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Abstract

We study the possibility of obtaining the Standard Model (SM) of particle physics as an ef-
fective theory of a more fundamental one, whose electroweak sector includes two non-universal
local U(1) gauge groups, with the chiral anomaly cancellation taking place through an in-
terplay among families. As a result of the spontaneous symmetry breaking, a massive gauge
boson Z ′ arises, which couples differently to the third family of fermions (by assumption, we
restrict ourselves to the scenario in which the Z ′ couples in the same way to the first two
families). Two Higgs doublets and one scalar singlet are necessary to generate the SM fermion
masses and break the gauge symmetries. We show that in our model, the flavor-changing
neutral currents (FCNC) of the Higgs sector are identically zero if each right-handed SM
fermion is only coupled with a single Higgs doublet. This result represents a FCNC cancella-
tion mechanism different from the usual procedure in Two-Higgs Doublet Models (2HDM).
The non-universal nature of our solutions requires the presence of three right-handed neutrino
fields, one for each family. Our model generates all elements of the Dirac mass matrix for
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quarks and leptons, which is quite non-trivial for non-universal models. Thus, we can fit all
the masses and mixing angles with two scalar doublets. Finally, we show the distribution of
solutions for the scalar boson masses in our model by scanning well-motivated intervals for
the model parameters. We consider two possibilities for the scalar potential and compare
these results with the Higgs-like resonant signals recently reported by the ATLAS and CMS
experiments at the LHC. Finally, we also report collider, electroweak, and flavor constraints
on the model parameters.

1 Introduction

The Standard Model of particle physics based on the local gauge group SU(3)C ⊗ SU(2)L ⊗
U(1)Y [1] has been very successful so far, in the sense that its predictions are in good agree-
ment with the present experimental results, including the latest discovery of the Higgs boson
[2, 3, 4], a fundamental ingredient of the model that contributes to our understanding of
the origin of mass for the subatomic particles. However, the SM fails short in explaining
things as: hierarchical charged fermion masses, fermion mixing angles, charge quantization,
strong CP violation, replication of families, neutrino masses and oscillations, and the matter-
antimatter asymmetry of the universe. Besides, gravity is excluded from the context of the
model and good candidates for dark matter and dark energy present in the universe are not
provided [5, 6, 7, 8, 9, 10, 11, 12].

Replication of families, also known as the “family problem”, refers to the fact that the SM
is not able to predict the number N of fermion families existing in nature, something related
with the universality of the model, which means that the gauge anomalies, in particular
those associated with the U(1)Y hypercharge, cancel out exactly for each family; the only
restriction, N ≤ 8, comes from the asymptotic freedom of SU(3)C also known as quantum
chromodynamics or QCD [13]. Experimental results at the CERN-LEP facilities early in the
1990s implied the existence of at least three families, each one having a neutral lepton with
a mass less than half the mass of the neutral Z gauge boson [14]; this result was initially
interpreted as an exact value for the total number of families in nature, which is not quite
correct. As a matter of fact, the LEP data does not exclude the existence of additional
families having heavy neutrinos.

Therefore, it is widely believed that the SM is not truly fundamental, with the prevailing
view that the model is just a low-energy effective description of a more complete theory.
There are several good candidates for this, all of them grouped in what is now known as “the
physics beyond the Standard Model” (BSM) [15, 16, 17].

In what follows, and in order to shed some light on the shortcomings of the SM, we propose
an extension of it; that is, a new model for three families based on the local gauge group
SU(3)C⊗SU(2)L⊗U(1)α⊗U(1)β, where the charges associated with the two Abelian factors
are non-universal, in the sense that they are not the same for the three assumed families. The
fermion content of our model is the same as that of the SM, extended with three right-handed
neutrinos νiR (i = 1, 2, 3), one for each family.
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2 The model

In this section, we elaborate on the mathematical aspects of the new model in consideration,
which is a minimal extension of the SM, both in its gauge sector and in its fermion sector.
As a consequence, the scalar sector must also be enlarged, something we are going to do in
the most economical possible way.

As mentioned above, the model to be considered here is based on the local gauge symmetry
SU(3)C⊗SU(2)L⊗U(1)α⊗U(1)β, where SU(3)C and SU(2)L are the same as in the SM, and
the two Abelian factors are non-universal, capable of projecting the SM U(1)Y hypercharge
to a lower energy scale. So, as a result of the spontaneous symmetry breaking, a new gauge
boson associated with a non-universal neutral weak current appears.

The fermion fields in our model are the same as in the SM, together with three neutral
Weyl states associated with the three right-handed neutrino components, one for each family.
This popular fermion extension of the SM has been used to explain neutrino masses and
oscillations, the baryon asymmetry of the Universe, dark matter and dark radiation, and in
our approach, it has the peculiarity that, unlike what happens in the SM, the three new fields
have non-vanishing charges under both U(1) factors.

As for the scalar sector, we first introduce a SM singlet field σ able to spontaneously
break the U(1)α ⊗ U(1)β symmetry down to U(1)Y . To break the remaining symmetry and
at the same time implement the Higgs mechanism, at least one SU(2)L scalar doublet Φ2

(developing a vacuum expectation value (VEV) at an energy scale v2) must be introduced,
in such a way that the remaining symmetry SU(3)C ⊗ U(1)Q survives down to laboratory
energies. We choose the quantum numbers of this doublet such that it only provides tree-level
masses to the third fermion family. To generate (at tree level) the other fermion masses and
the mixing matrices, at least one more SU(2)L scalar doublet Φ1 must be included. This
doublet develops a vacuum expectation value (VEV) at an energy scale v1 < v2.

Table 1 shows the fermion and scalar content of our model, along with the notation used
for the different Abelian charges, as well as the weak-isospin T3, hypercharge Y , and electric
charge Q of the particles. In our analysis, we will assume that χf1 = χf2 ̸= χf3 , where χfi

stands for the Abelian α, β charges, f = q, u, d, l, ν, e and i = 1, 2, 3, that is, we consider a
model with universal couplings for the first two fermion families, but not for the third one,
a convenient condition in the implementation of models with minimal flavor violation, that
in turn provides a way to distinguish the third family from the first two ones. In this way,
our model is characterized by 24 parameters associated with the fermion sector and 6 more
with the scalar one, for a total of 30 free parameters which can be fixed by demanding a
renormalizable model, reproducting the SM hypercharges, and appropriate Yukawa couplings
to provide fermion masses.
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ℓi ≡ (νiL, eiL)
T νiR eiR qi ≡ (uiL, diL)

T uiR diR Φa = (ϕ+
a , ϕ

0
a)

T σ

T̂3 (1
2
,−1

2
)T 0 0 (1

2
,−1

2
)T 0 0 (1

2
,−1

2
)T 0

Ŷ −1 0 −2 1
3

4
3

−2
3

1 0

Q̂ (0,−1)T 0 −1 (2
3
,−1

3
)T 2

3
−1

3
(1, 0)T 0

α̂ αli ανi αei αqi αui αdi αa ασ

β̂ βli βνi βei βqi βui βdi βa βσ

Table 1: Here, i runs over the number of families (i = 1, 2, 3), and a = 1, 2.

2.1 Cancellation of chiral anomalies

Regarding the renormalizability of the theory, we must ensure an anomaly-free scenario, which
is achieved by imposing the following relations among the U(1) fermion charges:

[SU(3)C]
2 ⊗ U(1)α :

∑
i

2αqi − αui − αdi = 0,

[SU(2)L]
2 ⊗ U(1)α :

∑
i

3αqi + αli = 0,

[grav]2 ⊗ U(1)α :
∑
i

6αqi − 3αui − 3αdi + 2αli − ανi − αei = 0,

[U(1)α]
2U(1)β :

∑
i

6α2
qiβqi − 3α2

uiβui − 3α2
diβdi + 2α2

liβli − α2
νiβνi − α2

eiβei = 0,

[U(1)α]
3 :

∑
i

6α3
qi − 3α3

ui − 3α3
di + 2α3

li − α3
νi − α3

ei = 0, (1)

together with the five corresponding equations for the U(1)β group. These are obtained from
the previous ones via the α ↔ β exchanging for a total of 10 equations. Given that the
number of involved unknowns is greater (24 assuming universality in the first two fermion
families), the number of possible solutions is infinite, so, just like in the SM, chiral anomaly
cancellation is not sufficient to explain the charge quantization [13].

2.2 The Lagrangian of the model

In our model, the covariant derivative Dµ for the electroweak (EW) sector is given by

Dµ = ∂u + igLA
µ
j T̂j + i

gα
2
Bµ

αα̂+ i
gβ
2
Bµ

β β̂ , (2)
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where T̂j , A
µ
j (with j = 1, 2, 3) and gL denote, respectively, the generators, the gauge fields,

and the coupling constant associated with the weak isospin gauge group SU(2)L, while χ̂, B
µ
χ

and gχ, with χ = α, β, are the corresponding quantities related with the two Abelian U(1)
factors. The terms in the Lagrangian describing the relevant interactions in our analysis are
then:

L ⊃ − V (Φ1,Φ2, σ)

+ |DµΦ1|2 + |DµΦ2|2 + |Dµσ|2

+ iq̄j��Dqj + iūjR��DujR + id̄jR��DdjR + il̄j��Dlj + iν̄jR��DνjR + iējR��DejR

− Y e
jaℓ̄jΦ1eaR − Y ν

jaℓ̄jΦ̃1νaR − Y d
jaq̄jΦ1daR − Y u

jaq̄jΦ̃1uaR

− Y e
j3ℓ̄jΦ2e3R − Y ν

j3ℓ̄jΦ̃2ν3R − Y d
j3q̄jΦ2d3R − Y u

j3q̄jΦ̃2u3R + h.c. , (3)

where sum over repeated indices is implied, with j and a taking the values {1, 2, 3} and
{1, 2}, respectively. The term in the first line denotes the scalar potential. Due to the non-
universal character of our model, a single scalar doublet Φ1 is not enough to provide masses
to all fermion particles and, simultaneously, to generate realistic mixing matrices. To this
end, at least another Higgs doublet Φ2 developing a VEV is required. Additionally, a scalar
singlet must be introduced to break the abelian symmetries. The scalar potential is analyzed
in Appendix A. The terms in the second line correspond to the scalar-gauge interactions
responsible for the masses and mixings in the gauge sector (see Appendix B). Terms in the
third line give rise to fermion-gauge interactions, as discussed in Sec. 3, and the Yukawa
couplings present in the model are shown in the fourth and fifth lines. The invariance of the
Yukawa interaction terms under the U(1)α ⊗ U(1)β gauge symmetry implies the following
relations between the χ(= α, β) charges:

χlj − χ1 − χea = 0,

χlj − χ2 − χe3 = 0,

χlj + χ1 − χνa = 0,

χlj + χ2 − χν3 = 0,

χqj − χ1 − χda = 0,

χqj − χ2 − χd3 = 0,

χqj + χ1 − χua = 0,

χqj + χ2 − χu3 = 0. (4)

2.3 Spontaneous symmetry breaking

Our aim is to break the gauge symmetry of the model in two steps, namely,

SU(2)L ⊗ U(1)α ⊗ U(1)β
⟨σ⟩−→ SU(2)L ⊗ U(1)Y

⟨Φ1,Φ2⟩−→ U(1)Q . (5)

To achieve this, we allow the SM scalar singlet σ (charged under both U(1)’s factors) to
acquire a VEV at a high energy scale, inducing a mixing between the Bχ fields that give
rise to both: the SM gauge boson B associated with the U(1)Y hypercharge symmetry and
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a new massive gauge boson Z ′ with non-universal couplings to fermions. If θ is the angle
parameterizing this mixing, thenBµ

α

Bµ
β

 =

cos θ − sin θ

sin θ cos θ

Bµ

Z ′µ

 . (6)

Finally, at a lower energy scale (the EW one), the neutral components of the scalar doublets
Φ1 and Φ2 develop VEVs inducing the last breaking. Consequently, the B and A3 fields
mix, giving rise to the massless photon Aµ and the massive SM neutral gauge boson Z. The
corresponding mixing angle is the well-known Weinberg angle θW :Aµ

3

Bµ

 =

sin θW cos θW

cos θW − sin θW

Aµ

Zµ

 . (7)

The unbroken electric charge generator Q̂ can be expressed as a linear combination of the three
diagonal (broken) generators of the gauge group after the spontaneous symmetry breaking,
that is

Q̂ = T̂3L +
1

2

(
aY α̂+ bY β̂

)
, (8)

from which it follows that the SM hypercharge Ŷ can be identified as

Ŷ = aY α̂+ bY β̂, (9)

where aY and bY are two non-vanishing free parameters. However, these parameters turn be
useless for our purposes, so they will be set to 1 for simplicity1 In accordance with Eq. (9),
the U(1) charges displayed in Table 1 must satisfy the following relations:

αli + βli = −1,

ανi + βνi = 0,

αei + βei = −2,

αqi + βqi = 1/3,

αui + βui = 4/3,

αdi + βdi = −2/3,

αa + βa = 1,

ασ + βσ = 0, (10)

for i = 1, 2, 3 and a = 1, 2. Thus, the breaking induced by the singlet σ at an energy scale vσ
allows to reproduce the SM hypercharges correctly.

1From equation (10), one of them can be absorbed in a redefinition of the scalar singlet hypercharges (a =
−bβσασ).
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2.4 Mass and mixing matrices for fermions

Let’s now consider the generation of fermion mass, which takes place when Φ2 induces the
breaking that gives rise to the local gauge SU(3)C ⊗ U(1)Q symmetry conserved at low
energies. As mentioned, for non-universal models, at least two scalar doublets are needed to
provide masses to all the fermion particles and generate the mixing matrices. As usual, the
vacuum expectation values of the scalar doublets are given by

⟨Φa⟩ =

 0
va√
2

 , (a = 1, 2) ; (11)

all fermions acquire a tree-level Dirac mass from the Yukawa couplings in the Lagrangian (3).
The resulting mass matrices take the form

Mf =
1√
2


v1Y

f
11 v1Y

f
12 v2Y

f
13

v1Y
f
21 v1Y

f
22 v2Y

f
23

v1Y
f
31 v1Y

f
32 v2Y

f
33

 , (12)

for f = u, d, ν, e. From here, we see that despite the non-universality of the model, it is
possible to have saturated mass matrices for leptons and quarks, i.e., with all the matrix
elements different from zero, which is a fairly non-trivial result. As a consequence, the CKM
and PMNS mixing matrices can be easily generated, with the mixing between the first two
fermion families induced by Φ1, while both Φ1 and Φ2 contribute to all the mixing elements
involving the third family.

2.5 Non-universal U(1) charges

By solving the system of equations formed by Eqs. (1), (4) and (10), we obtain a unique
solution for the U(1) fermion and scalar charges. The resulting expressions, shown in Table
2, are given in terms of just three parameters, namely: αq1, αν1 and αν3

2. From this it
follows that the non-universality of the solution depends exclusively on the right-handed
neutrino charges; so, in what follows, we will assume that αν1 ̸= αν3. Under this condition,
the cancellation of chiral anomalies takes place among different families, and not family by
family as it does in the SM.

3 EW currents and Z ′ couplings

Ignoring the kinetic terms, the part of the Lagrangian (3) describing the interactions between
fermions and gauge bosons can be written as

−L ⊃ gL√
2

(
Jµ
W+W

+
µ + h.c.

)
+

gL
2
Jµ
3 A3,µ +

gα
2
Jµ
αBα,µ +

gβ
2
Jµ
βBβ,µ , (13)

2The α charge of the singlet σ, ασ, remains as a free parameter, but it does not affect the fermion charges, as
can be seen in Table 2.
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Field U(1)α Field U(1)α Field U(1)α

uiL

αq1

uaR αν1 + 4αq1

Φ1 αν1 + 3αq1u3R αν3 + 4αq1

diL
daR −αν1 − 2αq1

d3R −αν3 − 2αq1

Φ2 αν3 + 3αq1
νiL

−3αq1

νaR αν1

ν3R αν3

eiL
eaR −αν1 − 6αq1

σ ασ

e3R −αν3 − 6αq1

Table 2: Here i = 1, 2, 3 and a = 1, 2. The corresponding U(1)β charges can be easily obtained by
replacing β instead of α.

where the W+
µ field has been defined as W+µ = (Aµ

1 − iAµ
2 )/

√
2 and the currents are given

by

Jµ
W = ν̄iLγ

µeiL + ūiLγ
µdiL ,

Jµ
3 = ūiLγ

µuiL + ν̄iLγ
µνiL − d̄iLγ

µdiL − ēiLγ
µeiL ,

Jµ
χ = χqi

(
ūiLγ

µuiL + d̄iLγ
µdiL

)
+ χli (ν̄iLγ

µνiL + ēiLγ
µeiL)

+ χui ūiRγ
µuiR + χdi d̄iRγ

µdiR + χνi ν̄iRγ
µνiR + χei ēiRγ

µeiR , (14)

with a sum over the i index is implied and χ = α, β. In the basis defined by (6), the
Lagrangian in (13) can be expressed as

−L ⊃ gL√
2

(
Jµ
W+W

+
µ + h.c.

)
+

gL
2
Jµ
3 W3µ +

gY
2
Jµ
Y Bµ + gZ′Jµ

Z′Z
′
µ , (15)

where the interactions of fermions with the Z ′ boson are given by

gZ′Jµ
Z′ = gβJ

µ
β cos θ − gαJ

µ
α sin θ ,

= gZ′
∑
f

f̄iγ
µ
(
ϵ̃LfiPL + ϵ̃RfiPR

)
fi ,

= gZ′
∑
f

f̄iγ
µ
(
g̃Vfi − g̃Afiγ

5
)
fi . (16)

Here, f runs over {u, d, ν, e}, i = 1, 2, 3 (corresponding with the SM family), PL,R = (1∓γ5)/2
are the chirality projectors and

gZ′ ϵ̃L,Rfi =
1

2

[
gββ̂(fiL,R) cos θ − gαα̂(fiL,R) sin θ

]
, (17)

g̃V,Afi =
1

2

(
ϵLfi ± ϵRfi

)
. (18)
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In Eq. (17), ϵ̃
L(R)
fi denotes the left(right)-handed chiral coupling of the fi fermion to the Z ′

boson, while in Eq. (18), g̃
V (A)
fi represents the corresponding vector (axial-vector) coupling.

As for the couplings to the B field, we have that

gY J
µ
Y = gαJ

µ
α cos θ + gβJ

µ
β sin θ ,

= gY
∑
f

f̄iLγ
µŶ (fiL)fiL + f̄iRγ

µŶ (fiR)fiR , (19)

with

gY Ŷ (fiL,R) = gαα̂(fiL,R) cos θ + gββ̂(fiL,R) sin θ . (20)

By comparing Eqs. (9) and (20), taking into account our choice aY = bY = 1, we get the
following relations among the coupling constants gα, gβ, gY and the mixing angle θ:

gα cos θ = gβ sin θ =
gY√
2
, (21)

from which it follows that

tan θ =
gα
gβ

and
1

g2α
+

1

g2β
=

2

g2Y
. (22)

By changing to the basis defined by (7), the Lagrangian in (15) can be rewritten as

−L ⊃ eJµ
γAµ + gZJ

µ
ZZµ + gZ′Jµ

Z′Z
′
µ + gWJµ

W+W
+
µ + h.c., (23)

where

gW =
gL√
2
,

eJµ
γ =e

∑
f

f̄iγ
µQ̂(fi)fi ,

gZJ
µ
Z =

gL
2 cos θW

∑
f

f̄iγ
µ
(
ϵLfiPL + ϵRfiPR

)
fi , (24)

with the chiral couplings to the Z boson defined as

ϵL,Rfi = 2

{
T̂3(fiL,R)− sin2 θW

[
T̂3(fiL,R) +

1

2
Ŷ (fiL,R)

]}
. (25)

To obtain these expressions, the identification e = gL sin θW = gY cos θW was made, which
implies the well-known relation

gY = gL tan θW . (26)
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Taking into account the relations in Eqs. (21) and (26), as well as the charges reported in
Table 2, and the parameters x, y, z and w defined as

x ≡ gL tan θW

2
√
2

(cot θ + tan θ)αν3 ,

y ≡ gL tan θW

2
√
2

(cot θ + tan θ)αν1 ,

z ≡ gL tan θW

2
√
2

[cot θ − 3 (cot θ + tan θ)αq1] ,

w ≡ gL tan θW

2
√
2

(cot θ + tan θ)ασ , (27)

the Z ′ chiral couplings given by Eq. (17) can be expressed as indicated in Table 33. These
charges are best suited for a phenomenological analysis of the new neutral vector boson, as it
will be explained in the next section. Regarding the scalar fields Φ1 and Φ2, their Z

′ couplings
are given by z − y and z − x, respectively.

f ν1,2 ν3 e1,2 e3 u1,2 u3 d1,2 d3

gZ′ ϵ̃Lf −z −z −z −z 1
3
z 1

3
z 1

3
z 1

3
z

gZ′ ϵ̃Rf −y −x y − 2z x− 2z −y + 4
3
z −x+ 4

3
z y − 2

3
z x− 2

3
z

Table 3: Chiral couplings between the fermion sector and the Z ′ gauge boson.

4 Low energy and collider constraints

For the process q̄q −→ Z ′ −→ ℓ+ℓ−, ATLAS reports upper limits on the fiducial cross-section
times the Z ′ → ℓ+ℓ− branching from searches of high-mass dilepton resonances (dielectron
and dimuon) during Run 2 of the Large Hadron Collider (LHC) at a center-of-mass energy
of

√
s = 13TeV and an integrated luminosity of 139fb−1. From these constraints, we obtain

upper limits on the y and z couplings corresponding to the green dashed and orange dotted
lines in the left-handed plot in Figure 1. These limits are obtained from the intersection
of the theoretical cross-section [18, 19, 20, 21] with the 95% CL upper limit on the cross-
section reported by the ATLAS collaboration [22] (the green continuous line in the right
plot Figure 1). For the upper limits on the x parameter (red dot-dashed line in the left
plot Figure 1), we use the ATLAS 95% upper limits on the production cross-section times
branching fraction for a Z ′ boson decaying to a ττ pair (the green continuous line in the
left plot Figure 1). This data was collected by ATLAS in searches of Z ′ bosons using a data
sample corresponding to an integrated luminosity of 36.1fb−1 from proton-proton collisions
at a center of mass energy of 13 TeV [23].

3From here, we see that there are two families with identical charges and a different third one. However, universal
models are still possible, for example, setting z = x = y = 1 yields the well-known expressions for the B−L charges.
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Figure 1: Left: Upper limit on the model parameters x, y, z. Right: 95% CL upper limits on the
fiducial Z ′ production cross-section times the Z ′ → ℓ+ℓ− branching [22] (green continuous line)
and the corresponding upper limits on the Z ′ decaying to ττ pairs [23] (red continuous line).

Constraints on a parameter are obtained by marginalizing over the other parameters, i.e.,
setting them to zero. In the case of the x parameter, which represents the coupling strength
between the Z ′ and the fermions of the third family, the Z ′ is produced from a bb annihilation.
Due to the strong collider contraints on the first two families, only Z ′ couplings with the third
family are possible at low energies. In our model, this implies that y, z ≪ x, as we can see
from Table 3. This implies that at low energies, the unique generator with unsuppressed
coupling strengths is T3R(3). This symmetry is a well-known EW extension of the SM. The
argument “3” refers to the third family, and the subscript 3R refers to the generator σ3/2,
whose representation in the third family of the SM is (bR, tR)

T . If we allow right-handed
neutrinos, as is, in fact, the case in our model, a lepton representation (τR, ντR)

T is also
possible.

From reference [24], the Z − Z ′ mixing angle Θ is restricted to be less than 10−3, which
holds true for most models. Based on this result, we can assume Θ identically zero, which is
a typical assumption in collider constraints.

We also report Electroweak Precision data (EWPD) constraints on the y and z parameters
( green and orange continuous lines in the left panel of Figure 1), obtained using the GAPP
package [25, 24], which includes low-energy weak neutral current experiments and Z-pole
observables.

As our model is non-universal, it has two possible sources of FCNC: the non-universal
couplings of the Z ′ and the couplings of the SM fermions to two scalar doublets. Since the
charges of the first two families are equal, we can ignore constraints from observables with
flavor changes between quarks and leptons of the first two families, such as: K0-K̄0-mixing,
µ-e conversion, etc. In our case, one of the strongest constraints on the parameters comes
from B0-B̄0-mixing. Figure 1 shows the upper limits on the y and z parameters at a 95%
confidence level.
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In two Higgs doublet models, FCNC can be avoided if the mass matrix for SM fermions
with the same electric charge and isospin is generated from a single Higgs doublet. As we
show in the appendix C, if the right-handed SM fermion is a singlet under the gauge group
and if each right-handed SM singlet fermion couples to only one Higgs doublet (there is no
problem if the scalar doublet has non-zero couplings to several right-handed fermions.), then
there are no FCNC for the scalar sector; this is the case in our model.

5 Analysis of Higgs-like resonant signals

Recently, several anomalies have been reported in searches of high-mass scalar resonances in
proton-proton collisions at the LHC. The 2HDMs are the most straightforward extensions of
the Standard Model that can explain these observations. Additionally, our model includes a
scalar singlet σ that gives mass to the Z ′. The Higgs mechanism requires at least two CP-odd
bosons to provide mass to the Z and the Z ′ and one charged scalar boson to give mass to the
SM W boson, which leaves us with three CP even scalar bosons, one CP-odd scalar boson
and one charged scalar. Our analysis aims to determine the typical masses for these bosons
in the best-motivated parameter space and compare them with the experimental anomalies
reported in the literature. As explained in detail in the Appendix A, of the three neutral scalar
fields in the interaction space, h1, h2, and ξ, we can obtain using a unitary transformation,
the neutral states in the mass space, H1, H2, H3. Great interest has generated an anomaly
that can be explained by a light neutral scalar Higgs with a mass MH1 ≈ 95 GeV [26] and a
charged Higgs around MC± ≈ 130 GeV [27]. For the charged Higgs, in [28] a detailed analysis
of the phenomenological implications of a new resonance with a three sigma significance was
studied. On a mass basis, we will denote as MA the only CP-odd field that is not absorbed as
a Goldstone boson. An excess of events was also found in channels involving the productions
of SM gauge bosons, γγ and Zγ (for further analysis, look in [29] and references therein).
This analysis provides a good indication of new scalar resonances decaying into two photons
with invariant masses of 95 GeV [30] and 152 GeV [29]. Other excesses over the expected
value in the SM for dibosons are reported at 680 GeV [31], which are compatible with the
excess in γγ and bb̄ reported by the CMS collaboration [32]. A more complete review of these
anomalies and additional references can be found at [33]. In this reference, they also mention
an excess reported by the ATLAS collaboration that can be interpreted as a pseudoscalar
with a mass of 650 GeV produced in association with a scalar with a mass of 450 GeV.

Recently, a deviation from the background-only expectation occurred for high scalar res-
onances with masses (575, 200) GeV and a local (global) significance of 3.5 (2.0) standard
deviations, as reported by the ATLAS collaboration [34]. It is important to stress that this
analysis shows good agreement with the background-only hypothesis for the masses (650, 90)
GeV, where CMS reported an excess with a local (global) significance of 3.8 (2.8) standard
deviations [32].

To account for these experimental anomalies from the scalar potential of our model (see
equation 32), we consider two possible assignments for the charges of the scalar singlet σ.
One of them leads to a cubic coupling among the scalar fields, while the other to quartic
term (the remaining terms in the scalar potential 32 are always present regardless of the σ
charge). If the Z ′ coupling of σ is x− y, that is, ασ = αν3 − αν1, then the following term is

12



allowed:

µ
[
(Φ†

1Φ2)σ + h.c.
]
.

In this case, the coupling constant µ has dimensions of mass, and in order to have a consistent
mass spectrum, its values must be in the range −77.3 GeV ≤ µ < 0. Similarly, if the coupling
of σ to the Z ′ boson is 1

2(x − y), or equivalently ασ = (αν3 − αν1)/2, it is possible to form
the term

λ
[
(Φ†

1Φ2)σ
2 + h.c.)

]
, (28)

where the constant λ is dimensionless, and restricted to the range (−0.44, 0). According to
our scalar sector (whose scalar potential we show in Appendix A), to reproduce part of the
spectrum of anomalies in the scalar sector (determined by the VEVs and coupling constants)
we must identify the middle-mass neutral scalar boson as the SM Higgs boson to which we
assign its well-known mass of MH2 = 125 GeV. In our model, we ensure that only the massive
charged scalar field coincides with the anomaly MC± = 130 GeV. This happens while the
SM vector boson W absorbs the other massless-charged field through the Higgs mechanism.
Similarly, the Higgs mechanism requires a pseudoscalar field from one of the scalar doublets
to give mass to the Z boson, and the pseudoscalar field of the scalar singlet to give mass to
the Z ′. The mass of the remaining scalar fields (MH1 , MH3 and MA) are free parameters.
For the other dimensionless parameters of the potential (32), their values are assumed to be
in the range [−1.5, 1.5]. Regarding the VEVs of the Φ1 and Φ2, they are chosen such that
v21+v22 = (246.24 GeV)2 with v2 ≫ v1. This hierarchy between VEVs is necessary to align the
Higgs doublet Φ2 with that of the SM. We take the VEV of the scalar singlet ⟨σ⟩ = vσ/

√
2

as a free parameter varying between 250 GeV and 2000 GeV. Finally, in order to satisfy the
collider constraints, we require z, y ≪ x, and take x ≳ 1 for Z ′ masses above 2 TeV, as
explained in section B.

To illustrate the density of solutions, Figures 2 and 3 display a total of 640 solutions spread
across the MH1 vs MH3 and MH1 vs MA axes. It is important to emphasize our identification
of the lightest CP-even Higgs scalar H1 with the anomaly at 95 GeV. Therefore, we have
considered exploring the mass interval 95 ± 10 GeV. In these figures, we can see that many
of the experimental anomalies coincide with the regions with the highest density of solutions.
This coincidence is important since we have made the free parameters of the theory vary in
intervals that we consider natural.

6 Conclusions

In this work, we assume that the SM is a low energy effective theory of a more fundamental
theory characterized by a gauge symmetry of the form SU(3)C ⊗ SU(2)L ⊗ U(1)α ⊗ U(1)β,
and whose particle content is that of the SM extended with three right-handed neutrinos, a
second Higgs doublet and a scalar singlet. Additionally, we impose that both U(1) charges
are non-universal and contribute non-trivially to the SM hypercharge, i.e., they are not inert
charges. Under these assumptions, we showed that the most general expression for the Z ′

chiral couplings is as those shown in Table (3). In this model, it is possible to generate all the
mass matrix elements of with only two Higgs doublets. From this, it is possible to adjust the
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Figure 2: Distribution of the scalar mass MH3 (the blue round points) and the pseudoscalar MA

(orange triangle points) for a scalar potential including the cubic term µΦ†
1Φ2σ + h.c.. In this

term, µ has mass dimensions and takes values in the range (−77.3, 0) GeV. We vary the other
dimensionless parameters of the scalar potential in the range [−1.5, 1.5], and take the VEV of the
scalar singlet vσ as a free parameter ranging from 250 to 2000 GeV. The VEV’s v1 and v2 vary
subject to the conditions

√
v21 + v22 = v = 246.24 GeV and v2 ≫ v1. The masses of the scalars and

pseudoscalars: MH1 , MH3 and MA are determined by the tadpole equations (33). See the text for
further details (see appendix A).
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Figure 3: Distribution of the scalar mass MH3 (the blue round points) and the pseu-doscalar MA

(orange triangle points) for a scalar potential including the quartic term λΦ†
1Φ2σ

2 + h.c.. In this
term, λ is dimensionless and takes values in the interval (−0.44, 0). We vary the other dimensionless
parameters of the scalar potential in the range [−1.5, 1.5], and take the VEV of the scalar singlet
vσ as a free parameter ranging from 250 to 2000 GeV. The VEV’s v1 and v2 vary subject to the
conditions

√
v21 + v22 = v = 246.24 GeV and v2 ≫ v1. The masses of the scalars and pseudoscalars:

MH1 , MH3 and MA are determined by the tadpole equations (33). See the text for further details.
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model to reproduce the CKM and PMNS mixing matrices. This feature is highly non-trivial
for non-universal scenarios and represents a great advantage of this model. It is important to
mention that to maintain the non-universality condition, it was preferable to avoid Majorana
mass terms (in our model, the constraints on the U(1) charges arising from the Majorana
mass terms, in the vast majority of cases, tend to generate universality). So, in our model,
there is a link between Majorana masses and Universality.

From the assumptions of our work, as well as the collider, electroweak and flavor con-
straints, we also conclude that for a model with two non-inert Abelian symmetries at low
energies (MZ′ < 5 TeV), only the residual symmetry T3R(3), in addition to the SM gauge
symmetry, has an unsuppressed coupling strength. The argument “3” says that only cou-
plings to the third family are possible. Models with couplings to the first and second families
are strongly constrained, so that only Z ′ couplings below 0.1 are possible, i.e., gZ′ ϵ̃L,R < 0.1.
For a Z ′ coupling to the third family, it is possible to have Z ′ charges such that gZ′ ϵ̃L,R ∼ 1
for Z ′ masses above 2 TeV.

Our work analyzes some Higgs-like anomalies recently reported by the ATLAS and CMS
collaborations [29]. To this end, we show the distribution of 400 solutions in the MH1 , MH3

and MH1 , MA planes. These results are shown in Figures 2 and 3. This analysis concludes
that explaining some of the observed anomalies within the model is possible.

We show that the scalar sector FCNC cancel if each right-handed fermion couples only to
a single Higgs doublet (although the scalar doublet can have non-zero couplings with several
right-handed fermions). This will be the case as long as the right-handed fermions are singlets
of the gauge group.

Appendices

A Scalar potential

Our model contains two scalar doublets, Φ1 and Φ2, and a scalar singlet σ. In general, these
fields can be expressed as

Φ1 =

 ϕ+
1

v1+h1+i η1√
2

 , Φ2 =

 ϕ+
2

v2+h2+i η2√
2

 , σ =
vσ + ξ + i ζ√

2
, (29)

where ⟨Φ1⟩ = (0, v1/
√
2)T , ⟨Φ2⟩ = (0, v2/

√
2)T and vσ =

√
2⟨σ⟩. For the doublet Φ2 (which

is close to H1 in the Georgi basis) to be aligned with the Higgs of the SM we impose the
hierarchy

vσ > v2 ≫ v1 . (30)

Since the Higgs doublet is a linear combination of the two scalar doublets, then√
v21 + v22 = v = 246.24 GeV , (31)
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The most general scalar potential consistent with the gauge symmetry SU(2)L⊗U(1)α⊗U(1)β
is [30]:

V (Φ1,Φ2, σ) = µ2
1 |Φ1|2 + µ2

2 |Φ2|2 + µ2
σ |σ|2 + λ1 |Φ1|4 + λ2 |Φ2|4 + λσ |σ|4

+ λ3 |Φ1|2|Φ2|2 + λ4 |Φ†
1Φ2|2 + λ1σ |Φ1|2|σ|2 + λ2σ |Φ2|2|σ|2

+ linear term in σ (or quadratic term in σ) ,

(32)

where a linear interaction term in σ (which we will denote as the cubic term) of the form

µ
[
(Φ†

1Φ2)σ + h.c.
]

is possible if ασ in Table 2 is taken to be αν3−αν1. Here µ is a coupling with mass dimensions.
On the other hand, if ασ is equal to 1

2(αν3 − αν1), then the quadratic term in σ (which we
will denote as the quartic term),

λ
[
(Φ†

1Φ2)σ
2 + h.c.)

]
,

is the one that is present. In this case, the coupling λ is dimensionless. By minimizing the
potential in Eq. (32), we then obtain that

µ2
1 = −

√
2

2

µv2vσ
v1

− λ1v
2
1 −

λ3 + λ4

2
v22 −

λ1σ

2
v2σ ,

µ2
2 = −

√
2

2

µv1vσ
v2

− λ2v
2
2 −

λ3 + λ4

2
v21 −

λ2σ

2
v2σ ,

µ2
σ = −

√
2

2

µv1v2
vσ

− λσv
2
σ − λ1σ

2
v21 −

λ2σ

2
v22 .

(33)

in the cubic case, while in the quartic one, the corresponding expressions can be obtained
from the previous ones by making the substitution

√
2µ → λvσ .

A.1 Mass spectrum of the neutral scalar sector

From the potential (32) and the previous minimization conditions, we can build the mass
matrices from the fields defined in Eq. (29). For the CP-even scalar field basis (h1, h2, ξ), the
mass matrix is given in the cubic case [35] by:

2λ1v
2
1 −

µv2vσ√
2v1

µvσ√
2
+ v1v2(λ3 + λ4)

µv2√
2
+ λ1σv1vσ

µvσ√
2
+ v1v2(λ3 + λ4) 2λ2v

2
2 −

µv1vσ√
2v2

µv1√
2
+ λ2σv2vσ

µv2√
2
+ λ1σv1vσ

µv1√
2
+ λ2σv2vσ 2λσv

2
σ − µv1v2√

2vσ

 , (34)

while in the quartic case, it corresponds to:
2λ1v

2
1 −

λv2v2σ
2v1

λv2σ
2 + v1v2(λ3 + λ4) vσ(λv2 + λ1σv1)

λv2σ
2 + v1v2(λ3 + λ4) 2λ2v

2
2 −

λv1v2σ
2v2

vσ(λv1 + λ2σv2)

vσ(λv2 + λ1σv1) vσ(λv1 + λ2σv2) 2λσv
2
σ

 . (35)
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These are square mass matrices of rank three with mass eigenvalues MH1 , MH2 and MH3 ,
corresponding to the mass eigenstates H1, H2 and H3, respectively. We will identify the
states according to the mass hierarchy:

MH1 < MH2 < MH3 .

The intermediate-mass scalar state, H2, can be identified as the SM Higgs, while the light
mass scalar stateH1 and the heavy mass scalar stateH3 are new scalar fields that, in principle,
can be observed in the LHC experiments. The hierarchy (30) causes the scalar H2 to align
with h2.

A.1.1 Mass spectrum of the neutral pseudoscalar sector

In the (η1, η2, ζ) basis, the pseudoscalar squared mass matrix takes the following form for the
cubic case:

µ√
2


−v2vσ

v1
vσ v2

vσ −v1vσ
v2

−v1

v2 −v1 −v1v2
vσ

 . (36)

The corresponding mass matrix for the quartic case is

λvσ
2


−v2vσ

v1
vσ 2v2

vσ −v1vσ
v2

−2v1

2v2 −2v1 −4
v1v2
vσ

 . (37)

In both cases, these mass matrices have rank 1. The two zero eigenvalues correspond to the
two Goldstone bosons that give mass to the Z and Z ′ bosons after the spontaneous symmetry
breaking. The non-zero eigenvalue corresponds to a measurable pseudoscalar with mass equal
to:

M2
A =


−
µ
(
v21v

2
2 + v2v2σ

)
√
2v1v2vσ

(cubic case) ,

−
λ
(
4v21v

2
2 + v2v2σ

)
2v1v2

(quartic case) ,

(38)

whose mixing comes mainly from η1.

A.1.2 Mass spectrum of the charged scalar sector

In the (ϕ±
1 , ϕ

±
2 ) basis, the squared mass matrix for charged scalar particles is

1

2

−
√
2
µv2vσ
v1

− λ4v
2
2

√
2µvσ + λ4v1v2

√
2µvσ + λ4v1v2 −

√
2
µv1vσ
v2

− λ4v
2
1

 , (39)
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for the cubic case, and

1

2

−λv2v
2
σ

v1
− λ4v2 λv2σ + λ4v1v2

λv2σ + λ4v1v2 −λv1v
2
σ

v2
− λ4v1

 , (40)

for the quartic case. As before, these mass matrices have rank 1, with the only zero eigenvalue
corresponding to the Goldstone boson giving mass to the charged W boson. The remaining
charged scalar acquires a mass equal to

M2
C± =


−v2

2

(√
2
µvσ
v1v2

+ λ4

)
, (cubic case) ;

−v2

2

(
λv2σ
v1v2

+ λ4

)
, (quartic case) .

(41)

B The gauge boson masses

Let us now determine the mass of the neutral gauge bosons. These are obtained from the
scalar-gauge couplings introduced by the covariant derivatives of the scalar fields in the La-
grangian terms

L ⊃ |DµΦ1|2 + |DµΦ2|2 + |Dµσ|2 , (42)

where

Dµ = ∂µ +
i

2
gLA

µ
j T̂j +

i

2
gαB

µ
αα̂+

i

2
gβB

µ
β β̂ , (43)

with T̂j , A
µ
j (j = 1, 2, 3) and gL denoting, respectively, the generators, the gauge fields and

the coupling constant associated with the weak isospin gauge group SU(2)L
4, while χ̂, Bµ

χ

and gχ, with χ = α, β, are the corresponding quantities related with the two Abelian U(1)
factors. For the Higgs doublets Φa (a = 1, 2) and the singlet σ, we have

DµΦa =

∂µ +
i

2
gL

 Aµ
3

√
2Wµ

√
2Wµ† −Aµ

3

+
i

2
gααaB

µ
α +

i

2
gββaB

µ
β

Φa ,

Dµσ =

(
∂µ +

i

2
gαασB

µ
α +

i

2
gββσB

µ
β

)
σ , (44)

Here αa (βa) and ασ (βσ) denote, respectively, the U(1)α(β) charges for Φa and σ given in
Tab. 2. Additionally, the W field has been defined as

Wµ =
Aµ

1 − iAµ
2√

2
. (45)

4The SU(2)L generators are defined in terms of the Pauli matrices according to Ti =
1
2σi .
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Taking into account the definition of Φa and σ given in Eq. (29), as well as the basis changes
defined in Eqs. (6) and (7), which imply

Bµ
χ = aχA

µ + bχZ
µ + cχZ

′µ , (χ = α, β) ;

Aµ
3 = sin θWAµ + cos θWZµ , (46)

with

aα = cos θ cos θW , bα = − cos θ sin θW , cα = − sin θ ,

aβ = sin θ cos θW , bβ = − sin θ sin θW , cβ = cos θ , (47)

it can be shown that the mass terms for the Zµ, Z ′µ and Wµ gauge bosons are

L ⊃1

2

(
g2Zv

2
)
ZµZ

µ +
1

2

[
g2Z′

(
γ′21 v

2
1 + γ′22 v

2
2 + γ′2σ v

2
σ

)]
Z ′
µZ

′µ

− 1

2

[
2gZgZ′

(
γ′1v

2
1 + γ′2v

2
2

)]
ZµZ

′µ + g2W v2W †
µW

µ, (48)

the coupling constants gZ and gW are defined as in the SM, i.e.,

gZ =
gL

2 cos θW
, gW =

gL
2

, (49)

while gZ′ is defined through the following relations:

gZ′γ′a = −1

2
(gααa sin θ − gββa cos θ) , (a = 1, 2.);

gZ′γ′σ = −1

2
(gαασ sin θ − gββσ cos θ) . (50)

In terms of the x, y, z and w parameters defined in Eq. (27), these couplings can be expressed
as

gZ′γ′1 = z − y , gZ′γ′2 = z − x , gZ′γ′σ = −w . (51)

Writing the Z − Z ′ mixing matrix as

M2
Z−Z′ =

 g2Zv
2 −gZgZ′γ′av

2
a

−gZgZ′γ′av
2
a g2Z′

(
γ′2a v

2
a + γ′2σ v

2
σ

)
 ≡

 A −C

−C B

 , (52)

with a sum over the a index implied, then the square masses of the physical neutral gauge
bosons Z1 and Z2 are given by

m2
Z1,2

=
1

2

[
A+ B ∓

√
(A− B)2 + 4C2

]
. (53)

If O is the diagonalizing orthogonal matrix defining the mass basis, i.e.,Zµ

Z ′µ

 = O

Zµ
1

Zµ
2

 =

cosΘ − sinΘ

sinΘ cosΘ

Zµ
1

Zµ
2

 , (54)

20



then the mixing angle Θ can be determined from

tan 2Θ =
2C

B −A
. (55)

From this expression, it is possible to obtain

Θ =
1

2
arctan

 gL
2 cos θW

[
(z − y)v21 + (z − x)v22

][
(z − y)2v21 + (z − x)2v22 + w2v2σ

]
− g2Lv

2

4 cos2 θW

 . (56)

To satisfy the current constraint on the mixing angle [24] it is necessary to keep this angle
below 10−3, which is possible in two scenarios: 1) a light Z ′ mass, i.e., MZ′ ≪ MZ or a
heavy Z ′ mass, i.e., MZ′ ≫ MZ , which requires x ≳ 1, z ∼ y ≪ 1 and v < vσ. In analyzing
the scalar anomalies w = x − y in the cubic case, or w = x−y

2 for a potential with quartic
coupling term (as explained in appendix A). For that analysis, assuming a heavy Z ′ mass is
more convenient.

C Analysis of scalar FCNCs

The Yukawa interactions are described by the general Lagrangian

−LY = q̄′iLy
ad
ij Φad

′
jR + q̄′iLy

au
ij Φ̃au

′
jR + l̄′iLy

ae
ij Φae

′
jR + l̄′iLy

aν
ij Φ̃aν

′
jR + h.c. , (57)

with i, j = 1, 2, 3, and a = 1, 2. Here

Φa =

 ϕ+
a

va + ha + iηa√
2

 , Φ̃a = iσ2Φ
∗
a . (58)

According to the non-universal U(1) charges, the Yukawa couplings present in our model are

−LY = q̄′iLy
1d
iaΦ1d

′
aR + q̄′iLy

1u
ia Φ̃1u

′
aR + l̄′iLy

1e
iaΦ1e

′
aR + l̄′iLy

1ν
ia Φ̃1ν

′
aR

+ q̄′iLy
2d
i3 Φ2d

′
3R + q̄′iLy

2u
i3 Φ̃2u

′
3R + l̄′iLy

2e
i3Φ2e

′
3R + l̄′iLy

2ν
i3 Φ̃2ν

′
3R + h.c. . (59)

So, the Yukawa matrices have the following structure

Y 1f =


y1f11 y1f12 0

y1f21 y1f22 0

y1f31 y1f32 0

 , Y 2f =


0 0 y2f13

0 0 y2f23

0 0 y2f33

 . (60)

To analyze the FCNC, it is convenient to rotate the scalar doublets to the Giorgi basis where
only one of the CP neutral even components of the doublets acquires VEV while the remaining
ones are zero. Explicitly this corresponds toH1

H2

 =

 cosβ sinβ

− sinβ cosβ

Φ1

Φ2

 → Hα = RαβΦβ . (61)
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In the unitary gauge

H1 =

 0

v + h√
2

 , H2 =

 H+

H0 + iA0

√
2

 . (62)

The Georgi basis should not be confused with the mass states of the scalar bosons. As
discussed in Ref. [36], in this basis, the H1 boson gives mass to the SM fermions (the scalar
singlet does not couple to SM fermions) and does not generate FCNC. Therefore, it is not
convenient to use the mass eigenstates, a mixture of the scalar singlet and the doublets, when
studying the interactions between the scalar sector and the SM fermions. In most observables,
the scalar boson is a virtual particle, and the boson that interacts with the SM fermions is
the projection onto the subspace formed by the two doublets. In 2HDM, this feature is very
useful since FCNC in the scalar sector can only be generated by H2. Therefore, in this work,
we focus on the CP-even neutral component of this doublet.

In terms of the new basis,

yαfij Φα = xαfij Hα ,

yαfij Φ̃α = xαfij H̃α , (63)

the rotated yukawa couplings are

x1fij = cosβ y1fij + sinβ y2fij ,

x2fij = − sinβ y1fij + cosβ y2fij . (64)

Thus

LY =− q̄′iLx
αd
ij Hαd

′
jR − q̄′iLx

αu
ij H̃αu

′
jR − l̄′iLx

αe
ij Hαe

′
jR − l̄′iLx

αν
ij H̃αν

′
jR + h.c. ,

=− q̄′iLx
1d
ij H1d

′
jR − q̄′iLx

2d
ij H2d

′
jR − q̄′iLx

1u
ij H̃1u

′
jR − q̄′iLx

2u
ij H̃2u

′
jR

− l̄′iLx
1e
ijH1e

′
jR − l̄′iLx

2e
ijH2e

′
jR − l̄′iLx

1ν
ij H̃1ν

′
jR − l̄′iLx

2ν
ij H̃2ν

′
jR + h.c. ,

=− 1√
2
(v + h)

(
d̄′iLx

1d
ij d

′
jR + ū′iLx

1u
ij u

′
jR + ē′iLx

1e
ij e

′
jR + ν̄ ′iLx

1ν
ij ν

′
jR

)
− 1√

2

(
H0 + iA0

) (
d̄′iLx

2d
ij d

′
jR + ē′iLx

2e
ij e

′
jR

)
− 1√

2

(
H0 − iA0

) (
ū′iLx

2u
ij u

′
jR + ν̄ ′iLx

2ν
ij ν

′
jR

)
−H+

(
ū′iLx

2d
ij d

′
jR + ν̄ ′iLx

2e
ij e

′
jR

)
+H− (

d̄′iLx
2u
ij u

′
jR + ē′iLx

2ν
ij ν

′
jR

)
+ h.c. ,

where we have taken into account that H̃2 =
(
H0−iA0

√
2

,−H−
)T

. Next, we define the fermion

mass eigenstates as:

fL ≡ V f†
L f ′

L , fR ≡ V f†
R f ′

R , (65)

with V f
L(R) are appropriated unitary matrices. In terms of the non-prime fields, we get

LY =− 1√
2
(v + h)

(
d̄iLz

1d
ij djR + ēiLz

1e
ij ejR + ūiLz

1u
ij ujR + ν̄iLz

1ν
ij νjR

)
− 1√

2

(
H0 + iA0

) (
d̄iLz

2d
ij djR + ēiLz

2e
ij ejR

)
− 1√

2

(
H0 − iA0

) (
ūiLz

2u
ij ujR + ν̄iLz

2ν
ij νjR

)
−H+

(
ūiLz

2ud
ij djR + ν̄iLz

2νe
ij ejR

)
+H−

(
d̄iLz

2du
ij ujR + ēiLz

2eν
ij νjR

)
+ h.c. , (66)
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where

zαf ≡ V f†
L xαfV f

R , z2gf ≡ V g†
L x2fV f

R . (67)

In this way, from Eqs. (64), we get

z1f =cosβ
(
V f†
L y1fV f

R

)
+ sinβ

(
V f†
L y2fV f

R

)
, (68)

z2f =− sinβ
(
V f†
L y1fV f

R

)
+ cosβ

(
V f†
L y2fV f

R

)
, (69)

z2gf =− sinβ
(
V g†
L y1fV f

R

)
+ cosβ

(
V g†
L y2fV f

R

)
. (70)

In the Georgi basis, only the CP-odd component of H1 acquires VEV, and therefore, the
interaction of the SM fermions with this doublet generates the masses of quarks and leptons;
consequently, in the mass eigenstates the matrix z1f must be diagonal, i.e.,

z1f =


√
2mf

1
v 0 0

0
√
2mf

2
v 0

0 0
√
2mf

3
v

 , (71)

where mf
i corresponds to the mass of the fermion fi. Because in our model, the right-handed

quarks and leptons are singlets under the gauge group we can define the right-handed fermions

as: f ′′
j =

(
V f
R

)
ij
fj for all f , such that V f

R completely disappears from the Lagrangian. This

transformation leaves all the terms invariant under the gauge group since the gauge singlets
are of the form f̄Rifi or f̄Ri∂µfi and V f

R is a global transformation. We are not modifying
the Yukawa interaction terms since we are only redefining them. In this way, the coupling of
fermions to scalar bosons is

zαf ≡ V f†
L xαfV f

R → V f†
L xαf .

A consequence of this result is that if the Yukawa coupling of a scalar boson to one of the
right-handed fermions is zero in the interaction space, i.e., yαfij = 0 for all j, then in mass

eigenstates, the corresponding Yukawa coupling is also identically zero, i.e., V f
iky

αf
kj = 0 for

all j. That is, if the diagonalization matrix V f
L of the left-handed fermions f is given by

V f
L =


vf11 vf12 vf13

vf21 vf22 vf23

vf31 vf32 vf33

 , (72)
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the Eq. (60) implies that

V f†
L y1f =


v∗11y

1f
11 + v∗21y

1f
21 + v∗31y

1f
31 v∗11y

1f
12 + v∗21y

1f
22 + v∗31y

1f
32 0

v∗12y
1f
11 + v∗22y

1f
21 + v∗32y

1f
31 v∗12y

1f
12 + v∗22y

1f
22 + v∗32y

1f
32 0

v∗13y
1f
11 + v∗23y

1f
21 + v∗33y

1f
31 v∗13y

1f
12 + v∗23y

1f
22 + v∗33y

1f
32 0

 ,

V f†
L y2f =


0 0 v∗11y

2f
13 + v∗21y

2f
23 + v∗31y

2f
33

0 0 v∗12y
2f
13 + v∗22y

2f
23 + v∗32y

2f
33

0 0 v∗13y
2f
13 + v∗23y

2f
23 + v∗33y

2f
33

 . (73)

Since the coupling z1f is diagonal, from the relation z1f = cosβV f†
L y1f + sinβV f†

L y2f and

from the fact that if
(
V f
L y1f

)
ij

= 0 then
(
V f
L y2f

)
ij

̸= 0 and the opposite, it must be true

that each of the contributions must be diagonal. From the expressions (73) we have

z1fij =z1fi δij = cosβ
(
V f
L y1f

)
ij
, for any i and j = 1, 2 .

z1fij =z1fi δij = sinβ
(
V f
L y2f

)
ij
, for any i and j = 3 . (74)

That is to say,
(
V f
L y1f

)
ij

and
(
V f
L y2f

)
ij

are diagonal matrix with
(
V f
L y1f

)
33

= 0 and(
V f
L y2f

)
11

=
(
V f
L y2f

)
22

= 0. From these results, the Yukawa couplings of H2 with the

physical fermions turn out to be diagonal:

z2f = − sinβ
(
V f
L y1f

)
ij
+ cosβ

(
V f
L y2f

)
ij
= − tanβz1fi δij |i,j∈(1,2) + cotβz1fi δi3 .

In the last step we obtained the expressions for
(
V f
L y1f

)
ij
and

(
V f
L y2f

)
ij
from Eq. (74). In

matrix form this result can be written as

z2f =


− tanβz1f1 0 0

0 − tanβz1f2 0

0 0 cotβz1f3

 . (75)

This result is important because it shows that the coupling of the neutral scalars in the mass
eigenstates of the SM fermions is diagonal. Therefore, our model does not present FCNC in
the scalar sector. In most cases, the exact values of the matrix yαfij are entirely unknown, and

what we know are the diagonal couplings, zi =
√
2
v mf

i , where mf
i is a diagonal matrix whose

elements correspond to the fermion masses in the SM. so that the Yukawa couplings will be
given by

y1fij =V f†
Lik

√
2

v cosβ
m1f

k δkj , where m1f
3 = 0 .
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Here m1f is a diagonal matrix with the first two eigenvalues equal to the masses of the
particles in the SM and a third element equal to zero. We have a similar expression for the
second term in (68)

y2fij =V f†
Lik

√
2

v sinβ
m2f

k δkj , where m2f
1 = m2f

2 = 0 .

Here m2f is a diagonal matrix with the first two eigenvalues equal to zero and a third element
equal to the corresponding mass in the SM. On the other hand, the Yukawa couplings inducing
flavor-changing charged currents can be written as shown below:

z2ud = − sinβ
[
V u†
L V d

L

(
V d†
L y1dV d

R

)]
+ cosβ

[
V u†
L V d

L

(
V d†
L y2dV d

R

)]
,

z2du = − sinβ
[
V d†
L V u

L

(
V u†
L y1uV u

R

)]
+ cosβ

[
V d†
L V u

L

(
V u†
L y2uV u

R

)]
,

z2νe = − sinβ
[
V ν†
L V e

L

(
V e†
L y1eV e

R

)]
+ cosβ

[
V ν†
L V e

L

(
V e†
L y2eV e

R

)]
,

z2eν = − sinβ
[
V e†
L V ν

L

(
V ν†
L y1νV ν

R

)]
+ cosβ

[
V e†
L V ν

L

(
V ν†
L y1νV ν

R

)]
.

Remembering that VCKM = V u†
L V d

L ≡ V and VPMNS = V e†
L V ν

L ≡ U , it is easy to see from eq.
(69) that

z2ud = V z2d , z2du = V †z2u , z2νe = U †z2e , z2eν = Uz2ν . (76)
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