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Abstract We build a renormalizable theory where the
inverse seesaw mechanism explains the pattern of SM
fermion masses. To the best of our knowledge, our model
corresponds to the first implementation of the inverse see-
saw mechanism for the charged fermion sector. In our theory,
the inverse seesaw mechanism is implemented at the tree and
one-loop levels in order to generate the masses for the second
and first families of the SM charged fermions, respectively.
The third family of SM charged fermions obtain tree-level
masses from the Higgs doublets φ1 (for the top quark) and
φ2 (for the bottom quark and tau lepton). The masses of the
active light neutrinos are generated from a two-loop level
inverse seesaw mechanism. Our model successfully explains
the observed SM fermion mass hierarchy, the tiny masses
of the active light neutrinos, contains the necessary means
for efficient leptogenesis and is in accordance with the con-
straints resulting from meson oscillations, as well as with the
measured values of the observed dark matter relic density and
of the muon and electron anomalous magnetic moments.

1 Introduction

Despite the remarkable success of the Standard Model (SM)
in describing the strong and electroweak interactions with a
high degree of accuracy, as confirmed by the experiments at
the Large Hadron Collider (LHC), it does not address several
questions. One of them is the unexplained hierarchy of the
SM fermion masses, which extends over a range of 13 orders
of magnitude, from the light active neutrino mass scale up to
the top quark mass. Other unaddressable issues of the SM are
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the number of SM fermion families, the current amount of
dark matter relic density, lepton asymmetry of the Universe,
and the muon and electron anomalous magnetic moments.

Models with extended symmetries, enlarged particle con-
tent, and radiative seesaw mechanisms, are frequently used
to tackle the limitations of the SM [1–94]. Furthermore,
several extensions of the SM have been constructed to
explain the experimental value of the muon anomalous mag-
netic moment [70,81,85,88–91,93,95–165] , an anomaly not
explained by the SM and recently confirmed by the Muon
g − 2 experiment at FERMILAB [166].

Intending to address the drawbacks as mentioned earlier of
the SM, we propose an extension of the Two Higgs Doublet
Model (2HDM) with enlarged particle spectrum and sym-
metries, which allows for a successful implementation of the
inverse seesaw mechanism to explain the SM fermion mass
hierarchy. Unlike most of the works considered in the litera-
ture, in the proposed theory the inverse seesaw mechanism is
implemented not only for the neutrino sector, but also for the
charged fermion sector. Specifically, the charged fermions of
the first and the second families receive masses via one-loop
and tree-levels inverse seesaw mechanisms, respectively. For
the third family, the charged fermions obtain a mass at tree-
level, namely the t-quark mass depends on the VEV of the
Higgs doublet, φ1, while the masses of both tau-lepton and
b-quark depend on the VEV of φ2. The light active neutrinos
gain masses at two loop level. The content of this paper goes
as follows. In Sect. 2 we describe our proposed model. The
implications of the model in the SM fermion mass hierarchy
are discussed in Sect. 3, while we study the new contributions
to the muon and electron anomalous magnetic moments in
Sect. 4. Meson mixings are analyzed in Sect.5, and the con-
straints of our model in dark matter and leptogenesis are
discussed in Sects. 6 and 7. We conclude in Sect. 8.
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2 The model

We start this section by explaining the reasoning behind the
inclusion of extra scalars, fermions, and symmetries required
for the implementation of tree and one-loop level inverse
seesaw mechanisms to generate the masses of the second
and first families of SM charged fermions, respectively, and a
two-loop level inverse seesaw mechanism to produce the tiny
active neutrino masses. In our model, which is an extended
2HDM theory, the top quark mass will arise at tree level
from a renormalizable Yukawa interaction involving a SU (2)

Higgs doublet, i.e., φ1 . In contrast, the bottom quark and
tau lepton will get tree-level masses from the second SU (2)

Higgs doublet φ2. Such required Yukawa interactions, which
generate the tree level masses for the top and bottom quarks
as well as for the tau lepton, are:

q3L
˜φ1ui R, q3Lφ2di R, li Lφ2l3R, i = 1, 2, 3 (1)

The SU (2) Higgs doublets φ1 and φ2 need to be distin-
guished by a symmetry, which can be a U (1)X local sym-
metry, assumed to be non universal in the quark sector, as it
will be shown below. Such symmetry will distinguish the left
handed quark doublets qnL (n = 1, 2) from the q3L . Further-
more, a discrete symmetry Z4 is required to allow only the
above given Yukawa interactions, thus allowing to forbid the
operators:

qnL˜φ2ui R, qnLφ1di R, li Lφ2lnR,

i = 1, 2, 3, n = 1, 2 (2)

which would give rise to Dirac type masses for the first two
generations of SM fermions. Furthermore, the Z4 discrete
symmetry, together with the U (1)X gauge symmetry, will
also permit the implementation of tree and one-loop level
inverse seesaw mechanisms to generate the masses for the
second and first generation of SM charged fermions, respec-
tively. The advantage of the local U (1)X gauge symmetry,
with respect to a cyclic symmetry, is that it allows more
freedom in the particle assignments. The presence of this
symmetry means that heavy non SM fermions can be pro-
duced via a Drell-Yan portal mediated by a heavy Z ′ gauge
boson. The masses of the active light neutrinos, obtained
from an inverse seesaw mechanism when the full neutrino
mass matrix is expressed in the basis

(

νL , νCR , NC
R

)

, has the
following structure:

Mν =
⎛

⎝

03×3 mνD 03×3

mT
νD 03×3 M

03×3 MT μ

⎞

⎠ , (3)

where νi L (i = 1, 2, 3) correspond to the active neutri-
nos, whereas νi R and NiR (i = 1, 2, 3) are the sterile neu-
trinos. Furthermore, the entries of the full neutrino mass
matrix should fulfill the hierarchy μi j << (mνD)i j <<

Mi j (i, j = 1, 2, 3). It is worth mentioning that in the
case μ = 0, the light active neutrinos remain massless
and the sterile neutrinos νi R and NiR become degenerate,
forming Dirac neutrinos whose corresponding mass matrix
is M , and their contribution to the light active neutrino
masses vanishes. Thus, by analogy with the neutrino sector,
the implementation of the tree-level inverse seesaw mech-
anism for the SM charged fermions requires that its corre-

sponding mass matrix in the basis ( f 1L , f 2L , f 3L , FL , ˜FL)-
( f1R, f2R, f3R, FR, ˜FR) should have the form:

MF =
⎛

⎝

03×3 FF 03×1

GT
F 0 XF

01×3 YF mF

⎞

⎠ , (4)

where fi (i = 1, 2, 3) correspond to the SM charged
fermions, whereas F and ˜F are the exotic charged fermions.
Let us note that in the limit mF → 0 (F = T, D, E), the
model under consideration has an accidentalU (1) symmetry
under which the charges of the fi L , fi R , FL , FR , ˜FL , ˜FR are
given by:

QU (1) ( fi L) = QU (1)

(

˜FL
) = QU (1) (FR) = a,

QU (1) ( fi R) = QU (1)

(

˜FR
) = QU (1) (FL) = b, a �= b.

(5)

It is worth mentioning that unlike the neutrino sector, in the
charged fermion sector the tree level inverse seesaw mecha-
nism is only implemented to generate the masses of the sec-
ond family of SM charged fermions. This is due to the fact that
the third family of SM charged fermions obtain their masses
from renormalizable interactions involving the SU (2) Higgs
doublets φ1 and φ2, whereas the first family of SM charged
fermions get their masses from radiative corrections, as it
will be shown below. Because of this reason there is only
one family of exotic charged fermions F and ˜F involved in
the tree level inverse seesaw mechanism, whereas the ster-
ile neutrino spectrum resulting from Eq. (3) is composed of
three copies of the νCR and NC

R fields. It is worth mention-
ing that the Dirac type masses of the first two generations of
SM charged fermions that would result from the qnL˜φ2ui R
and qnLφ1di R operators will be forbidden by the Z4 discrete
symmetry.

To generate the charged fermion mass matrix of Eq. (4),
one has to include the following operators:

qnL˜φ2UR, T LηUR, mT T LTR,

ULχTR, ULσ ∗ui R, i = 1, 2, 3,

qnLφ1D1R, BLη∗D1R, mBBL BR,

D1Lχ∗BR, D1Lσdi R,

li Lφ2E1R, E2Lρ∗E1R, mE E2L E2R,

E1LρE2R, E1L SlnR, n = 1, 2,

(6)

123
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Here qiL , li L (i = 1, 2, 3) are the SU (2) left handed SM
quark and lepton doublets, respectively, whereas ui R , di R and
li R stand for the right SM up-type quarks, down type quarks,
and right-handed leptons. Furthermore, the SM fermion sec-
tor has to be extended to include the exotic fermions: up type
quarks U , T , down type quarks D1, D2, B, charged exotic
leptons E1, E2, as well as the right-handed Majorana neutri-
nos νi R (i = 1, 2, 3), NiR , �mR and 	C

nR , in singlet repre-
sentations under SU (2)L , with appropriate U (1)X charges
(to be specified below), which will allow the implementation
of inverse seesaw mechanisms to explain the SM charged
fermion mass hierarchy and the tiny values of the light active
neutrino masses, respectively, in a way consistent with the
cancellation of chiral anomalies. Up to this point, the first
generation of SM charged fermions remain massless up to
loop corrections. In order to generate the masses for the first
generation of SM charged fermions, the one-loop level cor-
rections to the SM charged fermion mass matrices should
have different vertices used for generating the resulting tree-
level mass matrices arising from the inverse seesaw. The
most economical solution to this problem requires consider-
ing one-loop level corrections involving electrically charged
scalars running in the internal lines of the loop. So we have
to introduce extra electrically charged scalar singlets in the
scalar spectrum, generating the following interactions.

ULζ+
1 di R, D1Lζ−

1 ui R, NC
i Rζ+

2 lnR,

i = 1, 2, 3, n = 1, 2. (7)

Then, the up quark mass can be generated at one-loop level
from the first four operators of the second line of Eq. (6), as
well as from the D1Lζ−

1 ui R interaction. Similarly, one-loop
diagrams which generate a mass for down quark, arise from
the first four operators of the first line of Eq. (6), as well
as from the ULζ+

1 di R interaction. In order to close the one-
loop Feynman diagrams giving rise to the first generation
SM charged fermions, the following scalar interactions are
required:

εabφ
a
1 φb

2ζ−
3 σ ∗, ζ+

1 ζ−
3 S2, ζ+

2 ζ−
3 σ ∗, a, b = 1, 2. (8)

Moreover, the operators required for the implementation
of the two loop level inverse seesaw mechanism that produces
the tiny active neutrino masses are:

li L˜φ2ν j R, νi Rσ ∗NC
kR, NrR�C

mRϕ1,

�nRϕ2	
C
mR, 	nR	C

mRη, i, j, k, r = 1, 2, 3,

n,m = 1, 2, (9)

It is worth mentioning that the first two operators of Eq. (9),

together with the NC
i Rζ+

2 lnR , εmnφ
m
1 φn

2 ζ−
3 σ ∗ and ζ+

2 ζ−
3 σ ∗

interactions, are crucial for generating a nonvanishing one-
loop level electron mass.

Implementing the above-described inverse seesaw mech-
anism requires to add a preserved Z2 symmetry, under which
the right-handed Majorana neutrinos �nR , the exotic down
type quark fields D2L , D2R and the gauge scalar singlets ϕ1

and ϕ2 are charged, whereas the remaining fields are neu-
tral. Additionally, we have extended the scalar sector of our
2HDM theory by including the electrically neutral gauge sin-
glet scalars σ , χ , η, ρ, S, ϕ1, ϕ2, as well as the electrically
charged gauge singlet scalars ζ+

1 , ζ+
2 and ζ+

3 . Notice that
the electrically neutral gauge singlet scalars σ and S are
needed to generate mixings between the right-handed SM
charged fermions and left-handed heavy fermionic fields.
On the other hand, the singlet scalars χ , η, and ρ generate
mixings between the heavy charged exotic fermionic fields.
Those mixings are crucial for implementing a tree-level uni-
versal seesaw mechanism that produces the masses for the
second generation of SM charged fermions. As mentioned
earlier, we will be able to implement seesaw mechanisms
useful for explaining the SM fermion mass hierarchy by
suitable charge assignments, specified below. Due to those
mentioned above exotic charged fermion spectrum, the SM
charged fermion mass matrices would feature a proportion-
ality between rows and columns, thus implying that the first
generation SM charged fermions would be massless at tree
level. The one-loop level corrections to these matrices involv-
ing different vertices that the ones used to implement the tree
level universal seesaw will break such proportionality, thus
giving rise to one-loop level masses for the up and down
quarks, as well as for the electron. In order for this to happen,
the electrically charged scalar fields ζ+

1 , ζ+
2 and ζ+

3 have to
be introduced in the scalar spectrum. Furthermore, the inert
electrically neutral scalar singlets ϕ1 and ϕ2 are needed to
generate the Majorana μ term at the two-loop level. Thus,
such scalar and exotic charged fermion spectrum is the mini-
mal required so that no massless charged SM-fermions would
appear in the model, provided that one loop level corrections
are taken into account. Furthermore, as mentioned earlier,
exotic neutral lepton content is the minimal one required to
generate the masses for two active light neutrinos, as required
from the neutrino oscillation experimental data.

Our proposed model corresponds to an extension of a
2HDM based on the SU (3)C × SU (2)L ×U (1)Y ×U (1)X
gauge symmetry, supplemented by the Z2 × Z4 discrete
group. The SU (2)L × U (1)Y × U (1)X gauge symmetry,
as well as the Z4 discrete symmetry, are spontaneously bro-
ken, whereas the Z2 symmetry is preserved, which allows
the implementation of a two loop level inverse seesaw mech-
anism to produce the tiny active neutrino masses. The scalar
sector of our extended 2HDM model is composed of two
Higgs doublets (having different U (1)X and Z4 charges)
plus several electrically neutral gauge singlet scalars. In our
model one Higgs doublet, i.e., φ1, provides a tree level mass
to the top quark, whereas the other one, i.e., φ2, generates

123
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Fig. 1 Feynman diagrams contributing to the entries of the SM charged fermion mass matrices. Here, n = 1, 2 and i, j = 1, 2, 3

tree level masses for the bottom quark and tau lepton. The
second and first families of SM charged fermions get their
masses from tree and one loop level inverse seesaw mech-
anisms, respectively. The tiny active neutrino masses arise
from a two loop level inverse seesaw mechanism. The scalar,
quark and lepton content with their assignments under the
SU (3)C × SU (2)L × U (1)Y × U (1) group are shown in
Tables 1, 2 and 3, respectively.

With the particle content previously specified, we have the
following relevant Yukawa terms invariant under the symme-
tries of the model:

− L(q)
Y =

3
∑

i=1

y(u)
i q3L˜φ1ui R +

3
∑

i=1

y(d)
i q3Lφ2di R

+
2

∑

n=1

x(U )
n qnL˜φ2UR +

2
∑

n=1

x(D)
n qnLφ1D1R

+zDD2LσD2R +
3

∑

i=1

x(u)
i U Lσ∗ui R

+zT U LχTR + zU T LηUR + mT T LTR

+
3

∑

i=1

x(d)
i D1Lσdi R + zB D1Lχ∗BR + zD BLη∗D1R

+mB BL BR

+
3

∑

i=1

w
(u)
i D1L ζ−

1 ui R +
3

∑

i=1

w
(d)
i U L ζ+

1 di R + H.c, (10)

−L(l)
Y =

3
∑

i=1

y(l)
i li Lφ2l3R +

3
∑

i=1

y(E)
i li Lφ2E1R

+
2

∑

n=1

x(l)
n E1L SlnR + yE E1LρE2R

+xE E2Lρ∗E1R + mE E2L E2R

123
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Table 1 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

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 2

ρ 1 1 0 2 0 −1

S 1 1 0 0 0 1

ζ+
1 1 1 1 2

3 0 −1

ζ+
2 1 1 1 1 0 0

ζ+
3 1 1 1 2

3 0 1

ϕ1 1 1 0 1 1 0

ϕ2 1 1 0 0 1 1

Table 2 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

qnL 3 2 1
6 0 0 1

q3L 3 2 1
6

1
3 0 0

ui R 3 1 2
3

2
3 0 1

di R 3 1 − 1
3 − 1

3 0 −1

UL 3 1 2
3

1
3 0 2

UR 3 1 2
3

2
3 0 2

TL 3 1 2
3 − 1

3 0 0

TR 3 1 2
3 − 1

3 0 0

D1L 3 1 − 1
3 0 0 2

D1R 3 1 − 1
3 − 1

3 0 2

D2L 3 1 − 1
3 0 1 −1

D2R 3 1 − 1
3 − 1

3 1 0

BL 3 1 − 1
3

2
3 0 0

BR 3 1 − 1
3

2
3 0 0

+
3

∑

i=1

3
∑

j=1

y(ν)
i j li L˜φ2ν j R +

3
∑

i=1

2
∑

n=1

z(l)in NC
i Rζ+

2 lnR

+
3

∑

i=1

3
∑

j=1

y(N )
i j νi Rσ∗NC

j R +
3

∑

i=1

2
∑

n=1

(xN )in Ni R�C
nRϕ1

+
2

∑

n=1

2
∑

m=1

(x�)nm �nRϕ2	C
mR

+
2

∑

n=1

2
∑

m=1

(y	)nm 	nR	C
mRη + h.c (11)

Table 3 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

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

li L 1 2 − 1
2 − 1

3 0 1

lnR 1 1 −1 −1 0 1

l3R 1 1 −1 −1 0 0

E1L 1 1 −1 −1 0 −2

E1R 1 1 −1 −1 0 0

E2L 1 1 −1 1 0 1

E2R 1 1 −1 1 0 1

νCi R 1 1 0 − 1
3 0 0

NiR 1 1 0 0 0 −1

�nR 1 1 0 1 1 1

	nR 1 1 0 −1 0 0

Fig. 2 Two-loop Feynman diagram contributing to the Majorana neu-
trino mass submatrix μ. Here n, k, l, r = 1, 2, s, p = 1, 2, 3, a, b, c =
R, I , with ϕnR and ϕnI corresponding to the CP even and CP odd parts
of the scalar field ϕn , respectively

3 Fermion mass matrices

From the charged fermion Yukawa terms we find that
the up and down type quark mass matrices in the basis
(u1L , u2L , u3L ,UL , T L)-(u1R, u2R, u3R,UR, TR) and (d1L ,

d2L , d3L , D1L , BL)-(d1R, d2R, d3R, D1R, BR) are respec-
tively given by:

MU =
⎛

⎝

CU + 
U FU 03×1

GT
U 0 XU

01×3 YU mT

⎞

⎠ , (FU )3 = 0,

123
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(FU )n = x (U )
n

v2√
2
,

(

GT
U

)

i
= x (u)

i
vσ√

2
,

CU =
⎛

⎝

0 0 0
0 0 0

y(u)
1 y(u)

2 y(u)
3

⎞

⎠

v1√
2
, XU = zT

vχ√
2
,

YU = zU
vη√

2
, i = 1, 2, 3, n = 1, 2, (12)

MD =
⎛

⎝

CD + 
D FD 03×1

GT
D 0 XD

01×3 YD mD

⎞

⎠ , (FD)3 = 0,

(FD)n = x (D)
n

v1√
2
,

(

GT
D

)

i
= x (d)

i
vσ√

2
,

CD =
⎛

⎝

0 0 0
0 0 0

y(d)
1 y(d)

2 y(d)
3

⎞

⎠

v2√
2
, XD = zB

vχ√
2
,

YD = zD
vη√

2
, i = 1, 2, 3, n = 1, 2, (13)

Furthermore, notice that due to the Z2 symmetry, the exotic
D2 down type quark does not mix with the remaining
down type quarks. This exotic D2 quark gets a tree level
mass equal to zD

vσ√
2

, which is at the vσ scale. Further-
more, the charged lepton mass matrix, written in the basis
(l1L , l2L , l3L , E1L , E2L) versus (l1R, l2R, l3R, E1R, E2R),
takes the form:

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
vρ√

2
, i = 1, 2, 3, n = 1, 2, (14)

Here we assume that the entries of the charged fermion mass
matrices fulfill the hierarchy:

mT ,mD < <<
(

FQ
)

n ,
(

GT
Q

)

i
< XQ ∼ YQ ∼ O(TeV),

Q = U, D,

mE < << (FE )i ,
(

GT
E

)

n
< XE ∼ YE ∼ O(TeV),

i = 1, 2, 3, n = 1, 2. (15)

where 
U , 
D and 
E correspond to the one-loop level
corrections to the SM charged fermion mass matrices. The
one-loop level Feynman diagrams, generating the 
U , 
D

and 
E submatrices, are shown in Fig. 1.

The hierarchy, as mentioned above, allows for the imple-
mentation of the inverse seesaw mechanisms at the tree and
one-loop level to generate the masses of the second and first
families of SM charged fermions, respectively. Thus, the
resulting SM charged fermion mass matrices are given by:

˜MU = CU + mT

XUYU
FUG

T
U + 
U , (16)

˜MD = CD + mD

XDYD
FDG

T
D + 
D, (17)

˜ME = CE + mE

XEYE
FEG

T
E + 
E . (18)

where the second and third terms of Eqs. (16), (17) and (18 )
correspond to the tree and one-loop levels, which contribute
to the SM charged fermion mass matrices arising from the
inverse seesaw mechanism. The first term in Eqs. (16), (17)
and (18) corresponds to the dominant contribution to these
matrices, arising from the renormalizable Yukawa interac-
tions involving the SU (2) scalar doublets H1 (for the up type
quark sector) and H2 (for the down type quark and charged
lepton sector), which generate the masses for the third family
of SM charged fermions. Furthermore, the resulting physical
charged exotic fermion mass spectrum is composed of two
nearly degenerate heavy charged fermions with masses at the
O(TeV) scale and a small mass splitting of the order of mF

(F = U, D, E). The subGeV mass scale of the second fam-
ily of SM charged fermions, arising from a tree-level inverse
seesaw mechanism, can naturally be explained by consid-

ering
(

FQ
)

n

(

GT
Q

)

i
∼ (FE )i

(

GT
E

)

n ∼ O(10−2TeV2),

mF ∼ O(10−1GeV). Therefore, the inverse seesaw mech-
anism presented here can naturally explain the SM fermion
mass hierarchy (Fig. 2).

The one loop level contributions to the SM charged
fermion mass matrices are given by:


U = m
˜T

16π2

3
∑

i=1

⎛

⎜

⎜

⎝

r (T )
1i w

(T )
1i r (T )

1i w
(T )
2i r (T )

1i w
(T )
3i

r (T )
2i w

(T )
1i r (T )

2i w
(T )
2i r (T )

2i w
(T )
3i

0 0 0

⎞

⎟

⎟

⎠

m2
H±
i

m2
H±
i

− m2
˜T

ln

⎛

⎝

m2
H±
i

m2
˜T

⎞

⎠ , (19)


D = m
˜B

16π2

3
∑

i=1

⎛

⎜

⎜

⎝

r (B)
1i w

(B)
1i r (B)

1i w
(B)
2i r (B)

1i w
(B)
3i

r (B)
2i w

(B)
1i r (B)

2i w
(B)
2i r (B)

2i w
(B)
3i

0 0 0

⎞

⎟

⎟

⎠

m2
H±
i

m2
H±
i

− m2
˜B

ln

⎛

⎝

m2
H±
i

m2
˜B

⎞

⎠ , (20)
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E = m
˜E

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
˜E

ln

⎛

⎝

m2
H±
i

m2
˜E

⎞

⎠ , (21)

The experimental values of the SM quark masses [167,168]
and Cabbibo–Kobayashi–Maskawa (CKM) parameters are:

mu(MeV) = 1.24 ± 0.22, md(MeV) = 2.69 ± 0.19,

ms(MeV) = 53.5 ± 4.6, mc(GeV) = 0.63 ± 0.02,

mt (GeV) = 172.9 ± 0.4, mb(GeV) = 2.86 ± 0.03,

sin θ12 = 0.2245 ± 0.00044, sin θ23 = 0.0421 ± 0.00076,

sin θ13 = 0.00365 ± 0.00012,

J = (3.18 ± 0.15) × 10−5, (22)

which can be well reproduced for the following benchmark
point:

mH±
j

= mH± = 1.5 TeV, v1 � 244.2 GeV,

v2 � 30 GeV,

vσ � 6 TeV, vη = vχ � 5 TeV,

m
˜T � 1.7 TeV, m

˜B � 1.3 TeV,

mT � 9.7 GeV, mD = 1.6 GeV, j = 1, 2, 3,

y(u)
1 � 0.585, y(u)

2 � 0.717,

y(u)
3 � −0.368, y(d)

1 � 0.0713,

y(d)
2 � 0.060, y(d)

3 � −0.067

x (U )
1 � −4.566 − 1.209i, x (U )

2 � −1.177 + 4.256i,

x (D)
1 � −0.732 − 0.005i, x (D)

2 � 0.292 + 0.883i,

x (u)
1 � −0.238, x (u)

2 � 0.141,

x (u)
3 � −0.114, zT = zU � −0.481,

zD = zB � −0.441,

x (d)
1 � −0.038 − 0.158i, x (d)

2 � −0.037 − 0.035i,

x (d)
3 � 0.040 + 0.145i,

r (T )
1 j � 0.139, r (T )

2 j � 0.087,

r (B)
1 j � 0.009 − 0.038i, r (B)

2i � 0.083 + 0.081i,

w
(B)
3i � 0.012

w
(T )
1 j � 0.011, w

(T )
2 j � −0.014,

w
(T )
3 j � 0.009, w

(B)
1i � −0.009,

w
(B)
2i � −0.013, (23)

Thus, the proposed model can numerically reproduce the
existing pattern of the observed quark spectrum. Further-
more, in the benchmark point shown in Eq. (23), the exotic
up and down type quark masses are close to about 1.7 TeV

and 1.6 TeV, respectively, which are values larger than the
ATLAS exclusion limits of 1.6 TeV and 1.42 TeV [169].
Besides that, in the simplified benchmark scenario consid-
ered above, the electrically charged scalars are assumed to
be degenerate, and their masses are set to be equal to 1.5
TeV, a value that exceeds the upper limit of [80, 160] GeV
arising from collider searches [170,171].

On the other hand, from the neutrino Yukawa interactions
and considering 	nR (n = 1, 2) as physical neutral leptonic
fields, we find the following neutrino mass terms:

−L(ν)
mass = 1

2

(

νCL νR NR

)

Mν

(

νL νCR NC
R

)T

+
2

∑

n=1

(m	)n 	nR	C
nR + H.c, (24)

where (m	)n = (y	)n
vη√

2
(n = 1, 2) and the neutrino mass

matrix reads:

Mν =
⎛

⎝

03×3 mνD 03×3

mT
νD 03×3 M

03×3 MT μ

⎞

⎠ , (25)

and the submatrices are:

(mνD)i j = y(ν)
i j

v2√
2
, Mi j = y(N )

i j
vσ√

2
,

i, j, s, p = 1, 2, 3, n, k, r = 1, 2, (26)

μsp =
2

∑

k=1

(xN )sn
(

x∗
�

)

nk

(

x†
�

)

kr

(

xTN
)

rp m	k

4(4π)4

∫ 1

0
dα

∫ 1−α

0

dβ
1

α(1 − α)

[

I
(

m2
	k

,m2
RR,m2

RI

) − I
(

m2
	k

,m2
I R,m2

I I

)

]

,

with the loop integral given by [172]:

I (m2
1,m

2
2,m

2
3)

=
m2

1m
2
2 log

(

m2
2

m2
1

)

+ m2
2m

2
3 log

(

m2
3

m2
2

)

+ m2
3m

2
1 log

(

m2
1

m2
3

)

(m2
1 − m2

2)(m
2
1 − m2

3)
,

m2
ab

=βm2
(ϕ1)a

+ αm2
(ϕ2)b

α(1 − α)
(a, b = R : or : I ), (27)

The active light neutrino masses are generated from an
inverse seesaw mechanism at the two-loop level, and the
physical neutrino mass matrices are given by:

˜Mν = mνD

(

MT
)−1

μM−1mT
νD, (28)

M (−)
ν = −1

2

(

M + MT
)

+ 1

2
μ, (29)

M (+)
ν = 1

2

(

M + MT
)

+ 1

2
μ. (30)

where ˜Mν is the mass matrix for the active light neutrinos
(νa), whereas M (−)

ν and M (+)
ν are the mass matrices for sterile
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neutrinos. In the limit μ → 0, which corresponds to unbro-
ken lepton number, the active light neutrinos become mass-
less. The smallness of the μ parameter yields a small mass
splitting for the two pairs of sterile neutrinos, thus implying
that the sterile neutrinos form pseudo-Dirac pairs.

4 Muon and electron anomalous magnetic moments

The experimental data shows that the muon and electron
anomalous magnetic moments deviate significantly from
their SM values


aμ = aexp
μ − aSM

μ = (2.51 ± 0.59) × 10−9

[57, 166, 173 − 178] (31)


ae = aexp
e − aSM

e = (−0.88 ± 0.36) × 10−12 [179],
(4.8 ± 3.0) × 10−13 [180] (32)

where the above given value of aexp
μ is a combined result of

the BNL E821 experiment [181] and the recently announced
FNAL Muon g-2 measurement [166], showing the 4.2σ ten-
sion between the SM and experiment. The last positive value
for 
ae corresponds to the recently published new measure-
ment of the fine-structure constant, with an accuracy of 81
parts per trillion [180]. In this section, we will analyze the
implications of our model in the muon and electron anoma-
lous magnetic moments.

Muon and electron anomalous magnetic moments receive
contributions from one-loop diagrams involving the exchange
of electrically neutral CP even and CP odd scalars and
charged exotic leptons as well as electrically charged scalars
and sterile neutrinos running in the internal lines of the loop.
To simplify our analysis, we will consider a simplified bench-
mark scenario close to the alignment limit, where φ0

2R (φ0
2I )

and SR (SI ) are mainly composed of two orthogonal com-
binations involving two heavy CP even (odd) H1 (A1), H2

(A2) physical scalar fields. We consider the alignment limit
in which the 125 GeV SM like Higgs boson is mainly com-
posed of the CP even neutral part of the SU (2) scalar dou-
blet φ1. This component does not appear in the neutral scalar
contribution to the muon and electron anomalous magnetic
moment shown in Eq. (33). Thus, in the chosen benchmark
scenario, the couplings of the 125 GeV SM like Higgs boson
are very close to the SM expectation, which is consistent with
the experimental data [168]. Then, the leading contributions
to the muon and electron anomalous magnetic moments take
the form:


ae,μ � Re
(

αe,μβ∗
e,μ

)

m2
e,μ

8π2

×
[

I (e,μ)
S

(

m
˜E ,mH1

) − I (e,μ)
S

(

m
˜E ,mH2

)

+I (e,μ)
P

(

m
˜E ,mA1

) − I (e,μ)
P

(

m
˜E ,mA2

)

]

× sin θ cos θ

+ 1

8π2

3
∑

i=1

3
∑

j=1

Re
[

κ
(i j)
e,μ

(

γ
(i j)
e,μ

)∗]
me,μm˜N j

m2
H±
i

×G2

⎛

⎝

m2
˜N j

m2
H±
i

⎞

⎠ , (33)

where H1 � cos θS SR + sin θSφ
0
2R , H2 � − sin θS SR +

cos θSφ
0
2R , A1 � cos θP SI + sin θPφ0

2I , A2 � − sin θP SI +
cos θPφ0

2I , and for the sake of simplicity we have set θS = θP
andm

˜E is the mass of the nearly degenerate physical charged
exotic leptons. Besides that, mφ±

i
and m

˜N j
(i, j = 1, 2, 3)

are the masses of the physical electrically charged scalars
and Z2 even sterile neutrinos, respectively. Furthermore,
the IS(P)

(

m
˜E ,m

)

and G2 (r) loop functions have the form:
[182–186]:

I (e,μ)
S(P)

(

m
˜E ,mS

)

=
∫ 1

0

x2
(

1 − x ± m
˜E

me,μ

)

m2
μx

2 +
(

m2
˜E

− m2
e,μ

)

x + m2
S,P (1 − x)

dx,

G2 (r) = −1 + r2 − 2r ln r

(r − 1)3 (34)

Requiring that the muon and electron anomalous magnetic
moments acquire values in the ranges shown in Eqs. (31)
and (32), respectively, we display in Fig. 3 the correlation
between the masses of the scalars H1 and H2 consistent with
the experimental data on (g − 2)e,μ. These masses have been
taken to range from 1 TeV up to 2 TeV. In contrast, the electri-
cally charged scalar masses are varied from 0.5 TeV up to 1.5
TeV, and the CP odd scalar masses have been set to be equal
to 1 TeV. Furthermore, the masses for the heavy vector-like
leptons have been varied from 2 TeV up to 3 TeV, a range of
values more extensive than the expected reach of 600 GeV
for the High Luminosity Large Hadron Collider (HL-LHC).
The above values for the scalar masses are consistent with
constraints arising from collider searches [168], and accom-
modate a nearly degenerate spectrum of heavy scalar masses
which is favored by electroweak precision tests [187]. Fig-
ure 3 shows that our model is consistent with the experi-
mental values of the muon and electron anomalous magnetic
moments.

5 Meson oscillations

In this section, we analyze the consequences of our proposed
theory in the K 0 − K̄ 0, B0

d − B̄0
d and B0

s − B̄0
s meson oscilla-

tions. These meson oscillations are caused by flavour violat-
ing down type quark interactions mediated by the tree level
exchange of electrically neutral CP even and CP odd scalars
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Fig. 3 Correlation between the masses of the scalars H1 and H2 consistent with the muon and electron anomalous magnetic moments

as well as by the tree level Z ′ exchange. The K 0 − K̄ 0,
B0
d − B̄0

d and B0
s − B̄0

s meson oscillations are described by
the following effective Hamiltonians:

H(K )
e f f =

3
∑

j=1

c(K )
j (μ)O(K )

j (μ)

+ g2
X

9m2
Z ′

∣

∣

(

V ∗
DL

)

32 (VDL)31

∣

∣

2 O(K )
4 , (35)

H(Bd )
e f f =

3
∑

j=1

c(Bd )
j (μ)O(Bd )

j (μ)

+ g2
X

9m2
Z ′

∣

∣

(

V ∗
DL

)

31 (VDL)33

∣

∣

2 O(Bd )
4 , (36)

H(Bs )
e f f =

3
∑

j=1

c(Bs )
j (μ)O(Bs )

j (μ)

+ g2
X

9m2
Z ′

∣

∣

(

V ∗
DL

)

32 (VDL)33

∣

∣

2 O(Bs )
4 , (37)

where the operators relevant for the K 0 − K̄ 0, B0
d − B̄0

d and
B0
s − B̄0

s meson mixings have the form:

O(K )
1 = (sRdL) (sRdL) ,

O(K )
2 = (sLdR) (sLdR) , (38)

O(K )
3 = (sRdL) (sLdR) ,

O(K )
4 = (

sLγμdL
) (

sLγ μdL
)

, (39)

O(Bd )
1 = (

dRbL
) (

dRbL
)

,

O(Bd )
2 = (

dLbR
) (

dLbR
)

, (40)

O(Bd )
3 = (

dRbL
) (

dLbR
)

,

O(Bd )
4 = (

dLγμbL
) (

dLγ μbL
)

, (41)

O(Bs )
1 = (sRbL) (sRbL) ,

O(Bs )
2 = (sLbR) (sLbR) , (42)

O(Bs )
3 = (sRbL) (sLbR) ,

O(Bs )
4 = (

sLγμbL
) (

sLγ μbL
)

, (43)

and the Wilson coefficients are:

c(K )
1 = z2

hsRdL

m2
h

+
2

∑

j=1

z2
Hj sRdL

M2
Hj

−
2

∑

j=1

z2
A j sRdL

M2
A j

, (44)

c(K )
2 = z2

hsLdR

m2
h

+
2

∑

j=1

z2
Hj sLdR

M2
Hj

−
2

∑

j=1

z2
A j sLdR

M2
A j

, (45)

c(K )
3 = zhsRdL zhsLdR

m2
h

+
2

∑

j=1

zHj sRdL zHj sLdR

M2
Hj

−
2

∑

j=1

zA j sRdL zA j sLdR

M2
A j

, (46)

c(Bd )
1 =

z2
hdRbL

m2
h

+
2

∑

j=1

z2
HjdRbL

M2
Hj

−
2

∑

j=1

z2
A j dRbL

M2
A j

, (47)

c(Bd )
2 =

z2
hdLbR

m2
h

+
2

∑

j=1

z2
HjdLbR

M2
Hj

−
2

∑

j=1

z2
A j dLbR

M2
A j

, (48)

c(Bd )
3 = zhdRbL

zhdLbR

m2
h

+
2

∑

j=1

zHj dRbL
zHj dLbR

M2
Hj

−
2

∑

j=1

zA j d RbL
zA j dLbR

M2
A j

, (49)
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c(Bs )
1 = z2

hsRbL

m2
h

+
2

∑

j=1

z2
Hj sRbL

M2
Hi

−
2

∑

j=1

z2
A j sRbL

M2
A j

, (50)

c(Bs )
2 = z2

hsLbR

m2
h

+
2

∑

j=1

z2
Hj sLbR

M2
Hj

−
2

∑

j=1

z2
A j sLbR

M2
A j

, (51)

c(Bs )
3 = zhsRbL zhsLbR

m2
h

+
2

∑

j=1

zHj sRbL zHj sLbR

M2
Hj

−
2

∑

j=1

zA j sRbL zA j sLbR

M2
A j

, (52)

Furthermore, the following relations have been taken into
account:

˜M f = (

M f
)

diag = V †
f L M f V f R,

f(L ,R) = V f (L ,R)
˜f(L ,R),

f i L
(

M f
)

i j f j R = ˜f kL
(

V †
f L

)

ki

(

M f
)

i j

(

V f R
)

jl

˜fl R = ˜f kL
(

V †
f L M f V f R

)

kl
˜fl R = ˜f kL

(

˜M f
)

kl

˜fl R = m f k ˜f kL ˜fkR,

k = 1, 2, 3 . (53)

Here, ˜fk(L ,R) and fk(L ,R) (k = 1, 2, 3) are the SM fermionic
fields in the mass and interaction bases, respectively.

On the other hand, the K − K̄ , B0
d − B̄0

d and B0
s − B̄0

s
meson mass differences are given by:


mK = 
m(SM)
K + 
m(N P)

K ,


mBd = 
m(SM)
Bd

+ 
m(N P)
Bd

,


mBs = 
m(SM)
Bs

+ 
m(N P)
Bs

, (54)

where 
m(SM)
K , 
m(SM)

Bd
and 
m(SM)

Bs
stand for the SM con-

tributions, while 
m(N P)
K , 
m(N P)

Bd
and 
m(N P)

Bs
arise from

new physics effects.
In the model under consideration, we find the following

new physics contributions to the K−K̄ , B0
d− B̄0

d and B0
s − B̄0

s
meson mass splittings:


m(N P)
K = g2

X

9m2
Z ′

∣

∣

(

V ∗
DL

)

32 (VDL)31

∣

∣

2
f 2
K BKηKmK

+8

3
f 2
KηK BKmK

[

k(K )
2 c(K )

3 + k(K )
1

(

c(K )
1 + c(K )

2

)]

(55)


m(N P)
Bd

= g2
X

9m2
Z ′

∣

∣

(

V ∗
DL

)

31 (VDL)33

∣

∣

2
f 2
Bd BBdηBdmBd

+8

3
f 2
BdηBd BBdmBd

[

k(Bd )
2 c(Bd )

3 + k(Bd )
1

(

c(Bd )
1 + c(Bd )

2

)]

(56)


m(N P)
Bs

= g2
X

9m2
Z ′

∣

∣

(

V ∗
DL

)

32 (VDL)33

∣

∣

2
f 2
Bs BBsηBsmBs

+8

3
f 2
BsηBs BBsmBs

[

k(Bs )
2 c(Bs )

3 + k(Bs )
1

(

c(Bs )
1 + c(Bs )

2

)]

(57)

In our numerical analysis, we use the following numerical
values of the meson parameters [188–194]:


mK = (3.484 ± 0.006) × 10−12MeV,


m(SM)
K = 3.483 × 10−12MeV

fK = 160MeV, BK = 0.85, ηK = 0.57,

k(K )
1 = −9.3, k(K )

2 = 30.6, mK = 497.614MeV, (58)
(


mBd

)

exp = (3.337 ± 0.033) × 10−10MeV,


m(SM)
Bd

= 3.582 × 10−10MeV,

fBd = 188MeV, BBd = 1.26, ηBd = 0.55,

k(Bd )
1 = −0.52, k(Bd )

2 = 0.88, mBd = 5279.5MeV, (59)
(


mBs

)

exp = (104.19 ± 0.8) × 10−10MeV,


m(SM)
Bs

= 121.103 × 10−10MeV,

fBs = 225MeV, BBs = 1.26, ηBs = 0.55,

k(Bs )
1 = −0.52, k(Bs )

2 = 0.88, mBs = 5366.3MeV, (60)

We plot in Fig. 4 the allowed region in themZ ′ −gX plane,
consistent with the constraint arising from B0

d − B̄0
d (left-plot)

and B0
s − B̄0

s (right-plot) mixings. In our numerical analysis
we have considered a simplified benchmark scenario where
the couplings of the flavor violating neutral Yukawa inter-
actions responsible for the B0

d − B̄0
d and B0

s − B̄0
s mixings

take values of about 2 × 10−4 and 10−3 , respectively. Fur-
thermore, we have set MH1 = 1.2 TeV, MH2 = 1.3 TeV,
MA1 = MA2 = 1 TeV and the Z ′ mass has been taken to
be in the range 6 TeV� mZ ′ � 10 TeV. As seen from Fig.
4, the B0

d − B̄0
d and B0

s − B̄0
s meson oscillations caused by

the flavor changing neutral interactions reach values close
to their experimental upper limits, thus giving rise to the
allowed regions in the gX −mZ ′ plane consistent with these
constraints. On the other hand, concerning the K 0 − K̄ 0

mixing, we have numerically checked that in the aforemen-
tioned simplified benchmark scenario and above-described
region of parameter space with a corresponding flavor violat-
ing Yukawa coupling of the order of 0.5×10−5, the obtained
values for the 
mK are consistent with the meson oscilla-
tion experimental data. It is worth mentioning that in our
numerical analysis we have considered the case of real down
quark Yukawa couplings, which implies that CP violation
in the quark sector only arises from the up-type quark sec-
tor. Therefore, the constraints that are usually imposed on
any possible new contributions to the K 0 − K̄ 0, B0

d − B̄0
d

and B0
s − B̄0

s meson oscillations, arising from CP-violating
processes, are not relevant for our case.
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Fig. 4 Allowed region in the mZ ′ − gX plane consistent with the constraint arising from B0
d − B̄0

d (left-plot) and B0
s − B̄0

s (right-plot) mixings.
Here we fix the couplings of the flavor violating neutral Yukawa interactions as 2 × 10−4 and 10−3 for the left and right plots, respectively

6 Dark matter

Both the SU (2)L ×U (1)Y ×U (1)X gauge symmetry and the
Z4 discrete symmetry are spontaneously broken, whereas the
Z2 symmetry is preserved. This Z2 conservation implies that
the particles carrying a non trivial Z2 charge always couple
in pairs, and therefore the lightest of the electrically neutral
Z2 odd particles is a dark matter candidate. The considered
model contains two kinds of candidates: the fermion singlet
�nR and the scalar singlets that are either ϕ1 or ϕ2. The fields,
ϕ1, �nR , carry the X charge but theϕ2 does not. Except for the
Yukawa interaction of ϕ2 with new fermions 	mR, �nR , the
ϕ2 has only quartic scalar interactions. Thus, the ϕ2 mainly
annihilates into W+W−, Z Z , t t̄, bb̄, HH via a scalar portal
interaction, and the relic density is governed by Higgs portal
interactions and takes the form [195]

	h2 � 0.1

(

mϕ2

λe f f × 1.354TeV

)2

, (61)

where λe f f is an effective coupling, which depends on all
trilinear Higgs couplings of ϕ2 with the remaining Higgs. In
order to consistently reproduce the experimental value of the
dark matter relic density [196], 	h2 = 0.1198 ± 0.0026, the
mass mϕ2 has to fulfill the constraint, mϕ2 < λe f f ×1.5TeV.
If the effective coupling is in the range 0.5 < λe f f < 1.5,
the dark matter mass satisfies 0.75TeV < mϕ2 < 2.25TeV.
Since ϕ2 is a gauge singlet scalar, it is electrically neutral,
and then it only scatters off in a quark antiquark pair via SM
Higgs portal interaction, which has a rate proportional to the
quartic coupling of ϕ2

2 H
2, denoted as λD . The tree-level SM

Higgs exchange produces a spin-independent cross section

given by [197]:

σϕ2−p,n � 3.88 × 10−45
(

λD

0.5

)2 (

2TeV

mϕ2

)2

cm2. (62)

This scattering cross-section reaches the direct detection
limit from the XENON1T experiment [198] for dark mat-
ter mass around 2TeV and effective coupling λD � 0.5.

Unlike ϕ2, ϕ1 carries a X-charge. Thus, if ϕ1 is a dark matter
candidate, it will scatter off a nucleon not only through the
exchange of the Higgs, but also via the exchange of a new
neutral gauge boson. This obeys direct detection limits from
the XENON1T experiment [198], and yields the correct relic
density if the dark matter mass is heavier than 3TeV, (see in
[199]).

Let us now assume that the dark matter is the neutral
fermion, denoted �. This is a SU (2)L singlet which does
not carry hypercharge, but carries a U (1)X charge. Thus, the
interaction of two dark matter candidates � with a new neu-
tral gauge boson, called ZX , determines the dark matter phe-
nomenology. �n annihilates into SM particles through the
exchange of a new gauge boson. The relic density is given as
[200]

	�h
2 � 0.1pb

( α

150GeV

)−2 ( m�

2.86TeV

)2
, (63)

where
(

α
150GeV

)2 � 1pb. This relic density satisfies the
experimental value [196] if and only if m� > 3.13TeV.
At the tree-level, the dark matter �N scatters off nuclei
via the exchange of the gauge boson ZX . In the limit,
m� > 3.13TeV, the cross-section of this scattering is pre-
dicted to be consistent with the XENON1T experiment (see
[92,195,199]).
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7 Leptogenesis

Before counting flavored CP−asymmetry parameters from
the decay of each heavy pseudo-Dirac neutrinos, we must
rotate the sterile neutrinos νaR, NaR , into their mass basis.
As previously mentioned, the sterile neutrinos form three
pairs of quasi-degenerate pseudo-Dirac fermions due to the
small μ−parameter, which is generated at two loop level. The
eigenstates

(

N+
aR, N−

aR

)

, corresponding to the eigenvalues
(

M+
ν ,−M−

ν

)

, are related to (νRa, NRa) through:

N+
aR = 1√

2
(νaR + NaR) ,

N−
aR = i√

2
(νaR − NaR) . (64)

Henceforth, the Yukawa interactions of νaR, NaR can be
modified and written on the new basis as follows

−Ll
Y 	

3
∑

i=1

3
∑

a=1

yν
iali L˜φ2

(

N+
aR − i N−

aR

)

√
2

+
3

∑

a=1

2
∑

n=1

(xN )aj

(

N+
aR + i N−

aR

)

√
2

�C
nRϕ1 (65)

The lepton asymmetry is generated from the decay of the
lightest pair of pseudo-Dirac neutrinos, called (N±), and it
can be enhanced due to a resonance effect [201–203]. If (N±)

couples only with a SM lepton, the washout factor is deter-
mined from the inverse decay of the SM lepton and Higgs
into the pair of pseudo-Dirac neutrinos. Since the washout
factor has a quadratic suppression with the μ− parameter
[204,205], the smallness of μ can naturally suppress the
washout factor. However, in our model, the μ−parameter
can be small in a technically natural way since it is generated
at the two-loop level. Therefore, in addition to the inverse
decay lH± → N± → lH

±
, the model creates new washout

processes: lH
± → N± → �Rϕ1 (see Eq. (65)). In the

high-temperature region (temperature larger than the inverse
see-saw scale), new washout processes can be avoided if the
Yukawa couplings (xNaj ) are very suppressed. This is unrea-
sonable, because the μ−parameter is generated at two loop
level, as shown in Eq. (26). If the temperature of the Universe
drops below the see-saw scale, the inverse decays producing
NaR fall out of thermal equilibrium, and thermal leptogenesis
can happen. Assuming that the fermions �nR are heavier than
the lightest pseudo-Dirac pair, (N±), the lepton asymmetry
generates via the decay of the lightest pair of pseudo-Dirac
(N± ≡ N±

1 ) to the SM Higgs and lepton doublets and has
the following form

� [

(yν)†yν(yν)†yν
]

11

8π A±
r

%r2 + �2∓
m2

N∓

by :
�

{(

[

(

yN+
)† (

yN−
)

]2
)

11

}

8π A±
r

r2 + �2∓
m2

N∓

(66)

where yN± = y(ν)√
2

(

1 ± 1
4 M

−1μ
)

, r ≡ m2
N+−m2

N−
mN+mN−

, A± =
(

(yν)†yν
)

11, �± ≡ A±mN±
8π

. In the weak and strong washout
region, the approximate baryon asymmetry is estimated as

ηB = εN±
g∗

for Kef f
N± 
 1,

ηB = 0.3εN±

g∗Kef f
N± (ln Kef f

N± )0.6
for Kef f

N± � 1. (67)

Here, g∗ � 118 is the number of relativistic degrees of free-
dom. In the leptogenesis epoch, the effective washout param-
eter is defined as

Kef f
N± �

(

�+ + �−
H

) (

mN+ − mN−

�±

)2

(68)

where H =
√

4π3g∗
45

T 2

MPl
is the Hubble constant. For a suc-

cessful leptogenesis and inverse see-saw mechanism, we
have to choose the parameter space including four Yukawa
couplings yν, yN , xN , x� , two VEVs v2, vσ , and as well
as the masses of 	n, �n,�[ϕi ],�[ϕi ]. To study this result
more quantitatively it is convenient to use the Casas–Ibarra
parametrization [206,207] of the Yukawa coupling yν , as
follows

yν = vσ

v2

(

UPMNSM
1
2
ν Rμ− 1

2 yN
)

. (69)

In this parametrization, R is a complex orthogonal matrix
that has the general form

R =
⎛

⎝

cycz −sxczsy − cx sz sx sz − cx sycz
cysz cxcz − sx sysz −czsx − cx sysz
sy sxcy cxcy

⎞

⎠ , (70)

where cx = cos x, sx = sin x and so on, with x, y, z ∈ C .
Here U PMNS is the Pontecorvo–Maki–Nakagawa–Sakata
mixing matrix for the lepton sector, while Mν = Diag
(mν1,mν2 ,mν3) is a diagonal light active neutrino mass
matrix. The current best fit values for the light neutrino
masses, mixing angles and the CP violation phase of UPMNS

are given in [208]. In order to reduce the number of free
parameters, we need to take some assumptions. Therefore,
we fix the three complex mixing angles x = 0, y = z =
�[θ ] + i�[θ ]. Notice that the values of the Yukawas yν

i j
are sensitive to the �[θ ] but not sensitive to �[θ ]. Addi-
tionally, we assume that Y (N ) is a diagonal matrix and is

123



Eur. Phys. J. C            (2022) 82:63 Page 13 of 19    63 

Fig. 5 The washout parameter as a function of the �[θ]

Fig. 6 The washout parameter as a function of the �[θ]. Left panel: �[θ] = 0.005, right panel: �[θ] = 1.5

Fig. 7 Estimating the baryon asymmetry in the weak-washout regime. Left panel: log-plot of the baryon asymmetry as a function of the �[θ].
Right panel: log-plot the baryon asymmetry as a function of the �[θ]

fixed as Y (N ) = Diag(0.5, 0.9i, 1.8). Two VEVs are cho-
sen as v2 = 24.6 GeV, vσ � 5 × 103 GeV . These choices
guarantee that the gauge interactions of N±

1 decouple at the
leptogenesis epoch [209,210]. In the perturbative region, the
Yukawa coupling given in (65) has to satisfy the condition:
(yν)2

i j < 4π . Thus, the large-value domain of �[θ ] is inhib-
ited, namely −2 < �[θ ] < 2. With the above choices, the

mass of light neutrinos can approach the experimental limit
[208] when μ satisfies: μ � 1keV.

Figure 5 show the strong sensitivity of the washout param-
eter with respect to �[θ ], especially in the region of small
values of �[θ ]. The strong washout regime, Kef f � 1, cor-
responds to small values of �[θ ] (left panel), while the weak
washout regime, Kef f 
 1 corresponds to large values of
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Fig. 8 Estimating the baryon asymmetry in the strong-washout regime. Left panel: Plot of the baryon asymmetry as a function of the �[θ]. Right
panel: Plot of the baryon asymmetry as a function of the �[θ]

�[θ ] (right panel). For fixed values of �[θ ], the washout
parameter oscillates over �[θ ] (see Fig. 6), and the amplitude
of oscillation increases as the value of �[θ ] decreases. The
washout effect is not affected much by �[θ ].

Figure 7 show the generated baryon asymmetry from a
numerical study of the approximate results of the Boltzmann
equation, given in Eq. (67). In the weak washout regime,
the predicted baryon asymmetry barely reaches the observed
values ηB � 6.08 × 10−10.

In the strong-washout regime, the baryon asymmetry gen-
eration can reach the observed value, for the small phase
entries of the R matrix. For small values of �[θ ], we obtain
the strong washout effect for every choice of �[θ ] (see the
left panel of Fig. 5). However, not every value of �[θ ] pre-
dicts a sufficient amount of baryon asymmetries for the Uni-
verse. The right-panel of Fig. 8 shows the amount of baryon
asymmetry as a function of �[θ ], which seems to drastically
change under variations of �[θ ]. Fixing �[θ ], the behavior of
the baryon asymmetry as a function of the imaginary part of
the complex angle θ appears in the left panel of Fig. 8. It dras-
tically decreases as �[θ ] increases. We conclude that in the
present model leptogenesis is viable with a strong-washout
regime if we include the small phase of the R matrix. The
amount of baryon asymmetry oscillates according to θ , and
the oscillation amplitude can reach the observed value.

8 Conclusions

We have built a 2HDM theory in which both particle content
and symmetry are enlarged. We added several gauge sin-
glet scalars and electrically charged vector-like fermions, as
well as right-handed Majorana neutrinos, with the SM gauge
symmetry being supplemented by aU (1)X × Z2 × Z4 family
symmetry. We have built a renormalizable theory based on
the given particle content, where to the best of our knowledge,

for the first time an inverse seesaw mechanism produces the
SM fermion mass hierarchy. The nonuniversal U (1)X gauge
symmetry and the discrete Z4 symmetry are spontaneously
broken, whereas the Z2 symmetry is preserved, thus allow-
ing to have stable scalar and fermionic dark matter candi-
dates. Our proposed theory is consistent with the observed
SM fermion mass hierarchy, the tiny values for the light active
neutrino masses, the lepton and baryon asymmetries of the
Universe, the dark matter relic density, the meson oscillation
experimental data as well as the muon and electron anoma-
lous magnetic moments.
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