ua

m2
H+

1(2)

 ,
C

′H+
1(2)

ūd

7 (µH) =
−
√
2

8GFV ∗
tsVtbm

2
H±

1(2)

3∑
a=1

(gH+
1(2)

ūad2

R )∗g
H+

1(2)
ūad3

R f ′′γ

 m2
ua

m2
H+

1(2)

+ (g
H+

1(2)
ūad2

R )∗gH
+ūad3

L

mua

mb
h′′γ

 m2
ua

m2
H+

1(2)

 ,
CH+Ūd

7 (µH) =
−
√
2

8GFV ∗
tsVtbm

2
H±

[
(gH

+Ūd2

L )∗gH
+Ūd3

L f ′′γ

(
m2

U

m2
H+

)
+ (gH

+Ūd2

L )∗gH
+Ūd3

R

mU

mb
h′′γ

(
m2

U

m2
H+

)]
,

C
′H+Ūd
7 (µH) =

−
√
2

8GFV ∗
tsVtbm

2
H±

[
(gH

+Ūd2

R )∗gH
+Ūd3

R f ′′γ

(
m2

U

m2
H+

)
+ (gH

+Ūd2

R )∗gH
+Ūd3

L

mU

mb
h′′γ

(
m2

U

m2
H+

)]
,

C
H+

1(2)
Ūd

7 (µH) =
−
√
2

8GFV ∗
tsVtbm

2
H±

1(2)

(gH+
1(2)

Ūd2

L )∗g
H+

1(2)
Ūd3

L f ′′γ

 m2
U

m2
H+

1(2)

+ (g
H+

1(2)
Ūd2

L )∗g
H+

1(2)
Ūd3

R

mU

mb
h′′γ

 m2
U

m2
H+

1(2)

 ,
C

′H+
1(2)

Ūd

7 (µH) =
−
√
2

8GFV ∗
tsVtbm

2
H±

1(2)

(gH+
1(2)

Ūd2

R )∗g
H+

1(2)
Ūd3

R f ′′γ

 m2
U

m2
H+

1(2)

+ (g
H+

1(2)
Ūd2

R )∗g
H+

1(2)
Ūd3

L

mU

mb
h′′γ

 m2
U

m2
H+

1(2)

 ,
C

HpD̄1d
7 (µH) =

√
2

24GFV ∗
tsVtb

8∑
p=1

1

m2
Hp

[
(g

HpD̄1d2

L )∗g
HpD̄1d3

L f ′γ

(
m2

D1

m2
Hp

)
+ (g

HpD̄1d2

L )∗g
HpD̄1d3

R

mD1

mb
h′γ

(
m2

D1

m2
Hp

)]
,

C
′HpD̄1d
7 (µH) =

√
2

24GFV ∗
tsVtb

8∑
p=1

1

m2
Hp

[
(g

HpD̄1d2

R )∗g
HpD̄1d3

R f ′γ

(
m2

D1

m2
Hp

)
+ (g

HpD̄1d2

R )∗g
HpD̄1d3

L

mD1

mb
h′γ

(
m2

D1

m2
Hp

)]
,

C
ApD̄1d
7 (µH) =

√
2

24GFV ∗
tsVtb

8∑
p=3

1

m2
Ap

[
(g

ApD̄1d2

L )∗g
ApD̄1d3

L f ′γ

(
m2

D1

m2
Ap

)
+ (g

ApD̄1d2

L )∗g
ApD̄1d3

R

mD1

mb
h′γ

(
m2

D1

m2
Hp

)]
,

C
′ApD̄1d
7 (µH) =

√
2

24GFV ∗
tsVtb

8∑
p=3

1

m2
Ap

[
(g

ApD̄1d2

R )∗g
ApD̄1d3

R f ′γ

(
m2

D1

m2
Ap

)
+ (g

ApD̄1d2

R )∗g
ApD̄1d3

L

mD1

mb
h′γ

(
m2

D1

m2
Hp

)]
,

C
′Hpd̄d
7 (µH) =

√
2

24GFV ∗
tsVtb

8∑
p=1

1

m2
Hp

3∑
a=1

[
(g

Hpd̄ad2

R )∗g
Hpd̄ad3

R f ′γ

(
m2

da

m2
Hp

)]
,

C
′Apd̄d
7 (µH) =

√
2

24GFV ∗
tsVtb

8∑
p=3

1

m2
Ap

3∑
a=1

[
(g

Apd̄ad2

R )∗g
Apd̄ad3

R f ′γ

(
m2

da

m2
Ap

)]
, (75)

where the functions f
′,′′

γ , h
′,′′

γ are given in Appendix B. The WCs C
(′)
8 have similar form as C7 but replacing functions

f
′,(′′)
γ , h

′(′′)
γ by f

′(′′)
g , h

′(′′)
g . For the WCs associated Z ′ boson, there are WCs C9,10 as follows

C
(Z′)
9 (µH) =

8
√
2π2g2X

9e2GFV ∗
tsVtbm

2
Z′

(V ∗
dL
)32(VdL

)33, C
(Z′)
10 (µH) =

4
√
2π2g2X

9e2GFV ∗
tsVtbm

2
Z′

(V ∗
dL
)32(VdL

)33. (76)

Here we denote gX is the coupling of Z ′ gauge boson, which is given in [45]. We want to emphasize that WCs C9,10

in our model are blinded with lepton flavor, i.e Ce
9,10 = Cµ

9,10 = Cτ
9,10 since all three lepton generations are identical

under the gauge symmetry group. Furthermore, the LFUV ratios RK(∗) mostly depend on C9,10, thus making these
observable to be nearly identity, which satisfies the current experimental results [65]. On the other hand, the CP even
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(odd) Higgs cause scalar and pseudoscalar WCs C
(′)IJ
S,P , which have the following expressions

(C
Hpd̄2d3

S )IJ(µH) =
16π2

e2

√
2

4GFV ∗
tsVtb

8∑
p=1

(g
Hpd̄3d2

R )∗Re(g
Hp l̄I lJ
R + g

Hp l̄J lI
R )

2m2
Hp

, (77)

(C
′Hpd̄2d3

S )IJ(µH) =
16π2

e2

√
2

4GFV ∗
tsVtb

8∑
p=1

g
Hpd̄2d3

R Re(g
Hp l̄I lJ
R + g

Hp l̄J lI
R )

2m2
Hp

, (78)

(C
Apd̄2d3

P )IJ(µH) = −16π2

e2

√
2

4GFV ∗
tsVtb

8∑
p=3

(g
Apd̄3d2

R )∗Re(g
Ap l̄I lJ
R + g

Ap l̄J lI
R )

2m2
Ap

, (79)

(C
′Apd̄2d3

P )IJ(µH) = −16π2

e2

√
2

4GFV ∗
tsVtb

8∑
p=3

g
Apd̄2d3

R Re(g
Ap l̄I lJ
R + g

Ap l̄J lI
R )

2m2
Ap

. (80)

With the definitions of WCs, we have the following formula for the branching ratio BR(Bs → µ+µ−) [66],

BR(Bs → µ+µ−) =
τBs

64π3
α2G2

F f
2
Bs

|VtbV ∗
ts|2mBs

√
1− 4m2

µ

m2
Bs

{(
1− 4m2

µ

m2
Bs

)∣∣∣∣ m2
Bs

mb +ms

(
Cµµ

S − C
′µµ
S

)∣∣∣∣2

+

∣∣∣∣2mµC10 +
m2

Bs

mb +ms

(
Cµµ

P − C
′µµ
P

)∣∣∣∣2
}

(81)

where τBs
is the lifetime of Bs meson, αem is the fine-structure constant. Furthermore, we have to take into account

the effect of Bs–B̄s oscillations, therefore theoretical prediction is related to the experimental value by [67]

BR(Bs → µ+µ−)exp ≃ 1

1− ys
BR(Bs → µ+µ−), (82)

where ys =
∆ΓBs

2ΓBs
which has numerical values is given Table VI.

For the inclusive decay B̄ → Xsγ, we have its branching ratio given by [68, 69]

BR(B̄ → Xsγ) =
6αem

πC

∣∣∣∣V ∗
tsVtb
Vcb

∣∣∣∣2 [|C7(µb)|2 + |C ′

7(µb)|2 +N(Eγ)
]
BR(B̄ → Xceν̄), (83)

where N(Eγ) is a non-perturbative contribution which amounts around 4% of the branching ratio. We compute
the leading order contribution to N(Eγ) followed the Eq. (3.8) in Ref. [63] and then obtain N(Eγ) ≃ 3.3 × 10−3.
Additionally, C is the semileptonic phase-space factor, C = |Vub/Vcb|2Γ(B̄ → Xceν̄e)/Γ(B̄ → Xueν̄e), and BR(B̄ →
Xceν̄) is the branching ratio for semileptonic decay. It is necessary to consider the QCD corrections to complete the

calculation for such decay. The WCs C
(′)
7 (µb) are evaluated at the matching scale µb = 2 GeV by running down from

the higher scale µH via the renormalization group equations. Its expression can be split as follows

C7(µb) = CSM
7 (µb) + CNP

7 (µb), C
′

7(µb) = C
′NP
7 (µb), (84)

where CSM
7 (µb) is the SM WC and have been calculated up to next-to-next-leading order of QCD corrections at the

scale µb = 2.0 GeV [62, 63]. Furthermore, for the NP contributions at the matching scale µb, WCs C7,8, we have [69]

C
(′)H±

7 (µb) = κ7C
(′)H±

7 (mH±) + κ8C
(′)H±

8 (mH±), (85)

where κ7,8 are so called ”magic numbers” and given in [69].

Besides, we also are interested in other observables which are affected by short-distance effects, such as the branching
ratios of decays B+ → K+τ+τ−, B+ → K+τ+µ−, Bs → τ+µ−. These branching ratios are given by [70]

109 × BR(B+ → K+τ+τ−) = 2.2|C9|2 + 6|C10|2 + 8.3|Cττ
S − C

′ττ
S |2 + 8.9|Cττ

P − C
′ττ
P |2

+4.8Re[(Cττ
S − C

′ττ
S )C∗

9 ] + 5.9Re[(Cττ
P − C

′ττ
P )C∗

10], (86)

109 × BR(B+ → K+τ+µ−) = 13.58|Cτµ
S − Cτµ

S |2 + 14.54|Cτµ
P − C

′τµ
P |2, (87)

BR(Bs → τ−µ+) =
τBs

64π3
α2G2

F f
2
Bs

|V ∗
tsVtb|2

m5
Bs

(mb +ms)2

(
1− m2

τ

m2
Bs

)2

×(|Cτµ
S − C

′τµ
S |2 + |Cτµ

P − C
′τµ
P |2), (88)
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We would like to note that the meson mass splittings such as ∆mK ,∆mBs
and ∆mBd

were investigated in [45].
However, the authors have just considered these observables in simplified scenarios in which there were only a few
Higgs contributions and assumptions real down quark Yukawa couplings. Therefore, in this work, we reconsider the
meson mixing in more detail with all Higgs contributions and general Yukawa couplings. The new physics contributions
to meson masses differences involve neutral gauge Z ′ and CP even (odd) Higgs H(A) bosons as given by

∆mK ≃ 2

27

g2X
m2

Z′
Re
{
[(VdL

)∗31(VdL
)32]

2
}
mKf

2
K

+
5

48
Re

{
8∑

p=1

[(
g
Hpd̄1d2

R

)2
+
[(
g
Hpd̄2d1

R

)∗]2] 1

m2
Hp

+

8∑
p=3

[(
g
Apd̄1d2

R

)2
+
[(
g
Apd̄2d1

R

)∗]2] 1

m2
Ap

}(
mK

ms +md

)2

mKf
2
K

−1

4
Re

{
8∑

p=1

(
g
Hpd̄2d1

R

)∗ (
g
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∆mBs ≃ 2
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∆mBd
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2. FCCC b → c observables

The effective Hamiltonian that induces the b→ c transition reads

Hb→c
eff =

4GF√
2
Vcb[C̃

c,l
V Õc,l

V (µ) + C̃c,l
S (µ)Õc,l

S (µ) + C̃
′c,l
S (µ)Õ

′c,l
S (µ)], (92)

where the operators are given as follows

Õc,l
V = (c̄γµPLb)(l̄γ

µPLνl), Õ(′)c,l
S = (c̄PL(R)b)(l̄PLνl). (93)

Here the operator ÕV is generated via the exchange of the SM charged gauge boson W±
µ . In the SM, the WC of this

operator is C̃SM
V = 1 for all lepton flavor l. However, as pointed out in the b→ s observables sector, the WCs C̃V will

be shifted as C̃c,l
V =

(Vq)23
Vcb

(V ∗
l )22(33) for l = µ or l = τ . Here Vl is the leptonic mixing matrix defined by Vl = V †

eLVνL

(shown below). Furthermore, the new charged Higgs bosons H±, H±
1,2 cause the operators Õ(′)

S . Their corresponding
WCs are given as follows

C̃(′)c,l
S = C̃

(′)H+ū2d3

S (µH) + C̃
(′)H+

1,2ū2d3

S (µH), (94)

with

C̃
(′)H+ū2d3

S (µH) =

√
2

4GFVcb

gH
+ū2d3

L(R) (gH
+ν̄l

R )∗

m2
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, C̃
(′)H+

1,2ū2d3

S (µH) =

√
2

4GFVcb

g
H+

1,2ū2d3

L(R) (g
H+

1,2ν̄l

R )∗

m2
H±

1,2

. (95)
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Regarding the observables related to the b→ c transition, we consider LFUV ratios which are defined by

RD(∗) =

∫ (mB−m
(∗)
D )2

m2
τ

dΓ(B̄→D(∗)τν̄τ )
dq2 dq2∫ (mB−m

(∗)
D )2

m2
l

dΓ(B̄→D(∗)lν̄l)
dq2 dq2

, (96)

with q2 is the squared transfer momentum, and l denotes either to e or µ. The differential decay widths of B̄ → Dlν̄l
and B̄ → D∗lν̄l are given as follows

dΓ(B̄ → Dlν̄l)

dq2
=
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2
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, (97)

dΓ(B̄ → D∗lν̄l)

dq2
=
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}
,(98)

where ηEW ≃ 1.0066 is the QED correction [71]. f+,0(q
2) are the vector and scalar form factors (FFs) of B → D

transition, whereas A12(q
2), A0(q

2), A1(q
2) are FFs for B → D∗ transition. All FFs are depend on the squared

momentum transfer q2 = (mB −mD)2, and defined explicitly in Refs. [72, 73]. Otherwise, λ(∗) is the Kallen function
λ = m4

B +m4
D(∗) + q4 − 2(m2

Bm
2
D(∗) +m2

Bq
2 +m2

D(∗)q
2), ml is the mass of daughter lepton l. Taking integral, we

obtain the following expressions for RD(∗) ratios as functions of WCs C̃VL
, C̃

(′)
S

RD ≃ RSM
D
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, (99)

3. t → u(c) transitions

In terms of the observables related to the up type quark transitions t → u(c), we consider the branching ratios for
the FCNC top quark decays t→ u(c)h, t→ u(c)γ. The branching ratios for the t→ u(c)h decay are given by:

BR(t→ u(c)h) =
(|ghū1(2)u3

R |2 + |(ghū3u1(2)

R )∗|2)
16πΓt

(m2
t −m2

h)
2

m3
t

, (100)

where Γt = 1.42+0.19
−0.15 GeV is the total decay width of top quark [13]. On the other hand, the branching ratios for the

radiative decays t→ u(c)γi have the following expressions

BR(t→ uiγ) =
Γ(t→ u(c)γ)

Γtotal
t

=
m3

t (|Ctuiγ
L |2 + |Ctuiγ

R |2)
16πΓtotal

t

, i = 1, 2 (101)
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with Ct
L,R are the coefficients combining by different contributions

Ctuiγ
R =

iemt

16π2m2
H±

[
(gH

−D̄1ui

L )∗gH
−D̄1u3

L f ′′′γ

(
m2

D1

m2
H±

)
+ (gH

−D̄1ui

L )∗gH
−D̄1u3

R

mD1

mt
h′′′γ

(
m2

D1

m2
H±

)]

+
iemt

16π2m2
H±

1(2)

(gH−
1(2)

D̄1ui

L )∗g
H−

1(2)
D̄1u3

L f ′′′γ

 m2
D1

m2
H±

1(2)

+ (g
H−

1(2)
D̄1ui

L )∗g
H−

1(2)
D̄1u3

R

mD1

mt
h′′′γ

 m2
D1

m2
H±

1(2)


+
iemt

24π2

8∑
p=1

1

m2
Hp

[
(g

HpŪui
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ApŪui

L )∗g
ApŪu3
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ApŪu3

L f ′γ

(
m2

U

m2
Ap

)
+ (g

ApŪui
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Apūaui

R )∗g
Apūaui

R f ′γ

(
m2

ua

m2
Ap

)]
,(102)

where the loop functions are shown in Appendix B. Similarly to the mentioned decays b → sγ, we should consider
the QCD corrections in t → u(c)γ decays. However, the QCD effects at next-to-leading order (NLO) to t → u(c)γ
are negligible and modify the branching ratios of such decays around 0.2% compared to the LO contribution [74].
Moreover, both the measurements and theoretical predictions for such decays are currently not precisely known, as
compared to the b→ sγ decay 3. Thus the role of QCD corrections is insignificant, and we can ignore the QCD effects
in such observables.

4. Constraints on quark flavor processes

All the predicted observables should be compared with the corresponding experimental values shown in the last column
in Table V. It is worth mentioning that the central values of SM prediction and the measurement results of some ”clean”
observables are quite close, including BR(Bs → µ+µ−), BR(B̄ → Xsγ), LFUV ratios RD(∗) and BR(B−

i → τ ν̄τ ).
However, we should take into account the effect of both SM and experimental uncertainties. Therefore, it is better to
consider the ratios between SM and respective experimental values on each clean observable since the uncertainties
can be reduced via the numerator and denominator of these ratios. Moreover, considering ratios like that also causes
the overall factors to be canceled. For instance, with the branching ratios BR(Bs → µ+µ−) and BR(B̄ → Xsγ), we
have the following constraints at 3σ range as follows

BR(Bs → µ+µ−)exp
BR(Bs → µ+µ−)SM

=
1

1− ys

(
1− 4m2

µ

m2
Bs

)
|S̃|2 + |P̃ |2

|CSM
10 |2 = 0.9426(1± 0.2772) (103)

3 These decays currently just have the experimental upper limits for branching ratios, which are indicated in Table V
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with

P̃ = C10 +
m2

Bs

2mµ(mb +ms)
(CP − C ′

P ), S̃ =
m2

Bs

2mµ(mb +ms)
(CS − C ′

S), (104)

BR(B̄ → Xsγ)exp
BR(B̄ → Xsγ)SM

= 1 +
|CNP

7 |2 + |C ′NP
7 |2 + 2CSM

7 Re[CNP
7 ]

|CSM
7 |2 +N(Eγ)

= 1.0265(1± 0.2217). (105)

For constraint of LFV ratios RD(∗) , we also obtain

Rexp
D

RSM
D

= 1.106(1± 0.109),
R∗exp

D

R∗SM
D

= 1.48(1± 0.203), (106)

In addition, we obtain constraints for B0
s,d–B̄

0
s,d meson systems as

(∆mBd
)SM

(∆mBd
)exp

= 1.0721(1± 0.1605),
(∆mBs

)SM
(∆mBs

)exp
= 1.0566(1± 0.1374). (107)

However, in K0–K̄0 meson system, the lattice QCD calculations for long-distance effect are not well-controlled.
Therefore, we assume the present theory contributes about 30% to ∆mK , it reads

(∆mK)SM
(∆mK)exp

= 1(1± 0.3), (108)

and then translates to the following constraint

(∆mK)NP

(∆mK)exp
∈ [−0.3, 0.3], (109)

in agreement with [75].

For other observables such as branching ratios of FCNC top quark decays t → hu(c), t → u(c)γ, Bs → τ+µ−, B+ →
K+τ+µ− and B+ → K+τ+τ−, we will compare their theory predictions with corresponding upper experimental
limits.

Observables SM predictions Experimental values

∆mK 0.467× 10−2 ps−1 [13] 0.5293(9)× 10−2 ps−1 [13]

∆mBs 18.77(86) ps−1 [76] 17.765(6) ps−1 [77]

∆mBd 0.543(29) ps−1 [76] 0.5065(19) ps−1 [77]

BR(Bs → µ+µ−) (3.66± 0.14)× 10−9 [64] (3.45± 0.29)× 10−9 [78]

BR(B̄ → Xsγ) (3.40± 0.17)× 10−4 [63] (3.49± 0.19)× 10−4 [77]

RD 0.298± 0.004 [79–81] 0.441± 0.060± 0.066 [82]

RD∗ 0.254± 0.005 [83, 84] 0.281± 0.018± 0.024 [82]

BR(t → hu) 2× 10−17 [85, 86] < 1.9× 10−4 [13]

BR(t → hc) 3× 10−15 [85, 86] < 7.3× 10−4 [13]

BR(t → uγ) 4× 10−16 [85, 86] < 0.85× 10−5 [87]

BR(t → cγ) 5× 10−14 [85, 86] < 4.2× 10−5 [87]

BR(Bs → τ+µ−) 0 [13] < 4.2× 10−5 [88]

BR(B+ → K+τ+µ−) 0 [13] < 3.3× 10−5 [89]

BR(B+ → K+τ+τ−) (1.4± 0.2)× 10−7 [90] < 2.25× 10−3 [13]

Table V: The SM predictions and experimental values for flavor-changing observables related to quark sectors.
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VI. NUMERICAL RESULTS

A. Set up input parameters

In this section, we perform a numerical analysis of all observables above mentioned in the lepton and quark sectors.
We first provide some comments about the input parameters. In the quark sector, we use the benchmark points
satisfying the observed quark spectrum, given in the Ref. [45] and then we obtain the numerical forms of the mixing
matrices V(u,d)L,R

for the left- and right-handed SM up (type) quarks, respectively, as follows

VuL
≃

 −0.691643 −0.72224 −3.4606× 10−5

−0.03477− 0.7214i 0.03331 + 0.69084i 5.4627× 10−5 + 2.987× 10−5i

2.4033× 10−5 + 2.99143× 10−5i −5.9984× 10−5 + 1.835× 10−5 0.77155− 0.63617i

 ,

VdL
≃

 0.59424 −0.80365 −0.03216

0.33464 + 0.73129i 0.24752 + 0.53964i −0.001978 + 0.02746i

−0.00852− 0.006394i 0.01665− 0.03739i −0.57436 + 0.817511i

 , (110)

VuR
≃

 0.062774 + 0.0789265i −0.772558 + 0.217704i 0.45357− 0.373982i

−0.324679− 0.404588i 0.444546− 0.124976i 0.555116− 0.45771i

−0.531888− 0.661678i −0.363214 + 0.102927i −0.285327 + 0.235261i

 ,

VdR
≃

 −0.615248− 0.345117i 0.152051 + 0.37215i −0.33544 + 0.477733i

0.0635554− 0.064921i −0.158241− 0.795923i −0.332068 + 0.47217i

−0.56473− 0.418558i −0.00509284− 0.424059i 0.328169− 0.467272i

 , (111)

We would like to note that the obtained quark mixing matrix is defined as follows

Vq = V †
uL
VdL =

 −0.950192 + 0.215979i 0.157931 + 0.159795i 0.00248254 − 0.00234475i

0.0871643 − 0.206829i 0.961472 − 0.153024i 0.0421355 + 0.00223271i

−0.00248469− 0.0103215i 0.0366984 − 0.0182365i −0.96322 + 0.26536i

 (112)

is unitary and its magnitude |V | is in agreement with the constraints of absolute values of the CKM matrix given in
[13]. However, the entries themselves Vij are different than the corresponding CKM ones.

Additionally, the exotic up (down) type quarks U, T (D1, B) are nearly degenerate with masses at the TeV scale, i.e
mU ≃ mT ∼ O(1) TeV, mD1 ≃ mB ∼ O(1) TeV. Moreover, they barely mix with ordinary quarks u(d), as stated in
[45]. Therefore, we ignore their mixing with the SM quarks and consider these new quarks as physical fields.

Similarly, in the lepton sector, we have found the numerical forms for the charged leptonic mixing matrices VeL(R)

obtained from the benchmark points in Eq. (7). These mixing matrices are given by

VeL ≃

 0.120049 0.0789769 −0.989622

−0.35756 0.933372 0.0311129

−0.926142 −0.350114 −0.140289

 , VeR ≃

 −0.472389 0.871878 −0.129139

−0.88139 −0.467177 0.0699824

−0.000685472 −0.14688 −0.989154

 . (113)

The mixing matrix of active neutrinos VνL
is given by:

VνL
≃

 −0.331797− 0.0666808i 0.64392 − 0.0408052i −0.684818 + 0.0137822i

−0.598615 + 0.0635722i 0.420741 + 0.0389029i 0.676312 − 0.0410494i

−0.722483− 0.0331869i −0.636202− 0.0203087i −0.24586− 0.106325i

 , (114)

such the leptonic mixing matrix Vl = V †
eLVνL

is unitary and agrees with the constraints imposed by the allowed ranges
of the absolute values of the PMNS mixing matrix entries, given in [13, 91].

On the one hand, the masses and eigenstates of exotic charged leptons E1,2 are supposed to be the same exotic quarks,
i.e they do not mix with SM charged leptons and are nearly degenerate in mass (mE1

∼ mE2
∼ O(1) TeV). On the
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other hand, the mixing matrices of right-handed neutrinos νR and neutral leptons NR are assumed to be diagonal,
i.e VνR

= I, VNR
= I, for simplicity. The active neutrino masses are chosen in the normal hierarchy as follows

mν1L
= 0.5 eV, m2

ν2L
= m2

ν1L
+∆m2

21, m2
ν3L

= m2
ν1L

+∆m2
31, (115)

where ∆m2
21,∆m

2
31 are given in [91]. Besides, the masses of heavy neutral lepton NR and right-handed neutrinos νR

are obtained from the inverse seesaw mechanism as mNaR
≃ mνaR

= vσ√
2
[45]. With the remaining SM parameters

used in our numerical study, we list them in Table VI VI.

Table VI: The numerical values of input parameters.

Input parameters Values Input parameters Values

fBs 230.3(1.3) MeV [92] mBs 5366.88(11) MeV [13]

mu 1.24(22) MeV [13, 46] md 2.69(19) MeV [13, 46]

mc 0.63(2) GeV [13, 46] ms 53.5(4.6) MeV [13, 46]

mt 172.9(4) GeV [46] mb 2.86(3) GeV [93]

N(Eγ) 3.3× 10−3 [63] CSM
7 (µb = 2.0 GeV) −0.3636[62, 63, 94]

CSM
9 (µb = 5.0 GeV) 4.344 [95] CSM

10 (µb = 5.0 GeV) −4.198 [95]

ys 0.0645(3) [77] κ7 0.408 [69]

κ7 0.408 [69] κ8 0.129

mW 80.385 GeV [96] mZ 91.1876 GeV [96]

GF 1.166379× 10−5 GeV−2 [13] s2W 0.2312 [13]

λ 0.22519(83) [97] A 0.828(11) [97]

ρ̄ 0.1609(95) [97] η̄ 0.347(10) [97]

With all specified setup of input parameters, the free parameters used in the analysis of the observables are only the
couplings f,B appearing in the scalar potential, the masses of charged exotic fermions mE1

,mD1
,mU , the charged

Higgs boson masses mH± ,mH±
1,2

, the mixing angle θ between mH±
1,2

. For our numerical analysis, we will randomly

vary these unknown parameters in the following ranges

−f ∈ [10−3, 10−1], θ ∈ [0, π/2], B ∈ [10−3, 10−2] TeV, mE1
∈ [1, 4] TeV, mH±,H±

1,2
∈ [0.5, 1.5] TeV (116)

Below, we provide a justification for the choice of these ranges. The ranges of f and B are chosen based on the
assumptions used in the diagonalization of the scalar mass matrices, whereas the mass ranges of exotic fermions
and charged Higgs bosons are obtained from the experimental exclusion limits arising from collider searches [98, 99].
Additionally, the mass range of charged Higgs bosons also satisfies the experimental constraints resulting from the
experimentally allowed ranges of the anomalous magnetic moments of the electron and muon ∆ae,µ, as shown in [45].

B. SM-like Higgs boson decays h → f̄f and h → f̄f ′

Firstly, we are interesting in the deviations factors ahf̄f from the couplings of SM like Higgs boson h with fermions
f as follows

ahττ =
(ghττ )theory
(ghττ )SM

, ahµµ =
(ghµµ)theory
(ghµµ)SM

, ahb̄b =
(ghb̄b)theory
(ghb̄b)SM

, aht̄t =
(ght̄t)theory
(ght̄t)SM

, (117)

where (ghf̄f )theory are the couplings predicted by the model and are obtained from the last lines of Eq. (A2) and
Eq. (A3. The (ghf̄f )SM = mf/v are the SM predictions. With the help of input parameters given in Sec. (VIA),
we find the predicted values of the model for these factors and are shown them in the Table (VII). We see that
factors ahτ+τ− , ahb̄b and aht̄t are in agreement with the 1σ experimentally allowed range reported by ALTAS and
CMS [87, 100], whereas the model estimates ahµ+µ− is in the 3σ experimentally allowed range of the ATLAS result.
This can be understood because the second and first SM fermion families receive tree and one loop level masses from
the inverse seesaw mechanism, whereas the masses for the third generation of SM fermions are generated at tree level
by Yukawa interactions involving the Higgs doublets ϕ1,2 (ϕ1 for the top and ϕ2 for the bottom and tau lepton).
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Therefore, the couplings of the SM-like Higgs boson h with the first and second SM fermion generations are smaller
than the coupling of the 126 GeV SM-like Higgs boson h with the third family of the SM fermions.

Table VII: The comparison between predicted values and experimental limits of deviation factors ahf̄f

Observables ahf̄f ahµµ ahττ ahbb ahtt

Predicted values ≃ 0.143 ≃ 0.86 ≃ 1.01 ≃ 0.997

Besides, the model also predicts the LFV decays of SM like Higgs boson h, namely BR(h → l̄b1 lb2), which are
demonstrated in the below Table (VIII)

Table VIII: The comparison between predicted values and experimental limits of BR(h → l̄b1 lb2),

Branching ratios Predicted values Experimental upper limits

h → eµ ≃ 2.7× 10−10 4.4× 10−5 [101]

h → eτ ≃ 3.0× 10−8 2.0× 10−3 [102]

h → µτ ≃ 1.2× 10−3 1.8× 10−3[102]

We see that all predicted branching ratios of LFV decays of SM like Higgs boson h → eµ, eτ , µτ satisfy the cur-
rent upper experimental bounds [101, 102]. Specifically, the decays h → eµ, eτ are significantly lower by several
orders of magnitudes compared with corresponding experiment results, whereas h → µτ channel is quite close to its
measurement limit.

C. Leptonic flavor observables

In what follows we perform a numerical study of the constraints imposed by the upper limits of the branching ratios
of cLFV decays BR(lb1 → lb2γ) as well as by the allowed experimental ranges of the anomalous magnetic moments
∆ae(µ) via the Figs (3, 4).

Figure 3: The left and right panels respectively show the correlations of couplings B−f and mE1−f satisfying the experimental
limits of cLFV and anomalous magnetic moments ∆ae(µ).
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Figure 4: The left and right panels respectively show the correlations of couplings −f vs m
H±

1
and mE1 vsm

H±
1

satisfying the

experimental limits of cLFV and anomalous magnetic moments ∆ae(µ).

The left panel in Fig. (3) illustrates the correlation between couplings of the scalar potential, denoted as −f and B.
There is almost no dependence between these parameters; in other words, the change of B does not affect f , especially
for −f ≥ 0.04. This indicates that the values of the B coupling are insignificant to the leptonic observables. From the
left panel, the values of −f mainly range from −f ≥ 0.04. On the other hand, the right panel demonstrates stronger
correlations between the −f parameter and the mass of exotic charged lepton E1. We notice that the behavior of
mE1

and −f is reversed; in other words, an increase of the charged exotic lepton mass mE1
leads to a decrease of the

−f parameter and vice versa. From the right panel, we find the limit mE1
≥ 2.2 TeV.

Turning to Fig. (4), we illustrate the correlations between −f or mE1
and mass of charged Higgs mH±

1
in the left

and right panel, respectively. We observe that both panels indicate the irrelevance of m±
H to leptonic observables.

Moreover, this behavior is similar if we consider other charged Higgs bosons H±
1,2. Additionally, the Figs. (3,4)

demonstrate the remarkable impacts of the loop diagrams involving the exotic charged lepton E1 and neutral Higgs
bosons H(A) on cLFV and anomalous magnetic moments ∆ae(µ).

Moreover, we consider the branching ratios of three body leptonic decays BR(l → 3l′), Mu-Mu transition, and
coherent conversion µ → e in a muonic atom, which only depends on the coupling f , as shown in Fig . (5) and Fig
(6). We observe that the model predicts these observables to be much lower by several orders of magnitude than their
corresponding upper experimental bounds, as given in Table (IV). Therefore, the new physics contributions in the
considering model for these observables are negligible and can be ignored.

Figure 5: The figure shows the dependence of branching ratios of three body leptonic decays as the function of coupling −f .
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Figure 6: The left and right panels respectively show the dependence of Mu-Mu transition in Eq. (59) and branching ratio
BR(µAu → eAu) in Eq. (64) as the function of coupling −f .

D. Quark flavor observables

Let’s now focus on the phenomenology of flavor quark observables. First, we will consider the FCNC observables in
down type quark transitions da → db. It is important to note that only meson mass splittings, such as ∆mK,Bs,Bd

,
BR(Bs → µ+µ−) and BR(B+ → K+τ+τ−) do depend on the new neutral gauge boson mass mZ′ and the coupling gX
of U(1)X symmetry. Other quark flavor observables, however, are independent of these parameters. Thus, our initial
focus is to analyze the constraints onmZ′ and gX that satisfy the experimental limits of ∆mK,Bs,Bd

, BR(Bs → µ+µ−)
and BR(B+ → K+τ+τ−) by the Fig. 7

Figure 7: The left and right panels respectively show the correlations of mZ′ − gX and mZ′ − f satisfying the constraints given
in Eq. (103) for BR(Bs → µ+µ−) , Eqs. (109, VB4) for ∆mK,Bs,Bd ,and [13] for BR(B+ → K+τ+τ−)

In the left panel, we observe that the range of mZ′ varies with the values of gX . For instance, with |gX | ≃ 0.2, the
mass of Z ′ boson is about ≃ [1, 1.4] TeV. However, if |gX | > 0.2, mZ′ increase and can reach up to 6.5 TeV for
|gX | ≃ 1. However, it should be noted that the LHC searches of the Z ′ gauge boson set a lower mass limit of mZ′ ≥ 4
TeV [13], implying the coupling gX should satisfy |gX | ≥ 0.65. These constraints for gX and mZ′ are stronger than
those obtained from studying meson oscillation in [45]. On the one hand, both observables are also affected by the
f coupling and we depict the right panel to demonstrate the correlations between f and mZ′ . We observe that the

correlation here is weaker compared to the left panel. This suggests that the (pseudo)scalar WCs C
(′)
S(P ), which involve

CP-even or CP-odd Higgs bosons provide very small and subleading contributions to these observables. This can be
understood because when we impose the limit, −f ≥ 0.04 obtained from the analysis of leptonic flavor observables,

such WCs become C
(′)µµ
S(P ) ∼ O(10−2 − 10−4), which are extremely small compared to WCs C9,10 ∼ O(1). It is worth
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noting that the lower bound −f ≥ 0.045 obtained in the right panel is relatively higher than that obtained in Fig.
(3).

On the other hand, for the branching ratios of (semi)leptonic decays BR(B+ → K+τ+µ−), BR(Bs → τ+µ−) influenced

by (pseudo)scalar WCs C
(′)τµ
S(P ) depending on the parameter f , we plot the Fig .8 and realize that the model evaluates

BR(B+ → K+τ+µ−)theory ∼ 10−10, BR(Bs → τ+µ−)theory ∼ 10−9 − 10−8. Compared with relative experimental
bounds given in Table V, the predicted values are much lower by several orders of magnitude.

Figure 8: The left and right panels respectively show the dependence of BR(B+ → K+τ+µ−) and BR(Bs → τ+µ−) as the
function of coupling −f .

For remaining observables related to the FCNC da → db transitions, namely BR(B̄ → Xs)γ, which are contributed
by WCs induced by charged Higgs H±, H±

1,2, and neutral Higgs bosons H(A), we plot the Fig. 9 to demonstrate the

relationship between parameters fulfilling the constraints given in Eq. (105).
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Figure 9: The first three panels (from left to right) and last panel respectively show the correlations between mass of exotic up
type quark mU with masses of charged Higgs bosons H±, H±

1,2 and coupling −f satisfying the constraints of BR(B̄ → Xsγ) in
Eq. (105).

In the first three panels (from left to right) of Fig. 9, we illustrate the correlation between the mass of new up quark
mU and the masses of three charged Higgs bosons mH± ,mH±

1,2
satisfying the constraint of BR(B̄ → Xsγ) in Eq.

(103). We observe that the entire ranges of mH± ,mH±
1,2

in all panels meet the constraint, whereas the range of mU

is more stringent, ranging up to approximately ≃ 2.5 TeV but dominantly distribute with the ranges mU ∈ [1, 2]
TeV. It is worth noting that this observable also depends on f through the WCs induced by the neutral CP even

(odd) Higgs bosons such as C
(′)H(A)D̄1d
7 . We plot the correlation between −f and mass of down type quark mD1

in the fourth panel of Fig. (9). We observe that this correlation is not as strong compared to the others. This can
be understood because with −f ≥ 0.04 and mD1

∼ O(1) TeV, we numerically estimate the magnitude of WCs as

|CH(A)D̄1d
7,8 | ∼ O(10−6 − 10−4) ≪ 1, which is much lower by 3 to 5 orders of magnitude than the corresponding SM

predictions |CSM
7 | ∼ O(10−1). Consequently, this implies that WCs induced by new quark U and charged Higgs

bosons H±, H±
1,2 dominantly contribute compared to those containing D1 and Hp, and therefore we can ignore these

latter contributions in such observables.

Turning to up quark transition observables t → u(c), we first study branching ratios of tree-level top quark decays
BR(t→ u(c)h), as the couplings of these observables are fixed and do not depend on free parameters. The comparison
between the predictions of the model and the upper experimental bounds for such decays is shown in Table IX

Table IX: The comparison between predicted values and experimental limits of BR(t → u(c)h)

Branching ratios Predicted values Experimental limits [103]

t → uh ≃ 3.97× 10−10 < 3.8× 10−4

t → ch ≃ 9.71× 10−10 < 4.3× 10−4



35

We observe that the obtained branching ratios BR(t → u(c)h) in the model are on the order of 10−9 − 10−10,
significantly larger by several orders of magnitude than the corresponding SM values. Besides that, these results for
the decays satisfy the upper experimental bounds, notably as they are lower than 5 to 6 orders of magnitude than
the measurement ones. Thus, the NP contributions of NP in these decays are small and safe under the experimental
constraints.

On the one hand, with branching ratios of radiative decays BR(t → u(c)γ) are induced by loop diagrams containing
charged Higgs bosons H±, H±

1,2 and exotic down-type quark D1, as well as by neutral CP even(odd) Higgs bosons

H(A) with up-type quark U or SM quarks u, c, t. The Figs. (10) are plotted using parameters obtained from b → s
studies, enhancing the understanding of these transitions.

Figure 10: The first three panels (from left to right) and last panel respectively show the correlations between mass of exotic down
type quark mD1 with masses of charged Higgs bosons H±, H±

1,2 and coupling −f satisfying the constraints of BR(t → u(c)γ)
[87].

Comparing the two panels, we observe that almost the entire range of the first three panels satisfies the constraint,
whereas the last panel demonstrates a tighter correlation. This indicates that, for this kind of observable, the
contribution of WCs associated with charged Higgs bosons is not as strong as those associated with neutral CP even
(odd) Higgs bosons. This behavior is opposite to the governing BR(B̄ → Xsγ).

Finally, we examine the LFUV ratios RD(∗) , which are generated at the tree level via the exchange of the SM charged
gauge bosonW± and the charged Higgs bosons H±, H±

1,2. In Fig. (11), we plot the correlation between the mass of the

charged Higgs bosons that satisfy the measurement of RD(∗) [82] with input parameters enhanced by the above studies.
The figure shows that many points satisfy the constraint in Eq . (106), but they are dominantly linearly distributed.

This behavior can be interpreted for the following reasons. Firstly, the ratios are depend on WCs C̃
(′)
S induced by

charged Higgs H±
1,2 which are proportional g

H+
1,2ū2d3

L,R . In addition, these couplings respectively relate to elements of

mixing charged scalar matrix (U†
c )13(14) and (U†

c )23(24) ∼ 1
ϵ1(2)

∼ 1
m2

H
±
1,2

−m2
H±

given in Eq. (23). Therefore, the WCs
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induced by H±
1,2 will be enhanced significantly if there is slight degeneration in charged Higgs masses mH±

1,2
∼ mH± .

This results in almost all points being distributed linearly in Fig . (11). For mH±
1,2

≃ mH± + O(101) GeV, and

with obtained parameter in above studies, we can estimate the magnitude of these scalar WCs which can attain

the maximum value |C̃(′)
S | ∼ O(10−4), which is much smaller than WC of SM C̃V . This suggests that the charged

Higgs boson contributes insignificantly compared to the SM contributions. Finally to close this section it is worth
mentioning that this scenario of nearly degenerate charged scalar masses is favored by the constraints arising from
electroweak precision observables, which is a generic feature of multi-Higgs doublet models [104], like the one analyzed
in this work.

Figure 11: The figure shows the correlations between mass of charged Higgs bosons H±, H±
1 satisfying the constraints of RD(∗)

in Eq. (106).

VII. CONCLUSIONS

In this paper, we have investigated several flavor observables in both the lepton and quark sectors in the context of
an extended 2HDM with the inverse seesaw mechanism. We have performed a detailed analysis of the scalar mass
spectrum using the perturbation method, based on certain assumptions for the Higgs potential couplings. Additionally,
we have obtained the benchmark points fulfilling the SM lepton masses and mixing.

We found that the contributions to cLFV decays and anomalous magnetic moments observables, resulting from
loop diagrams involving the virtual exchange of CP even (odd) Higgs bosons H(A) and charged exotic leptons,
are significantly larger than those arising from the exchange of charged Higgs boson. In addition, the constraints
for coupling f and mE1

are derived as −f ≥ 0.04 and mE1
≥ 2.2 TeV. With the obtained bound on f , the new

physics contributions to the branching ratios of three-body leptonic decays BR(l → 3l′), Mu-Mu transition, as well
as BR(µAu → eAu) conversion, are shown to be remarkably smaller than upper experimental limits. On the other
hand, the study of quark flavor observables is more complicated. Specifically, for the FCNC da → db observables, the
WCs induced by charged Higgs bosons H±, H±

1,2 and exotic quark U exchange contribute the most to BR(B̄s → Xsγ),

whereas the remaining WCs of H(A) are insignificant. The range of mU ≥ [1, 2] TeV is obtained. Furthermore, the
meson oscillations are revisited with all contributions and comprehensive quark couplings, combining with studies for
BR(Bs → µ+µ−) and BR(B+ → K+τ+µ−), we obtain tighter constraints on the U(1)X coupling gX and on the Z ′

gauge boson which read |gX | ≥ 0.65 and mZ′ ≥ 4 TeV, respectively. The obtained lower bound of mZ′ is consistent
with LHC searches of the Z ′ gauge boson [13].

The numerical values for the up-type quark flavor observables corresponding to FCNC decays t → u(c)h are found
to be much lower than their corresponding upper experimental limits [103], but several orders of magnitude larger
than SM predictions [85, 86]. Concerning radiative decays t → u(c)γ, their obtained branching ratios are primarily
influenced by WCs induced by CP even (odd) Higgs bosons interacting with exotic up-type quark U compared to
WCs containing charged Higgs bosons. This behavior is opposite to that governing BR(B̄ → Xsγ). The FCCC b→ s
LFUV ratios RD(∗) are calculated to agree with their experimental constraints, with the new physics contributions
arising from charged Higgs bosons at the tree-level shown to be negligible.

The properties of the SM-like Higgs boson h are also discussed. Particularly, the model predicts the deviation
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factors ahττ̄ , ahbb̄ and ahtt̄ of the SM Higgs couplings to τ τ̄ , bb̄ and tt̄ pairs, which are found to agree with their
1σ experimentally allowed ranges [100, 105]. Furthermore, the factor ahµµ̄ of the SM Higgs coupling to µµ̄ pair is
estimated to agree with its corresponding 3σ bound. This is because the first and second fermion generations acquire
masses via the tree and one-loop inverse seesaw mechanisms, respectively. Additionally, the obtained values for the
branching ratios for the LFV decays of h such as h → eµ, h → eτ , h → µτ , are shown to be consistent with their
corresponding experimental upper limits [13, 102].
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Appendix A: Coefficients in Lagrangian for lepton and quark flavor violating processes

The coefficients mentioned in Eq. (47) are given as follows

gH
+ν̄aLlb

R = (U†
c )22
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y
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i (V ∗

νL
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Otherwise, the coefficients used in Eq. (68) and Eq. (69) read
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ūadb

R = (U†
c )23(24)

3∑
i=1

y
(d)
i (V ∗

uL
)3a(VdR

)ib,

gH
+Ūdb
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Hpūaub

R =
1√
2

3∑
i=1

[y
(u)
i (V ∗

uL
)3a(VuR

)ib](U
†
S)1p, g

Apūaub
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Appendix B: Loop functions

The loop functions used in Eq .(76) are given as follow
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