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Abstract
For understanding the hierarchies of fermion masses and mixing, we extend the Standard Model
(SM) gauge group with U(1)X and Z2 symmetry. The field content of the SM is augmented by
three heavy right-handed neutrinos, two new scalar singlets, and a scalar doublet. U(1)X charges
of different fields are determined after satisfying anomaly cancellation conditions. In this
scenario, the fermion masses are generated through higher-dimensional effective operators with
O(1) Yukawa couplings. The small neutrino masses are obtained through type-1 seesaw
mechanism using the heavy right-handed neutrino fields, whose masses are generated by the new
scalar fields. We discuss the flavour-changing neutral current processes that arise due to the
sequential nature of U(1)X symmetry. We have written effective higher-dimensional operators in
terms of renormalizable dimension-four operators by introducing vector-like fermions.

Keywords: fermion mass hierarchies, effective field theory, flavour problem, discrete symmetry

1. Introduction

The Standard Model (SM) of particle physics is the most
successful theory that explains how the fundamental particles
of our universe, such as quarks and leptons, interact with each
other through gauge bosons, and how these particles acquire
masses through the Higgs mechanism.

In the SM, all the charged fermions are directly coupled
to a single scalar doublet known as the Higgs. After sponta-
neous symmetry breaking, the Higgs acquires a vacuum
expectation value (VEV), and the charged fermions gain
masses. Experimentally, we know that the masses of these
particles vary over a wide range of magnitudes. The mass of
each charged fermion is equal to the VEV of the Higgs
multiplied by the corresponding Yukawa coupling of the
particular fermion field with the Higgs. The different fermion
masses are obtained by varying the Yukawa couplings. For
example, the Yukawa coupling for the top quark differs from
that of the electron by about 106. Neutrino masses are
expected to be even smaller, of the order of 0.1 eV. If one
aims to generate neutrino masses in the SM scenario, similar
to charged fermions, light right-handed neutrinos field is
required to be introduced. However, the corresponding
Yukawa couplings for neutrinos with the Higgs would need to
be much smaller, about 10−12 times the Yukawa coupling of

the top quark. There is no explanation for such a wide range
of variation in Yukawa couplings within the SM framework.

Additionally, the mixing between the 1st and 2nd gen-
erations of quarks is large, while the mixing between the 2nd
and 3rd generations, as well as between the 1st and 3rd
generations, is very small. There is no explanation for this
mixing pattern within the SM. A complete flavor theory
should address all these issues, collectively known as the
‘flavor puzzle’ of the SM. For a basic introduction to flavor
physics and mass matrix models, see, for example, [1–9].

Flavor problems for charged fermions with different
symmetries involving various fields have been studied by
different authors [10–15]. Later, in [16–19], the authors
explain neutrino masses and mixing. This type of work,
involving different types of Abelian flavor symmetries, has
been studied in various contexts [20–31]. Apart from Abelian
symmetries, there are other approaches to explain the hier-
archies of fermion masses. These include the left-right sym-
metric model [32, 33], non-Abelian gauge symmetries
[34, 35], hierarchical fermion wave functions [36], strong
dark-technicolor dynamics, multi-fermion condensates
[37, 38], discrete symmetries [39–41], and so on.

The smallness of the Yukawa couplings of fermions,
except for the top quark, suggests that they may not directly
interact with the Higgs, and their masses may not be directly
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linked to the Higgs VEV. These small Yukawa couplings
could be explained by introducing higher-dimensional
operators involving new scalar fields. These operators would
have an inverse power of mass dimension, making the
corresponding dimensionless Yukawa couplings of ( ) 1 .
This mechanism is known as the Froggatt–Nielsen (FN)
mechanism [42].

The main idea of the FN mechanism is that different
fermions carry different charges under a new flavor sym-
metry. The difference in FN charge in the Yukawa interaction
is saturated by a number of insertions of new scalar fields
known as flavon fields. Once the new flavon fields acquire
VEV, this new symmetry is broken, and the effective higher-
dimensional operators restore the SM interactions, multiplied
by some power of a small parameter ò, which is equal to the
VEV of the new scalar divided by the cutoff scale of the new
theory. The hierarchy in the SM Yukawa couplings is then
given by the different powers of ò, and all the Yukawa cou-
plings become ( ) 1 .

In this work, we extended the fermion sector of the SM
by adding three heavy right-handed neutrinos, which are
necessary for generating small neutrino masses. We also
added an extra U(1)X symmetry to the SM symmetry group.
Using the anomaly cancellation conditions [22, 43], we
assigned charges to the fermions in such a way that only the
top quark has a direct coupling with the SM Higgs, while
direct couplings between all the light fermions and the Higgs
are forbidden by the new flavor symmetry. This anomaly-free
extra U(1)X symmetry naturally explains the inter-genera-
tional mass hierarchy of quarks and charged leptons. How-
ever, considering only the U(1)X symmetry explains only the
inter-generational hierarchies of fermions. To account for the
intra-generational mass hierarchies of fermion doublets, we
need to introduce a Z2 symmetry along with a new scalar
singlet. The discrete Z2 symmetry is widely used in different
contexts of model building beyond the SM, such as in the
two-Higgs-doublet model [44] and the minimal super-sym-
metric SM [45].

In our model, the Majorana neutrino masses are related to
the U(1)X symmetry breaking scale and are proportional to the
VEVs of the new singlet scalars. There is scope for heavy
right-handed neutrinos having mass around ∼TeV scale.
Signatures of such right-handed neutrinos could be obser-
vable in near-future experiments. To obtain the observed
small neutrino masses using type-I seesaw mechanism, the
Dirac masses of the neutrinos need to be around ∼MeV. We
achieve this by introducing a new scalar doublet with a small
VEV that couples only to neutrinos due to the conservation of
a global lepton number symmetry [46]. The soft breaking of
this global symmetry automatically results in the small VEV
of this new scalar doublet. In this model, tree-level flavor-
changing neutral current (FCNC) effects are predicted, but
they are within experimental bounds.

In section 2, we discuss the details of the model with
U(1)X and Z2 symmetry, along with various field contents and
their charges based on the anomaly cancellation conditions.
The allowed higher-dimensional operators, based on the
symmetries, are also discussed. In section 3, we calculate the

masses and mixings of quarks and charged leptons and hence,
discuss the CKM matrix for quarks. In section 4, we calculate
the small neutrino masses and their mixing using type-I see-
saw mechanism. In section 5, we discuss the scalar potential
of our model. In section 6, we discuss the phenomenological
implications of the various decay channels of the new gauge
boson ¢Z , as well as various rare decays through ¢Z . In
section 7, we discuss a possible ultra-violet (UV) complete
theory by introducing some vector-like fermions with their
charge assignments. In section 8, we calculate benchmark
values of O(1) Yukawa couplings for the fermions to fit their
masses and mixing. In section 9, we present concluding
remarks.

2. The model and formalism

If we normalize the top quark mass as 1, then the masses of all
other charged fermions, as well as the mixing angles of
quarks, can be expressed in terms of a small parameter ò. For
example, if we consider 0.02< ò< 0.03, the masses of quarks
and charged leptons, along with the quark mixing angles, can
be written as powers of ò :
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where q=s sinij
q

ij
q and qij

q is the mixing angle between the ith
and jth flavors of quarks. We can generate this kind of sup-
pression in the masses of quarks and charged leptons, as well
as the mixing angles of quarks, if the mass matrices of up-
type, down-type quarks, and charged leptons take the fol-
lowing form :
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To obtain mass from these mass matrices, we have to diag-
onalize them. Since these matrices are not Hermitian, we must
diagonalize them using bi-unitary transformations. Following
the notation of [47], we can write

( )

†

† †

† †

=
=

=

m S mR

m S mm S

m R m mR

,

,

, 3

D

D

D

2

2

where mD is the diagonalized matrix corresponding to m, and
S and R are the two unitary matrices. In other words, we can
say that the eigenvalues of m†m or mm† give the mass squared
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of the fermions. The physical mixing matrices for quarks and
leptons are the CKM and PMNS matrices, given by :

( )

†

†
=
= n

V R R

V R R

,

, 4

u d

l
CKM

PMNS

where Ru, Rd, Rl, and R ν correspond to the R matrix in
equation (3) for m corresponding to up-type quarks, down-type
quarks, charged leptons and neutrinos, respectively. The CKM
and PMNS matrices can be parameterized by three angles and
one phase in the standard parameterization as in [48] :
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where q=s sinij ij and q=c cosij ij, and δ is the CP-violating
phase and Majorana phases of PMNS matrix are not shown
here. Our main goal is to explain the hierarchy of fermion
masses and mixing. The primary motivation for this work is to
generate a kind of mass matrix, as shown in equation (2),
through a symmetry principle in a minimal setup. Let the U(1)X
charges of the fermions be given by :
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where QiL= (u, d)iL are left-handed quark doublets (i= 1, 2, 3
for the 1st, 2nd, and 3rd generations, respectively), uiR are the
right-handed up-type quarks, diR are the right-handed down-
type quarks, ( )n=L e,iL iL are left-handed lepton doublets, eiR
are the right-handed charged leptons and NiR are the right-
handed heavy neutrinos. The anomaly cancellation conditions
are:
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It is noteworthy that, in the SM, the charges associated with
different generations of fermions are identical. However, in our
model, these charges are taken to differ across generations to
establish mass hierarchies. This choice allows for anomaly

cancellation to be managed generation by generation, which
avoids the need for more complex solutions that might hinder
achieving the desired mass hierarchies. Among the six anomaly
cancellation conditions, only four are independent, so we can
freely select two of the six charges. Using these conditions, the
various U(1)X charges can be expressed in terms of n1 and n2 as
follows:
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To create the matrix structure as shown in equation (2), we
need to assign sequential U(1)X charges. If we take
( ) ( )=n n n, , 0, 0, 01

1
1
2

1
3 and ( ) ( )=n n n, , 3, 1, 02

1
2
2

2
3 for the

1st, 2nd, and 3rd generations, respectively, then the charges of
the other fields are:
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If the scalar sector our model, includes one Higgs doublet and a
scalar singlet χ1, with U(1)X charges of 0 and −1, respectively,
then only the third generation of quarks and charged lepton
obtain masses from renormalizable dimension-4 operators
through the Higgs doublet f. Also, in this case, the second and
first generations of quarks and charged leptons receive masses
from dimension-5 and dimension-7 operators, respectively, via
the scalar singlet χ1. Although this structure naturally generates
a hierarchical mass pattern among the generations of charged
fermions. However, hierarchy of masses in up-type and down-
type quarks and charged leptons cannot be obtained. To
address the hierarchy, we introduce an additional scalar singlet
χ2, which couples only to the second and third generations of
down-type quarks and charged leptons. This coupling structure
is enforced by adding a Z2 symmetry with suitable charge
assignments. As a result, the first generation of all charged
fermion masses are obtained from a dimension-7 operator,
while the second and third generations of up-type quark masses
are obtained from dimension-5 and dimension-4 operators,
respectively. Likewise, the second and third generations of
down-type quark and charged lepton masses are obtained
through dimension-6 and dimension-5 operators, respectively,
as described later in equation (10) in the next section. The
neutrino masses and mixing can be explained by type-I seesaw
mechanism, as discussed in section 4. Table 1 summarizes the
charge assignments for all particles under the various sym-
metries in our model.

We introduce a neutrino-philic scalar doublet, denoted by
η, to enable the neutrinos to acquire a Dirac mass indepen-
dently of the SM Higgs doublet. The VEV of η is kept small
by explicitly breaking the global lepton number symmetry
U(1)L, as elaborated in section 5.
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3. Mass and mixing of charged fermions

With respect to the charge assignment shown in table 1, the
Yukawa Lagrangian for charged fermions is given by :
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where hij are the Yukawa couplings, and the superscripts u, d
and l refer to up-type quarks, down-type quarks and charged
leptons, respectively. After the flavor symmetry breaking, the
scalar fields χ1 and χ2 acquire VEVs. If we define =

L
v1 and

= ¢
L

v2 , where v1 and v2 are the VEVs of χ1 and χ2,
respectively, then the Yukawa Lagrangian for quarks is given
by :
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Then, the mass matrices of the up-type and down-type quarks
become :
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where v is the VEV of the Higgs field. We will obtain the
masses of the quarks by diagonalizing the above mass

matrices. These matrices are not hermitian, so we need to
diagonlize following hermitian:
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For up-type and down-type quarks, replace x with xu and xd,
respectively and replace h with hu and hd, respectively.
Following [47], we obtained the masses of the quarks in the
leading order of òʼs as :
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The mixing angles of up-type quarks and down-type quarks in
the leading order of òʼs are given as:
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Table 1. Charges of scalar and fermion fields.

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

( )=Q u d,iL iL 3 2 1/6 (0, 0, 0) (+, +, +) 0
uiR 3 1 2/3 (3, 1, 0) (+, +, +) 0
diR 3 1 −1/3 (−3, −1, 0) (+, −, −) 0

( )n=L l,iL iL 1 2 −1/2 (0, 0, 0) (+, +, +) 1
eiR 1 1 −1 (−3, −1, 0) (+, −, −) 1
NiR 1 1 0 (3, 1, 0) (+, +, +) 0
f 1 2 1/2 0 + 0
χ1 1 1 0 −1 + 0
χ2 1 1 0 0 — 0
η 1 2 1/2 0 + −1
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We can write the mixing matrices for up type and down type
quarks in the leading order of òʼs are :
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R

s s

s s

s s s s

1

1

1

,

1

1

1

. 19

u

u u

u u

u u u u

d

d d

d d

d d d d

12 13

12 23

12 23 13 23

12 13

12 23

12 23 13 23

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

From equation (4), the CKM matrix in the leading order of òʼs
is given by:

( )

( )
( ( ) ) ( )

†= » - +

+ - +

20

V R R

s s

s s s

s s s s s s

.

1

1

1

.u d

d d

d d u

d d u d d u

CKM

12 13

12 23 23

12 23 23 13 23 23

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

By following the same approach, we can write the Yukawa
interactions for charged leptons after the new scalar fields χ1

and χ2 acquire their VEVs as:

¯ ¯
¯ ( )

f f

f

= + ¢

+ ¢ +

 



 h L e h L e

h L e h.c . 21
l
Y

i
l

iL R i
l

iL R

i
l

iL R

3
1 1 2 2

3 3

Then we can write the mass matrix of charged leptons as:

( )†

=
¢ ¢

¢ ¢

¢ ¢

=
¢ ¢

¢ ¢ ¢

¢ ¢ ¢

  

  

  

    

    

   

m

h h h

h h h

h h h

v

m m

x x x

x x x

x x x

v

2
,

2
, 22

l

l l l

l l l

l l l

l l

l l l

l l l

l l l

11
3

12 13

21
3

22 23

31
3

32 33

11
6

12
4

13
3

12
4

22
2 2

23
2

13
3

23
2

33
2

2

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

where xlij is same as defined in equation (14) with the repla-
cement of xij by xlij and hij by hij

l . After diagonalizing we get
the masses and mixing angles of charged leptons in the
leading order of òʼs as:

( )

( )

»
+ -

-

- ¢ ¢

m t 

 

m m m
x x x x x x x

x x x

x
x

x
x

v

, , ,

,
2

, 23

e

l l l l l l l

l l l

l
l

l
l

11 23
2

12
2

33 11 22 33

23
2

22 33

3

22
23

2

33
33

⎛

⎝
⎜

⎞

⎠
⎟

( )

( )

»
-
- ¢ ¢









s s s

x x x x

x x x

x

x

x

x
, , , , .

24

l l l
l l l l

l l l

l

l

l

l12 23 13
13 23 12 33

23
2

22 33

2
23

33

13

33

3⎛

⎝
⎜

⎞

⎠
⎟

Then the rotation matrix for charged leptons in the leading
order can be written as:

( )

( )=

-

R

s s

s s

s s s s

1

1

1

. 25l

l l

l l

l l l l

12 13

12 23

12 23 13 23

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

4. Mass and mixing of neutrinos

Unlike the mass generation of up-types quarks, we need to
consider another mechanism to explain the very small masses
of the three active neutrinos. Here, we consider type-I seesaw
mechanism to explain the small neutrino masses. We know
that the mass of active neutrinos is at most on the order of
0.1 eV. In our model, the heavy right-handed neutrinos are
charged under the new U(1)X symmetry, so their masses are
related to the symmetry-breaking scale of U(1)X. If this scale
is required to be around 1 TeV, then the Dirac mass MD in the
seesaw mechanism should be on the order of ∼1MeV to
obtain the appropriate small light neutrino masses. We
introduce a new scalar doublet that couples only to neutrinos.
This can be achieved by assigning the lepton number of the
heavy right-handed neutrino to L= 0, which prevents the
Yukawa interaction of neutrinos with the SM Higgs. Addi-
tionally, we introduce a new scalar doublet η with a lepton
number L=−1 [46]. The Yukawa Lagrangian for neutrinos
can then be written as:

¯ ˜ ¯ ˜

¯ ˜

¯

¯ ¯

¯

¯

¯ ¯

¯
¯ ( )

c
h

c
h

h
c

c

c
c

c
c

c
c

c
c

c
c

c

c

c

=
L

+
L

+

+
L

+
L

+
L

+
L

+
L

+ +
L

+

+ +

n
n n

n



*

h L N h L N

h L N

h N N

h N N h N N

h N N

h N N

h N N h N N

h N N

h N N h.c . 26

Y
i iL R i iL R

i iL R

m
R
c

R

m
R
c

R
m

R
c

R

m
R

c
R

m
R

c
R

m
R

c
R

m
R

c
R

m
R

c
R

m
R

c
R

1
3

1 1
1

2 2

3 3

1
5

11 1 1 1

1
3

12 1 1 2
1

2

13 1 1 3

1
3

21 1 2 1

1
22 1 2 2

23 1 2 3
1

2

31 1 3 1

32 1 2 3

33 2 3 3

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

The effective Yukawa interactions for neutrinos, after the new
scalar singlets acquire VEVs, take the form:

¯ ˜ ¯ ˜
¯ ˜ ¯

¯
¯ ¯

¯ ¯
¯

¯ ¯ ( )

h h
h

= +

+ +
+
+ +
+ +
+
+ + +

n
n n

n

 





 





 h L N h L N

h L N v h N N

v h N N

v h N N v h N N

v h N N v h N N

v h N N

v h N N v h N N h.c . 27

Y
i iL R i iL R

i iL R
m

R
c

R
m

R
c

R
m

R
c

R
m

R
c

R
m

R
c

R
m

R
c

R
m

R
c

R
m

R
c

R
m

R
c

R

3
1 1 2 2

3 3
5

1 11 1 1

3
1 12 1 2

2
1 13 1 3

3
1 21 2 1

1 22 2 2 1 23 2 3

2
1 31 3 1

1 23 2 3 2 33 3 3
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The corresponding Dirac and Majorana mass matrices for
neutrinos are given by :

( )

=

=

¢

n n n

n n n

n n n

h
 

 

 

  

 

  

M

h h h

h h h

h h h

v

M

h h h

h h h

h h h

v

2
,

2
, 28

D

R

m m m

m m m

m m m

11
3

12 13

21
3

22 23

31
3

32 33

11
5

12
3

13
2

21
3

22 23

31
2

32 33

1

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

where vη is the VEV of η, and v1 and v2 are VEVs of χ1 and
χ2. Using the seesaw formula [49–52], we obtain the light
neutrino mass matrix as :

» -n
-M M M MD R D

1 T

Here, we have taken all the off-diagonal Yukawa couplings of
the Dirac mass matrix and the Majorana mass matrix as well
as hm

22, to be equal to 1. After diagonalizing this effective light
neutrino mass matrix, we obtain the three light neutrino
masses as:

The neutrino mixing angles are obtained by following
[9, 40] as:

Since all off-diagonal elements of the charged lepton rotation
matrix R l in equation (25) are suppressed by at least one
power of òʼs, we can say that the rotation matrix corresp-
onding to the charged leptons is almost an identity matrix.
Therefore, the PMNS matrix becomes:

( )† †= »n nV R R R . 32l
PMNS

The masses in equation (30) and the mixing angles in
equation (31) can satisfy both the normal and inverted
hierarchy of neutrino mass-squared differences and
mixing angles with ( ) 1 values of dimensionless Yukawa
couplings.

5. Scalar potential

As we discuss above for explaining the fermion masses with
O(1) Yukawa couplings, we need the VEVs of the scalar
doublets of our model to be hierarchical in nature and the

VEVs of scalar singlets are higher than the SM Higgs VEV.
We can achieve this kind of VEVs of our model simply by

( )

( )

( )

( )»-

- +
-

- + - +
-

- + - +
-

- + - +
-

- +

- + - - +

h

n n n n n n

n n n n n n n
n n n

n n n n n n

v

v

h h h

h

h h h h h

h

h h h h h

h

h h h h h

h
h h h

h h h h h h

2

2

1

1

1
1

1

1

2 4 2

1
1

1 1 1

. 29

m

m

m

m

m

m

m m

m

2

1

11
2

11 11

11

11 11 22 22 11

11

11 11 22 22 11

11

22 2
2

11 22 11

11
33 22 33

33 22 33 33 33 33

⎛

⎝

⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟

[ ( )] ( ( ) ) ( ( ) )
( ( ) ( ) )

( ( ( ) ( ) ) )
( )( )

[( ) ]
( )

»
- - + - + + - + - +

- - + - + - + -

»
- - + - + - + -

- -

» -

n

n n n n n n n n n n n n

n n n n n n n n
h

n

n n n n n n n n

n n
h

n
n n h







m
h h h h h h h h h h h h h h

h h h h h h h h h h

v

v

m
h h h h h h h h h h

h h h

v

v

m h h
v

v

1 2 2 4 1 2 1 2

2 2 3 2 1 2
,

2 2 3 2 1

2 1 2
,

2
2

.

30

m m

m m

m m

m

1
11 22 33

2
11 22 33 22 33 33 22 22 11 33 11
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2

1

2
33 22 11 22 33 22 22 33 33 11

33 33 11

2

1

3 33 33

2

1

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

( )
( )

( )
( ) ( )

( )

»
- + + -
+ - - +

- +
- -

- - +
+ - - +

+
-

n n n
n n n n

n n n

n n n
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n n n n
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h h h h h

h h h h h

h h h

h h h

h h h h

h h h h h h

, ,
1

2 4 2
,

1

1
,

1 1

2 4 2

1

2
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m
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m
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adding some soft lepton number symmetry breaking term as
in [22, 46]. Let us discuss the scalar potential of the models
for generating those hierarchical VEVs. The scalar potential
of our model is given by

( ) ( ) ( )

( ) ( )( ) ( )( )

( )( ) ( )( )

( )( ) ( )( )

( )
( )

† † † †

† † †

† † † † †

† † † †

† † † †

† †

m m h h m c c m c c

l l h h l c c

l c c l h h l h h f

l c c l c c

l h h c c l h h c c

m h h

= F F + + +

+ F F + +

+ + F F + ¢ F

+ F F + F F

+ +

+ F + F

V

1

2

1

2

1

2
1

2

,

33

11
2

22
2

33
2

1 1 44
2

2 2

11
2

22
2

33 1 1
2

44 2 2
2

12 12

13 1 1 14 2 2

23 1 1 24 2 2

12
2

where m12
2 is the soft symmetry breaking term which break

lepton number symmetry. Let VEVs of f, η, χ1, χ2 be
respectively v, vη, v1, v2. If we consider m11

2 , m33
2 and m44

2 as

positive and m22
2 as negative and m m12

2
22
2 , then with the

minimization of the scalar potential, the constrained equations
involving different couplings are as follows :

( )m l l l+ + + »v v v 0, 3411
2

11
2

13 1
2

14 2
2

( )m l l+ + »v v 0, 3533
2

33 1
2

13
2

( )m l l+ + »v v 0, 3644
2

44 2
2

14
2

( )
( )

m

m l l l l
»

-

+ + ¢ + +
hv

v

v v v
. 3712

2

22
2

12 12
2

23 1
2

24 2
2

As m m12
2

22
2 , vη automatically becomes small compared to v

and by adjusting the unknown parameters, λ11, λ13, λ14, λ33,
λ13, m11

2 and m33
2 , it can be possible for the VEVs of χ1 and χ2

to be greater than v.
The singlets are purely responsible for the breaking of the

new symmetry and giving mass to the heavy right-handed
neutrinos. We have considered negligibly small couplings
between the scalar doublets and the singlets. From the two
Higgs doublets, there will be five physical scalars: two neutral
scalars, two charged scalars, and one pseudo-scalar. One of
the neutral scalars behaves like the SM Higgs boson, while
the other scalars have masses approximately ∼μ22,
which should be at the TeV scale to achieve the required
hierarchy between the VEVs of the Higgs doublets and these
scalars may be accessible in future accelerators as discussed
in [46]. To ensure vacuum stability at the tree level, the
couplings should satisfy λ11,22> 0, ( )l l l> -12 11 22

1 2, and
( )l l l l+ ¢ > -12 12 11 22

1 2 [53, 54]. The quartic couplings
cannot be too large, as this could violate unitarity in tree-level
scalar-scalar scattering at sufficiently high scales, which is
known as the perturbative unitarity condition. In our model
this condition can be achieved by considering all |λij| values
smaller than 8π, as discussed in [54–56].

6. Phenomenology of the model

In our model, all fermions couple to a single Higgs doublet,
enabling simultaneous diagonalization of the Yukawa and

fermion mass matrices, thereby preventing tree-level scalar-
mediated FCNCs [57, 58]. While FCNCs may arise at the
one-loop level, the presence of an additional scalar
doublet also influences oblique parameters. The effects of a
second Higgs doublet on Electroweak Precision Tests, parti-
cularly on oblique parameters and various FCNC processes,
are extensively studied in [54], with detailed phenomen-
ological analyses under collider constraints available in [59].
Due to the neutrino-philic nature of the second Higgs doublet
and its minimal overlap with Standard Model fields, the
charged scalars predominantly decay into neutrinos. Conse-
quently, LEP constraints require their masses to exceed
80 GeV, as discussed in [54].

The different generations of up and down-type quarks
and charged leptons have different U(1)X charges, leading to
the possibility of FCNCs mediated by the new gauge boson
¢Z . There will be no mass mixing between Z and ¢Z , as there

is no common VEV that spontaneously breaks both U(1)X and
SU(2)L×U(1)Y [60, 61]. Furthermore, we assume that the
kinetic mixing between Z and ¢Z is negligible. Since ¢Z
couples to quarks and leptons according to the U(1)X charges
given in table 1, the branching ratios of ¢  - +Z e e and

m m¢  - +Z are proportional to ( ) (( )å +=n n3i
i

5
1,2 2

1
3

2
2

( ) ) (( ) ( )+ +n n ni i i
3

2
5

2
6

2 and their ratio is given as :

( )
( )

( )
( )

( )
m m

G ¢ 
G ¢ 

= =
- +

- +

Z e e

Z

n

n
9 . 385

1 2

5
2 2

This ratio can be used to distinguish this model from other
U(1)X models. One interesting feature is that the τ lepton has
zero U(1)X charge, so the t t¢  + -Z decay is not possible in
this model. Therefore, observation of t t¢  + -Z decay
would rule out our model. Since the U(1)X charges for dif-
ferent families of fermions are not diagonal, the gauge
interactions of the new gauge boson with the charged

Figure 1. Feynman diagram for μ→ 3e decay at tree-level through
new gauge boson.
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fermions are given as :

[ ¯ ¯ ¯

¯ ¯ ¯ ]
( )

g g g

g g m g m

= ¢ ¢ + -

- - -
+

m m m

m m m

¢ ¢ ¢ ¢ ¢ ¢

¢ ¢ ¢ ¢ ¢ ¢

 g Z u u c c d d

s s e e

3 3

3

h.c. 39

R R R R R R

R R R R R R

int

Here, m¢ ¢ ¢ ¢ ¢ ¢u d c s e, , , , ,R R R R R R are interaction eigenstates.
To obtain their mass eigenstates, we need to rotate them using
Ru and Rd given in equation (19). The Flavor changing
interaction at leading order is given by:

[( ¯ ¯ ¯ )
( ¯ ¯ )

¯ ( ) ¯

( ) ¯ ] ( )

g g m g t

g g m

g g

g t

= ¢ ¢ - -

- +

+ + -

+ - +

m m m

m m

m m

m

¢



 g Z s c t s s b s

s d s s e

s c u s s s d b

s s s e

4

4 3 4

3 4 h.c . 40

u
R R

d
R

l
R R

d
R R

l
R R

u
R R

d d d
R R

l l l
R R

int 23 23 23

12 12

12
2

13 12 23

13 12 23

As a model prediction, we calculate the branching fractions of
lepton flavor-violating rare decays μ−→ e−e−e+ and
μ−→ e−γ. In our model, the μ→ 3e decay can occur at tree
level through the new gauge bosons, as shown in figure 1,
while the μ→ eγ decay is possible at the one-loop level, as
shown in figure 2.

The branching ratio of the μ→ 3e decay is obtained as:

( ) ( ) ( )m  =
¢

¢
Br e s

g M

g M
3 16 , 41l W

w Z
12

2
4

⎜ ⎟
⎛
⎝

⎞
⎠

where s l
12 is the mixing angle of the first and second gen-

erations of charged leptons, given in equation (24), MW is the
W-boson mass gw is the weak coupling constant, ¢MZ is the
new gauge boson mass and ¢g is the new U(1)X gauge cou-
pling constant. Following [62, 63], we obtain the branching
ratio for μ→ eγ as:

( )

[∣ ∣ ∣ ∣ ] ( )

m g
a

 = -

´ W W + + +
G

m

m
m

m

Br e
m

m

y y y y
m

2
1

, 42

e

l el

2 3

2
1 2 3 4

2

⎜ ⎟
⎛

⎝
⎜

⎛

⎝

⎞

⎠

⎞

⎠
⎟

where α represents the fine structure constant and Γμ is the
total decay width of the muon. The variables y1, y2, y3, and y4
contain the loop contributions which are explicitly provided
in the appendix A. The terms Ωμl and Ωel denote the coupling
strengths of the charged leptons l with the new gauge boson.
These couplings are given by W = ¢m g s4e

l
12, W = ¢mt g s l

23

and ( )W = ¢ -t g s s s4e
l l l

13 12 23 .
The experimental upper bounds for the branching ratios

of μ→ 3e and μ→ eγ are 1.0× 10−12 and 4.2× 10−13,
respectively [48]. These provide a lower bound on ¢MZ for a
given value of ¢g . We have shown the variation of these
branching ratios with the new gauge boson mass while
keeping the new gauge coupling ¢g fixed at 0.2, 0.4 and 0.6 in
figure 3. Here, we calculate the values of the charged lepton

Figure 2. Feynman diagrams for μ→ eγ at one-loop level through new gauge boson, ¢Z .

Figure 3. Branching ratio of μ→ 3e and μ→ eγ for fixed value of gauge coupling constant ¢g . The red line indicate the experimental bound
of the branching ratio. The region above the red line are excluded and below the red line are allowed for the new gauge boson mass.
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mixing angles by taking the values of the Yukawa couplings
and òʼs as given later in section 8.

As we can see from the figure 3, the μ→ 3e decay
provides lower bounds on the ¢MZ mass of 1.8, 3.5, and 5.5
TeV, while the μ→ eγ decay provides lower bounds on the

¢MZ mass of 4, 8, and 12 TeV for ¢ =g 0.2, 0.4 and 0.6. This
means that the μ→ eγ decay gives a more stringent bound on
the ¢MZ mass than that obtained from the μ→ 3e decay.

In the quark sector, the FCNC processes are possible due
to following interaction terms :

( ) ( )
( ) ( )

g g

g

+ +

+
m m

m

d b s b

d s

h.c , h.c ,

h.c. 43

R R R R

R R

2 2

2

These will contribute to the mixing of ¯ -B B0 0, ¯ -B Bs s
0 0, and

¯ -K K0 0 mixing data. As shown in [29], we can find the
contribution of these operators to the mass splitting of the
various mesons as :

( ) ( )
( )

D = ´ - ¢-
¢M s s s g m4.5 10 3 4 GeV ,

44
B

d d d
Z

2
13 12 23

2 2 2 3

( ) ( ) ( )D = ´ ¢-
¢M s g m6.4 10 GeV , 45B

d
Z

2
23

2 2 2 3
s

( ) ( ) ( )D = ´ ¢-
¢M s g m1.9 10 4 GeV . 46K

d
Z

3
12

2 2 2 3

If we take =¢M 10Z TeV and ¢ =g 0.1, then this contribution
and the SM contribution can explain the experimental values
of these mass splittings [48]. For a detailed discussion on
FCNCs in family non-universal models, one can see [64].

7. Renomalizable dimension 4 operator realization

We can describe the effective higher-dimension operators of
equation (10) in terms of dimension-four operators by adding
some vector-like fermions, as shown in table 2.

Due to the vector-like nature of the extra fermions, they
do not create any anomaly [65, 66]. With these charge
assignments of vector-like fermions, we can write the renor-
malizable, dimension-4 Yukawa interactions associated with
up-type quarks as :

¯ ˜ ¯ ¯ ¯

¯ ˜ ¯ ¯

¯ ˜ ( )

f c c c

f c c

f

= + + +

+ + +

+ +

= Q f f f f f f u

Q f f f f u

Q u h.c. 47

u iL
u u u u u

R

iL
u u u

R

iL R

dim 4
0 0 1 1 1 1 2 2 1 1

0 0 1 1 1 1 2

3

The Feynman diagram associated with equation (47) is shown
in figure 4.

Similarly, we can write the renormalizable, dimension-4
Yukawa interactions associated with down-type quarks as :

¯ ¯ ¯ ¯

¯ ¯ ¯

¯ ¯ ( )

f c c c

f c c

f c

= + + +

+ + +

+ + +

= * *

*

Q f f f f f f d

Q f f f f d

Q f f d h.c. 48

d iL
d d d d d d

R

iL
d d d d

R

iL
d d d

R

dim 4
0 0 1 1 1 1 2 2 2 1

0 0 1 2 2 2 2

0 0 2 3

The Feynman diagram associated with equation (48) is
shown in figure 5.

Integrating out the vector-like fermions in figures 4 and 5
reproduces higher-dimensional operators, of equation (10).
The renormalizable, dimension-4 Yukawa interactions asso-
ciated with charged leptons are similar to those of down-type
quarks. For this, it is required to replace fi

d with fi
l, Q̄iL with

L̄iL, and diR with eiR.

8. Benchmark value of Yukawa couplings

We perform a precise fit to the observed masses and mixing
angles using a cost function defined as :

ˆ
( )åc =

á ñ -
D

O O

O
, 49O

i

i i

i

2
2

⎜ ⎟
⎛

⎝

⎞

⎠

where Oi is the observable with a measured value 〈Oi〉±ΔOi

and a theoretical prediction Ôi [27]. For fitting quark masses
and mixing, i runs over six quark masses and three CKM
mixing angles, with the cost function denoted by cQ

2 . For
fitting the charged lepton masses, i runs over the three
charged lepton masses, and the cost function is denoted by

Figure 4. Up type quarks mass generation through dimension four operators.

Figure 5. Down type quarks mass generation through dimension four operators.

Table 2. Charges of vector-like fermions.

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

fi
u 3 1 2/3 (0, 1, 2) (+, +, +)
fi
d 3 1 −1/3 (0, −1, −2) (+, +, +)
fi
l 3 1 −1 (0, −1, −2) (+, +, +)
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cl
2. For fitting the neutrino masses and mixing, i runs over

two neutrino mass-squared differences and the PMNS mixing
angles, with the cost function denoted by cn

2. We minimize
these cost functions to find the optimal values for the Yukawa
couplings that reproduce the observed masses and mixing of
the fermions. The masses of the charged fermions and quark
mixing angles at 1 TeV are given in [67] as :

( ) (
)

( ) (
)

( ) (
) ( )

= 

´

=  ´

´

= 

 ´

t m

-
+

-
+ -

-
+ -

-
+ -

- ´
+ ´

-

-
-

m m m

m m m

m m m

, , 150.7 3.4, 0.532 ,

1.10 10 GeV ,

, , 2.43 0.08, 4.7 10 ,

2.50 10 GeV ,

, , 1.78 0.2, 0.105 ,

4.96 0.000 000 43 10 GeV , 50

t c u

b s d

e

0.073
0.074

0.37
0.43 3

1.3
1.4 2

1.03
1.08 3

9.3 10
9.4 10

4

9

9

( )

q
q
q

= 
= 
= 

sin 0.22650 0.000 48 ,

sin 0.04053 0.000 72 ,

sin 0.003 61 0.0007 . 51

q

q

q

12

23

13

To calculate the values of the Yukawa couplings, we mini-
mize these cost functions by considering = ¢ =  0.0236
and varying the Yukawa couplings in the range of 0.1–4. We
obtain minimum values of cQ

2 and cl
2 as 3.29 and 0.11,

respectively and the corresponding Yukawa couplings for
charged fermions are given by :

( )

=

=

=

h

h

h

0.10 0.30 0.46
3.35 0.10 0.35
0.11 0.44 0.64

,

3.99 0.16 0.19
1.10 1.39 0.50
4.00 0.13 0.18

,

0.10 1.06 0.10
0.24 0.10 0.38
0.10 0.59 0.17

. 52

u

d

l

⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟

For the above values of Yukawa couplings, the masses of the
charged fermions and the mixing angles of the quarks are as
follows:

( )

( ) ( )
( ) ( )
( ) ( )

» ´
» ´ ´

» ´t m

-

- -

-

53

m m m

m m m

m m m

, , 150.57, 0.516 673, 1.101 09 10 GeV,

, , 2.34, 4.52 10 , 2.50 10 GeV,

, , 1.78, 0.105, 4.96 10 GeV,

t c u

b s d

e

3

2 3

4

( )

q
q
q

=
=
=

sin 0.226 456 ,

sin 0.040 529 7,

sin 0.003 532 72. 54

q

q

q

12

23

13

As we can see, these values for quark masses, mixing, and
charged lepton masses provide a good fit within the exper-
imental values of these quantities. Now, the mass-squared
differences and mixing angles of neutrinos for the normal
hierarchy are given in [48] as:

( )
( ) ( )

D =  ´

D =  ´

-

-

m

m

7.53 0.18 10 eV ,

2.453 0.033 10 eV , 55
21
2 5 2

32
2 3 2

( ) ( )

q
q
q

= 
= 
=  ´

n

n

n -

sin 0.307 0.013 ,

sin 0.546 0.021 ,

sin 2.20 0.07 10 . 56

2
12

2
23

2
13

2

These values are the same for the inverted hierarchy, except
for :

( )
( )q

D = -  ´
= n

-m 2.536 0.034 10 eV ,

sin 0.539 0.021 . 57
32
2 3 2

2
23

For our numerical analysis, we take vη= 1 keV and minimize
cn

2 to obtain the neutrino Yukawa couplings for both normal
and inverted hierarchy cases. We find the minimum values of
cn

2 for the normal hierarchy and inverted hierarchy cases to be
0.49 and 2.13, respectively, with the Yukawa couplings for
the normal and inverted hierarchies given by :

( ) ( ) ( )=n n nh h h h, , , 0.52, 1.27, 2.85, 0.92 , 58m
11 22 33 11 Normal

( ) ( ) ( )=n n nh h h h, , , 0.47, 0.20, 2.55, 0.59 . 59m
11 22 33 11 Inverted

All other neutrino Yukawa couplings are equal to 1, as
mentioned in section 4. The neutrino mass squared differ-
ences and mixing angles for the values of the Yukawa cou-
plings obtained for fitting the normal hierarchy are :

( )
D = ´

D = ´

-

-

m

m

7.5293 10 eV ,

2.452 44 10 eV , 60
21
2 5 2

32
2 3 2

( )

q
q
q

=
=
= ´

n

n

n -

sin 0.313 472 ,

sin 0.535 814 ,

sin 2.194 01 10 . 61

2
12

2
23

2
13

2

Neutrino mass squared differences and mixing angles for the
values of the Yukawa couplings obtained for fitting the
inverted hierarchy are :

( )
D = ´

D =- ´

-

-

m

m

7.530 02 10 eV ,

2.53577 10 eV . 62
21
2 5 2

32
2 3 2

( )

q
q
q

=
=
= ´

n

n

n -

sin 0.320 691 ,

sin 0.560 994 ,

sin 2.211 19 10 . 63

2
12

2
23

2
13

2

These values of the neutrino mass-squared differences and
mixing angles provide a good fit within the experimental
values of these quantities in both cases of normal and inverted
hierarchy.

9. Conclusion

By extending the SM gauge symmetry with additional U(1)X
and Z2 symmetries, we have successfully explained the fer-
mion masses and mixing hierarchies, including neutrino
masses and mixings, by introducing three right-handed neu-
trinos, two scalar singlets, and a new scalar doublet, with O(1)
Yukawa coupling values. Both the normal and inverted
hierarchy scenarios can be explained with O(1) Yukawa
couplings in this model. Since the heavy right-handed neu-
trinos and the new scalars are at the TeV scale, signatures of
these particles may be observable in near-future experiments.
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As a prediction of our model, we have calculated the
branching ratios for two lepton flavor-violating processes,
μ→ 3e and μ→ eγ, finding that the μ→ eγ process provides
a more stringent lower bound on the new gauge boson mass
for given values of the gauge coupling constant.

We also discussed a possible UV completion of the
theory by introducing extra vector-like fermions, where all
interactions are expressed by renormalizable dimension-4
operators.
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Appendix A

Different yiʼs in equation (42) are given below :

( )

= + + +
¢

-

+ +

= + + +
¢

-

+ +

= - - +
¢

-

´ + -
¢

+

=-

m

m

m

m

¢

¢

¢

¢

y m a b c
m

m

c
b

m

m

c
b

y m a b c
m

m

c
b

m

m

c
b

y m a b c
m

m

m

m

c
b

m

m

c
b
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c m m m
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2 6 3
3

2

3

2
,

2 6 3
3

2

3

2
,

4 8 2

3

2

3

2
,

3
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l

Z

e

Z

e
l

Z

Z
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l

Z Z

e

Z

e l

Z

1

2

2

2

2

2

3

2 2

2

4 2
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⎛
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⎦
⎥

⎡

⎣
⎢

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎤

⎦
⎥

⎡

⎣
⎢

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎤

⎦
⎥

where
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p
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,
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3
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Z

Z
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