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We propose a two-Higgs-doublet model where the symmetry is extended by S3 ⊗ Z3 ⊗ Z0
3 ⊗ Z14 and

the field content is enlarged by extra SUð2ÞL singlet scalar fields. S3 makes the model predictive and leads
to viable fermion masses and mixing. The observed hierarchy of the quark masses arises from the Z0

3 and
Z14 symmetries. The light neutrino masses are generated through a type I seesaw mechanism with two
heavy Majorana neutrinos. In the lepton sector we obtain mixing angles that are nearly tri-bimaximal, in
excellent agreement with the observed lepton parameters. The vacuum expectation values required for the
model are naturally obtained from the scalar potential, and we analyze the scalar sector properties to further
constrain the model through rare top decays (like t → ch), the h → γγ decay channel and the T and S
parameters.
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I. INTRODUCTION

The flavor puzzle is not understood in the context of the
Standard Model (SM), which does not specify the Yukawa
structures and has no justification for the number of
generations. As such, extensions addressing the fermion
masses and mixing are particularly appealing. With neu-
trino experiments increasingly constraining the mixing
angles in the leptonic sector many models focus only on
this sector, aiming to explain the near tri-bimaximal
structure of the Pontercorvo-Maki-Nakagawa-Sakata
(PMNS) matrix through some non-Abelian symmetry.
Discrete flavor symmetries have shown a lot of promise

and S3, as the smallest non-Abelian group, has been
extensively studied in the literature since [1], with interest-
ing results for quarks, leptons or both, and remains a
popular group [2–15]. Other popular groups are the
smallest groups with triplet representations, particularly
A4 which has only a triplet and three distinct singlets. A4

was used in [16–20] and more recently in [21–35]. With
just triplets and singlet representations the groups T7

[36–43] and Δð27Þ [44–52] are also promising as flavor
symmetries. For recent reviews on the use of discrete flavor
groups, see Refs. [53,54].
In this work we make use of the S3 group to formulate a

two-Higgs-doublet model (2HDM) with an extra S3 ⊗
Z3 ⊗ Z0

3 ⊗ Z14 symmetry. Assigning the SM fermions
under this symmetry and using scalars transforming under
the different irreducible representations of S3, we provide
an existence proof of models leading to the viable mixing

inspired quark textures presented in [55], by building a
minimal realization. We then consider the model in the
lepton sector where we obtain viable masses and mixing
angles by using assignments that lead to a charged lepton
texture similar to that of the down-type quarks, with the
neutrino sector being completed through a type I seesaw.
We discuss the scalar potential in some detail, showing that
it leads to the vacuum expectation values (VEVs) used to
obtain the fermion masses, and analyzing phenomenologi-
cal processes that constrain the parameters of the model
such as t → ch and h → γγ.
The paper is outlined as follows. In Sec. II we describe

the field and symmetry content of the model, including a
brief revision of the quark mass and mixing angles
presented in [55] (Sec. II A) and the equivalent analysis
for the lepton sector (Sec. II B). Section III contains the
analysis of the phenomenology associated with the
extended scalar sector, presenting the Yukawa couplings
and an analysis of rare top decays, and then considering the
h → γγ rate (Sec. III A) and the T and S parameters
(Sec. III B). We present our conclusions in Sec. IV. We
relegate some technical discussions that are relevant for the
paper to the Appendix.

II. THE MODEL

We consider an extension of the SM with extra scalar
fields and discrete symmetries, which reproduces the
predictive mixing inspired textures proposed in
Ref. [55]; i.e. the Cabibbo mixing arises from the down-
type quark sector whereas the up-type quark sector con-
tributes to the remaining mixing angles. These textures
describe the charged fermion masses and quark mixing
pattern in terms of different powers of the Wolfenstein
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parameter λ ¼ 0.225 and order one parameters. Because of
the required mismatch between the down-type quark and
up-type quark textures, to obtain these textures in a model
we use two-Higgs doublets distinguished by a symmetry
(in our model, a Z3). In the following, we describe our
2HDM with the inclusion of the S3 ⊗ Z3 ⊗ Z0

3 ⊗ Z14

discrete symmetry and four singlet scalar fields, assigned
in an S3 doublet, one S3 trivial singlet and one S3 nontrivial
singlet. We use the S3 discrete group since it is the smallest
non-Abelian group, having a doublet and two singlets as
irreducible representations. The full symmetry G of the
model is broken spontaneously in two steps:

G ¼ SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY ⊗ S3 ⊗ Z3 ⊗ Z0
3 ⊗ Z14

⇓Λ

SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY ⊗ Z3

⇓ΛEW

SUð3ÞC ⊗ Uð1Þem; ð1Þ
where the different symmetry breaking scales satisfy the
hierarchy Λ ≫ ΛEW, where ΛEW ¼ 246 GeV is the electro-
weak symmetry breaking scale.
The content of the model, which includes the particle

assignments under the different symmetries, is shown in
Tables I and II. The S3 symmetry reduces the number of
parameters in the Yukawa sector of this 2HDM, making it
more predictive. The Z3 symmetry allows us to completely
decouple the bottom quark from the remaining down and
strange quarks. As can be seen from the scalar field assign-
ments, the two scalar SUð2ÞL doublets have different Z3

charges (ϕ1 being neutral). TheZ0
3 andZ14 symmetries shape

the hierarchical structure of the quark mass matrices neces-
sary to get a realistic pattern of quark masses and mixing.
The Higgs doublets ϕl (l ¼ 1, 2) acquire VEVs that

break SUð2ÞL:

ϕl ¼
�

0
vlffiffi
2

p

�
; l ¼ 1; 2: ð2Þ

We decompose the Higgs fields around this minimum as

ϕl ¼
 

φþ
l

1ffiffi
2

p ðvl þ ρl þ iηlÞ

!
¼
 1ffiffi

2
p ðωl þ iτlÞ

1ffiffi
2

p ðvl þ ρl þ iηlÞ

!
;

ð3Þ

where

hρli ¼ hηli ¼ hωli ¼ hτli ¼ 0; l ¼ 1; 2: ð4Þ

From an analysis of the scalar potential (see
Appendix B), we obtain the following VEVs for the SM
singlet scalars:

hξi ¼ vξð1; 0Þ; hχi ¼ vχ ; hζi ¼ vζ; ð5Þ

i.e., the VEV of ξ is aligned as (1,0) in the S3 direction.
For the up- and down-type quarks, the Yukawa terms

invariant under the symmetries are

LU
Y ¼ εðuÞ33 q̄3L ~ϕ1u3R þ εðuÞ23 q̄2L ~ϕ2u3R

χ2

Λ2

þ εðuÞ13 q̄1L ~ϕ2u3R
χ3

Λ3
þ εðuÞ22 q̄2L ~ϕ1UR

ξχ3

Λ4

þ εðuÞ11 q̄1L ~ϕ1UR
ξχ4ζ3

Λ8
þ H:c: ð6Þ

LD
Y ¼ εðdÞ33 q̄3Lϕ1d3R

χ3

Λ3
þ εðdÞ22 q̄2Lϕ2d2R

χ5

Λ5

þ εðdÞ12 q̄1Lϕ2d2R
χ6

Λ6
þ εðdÞ21 q̄2Lϕ2d1R

χ6

Λ6

þ εðdÞ11 q̄1Lϕ2d1R
χ7

Λ7
þ H:c: ð7Þ

The invariant Yukawa terms for charged leptons and
neutrinos are

Ll
Y ¼ εðlÞ33 l̄3Lϕ1l3R

χ3

Λ3
þ εðlÞ23 l̄2Lϕ1l3R

χ3

Λ3

þ εðlÞ22 l̄2Lϕ1l2R
χ5

Λ5
þ εðlÞ32 l̄3Lϕ1l2R

χ5

Λ5

þ εðlÞ11 l̄1Lϕ2l1R
χ7ζ

Λ8
þ H:c: ð8Þ

Lν
Y ¼ εðνÞ11 l̄1L ~ϕ2ν1R

χ3

Λ3
þ εðνÞ12 l̄1L ~ϕ2ν2R

χ3

Λ3
þ εðνÞ21 l̄2L ~ϕ1ν1R

þ εðνÞ22 l̄2L ~ϕ1ν2R þ εðνÞ31 l̄3L ~ϕ1ν1R þ εðνÞ32 l̄3L ~ϕ1ν2R

þM1ν̄1Rν
c
1R þM2ν̄2Rν

c
2R þM12ν̄1Rν

c
2R þ H:c: ð9Þ

TABLE I. Assignments of the SM fermions under the flavor symmetries.

Field q1L q2L q3L UR u3R d1R d2R d3R l1L l2L l3L l1R l2R l3R ν1R ν2R

S3 1 1 1 2 1 1 1 1 1 1 1 1’ 1 1 1 1
Z3 0 0 1 0 1 2 2 1 2 0 0 1 0 0 0 0
Z0
3 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0

Z14 −3 −2 0 1 0 4 3 3 −3 0 0 4 5 3 0 0
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The Z14 symmetry is the smallest cyclic symmetry that

allows χ7

Λ7 in theYukawa terms responsible for the downquark
and electron masses, which we want to suppress by λ7

(λ ¼ 0.225 is one of the Wolfenstein parameters) without
requiring small dimensionless Yukawa couplings.
Furthermore, the Z0

3 symmetry is responsible for coupling
the scalar ζ with UR as well as with l1R, which helps to
explain the smallness of the up quark and electron mass in
this model. The hierarchy of charged fermion masses and
quark mixing matrix elements is therefore explained by both
the Z0

3 and Z14 symmetries. Given that in this scenario the
quark masses are related with the quark mixing parameters,
we set theVEVs of the SUð2ÞL singlet scalars with respect to
the Wolfenstein parameter λ and the new physics scale Λ:

vξ ∼ vζ ∼ vχ ¼ λΛ: ð10Þ

These scalars therefore acquire VEVs at a scale unrelated to
ΛEW.We have checked numerically that this regime is a valid
minimum of the global potential for a suitable region of the
parameter space (see Appendix B). As we will see in the
following sections, in order to obtain realistic fermionmasses
and mixing without requiring a strong hierarchy among
the Yukawa couplings, the VEVs of the SUð2ÞL doublets
(v1 and v2) should be of the same order of magnitude.

A. Quark masses and mixing

Using Eqs. (6) and (7) we find the mass matrices for up-
and down-type quarks in the form

MU ¼ vffiffiffi
2

p

0
B@

c1λ8 0 a1λ3

0 b1λ4 a2λ2

0 0 a3

1
CA;

MD ¼ vffiffiffi
2

p

0
B@

e1λ7 f1λ6 0

e2λ6 f2λ5 0

0 0 g1λ3

1
CA; ð11Þ

where ak (k ¼ 1, 2, 3), b1, c1, g1, f1, f2, e1 and e2 areOð1Þ
parameters. Here we assume that all dimensionless param-
eters given in Eq. (11) are real except for a3, which we
assume to be complex. These are the viable quark textures
presented in [55], which we briefly review here.

The Hermitian combinations MUM
†
U and MDMT

D are

MUM
†
U ¼ v2

2

0
B@

ja1j2λ6 þ c21λ
16 a1a2λ5 a1a3λ3

a�1a2λ
5 a22λ

4 þ b21λ
8 a2a3λ2

a�1a3λ
3 a2a3λ2 a23

1
CA;

ð12Þ

MDMT
D

¼ v2

2

0
B@

λ14e21 þ λ12f21 e1e2λ13 þ f1f2λ11 0

e1e2λ13 þ f1f2λ11 λ12e22 þ λ10f22 0

0 0 λ6g21

1
CA;

ð13Þ
and are approximately diagonalized by unitary rotation
matrices RU and RD:

R†
UMUM

†
URU¼

0
B@
m2

u 0 0

0 m2
c 0

0 0 m2
t

1
CA;

RU≃
0
B@

c13 s13s23eiδ −c23s13eiδ

0 c23 s23
s13e−iδ −c13s23 c13c23

1
CA; ð14Þ

RT
DMDMT

DRD ¼

0
B@

m2
d 0 0

0 m2
s 0

0 0 m2
b

1
CA;

RD ¼

0
B@

c12 s12 0

−s12 c12 0

0 0 1

1
CA; ð15Þ

where cij ¼ cos θij, sij ¼ sin θij (with i ≠ j andi; j ¼ 1, 2,
3). θij and δ are the quark mixing angles and the CP
violating phase, respectively, in the usual parametrization.
They are given by

tan θ12 ≃ f1
f2

λ; tan θ23 ≃ a2
a3

λ2;

tan θ13 ≃ ja1j
a3

λ3; δ ¼ − argða1Þ: ð16Þ

Therefore, the up- and down-type quark masses are
approximately given by

mu ≃ c1λ8
vffiffiffi
2

p ; mc ≃ b1λ4
vffiffiffi
2

p ; mt ≃ a3
vffiffiffi
2

p ;

ð17Þ

TABLE II. Assignments of the scalars under SUð2ÞL and the
flavor symmetries.

Field ϕ1 ϕ2 ξ χ ζ

SUð2ÞL 2 2 1 1 1
S3 1 1 2 1 1’
Z3 0 1 0 0 0
Z0
3 0 0 0 0 1

Z14 0 0 0 −1 0
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md ≃ je1f2 − e2f1j
λ7ffiffiffi
2

p v; ms ≃ f2λ5
vffiffiffi
2

p ; mb ≃ g1λ3
vffiffiffi
2

p : ð18Þ

We also find that the Cabbibo-Kobayashi-Maskawa (CKM) quark mixing matrix is approximately

VCKM ¼ R†
URD ≃

0
B@

c12c13 c13s12 eiδs13
e−iδc12s13s23 − c23s12 c12c23 þ e−iδs12s13s23 −c13s23
−s12s23 − e−iδc12c23s13 c12s23 − e−iδc23s12s13 c13c23

1
CA: ð19Þ

It is noteworthy that Eq. (11) provides an elegant
understanding of all SM fermion masses and mixing angles
through their scalings by powers of the Wolfenstein
parameter λ ¼ 0.225 with Oð1Þ coefficients.
The Wolfenstein parametrization [56] of the CKM

matrix is

VW ≃
0
B@

1 − λ2

2
λ Aλ3ðρ − iηÞ

−λ 1 − λ2

2
Aλ2

Aλ3ð1 − ρ − iηÞ −Aλ2 1

1
CA; ð20Þ

with

λ ¼ 0.22537� 0.00061; A ¼ 0.814þ0.023
−0.024 ; ð21Þ

ρ̄ ¼ 0.117� 0.021; η̄ ¼ 0.353� 0.013; ð22Þ

ρ̄≃ ρ

�
1 −

λ2

2

�
; η̄≃ η

�
1 −

λ2

2

�
: ð23Þ

From the comparison with (20), we find

a3 ≃ 1; a2 ≃ A≃ 0.81;

a1 ≃ −A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ2 þ η2

q
eiδ ≃ −0.3eiδ; ð24Þ

δ ¼ 67°; b1 ≃ mc

λ4mt
≃ 1.43; c1 ≃ mu

λ8mt
≃ 1.27: ð25Þ

Note that a1 is required to be complex, as previously
assumed, and its magnitude is a bit smaller than the
remaining Oð1Þ coefficients.
Since the charged fermion masses and quark mixing

hierarchy arise from the Z0
3 ⊗ Z14 symmetry breaking, and

in order to have the right value of the Cabibbo mixing, we
need e2 ≈ f2. We fit the parameters e1, f1, f2 and g1 in
Eq. (11) to reproduce the down-type quark masses and
quark mixing parameters. As can be seen from the above
formulas, the quark sector of our model contains ten
effective free parameters, i.e., ja1j, a2, a3, b1, c1, e1, f1,
f2, g1 and the phase argða1Þ, to describe the quark mass and
mixing pattern, which is characterized by ten physical
observables, i.e., the six quark masses, the three mixing
angles and the CP violating phase. Furthermore, in our
model these parameters are of the same order of magnitude.
The results for the down-type quark masses, the three quark

mixing angles and the CP violating phase δ in Tables III
and IV correspond to the best-fit values:

e1≃0.84; f1≃0.4; f2≃0.57; g1≃1.42: ð26Þ

As pointed out in [55], the CKM matrix in our model is
consistent with the experimental data. The agreement of our
model with the experimental data is as good as in the models
of Refs. [9,11,29,33,47,57,58] and better than, for example,
those inRefs. [59–66]. The obtained and experimental values
of the magnitudes of the CKM parameters, i.e., three quark
mixing parameters and the CP violating phase δ, are shown
inTable III. The experimental values of theCKMmagnitudes
and the Jarlskog invariant are taken from Ref. [67], whereas
the experimental values of the quarkmasses, which are given
at the MZ scale, have been taken from Ref. [68].

B. Lepton masses and mixing

This S3 flavor model obtains the viable quark textures
proposed in [55] as shown in Sec. II A. We now proceed to
analyze the lepton sector of the model. From the charged

TABLE III. Model and experimental values of the quark
masses.

Observable Model value Experimental value

mu (MeV) 1.47 1.45þ0.56
−0.45

mc (MeV) 641 635� 86

mt (GeV) 172.2 172.1� 0.6� 0.9

md (MeV) 3.00 2.9þ0.5
−0.4

ms (MeV) 59.2 57:7þ16.8
−15.7

mb (GeV) 2.82 2.82þ0.09
−0.04

TABLE IV. Model and experimental values of CKM parameters.

Observable Model value Experimental value

sin θ12 0.2257 0.2254
sin θ23 0.0412 0.0413
sin θ13 0.00352 0.00350
δ 68° 68°
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lepton Yukawa terms of Eq. (8) it follows that the charged
lepton mass matrix takes the following form:

Ml ¼
vffiffiffi
2

p

0
B@

x1λ8 0 0

0 y1λ5 z1λ3

0 y2λ5 z2λ3

1
CA; ð27Þ

where x1, y1, y2, z1, z2, areOð1Þ parameters, assumed to be
real, for simplicity.
Then, the charged lepton mass matrix satisfies the

following relations:

MlMT
l ¼

v2

2

0
B@
x21λ

16 0 0

0 z21λ
6þy21λ

10 z1z2λ6þy1y2λ10

0 z1z2λ6þy1y2λ10 z22λ
6þy22λ

10

1
CA;

ð28Þ

MT
l Ml¼

v2

2

0
B@
x21λ

16 0 0

0 ðy21þy22Þλ10 ðy1z1þy2z2Þλ8
0 ðy1z1þy2z2Þλ8 ðz21þz22Þλ6

1
CA:

ð29Þ

Therefore, the matrix MlMT
l can be diagonalized by

rotation matrix Rl according to

RT
l MlMT

l Rl ¼

0
B@

m2
e 0 0

0 m2
μ 0

0 0 m2
τ

1
CA;

Rl ¼

0
B@

1 0 0

0 cos θl − sin θl
0 sin θl cos θl

1
CA;

tan θl ≃ −
z1
z2
: ð30Þ

The charged lepton masses are approximately given by

me ¼ x1λ8
vffiffiffi
2

p ;

mμ ≃ jy1z2 − y2z1jffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z21 þ z22

p λ5
vffiffiffi
2

p ;

mτ ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z21 þ z22

q
λ3

vffiffiffi
2

p : ð31Þ

From the neutrino Yukawa terms it follows that the full
5 × 5 neutrino mass matrix is

Mν ¼
�

03×3 MD
ν

ðMD
ν ÞT MR

�
; ð32Þ

where

MD
ν ¼

0
BBB@

λ3εðνÞ11
v2ffiffi
2

p λ3εðνÞ12
v2ffiffi
2

p

εðνÞ21
v1ffiffi
2

p εðνÞ22
v3ffiffi
2

p

εðνÞ31
v1ffiffi
2

p εðνÞ33
v3ffiffi
2

p

1
CCCA ¼

0
B@

A F

B E

C D

1
CA;

MR ¼
�

M1
1
2
M12

1
2
M12 M2

�
: ð33Þ

Since ðMRÞii ≫ v, the light neutrino mass matrix is
generated through a type I seesaw mechanism and is given
by

ML ¼ MD
ν M−1

R ðMD
ν ÞT ¼

0
B@

A F

B E

C D

1
CA
0
B@− 4M2

M2
12
−4M1M2

2M12

M2
12
−4M1M2

2M12

M2
12
−4M1M2

− 4M1

M2
12
−4M1M2

1
CA�A B C

F E D

�

¼

0
BBBBB@

− 4ðM2A2−M12AFþM1F2Þ
M2

12
−4M1M2

2ðBFM12−2ABM2−2FEM1þAEM12Þ
M2

12
−4M1M2

2ðCFM12−2ACM2−2FDM1þADM12Þ
M2

12
−4M1M2

2ðBFM12−2ABM2−2FEM1þAEM12Þ
M2

12
−4M1M2

− 4ðM2B2−M12BEþM1E2Þ
M2

12
−4M1M2

2ðBDM12−2BCM2þCEM12−2DEM1Þ
M2

12
−4M1M2

2ðCFM12−2ACM2−2FDM1þADM12Þ
M2

12
−4M1M2

2ðBDM12−2BCM2þCEM12−2DEM1Þ
M2

12
−4M1M2

− 4ðM2C2−M12CDþM1D2Þ
M2

12
−4M1M2

1
CCCCCA

¼

0
B@

W2 WX cosφ WY cos ðφ − ϱÞ
WX cosφ X2 XY cos ϱ

WY cos ðφ − ϱÞ XY cos ϱ Y2

1
CA: ð34Þ
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In order to demonstrate that these structures can be fit to the data, we set φ ¼ ϱ for simplicity, to obtain

ML ¼

0
B@

W2 κWX WY

κWX X2 κXY

WY κXY Y2

1
CA; κ ¼ cosφ: ð35Þ

Assuming that the neutrino Yukawa couplings are real, we find that for the normal (NH) and inverted (IH) mass
hierarchies, the light neutrino mass matrix is diagonalized by a rotation matrix Rν, according to

RT
νMLRν ¼

0
B@

0 0 0

0 mν2 0

0 0 mν3

1
CA; Rν ¼

0
BB@

− Yffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p Wffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p sin θν Wffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p cos θν

0 cos θν − sin θν
Wffiffiffiffiffiffiffiffiffiffiffi

W2þY2
p Yffiffiffiffiffiffiffiffiffiffiffi

W2þY2
p sin θν Yffiffiffiffiffiffiffiffiffiffiffi

W2þY2
p cos θν

1
CCA; for NH ð36Þ

tan θν ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m3 − X2

X2 −m2

s
; mν1 ¼ 0; mν2;3 ¼

W2 þ X2 þ Y2

2
∓

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðW2 − X2 þ Y2Þ2 − 4κ2X2ðW2 þ Y2Þ

p
2

:

RT
νMLRν ¼

0
B@

mν1 0 0

0 mν2 0

0 0 0

1
CA; Rν ¼

0
BBB@

Wffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p − Yffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p sin θν − Yffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p cos θν

0 cos θν − sin θν
Yffiffiffiffiffiffiffiffiffiffiffi

W2þY2
p Wffiffiffiffiffiffiffiffiffiffiffi

W2þY2
p sin θν

Wffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p cos θν

1
CCCA; for IH

tan θν ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 − X2

X2 −m1

s
; mν1;2 ¼

W2 þ X2 þ Y2

2
∓ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðW2 − X2 þ Y2Þ2 − 4κ2X2ðW2 þ Y2Þ

q
; mν3 ¼ 0: ð37Þ

The smallness of the active neutrinos’ masses is a consequence of their scaling with the inverse of the large Majorana
neutrino masses, as expected from the type I seesaw mechanism implemented in our model.
With the rotation matrices in the charged lepton sector Rl, Eq. (30), and the neutrino sector Rν, Eqs. (36) and (37) for NH

and IH, respectively, we obtain the PMNS mixing matrix

U ¼ RT
l Rν ¼

8>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>:

0
BBBBBBBB@

− Yffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p Wffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p sin θν
Wffiffiffiffiffiffiffiffiffiffiffi

W2þY2
p cos θν

Wffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p sin θl cos θl cos θν þ Yffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p sin θl sin θν
Yffiffiffiffiffiffiffiffiffiffiffi

W2þY2
p cos θν sin θl − cos θl sin θν

Wffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p cos θl
Yffiffiffiffiffiffiffiffiffiffiffi

W2þY2
p cos θl sin θν − cos θν sin θl sin θl sin θν þ Yffiffiffiffiffiffiffiffiffiffiffi

W2þY2
p cos θl cos θν

1
CCCCCCCCA

for NH;

0
BBBBBBBB@

Wffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p − Yffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p sin θν − Yffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p cos θν

Yffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p sin θl cos θl cos θν þ Wffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p sin θν sin θl
Wffiffiffiffiffiffiffiffiffiffi
X2þY2

p sin θl cos θν − cos θl sin θν

Yffiffiffiffiffiffiffiffiffiffiffi
W2þY2

p cos θl
Wffiffiffiffiffiffiffiffiffiffiffi

W2þY2
p sin θν cos θl − cos θν sin θl sin θl sin θν þ Wffiffiffiffiffiffiffiffiffiffiffi

W2þY2
p cos θl cos θν

1
CCCCCCCCA

for IH:

ð38Þ

By comparing with the standard parametrization we derive the mixing angles for NH and IH:
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sin2θ12 ¼
W2sin2θν

Y2 þ ð1 − cos2θνÞW2
;

sin2θ13 ¼
W2cos2θν
W2 þ Y2

;

sin2θ23 ¼
ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W2 þ Y2

p
sin θν cos θl − Y cos θν sin θlÞ2

ð1 − cos2θνÞW2 þ Y2
;

for NH ð39Þ

sin2θ12 ¼
Y2sin2θν

W2 þ ð1 − cos2θνÞY2
; sin2θ13 ¼

Y2cos2θν
W2 þ Y2

;

sin2θ23 ¼
ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W2 þ Y2

p
sin θν cos θl −W cos θν sin θlÞ2

ð1 − cos2θνÞY2 þW2
;

for IH: ð40Þ

We further simplify the analysis by considering

x1 ¼ y2 ¼ z1; ð41Þ

so that the charged lepton masses will be determined by
three dimensionless effective parameters, i.e., x1, y1 and z2,
whereas the neutrino mass squared splittings and neutrino
mixing parameters will be controlled by four dimensionless
effective parameters, i.e., κ, W, X and Y. Varying the
parameters x1, y1, z2, κ, W, X and Y, we fit the charged
lepton masses, the neutrino mass squared splittings Δm2

21,
Δm2

31 (defined as Δm2
ij ¼ m2

i −m2
j ) and the leptonic

mixing angles sin2 θ12, sin2 θ13 and sin2 θ23 to their
experimental values for NH and IH. Therefore the lepton
sector of our model contains seven effective free param-
eters, i.e., x1, y1, z2, κ,W, X and Y, and describes the lepton
masses and mixing pattern, characterized by eight physical
observables, i.e., the three charged lepton masses, the two
neutrino mass squared splittings and the three leptonic
mixing angles. The results shown in Table V correspond to
the following best-fit values:

κ ≃ 0.45; W ≃ 0.13 eV
1
2;

X ≃ 0.11 eV
1
2; Y ≃ 0.18 eV

1
2;

x1 ≃ 0.42; y1 ≃ 1.39; z2 ≃ 0.77; for NH;

ð42Þ

κ ≃ 4.03 × 10−3; W ≃ 0.18 eV
1
2;

X ≃ 0.22 eV
1
2; Y ≃ 0.13 eV

1
2;

x1 ≃ 0.42; y1 ≃ 1.38; z2 ≃ 0.78; for IH:

ð43Þ

Using the best-fit values given above, we obtain the
following neutrino masses for NH and IH:

m1 ¼ 0; m2 ≃ 9 meV; m3 ≃ 50 meV; for NH; ð44Þ

m1 ≃ 49 meV; m2 ≃ 50 meV; m3 ¼ 0; for IH: ð45Þ

The obtained and experimental values of the observables in
the lepton sector are shown in Table V. Given that the
lightest neutrino is predicted to be massless in our model,
the neutrino masses are hierarchical, which puts the overall
neutrino mass scale below the current experimental reach
(the same applies to the cosmological bound

P
3
k¼1mνk <

0.23 eV on the sum of the neutrino masses [69,70]).
Therefore, our model fulfills the cosmological contraints
on neutrino masses for both normal and inverted
hierarchies.
The experimental values of the charged lepton masses,

which are given at the MZ scale, have been taken from
Ref. [68], whereas the experimental values of the neutrino
mass squared splittings and leptonic mixing angles for both
NH and IH are taken from Ref. [71]. The obtained charged
lepton masses, neutrino mass squared splittings and lepton
mixing angles are in excellent agreement with the exper-
imental data, showing that the model can perfectly account
for all the observables in the lepton sector. We recall that for
the sake of simplicity, we assumed all leptonic parameters
to be real and further restricted the set of parameters, but a
nonvanishing CP violating phase in the PMNS mixing
matrix can be generated by allowing one or several
parameters in the neutrino mass matrix of Eq. (32) to be
complex.
We can now predict the amplitude for neutrinoless

double beta (0νββ) decay in our model, which is propor-
tional to the effective Majorana neutrino mass

TABLE V. Model and experimental values of the lepton sector
observables, for normal (NH) and inverted (IH) hierarchies.

Observable Model value Experimental value

me (MeV) 0.487 0.487

mμ (MeV) 102.8 102.8� 0.0003

mτ (GeV) 1.75 1.75� 0.0003

Δm2
21 (10−5 eV2) (NH) 7.60 7.60þ0.19

−0.18

Δm2
31 (10−3 eV2) (NH) 2.48 2.48þ0.05

−0.07

sin2 θ12 (NH) 0.323 0.323� 0.016

sin2 θ23 (NH) 0.567 0.567þ0.032
−0.128

sin2 θ13 (NH) 0.0234 0.0234� 0.0020

Δm2
21 (10−5 eV2) (IH) 7.60 7.60þ0.19

−0.18

Δm2
13 (10−3 eV2) (IH) 2.48 2.48þ0.05

−0.06

sin2 θ12 (IH) 0.323 0.323� 0.016

sin2 θ23 (IH) 0.573 0.573þ0.025
−0.043

sin2 θ13 (IH) 0.0240 0.0240� 0.0019
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mββ ¼
����X

k

U2
ekmνk

����; ð46Þ

where U2
ek and mνk are the PMNS mixing matrix elements

and the Majorana neutrino masses, respectively.
Then, from Eqs. (38) and (42)–(45), we predict the

following effective neutrino masses for both hierarchies:

mββ ¼
�
4 meV for NH

50 meV for IH
: ð47Þ

This is beyond the reach of the present and forthcoming
0νββ-decay experiments. The present best upper limit on
this parameter mββ ≤ 160 meV comes from the recently

quoted EXO-200 experiment [72,73] T0νββ
1=2 ð136XeÞ ≥ 1.6 ×

1025 yr at 90% C.L. This limit will be improved within the
not-too-distant future. The GERDA experiment [74,75] is
currently moving to phase II, at the end of which it is
expected to reach T0νββ

1=2 ð76GeÞ ≥ 2 × 1026 yr, correspond-
ing tomββ ≤ 100 MeV. A bolometric CUORE experiment,
using 130Te [76], is currently under construction. Its
estimated sensitivity is around T0νββ

1=2 ð130TeÞ ∼ 1026 yr cor-
responding to mββ ≤ 50 meV. There are also proposals for
ton-scale next-to-next generation 0νββ experiments with
136Xe [77,78] and 76Ge [74,79] claiming sensitivities over
T0νββ
1=2 ∼ 1027 yr, corresponding tomββ ∼ 12 − 30 meV. For

recent experimental reviews, see for example Ref. [80] and
references therein. Thus, according to Eq. (47) our model
predicts T0νββ

1=2 at the level of sensitivities of the next
generation or next-to-next generation 0νββ experiments.

III. SCALAR PHENOMENOLOGY

The renormalizable scalar potential involving only the
SUð2Þ doublets ϕi is

VðϕiÞ ¼ −
X2
i¼1

μ2i ðϕ†
iϕiÞ þ

X2
i¼1

κiðϕ†
iϕiÞ2;

Vðϕ1;ϕ2Þ ¼ γ12ðϕ†
1ϕ1Þðϕ†

2ϕ2Þ þ κ12ðϕ†
1ϕ2Þðϕ†

2ϕ1Þ;
Vðξ; χ; ζ;ϕiÞ ¼ ðλξðξξÞ1 þ λχðχ†χÞ

þ λζðζ†ζÞÞ
X2
i¼1

λ1iðϕ†
iϕiÞ;

whereas the remaining terms are

VðξÞ ¼ −μ2ξðξξÞ1 þ γξ;3ðξξÞ2ξ
þ κξ;1ðξξÞ1ðξξÞ1 þ κξ;2ðξξÞ2ðξξÞ2;

VðχÞ ¼ −μ2χðχ†χÞ þ κχðχ†χÞ2;
VðζÞ ¼ −μ2ζðζ†ζÞ þ κζðζ†ζÞ2;

Vðξ; χ; ζÞ ¼ λ2ðξξÞ1ðχ†χÞ þ λ3ðξξÞ1ðζ†ζÞ þ λ4ðζ†ζÞðχ†χÞ:

To obtain a viable low-energy model with one CP-odd and
one charged Goldstone boson, we consider the following
soft breaking terms:

Vsoftðζ; χÞ ¼ −μ2χζðζχ þ ζ†χ†Þ; ð48Þ

Vsoftðϕi;ϕjÞ ¼ −μ212½ðϕ†
1ϕ2Þ þ ðϕ†

2ϕ1Þ�: ð49Þ

The mass matrices of the low-energy CP-even neutral
scalars ρ1;2; CP-odd neutral scalars η1;2; and charged
scalars φ�

1;2 can be written as

M1 ¼
1

2

� 2κ1v21 þ v2
v1
μ212 γv1v2 − μ212

γv1v2 − μ212 2κ2v22 þ v1
v2
μ212

�
;

M2 ¼
μ212
2

� v2
v1

−1

−1 v1
v2

�
;

M3 ¼
μ212 þ κ12v1v2

2

� v2
v1

−1

−1 v1
v2

�
: ð50Þ

The physical low-energy scalar mass eigenstates are
connected with the weak scalar states by the following
relations [81,82],

�
h

H

�
¼
�

sin α − cos α

− cos α − sin α

��
ρ1

ρ2

�
;

tan 2α ¼ 2ðγv1v2 − μ212Þ
2ðκ1v21 − κ2v22Þ þ μ212ðv2v1 −

v1
v2
Þ ;�

π0

A0

�
¼
�
cos β sin β

sin β − cos β

��
η1

η2

�
;

�
π�

H�

�
¼
�
cos β sin β

sin β − cos β

��
φ�
1

φ�
2

�
;

tan β ¼ v2
v1

ð51Þ

with the low-energy physical scalar masses given by

m2
h ¼

1

2v1

�
κ1v31 þ κ2v1v22 þ μ212v2 − v1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2v21v

2
2 − 2γμ212v1v2 þ κ21v

4
1 − 2κ1κ2v21v

2
2 þ κ22v

4
2 þ μ412

q �
; ð52Þ

m2
H ¼ 1

2v1

�
κ1v31 þ κ2v1v22 þ μ212v2 þ v1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2v21v

2
2 − 2γμ212v1v2 þ κ21v

4
1 − 2κ1κ2v21v

2
2 þ κ22v

4
2 þ μ412

q �
; ð53Þ
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m2
A0 ¼ μ212

2

�
v2
v1

þ v1
v2

�
;

m2
H� ¼ μ212 þ κ12v1v2

2

�
v2
v1

þ v1
v2

�
: ð54Þ

The physical low-energy scalar spectrum of our model
includes two massive charged Higgs bosons (H�), one CP-
odd Higgs (A0) and two neutral CP-even Higgs (h;H0)
bosons. The scalar h is identified as the SM-like 126 GeV
Higgs boson found at the LHC. It it noteworthy that the
neutral π0 and charged π� Goldstone bosons are associated
with the longitudinal components of the Z and W� gauge
bosons, respectively.
Thanks to the specific shape of the Yukawa couplings

dictated by the discrete symmetries, the present model is
flavor conserving in the down-type and charged lepton
sectors because for those sectors we have a special case of
Yukawa alignment [83–85]. ϕ2 generates the masses of the
first two down-type quark generations, whereas ϕ1 is
responsible only for the bottom Yukawa; conversely, ϕ2 is
associated onlywith the electronYukawa,whileϕ1 generates
the masses of the remaining charged leptons. The Yukawa
couplings of both doublets are therefore aligned in these
sectors. Due to the lack of flavor changing neutral currents
(FCNCs) in the down-type sector, tightly constrained kaon
and B-meson mixings are protected against neutral scalar
contributions. Mixing occurs exclusively in the up-type
sector, where both ϕ1 and ϕ2 couple to the third generation
of up-type quarks. Consequently, top quark FCNCs arise that
can be exploited as a probe of new physics since associated
processes are strongly suppressed in the SM. Explicitly, we
obtain the following structures for the up- and down-type
Yukawas in the scalar and fermion mass bases using the
rotation matrices (14), (30), (51) and the corresponding
transformations of the right-handed fields:

Yd
h ¼

0
B@

yhdd yhds yhdb
yhsd yhss yhsb
yhbd yhbs yhbb

1
CA

¼
ffiffiffi
2

p
0
BB@

− cαmd
vsβ

0 0

0 − cαms
vsβ

0

0 0 mbsα
vcβ

1
CCA; ð55Þ

Yd
H ¼

0
B@

yHdd yHds yHdb
yHsd yHss yHsb
yHbd yHbs yHbb

1
CA

¼
ffiffiffi
2

p
0
BB@

− mdsα
vsβ

0 0

0 − mssα
vsβ

0

0 0 − cαmb
vcβ

1
CCA; ð56Þ

Yu
h ¼

0
B@

yhuu yhuc yhut
yhcu yhcc yhct
yhtu yhtc yhtt

1
CA

≃ ffiffiffi
2

p
0
BB@

musα
vcβ

0 mt
v VtbVubðcαsβ þ

sα
cβ
Þ

0 mcsα
vcβ

mt
v VtbVcbðcαsβ þ

sα
cβ
Þ

0 0 mt
v ðV2

tb
sα
cβ
− cα

sβ
Oðλ4ÞÞ

1
CCA; ð57Þ

Yu
H ¼

0
B@

yHuu yHuc yHut
yHcu yHcc yHct
yHtu yHtc yHtt

1
CA

≃ ffiffiffi
2

p
0
BB@

− cαmu
vcβ

0 mt
v VtbVubðsαsβ −

cα
cβ
Þ

0 − cαmc
vcβ

mt
v VtbVcbðsαsβ −

cα
cβ
Þ

0 0 − mt
v ðV2

tb
cα
cβ
þ sα

sβ
Oðλ4ÞÞ

1
CCA;

ð58Þ

with the notations sinðxÞ≡ sx, cosðxÞ≡ cx and tanðxÞ≡ tx
and Vij denote the CKM matrix elements. Furthermore, the
mixing angles α and β are defined in Eq. (51). As in other
2HDMs the couplings depend crucially on the parameters α
and β, but should comply with the current bounds if tan β is
neither unnaturally large nor small, inwhich cases deviations
from the bottom and top Yukawa couplings with respect to
the SMwill becomevery large. This agreeswith our previous
statement that the fermion mass hierarchies and mixing are
best explained by tan β values ofOð1Þ. As explained above,
FCNCs are absent in the down-type quark sector since the
matrices Yd

h;H do not have off-diagonal entries. The up-type

Yukawa couplings Yh;H
ut;ct, however, allow for the tree-level

decays t → hq (q ¼ u; c), whose branching ratios are
currently limited by ATLAS to Brðt → hqÞ < 0.79% @
95% C.L. [86] and by CMS to Brðt → hqÞ < 0.56% @
95% C.L. (observed limit) and Brðt → hqÞ < 0.65þ0.29

−0.19%

(expected limit) [87]. Since yut is negligibly small compared
to yct, we consider only the stronger CMS constraint that can
be interpreted as an upper bound on the off-diagonal top
Yukawas to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jyhctj2 þ jyhctj2

q
¼

ffiffiffi
2

p
mt

v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi����VtbVcb

�
sα
cβ

þ cα
sβ

�����2
s

< 0.14;

ð59Þ

which translates to ���� cα−βcβsβ

����≲ 3.40: ð60Þ

The t → ch channel is particularly interesting since its
branching ratio Brðt → hcÞSM ≃ 10−15 [86] is extremely
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suppressed in the SM, but can be potentially large in our
model, allowing it to be probed at future collider experi-
ments. As shown in Fig. 1 our model predictions can reach
branching ratios of Oð0.01%Þ in some regions of the α − β
plane, allowing us to further constrain our model parameter
space with experimental searches for rare top decays.
Recently an analysis of up-type FCNCs in the 2HDM

type III has been performed [88], parametrizing the flavor
violating yhct coupling as yhct ¼ 1

v λct
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2mtmc

p
according to

the Cheng-Sher ansatz [89] (this type of FCNC was shown
to be remarkably stable under radiative corrections [90]).
Focusing on the cc → tt as well as the t → cg channels,
they find that λct can still take values of up to 10–20
depending on the neutral heavy Higgs mass. With yhct ∝
1
v VcbVtb

ffiffiffi
2

p
mt our model corresponds to λct ≈ 1

2
and is

therefore well below the critical region. Indeed, following
the analysis of [91] we find numerically that the loop
induced decays t → cg, t → cγ and t → cZ are several
orders of magnitude below the current LHC sensitivity.
Explicitly, varying the free model parameters α; β and the
scalar masses mH;mA and mH� , we expect the branching
ratios to be approximately

Brðt → cgÞ ∼Oð10−9Þ;
Brðt → cγÞ ∼Oð10−12Þ;
Brðt → cZÞ ∼Oð10−13Þ; ð61Þ

as opposed to the current upper limits from ATLAS and
CMS [92,93],

Brðt → cgÞ < 1.6× 10−4; Brðt → cγ; cZÞ < 5× 10−4:

ð62Þ

The largest branching ratio of the three channels,
Brðt → cgÞ, is shown in Fig. 2(a) as a function of α and
β for fixed mH and mA, and in 2(b) for variable mH and mA
with fixed α and β. As it turns out, the charged Higgs
contribution is tiny and does not affect the prediction for
any values of mH� .
In the charged lepton sector we obtain

Yl
h ¼

ffiffiffi
2

p
0
B@

yhee yheμ yheτ

yhμe yhμμ yhμτ

yhτe yhτμ yhττ

1
CA

¼
ffiffiffi
2

p
0
B@

− cαme
vsβ

0 0

0
mμsα
vcβ

0

0 0 mτsα
vcβ

1
CA; ð63Þ

Yl
H ¼

ffiffiffi
2

p
0
B@

yHee yHeμ yHeτ

yHμe yHμμ yHμτ

yHτe yHτμ yHττ

1
CA

¼
ffiffiffi
2

p
0
BB@

− mesα
vsβ

0 0

0 − cαmμ

vcβ
0

0 0 − cαmτ
vcβ

1
CCA: ð64Þ

The charged leptons are also free of FCNCs due to the lack
of off-diagonal Yukawa couplings. Consequently, the
recently reported anomaly in h → μτ decays cannot be
explained in our present model, even though it was possible
to account for this in other multi-Higgs models with S3 or
other discrete symmetries [94–97].

FIG. 1. (a) Brðt → hcÞ½%� in the α − β plane. (b) Brðt → hcÞ½%� as a function of α for β ¼ π=10 (blue, solid), β ¼ π=6 (red, dashed)
and β ¼ π=3 (yellow, dotted). The flavor violating yh;Hct couplings are enhanced for small β values leading to a potentially large
Brðt → hcÞ observable at future experiments.
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The charged Higgs couplings that are relevant, e.g., for

B0
s;d − B0

s;d mixing and the radiative decays b → qγ
ðq ¼ s; dÞ, are given by

YL
H� ¼

ffiffiffi
2

p
0
B@

ydu ydc ydt
ysu ysc yst
ybu ybc ybt

1
CA

¼
ffiffiffi
2

p
0
BB@

Vud

V2
tbþV2

cb
tβ

mu
v − Vus

Vtb
tβ

mc
v −V�

td
mt
vtβ

Vus
V2
tbþV2

cb
tβ

mu
v

Vud
Vtb

tβ
mc
v −V�

ts
mt
vtβ

0 0 Vtbtβ
mt
v

1
CCA; ð65Þ

YR
H� ¼

ffiffiffi
2

p
0
B@

yud yus yub
ycd ycs ycb
ytd yts ytb

1
CA

¼
ffiffiffi
2

p
0
BB@

Vud
md
vtβ

Vus
ms
vtβ

Vubtβ
mb
v

Vcd
md
vtβ

Vcs
ms
vtβ

Vcbtβ
mb
v

Vtd
md
vtβ

Vts
ms
vtβ

Vtbtβ
mb
v

1
CCA; ð66Þ

Yeν
H� ¼

ffiffiffi
2

p me

vtβ
; Yμν

H� ¼
ffiffiffi
2

p mμ

v
tβðcθl − sθlÞ;

Yτν
H� ¼

ffiffiffi
2

p mτ

v
tβðcθl þ sθlÞ; ð67Þ

where in the last equation we summed over the neutrino
mass eigenstates as they are usually undetected in typical
flavor experiments. Here, the couplings ybu and ybc
that could be used to explain the outstanding anomaly in

B → Dð�Þτν decays [98] are zero; hence no difference from
2HDMs of type II is to be expected in these channels.
On the other hand, the charged scalar sector is tightly

constrained by b → sγ measurements, where the charged
scalar H� leads to an additional loop diagram replacing the
W�. Recently a lower bound of 480 GeV was placed on
the charged Higgs in the 2HDM type II [99]. Following the
analysis of [100] we estimate a lower bound on the
charged Higgs mass imposed on our model by constraints
on the Wilson coefficients involved in Brðb → sγÞ.
Since tan β drops out in the product of the corresponding
Yukawa couplings ytbðybtÞ and ytsðystÞ, the prediction is
independent of tan β and the lower limit is roughly
mH� ≳ 500 GeV.

A. Constraints from h → γγ

In our 2HDM the h → γγ decay receives additional
contributions from loops with charged scalars H�, as
shown in Fig. 3, and therefore sets bounds on the masses
of these scalars as well as on the angles α and β.
The explicit form of the h → γγ decay rate is [101–108]

Γðh→ γγÞ¼ α2emm3
h

256π3v2

����Xf
ahffNcQ2

fF1=2ðϱfÞ

þahWWF1ðϱWÞþ
λhH�H∓v
2m2

H�
F0ðϱH�Þ

����2: ð68Þ

Here ϱi are the mass ratios ϱi ¼ m2
h

4M2
i
, with Mi ¼ mf;MW ,

and mH� ; αem is the fine structure constant; NC is the color
factor (NC ¼ 1 for leptons, NC ¼ 3 for quarks); and Qf is
the electric charge of the fermion in the loop. From the

FIG. 2. (a) Brðt → hgÞ in the α − β plane with mH ¼ mA ¼ 500 GeV. (b) Brðt → hgÞ as a function of mH and mA for α ¼ π=3 and
β ¼ π=4. The decay rate is to a large extent independent of the charged Higgs mass mH� .
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fermion-loop contributions we consider only the dominant
top quark term. Furthermore, λhH�H∓ is the trilinear
coupling between the SM-like Higgs and a pair of charged
Higgs bosons, which is given by

λhH�H∓ ¼ −
γ12 þ κ12

2
v sin 2β cos ðαþ βÞ: ð69Þ

Besides that ahtt and ahWW are the deviation factors from
the SM Higgs–top quark coupling and the SM Higgs–W
gauge boson coupling, respectively (in the SM these factors
are unity). These deviation factors are given by

ahtt ≃ sin α
cos β

; ð70Þ

ahWW ¼ sin ðα − βÞ; ð71Þ

where in ahtt we neglected the contribution suppressed by
small CKM entries.
The dimensionless loop factors F1=2ðϱÞ and F1ðϱÞ (for

spin-1=2 and spin-1 particles in the loop, respectively) are
[104,106]

F1=2ðϱÞ ¼ 2½ϱþ ðϱ − 1ÞfðϱÞ�ϱ−2; ð72Þ

F1ðϱÞ ¼ −½2ϱ2 þ 3ϱþ 3ð2ϱ − 1ÞfðϱÞ�ϱ−2; ð73Þ

F0ðϱÞ ¼ −½ϱ − fðϱÞ�ϱ−2; ð74Þ

with

fðϱÞ ¼
8<
:

arcsin2
ffiffiffi
ϱ

p
; for ϱ ≤ 1

− 1
4

h
ln
�
1þ

ffiffiffiffiffiffiffiffiffi
1−ϱ−1

p
1−

ffiffiffiffiffiffiffiffiffi
1−ϱ−1

p
�
− iπ

i2
; for ϱ ≤ 1:

ð75Þ

In what follows we determine the constraints that the Higgs
diphoton signal strength imposes on our model. To this end,
we introduce the ratio Rγγ , which normalizes the γγ signal
predicted by our model relative to that of the SM:

Rγγ ¼
σðpp → hÞΓðh → γγÞ

σðpp → hÞSMΓðh → γγÞSM
≃ a2htt

Γðh → γγÞ
Γðh → γγÞSM

:

ð76Þ

The normalization given by Eq. (76) for h → γγ was also
used in Refs. [94,108–113].
The ratio Rγγ has been measured by CMS and ATLAS

with the best-fit signals [114,115]

RCMS
γγ ¼ 1.14þ0.26

−0.23 and RATLAS
γγ ¼ 1.17� 0.27:

Figure 4(a) shows the sensitivity of the ratio Rγγ under
variations of the mixing angle α for mH� ¼ 500 GeV,
γ12 þ κ12 ¼ 1 and different values of the mixing angle β. It
follows that as the mixing angle β is increased, the range of
α consistent with LHC observations of h → γγ moves away
from π=2. On the other hand, the decay rate is largely
independent of the charged Higgs mass or the sum of the
couplings γ12 þ κ12, which is consistent with the contri-
bution mediated by charged scalars to the h → γγ process
being a small correction. In fact we checked numerically
that it stays almost constant when mH� is varied from
500 GeV to 1 TeV for fixed values of α; β, and the quartic
couplings of the scalar potential. For the same values of the
charged Higgs mass and quartic couplings, we show in
Fig. 4(b) the Z-shaped allowed region in the α − β plane
that is consistent with the Higgs diphoton decay rate
constraints at the LHC, and overlay it with the relatively
weak bound in Eq. (60) that arises from top quark FCNCs.

FIG. 3. One-loop Feynman diagrams in the unitary gauge contributing to the h → γγ decay.
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B. T and S parameters

The extra scalars affect the oblique corrections of the
SM, and these values are measured in high precision
experiments. Consequently, they act as a further constraint
on the validity of our model. The oblique corrections are
parametrized in terms of the two well-known quantities T
and S. In this section we calculate one-loop contributions to
the oblique parameters T and S defined as [116–118]

T ¼ Π33ðq2Þ − Π11ðq2Þ
αEMðMZÞM2

W

����
q2¼0

;

S ¼ 2 sin 2θW
αEMðMZÞ

dΠ30ðq2Þ
dq2

����
q2¼0

: ð77Þ

Π11ð0Þ, Π33ð0Þ, and Π30ðq2Þ are the vacuum polarization
amplitudes with fW1

μ;W1
μg, fW3

μ;W3
μg and fW3

μ; Bμg
external gauge bosons, respectively, where q is their
momentum. We note that in the definitions of the T and
S parameters, the new physics is assumed to be heavy when
compared to MW and MZ.
The Feynman diagrams contributing to the T and S

parameters are shown in Figs. 5 and 6.
We split the T and S, emphasizing the contributions

arising from new physics as T ¼ TSM þ ΔT and
S ¼ SSM þ ΔS, where TSM and SSM are the SM contribu-
tions given by

TSM ¼ −
3

16πcos2θW
ln

�
m2

h

m2
W

�
; ð78Þ

SSM ¼ 1

12π
ln

�
m2

h

m2
W

�
; ð79Þ

while ΔT and ΔS contain all the contributions involving in
our model the heavy scalars

ΔT ≃ −
3cos2ðα − βÞ
16πcos2θW

ln

�
m2

H0

m2
h

�

þ 1

16π2v2αEMðMZÞ
½m2

H� − Fðm2
A0 ; m2

H�Þ�

þ sin2ðα − βÞ
16π2v2αEMðMZÞ

½Fðm2
h; m

2
A0Þ − Fðm2

h; m
2
H�Þ�

þ cos2ðα − βÞ
16π2v2αEMðMZÞ

½Fðm2
H0 ; m2

A0Þ − Fðm2
H0 ; m2

H�Þ�;

ð80Þ

ΔS≃ 1

12π

	
cos2ðα − βÞ ln

�
m2

H0

m2
h

�
þ sin2ðα − βÞKðm2

h; m
2
A0 ; m2

H�Þ

þ cos2ðα − βÞKðm2
H0 ; m2

A0 ; m2
H�Þ


; ð81Þ

where we introduced the functions [104,119–125]

Fðm2
1;m

2
2Þ¼

m2
1m

2
2

m2
1−m2

2

ln

�
m2

1

m2
2

�
; lim

m2→m1

Fðm2
1;m

2
2Þ¼m2

1;

ð82Þ

FIG. 4. The constraints on the model imposed by keeping Rγγ inside the experimentally allowed 1σ range determined by CMS and
ATLAS to be 1.14þ0.26

−0.23 and 1.17� 0.27, respectively [114,115]. (a) The ratio Rγγ as a function of the mixing angle α of the CP-even
neutral scalars h and H0 for mH� ¼ 500 GeV, γ12 þ κ12 ¼ 1 and different values of the mixing angle β; the blue, red and green curves
correspond to β set to 0, π

6
and π

3
, respectively, and the horizontal lines are the minimum and maximum values of the ratio Rγγ . (b) The

allowed region in the α − β plane consistent with the Higgs diphoton decay rate constraint at the LHC, superimposed with the constraint
imposed by Eq. (60).
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Kðm2
1;m

2
2;m

2
3Þ ¼

1

ðm2
2−m2

1Þ3
�
m4

1ð3m2
2−m2

1Þ ln
�
m2

1

m2
3

�
−m4

2ð3m2
1−m2

2Þ ln
�
m2

2

m2
3

�
−
1

6
½27m2

1m
2
2ðm2

1−m2
2Þþ 5ðm6

2−m6
1Þ�
�
;

ð83Þ

with the properties

FIG. 5. One-loop Feynman dia-
grams contributing to the T param-
eter. The fields H1 and H2 are linear
combinations of the charged Higgs
bosons H�, similarly to how W�
gauge bosons are defined in terms of
W1 and W2. Likewise, the fields π1

and π2 are linear combinations of the
charged Goldstone bosons π�.

FIG. 6. One-loop Feynman dia-
grams contributing to the S param-
eter. The fields H1 and H2 are linear
combinations of the charged Higgs
bosons H�, similarly to how W�
gauge bosons are defined in terms of
W1 and W2.
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lim
m1→m2

Kðm2
1; m

2
2; m

2
3Þ ¼ K1ðm2

2; m
2
3Þ ¼ ln

�
m2

2

m2
3

�
;

lim
m2→m3

Kðm2
1; m

2
2; m

2
3Þ ¼ K2ðm2

1; m
2
3Þ ¼

−5m6
1 þ 27m4

1m
2
3 − 27m2

1m
4
3 þ 6ðm6

1 − 3m4
1m

2
3Þ lnðm

2
1

m2
3

Þ þ 5m6
3

6ðm2
1 −m2

3Þ3
;

lim
m1→m3

Kðm2
1; m

2
2; m

2
3Þ ¼ K2ðm2

2; m
2
3Þ: ð84Þ

The experimental results on T and S restrict ΔT and ΔS to
lie inside a region in the ΔS − ΔT plane. At the 95% con-
fidence level, these are the elliptic contours shown in Fig. 7.
The origin ΔS ¼ ΔT ¼ 0 is the SM value with mh ¼
125.5 GeV and mt ¼ 176 GeV. We analyze the T and S
parameter constraints on our model by considering two
benchmark scenarios, in both keeping α − β ¼ π

5
. In the first

scenario we assume that the CP-even and CP-odd neutral
Higgs bosons have degenerate masses of 500 GeV, below
which the LHC has not detected any scalars beyond the
SM-like state. In this first scenario, we find that the T and S
parameters constrain the charged Higgs masses to the range
550 GeV ≤ mH� ≤ 580 GeV, which is consistent with the
lower bound mH� ≳ 500 GeV obtained from b → sγ con-
straints [99]. In the second scenario, we assume that the
charged Higgs bosons and CP-even neutral Higgs bosons
have degenerate masses of 500 GeV. In this second
scenario, the T and S parameter constraints are fulfilled

if the CP-odd neutral Higgs boson mass is in the range
375 GeV ≤ mA0 ≤ 495 GeV.

IV. CONCLUSIONS

We have constructed a viable two-Higgs-doublet exten-
sion of the StandardModelwhich features additionally anS3
flavor symmetry and extra scalars that breakS3. This leads to
textures for fermion masses, and consists of an existence
proof of models leading to the quark texture in [55]. Overall,
the model can fit the observed masses and CKM and PMNS
mixing angles very well. The model has in total seventeen
effective free parameters, which are fitted to reproduce the
experimental values of eighteen observables in the quark and
lepton sectors, i.e., nine charged fermion masses, two
neutrino mass squared splittings, three lepton mixing
parameters, three quark mixing angles and oneCP violating
phase of the CKM quark mixing matrix. The model predicts

FIG. 7. The ΔS − ΔT plane, where the ellipses contain the experimentally allowed region at 95% confidence level taken from
[126–128]. We set α − β ¼ π

5
. Figures (a) and (b) correspond to mA0 ¼ mH0 ¼ 500 GeV and mH0 ¼ mH� ¼ 500 GeV, respectively.

The charged Higgs and CP-odd neutral Higgs boson masses vary between (a) 550 GeV≤ mH� ≤ 580 GeV and
(b) 375 GeV≤ mA0 ≤ 495 GeV. The nearly vertical lines going up towards the ellipses correspond to ΔT and ΔS parameters in
our model as masses are varied in the aforementioned ranges.
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one massless neutrino for both normal and inverted hier-
archies in the active neutrino mass spectrum as well as an
effective Majorana neutrino mass, relevant for neutrinoless
double beta decay, with values mββ ¼ 4 meV and 50 meV,
for the normal and the inverted neutrino spectrum, respec-
tively. In the latter case our prediction is within the declared
reach of the next generation bolometric CUORE experiment
[76] or,more realistically, of the next-to-next generation ton-
scale 0νββ-decay experiments. The sums of the light active
neutrino masses in our model are 59 meV and 0.1 eV for
the normal and the inverted neutrino spectra, respectively,
which is consistent with the cosmological boundP

3
k¼1 mνk < 0.23 eV. The additional scalars mediate

flavor changing neutral current processes, but due to the
specific shape of the Yukawa couplings dictated by the
flavor symmetry these processes occur only in the up-type
quark sector. In the scalar sector the enlarged field content of
the model leads to constraints from both rare top decays and
from a h → γγ rate that can be distinguished from the SM
prediction. Among rare top decays, t → ch is particularly
promising as its branching ratio can reachOð0.01%Þ in our
model. With respect to the h → γγ, we find that
it depends only slightly on the mass of the charged Higgs
and the dependence on the quartic scalar couplings is
negligible, but the dominant top quark and vector boson
contributions are modified in our model and allow us to
place constraints on the hierarchy of the SUð2Þ doublet
VEVs (β) and the mixing of their CP-even mass eigen-
states (α) that aremuch stronger than those obtained from the
up-type quark flavor changing processes. We also showed
for a few benchmark scenarios that our model is compatible
with the present bounds for the oblique parameters T and S.
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APPENDIX A: THE PRODUCT RULES FOR S3

The S3 group has three irreducible representations: 1, 10
and 2. Denoting the basis vectors for two S3 doublets as
ðx1; x2ÞT and ðy1; y2ÞT and y0 a nontrivial S3 singlet, the S3
multiplication rules are [129]

�
x1
x2

�
2

⊗
�
y1
y2

�
2

¼ ðx1y1 þ x2y2Þ1 þ ðx1y2 − x2y1Þ10

þ
�
x2y2 − x1y1
x1y2 þ x2y1

�
2

; ðA1Þ

�
x1
x2

�
2

⊗ ðy0Þ10 ¼
�−x2y0

x1y0

�
2

;

ðx0Þ10 ⊗ ðy0Þ10 ¼ ðx0y0Þ1: ðA2Þ

APPENDIX B: DECOUPLING AND S3 VEVS

We assume that all SM singlet scalars acquire VEVs
much larger than the electroweak symmetry breaking scale.
This implies that the mixing angle between the scalar
singlets and the SUð2Þ doublet scalars is strongly sup-
pressed since it is of the order of v1;2

λΛ , as it follows from the
method of recursive expansion of Refs. [130–132].
Consequently, the mixing between these scalar singlets
and the SM Higgs doublets can be neglected. We also
checked numerically that the masses of the low-energy
scalars are nearly unaffected by SM singlet VEVs of
Oð500 GeVÞ and higher.
For simplicity we assume a CP invariant scalar potential

with only real couplings as done in Refs. [10,11,42,94]. In
the regime where the VEVs decouple, and also because the
10 scalar ζ is charged under Z0

3, the relevant terms for
determining the direction of the ξ VEV in S3 are

VðξÞ ¼ −μ2ξðξξÞ1 þ γξ;3ðξξÞ2ξþ κξ;1ðξξÞ1ðξξÞ1
þ κξ;2ðξξÞ2ðξξÞ2 þ κξ;3½ðξξÞ2ξ�2ξ; ðB1Þ

From the minimization conditions of the high-energy
scalar potential, we find the following relations:

∂hVi
∂vξ1

¼ 2vξ1 ½μ2ξ þ 2ðκξ;1 þ κξ;2 þ κξ;3Þðv2ξ1 þ v2ξ2Þ�

þ 3γξ;3ðv2ξ2 − v2ξ1Þ ¼ 0

∂hVi
∂vξ2

¼ 2vξ2f½μ2ξ þ 2ðκξ;1 þ κξ;2 þ κξ;3Þðv2ξ1 þ v2ξ2Þ�

þ 3γξ;3vξ1g ¼ 0: ðB2Þ

Then, from an analysis of the minimization equations
given by Eq. (B2), we obtain for a large range of the
parameter space the following VEV direction for ξ:

hξi ¼ vξð1; 0Þ: ðB3Þ

From the expressions given in Eq. (B2), and using the
vacuum configuration for the S3 scalar doublets given in
Eq. (5), we find the relation between the parameters and the
magnitude of the VEV:

μ2ξ ¼ −
vξ
2
½3γξ;3 þ 4ðκξ;1 þ κξ;2 þ κξ;3Þvξ�; ðB4Þ

These results show that the VEV direction for the S3
doublet ξ in Eq. (5) is consistent with a global minimum of
the scalar potential of our model.
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