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Abstract. We explore the phenomena of flavor violation, using combinations of Yukawa
matrices in order to reproduce a hermitian mass matrix. We work within the Two-Higgs doublet
model with a specific four-zero texture type (2HDM-Tx). Current experimental bounds from
K−K̄ mixing, Bs → μ+μ− and τ → 3μ are used in order to restrict the values for the parameters
model: tanβ(= v2

v1
) and γ (0 < γ < 1). We predict the rates for the Flavor Violating decays

(h → τμ) and t → c+ h, which reach Branching ratios that could be tested at the LHC.

1. Introduction
Recently the Large Hadron Collider (LHC) has confirmed the existence of a Higgs-like particle
with mass mH ≈ 125 GeV [1, 2]. This seems to confirm the linear realization of the mechanism
of Electroweak symmetry breaking, which it needs to generate the masses of gauge bosons and
fermions within the SM [3]. Additionally, the current experimental searches are testing the
Higgs couplings, an information that can be used to discriminate between the minimal SM
Higgs doublet case and other extensions of the SM, with more complicated Higgs sector [4].

For a time, a possible solution a the hierarchy problem, suffered by the SM Higgs boson,
motivated many interesting proposals for extending the SM. It is expected that current and
future data coming from LHC will give us the opportunity to test these scenarios. Two-Higgs
Doublet Model (2HDM) is one the simplest proposals for physics Beyond the Standard Model
(BSM). 2HDM was initially studied in connection with the search for the origin of CP violation
[5], later on it was found that the model could be connected with the realization of new theoretical
ideas, such as supersymmetry [6], extra dimensions [7] and strongly interacting models [8],[9].

Possible realizations of the general 2HDM that have been considered in the literature are
known as Type I, II and III, for a review see [10]. There are also other models called X, Y, Z,
but in some sense they can be considered variations of the above models. Model I has a discrete
symmetry Z2 , which permits a possible dark matter candidate coming from the Z2−odd scalar
doublet [11]. Within Type- I models, a single Higgs doublet gives mass to the up, down quarks
and leptons. The type II model [12] assigns one doublet to each fermion type (this type also arises
in the minimal SUSY extension of the SM [13]), which suffices to avoid Flavor Changing Neutral
Currents (FCNC) mediated by the Higgs bosons[14]. Within the most general 2HDM, the mass
matrix for each fermion type f(= u, d, l) receives contributions from both Higgs doublets, which
have vevs v1 and v2 after SSB, i.e.
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Mf =
1√
2

(
v1Y

f
1 + v2Y

f
2

)
, (1)

where Y f
1,2 denote the Yukawa matrices associated with each Higgs doublet. Inside this general

model, the Yukawa matrices must have a structure that should reproduce the observed fermion
masses and mixing angles and, simultaneously, the level of FCNC must satisfy current bounds
[5, 15, 16]. One possiblity to have FCNC at acceptable levels, is the assumption that the Yukawa
matrices have a certain texture form, i.e. with zeroes in different elements.

In the past this general model was called as 2HDM of type III. However, this naming scheme
has become confusing, in part because it has been used to denote a different type of model [17],
but also because some specific cases have acquired a relevance of their own. One can include the
so-called Minimal Flavor violating 2HDM (MFV) in the relevant sub-cases of the general 2HDM
[18], which provides precisely the minimal level of FCNC consistent with data; MFV could be
studied from a pure phenomenological point of view[19] or as arising from flavor symmetries [20].
Although the so-called 2HDM with Alignment does not contain flavor violation, it is another
possibility one can use to obtain realistic models [21]. Thus, in order to clarify the notation
and to single out the use of textures within the 2HDM, from now on we shall call the two-higgs
doublet model with textures as 2HDM-Tx.

Early studies of the 2HDM [22] considered the specific texture with six-zeroes, but also the so-
called cyclic model. There, it was identified a specific pattern of FCNC Higgs-fermion couplings,

known nowadays as the Cheng-Sher ansatz, which can be written as
√
mimj

v . The extension of the
2HDM-Tx with four-zero texture was presented in [23, 24]. The phenomenological consequences
of these matrix textures (Hermitian 4-textures or non-hermitian 6-textures) were considered in
[25], whilst further phenomenological studies were presented in [26, 27, 28]. In all these cases,
it happens that FCNC bounds are satisfied with Higgs masses lighter than O(TeV).

Nevertheless, most of the above studies assumed that both Y f
1 and Y f

2 have the same texture
form, a pattern that can be called “Paralell textures” namely:

Y1 =

⎛⎝ 0 a1 0
a∗1 c1 b1
0 b∗1 a1

⎞⎠ , Y2 =

⎛⎝ 0 a2 0
a∗2 c2 b2
0 b∗2 a2

⎞⎠ . (2)

However, Y f
1 and Y f

2 could have different forms, but in such a way that the resulting mass
matrix has a specific type of texture [3]. In this paper we shall discuss different combinations
of Yukawa matrices that result in a mass matrix of the four-zero texture form. We shall discuss
first the different types of Yukawa matrices that result in a mass matrix with four-zero textures
2. Section 3 contains the Lagrangian for the 2HDM-III, written in terms of mass eigenstates.
Low energy constraints are discussed in section 4, including K − K̄ mixing, Bs → μ+μ− and
τ → 3μ. We explored one particular case in section 5, while other cases can be found in [42].
Section 6 contains results and conclusions.

2. Classification of the Textures
Here, we shall assume that at most one element from each of the Yukawa matrices Y f

1,2 con-
tributes to each entry of the full mass matrix; namely:
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Case 1:

Y1 =

⎛⎝ 0 d 0
d c b
0 b 0

⎞⎠ , Y2 =

⎛⎝ 0 0 0
0 0 0
0 0 a

⎞⎠ ;

Case 2:

Y1 =

⎛⎝ 0 0 0
0 c 0
0 0 0

⎞⎠ , Y2 =

⎛⎝ 0 d 0
d 0 b
0 b a

⎞⎠
Case 3:

Y1 =

⎛⎝ 0 d 0
d 0 0
0 0 0

⎞⎠ , Y2 =

⎛⎝ 0 0 0
0 c b
0 b a

⎞⎠ ;

Case 4:

Y1 =

⎛⎝ 0 0 0
0 0 b
0 b 0

⎞⎠ , Y2 =

⎛⎝ 0 d 0
d c 0
0 0 a

⎞⎠
Case 5:

Y1 =

⎛⎝ 0 d 0
d c 0
0 0 0

⎞⎠ , Y2 =

⎛⎝ 0 0 0
0 0 b
0 b a

⎞⎠ ;

Case 6:

Y1 =

⎛⎝ 0 d 0
d 0 b
0 b 0

⎞⎠ , Y2 =

⎛⎝ 0 0 0
0 c 0
0 0 a

⎞⎠
Case 7:

Y1 =

⎛⎝ 0 d 0
d c b
0 b a

⎞⎠ , Y2 =

⎛⎝ 0 0 0
0 0 0
0 0 a′

⎞⎠
Then, the above combinations of Yukawa matrices produce a mass matrix with a 4-zero

texture:

M =

⎛⎝ 0 D 0
D∗ C B
0 B∗ A

⎞⎠ .

3. The Lagrangian for the model
The Yukawa Lagrangian in the 2HDM-III is given by,

L = Y u
1 Q

0
LΦ̃1u

0
R + Y u

2 Q
0
LΦ̃2u

0
R + Y d

1 Q
0
LΦ1d

0
R + Y d

2 Q
0
LΦ2d

0
R + h.c.

where,

Q0
L =

(
uL

dL

)
, Q

0
L =

(
uL, dL

)
, Φ1 =

(
φ±
1

φ1

)
. (3)

and

Φ2 =

(
φ±
2

φ2

)
, Φ̃j = iσ2Φ

∗
j =

(
φj

∗

−φ∓
i

)
. (4)

After introducing the mass eigenstates and diagonalizing the spinor fields (d = V d′), the
rotated Yukawa are Ỹ d

i = V †Y d
i V and Y d

1 = Y d
1
†
, Y d

2 = Y d
2
†
. A more compact notation to write

the Higgs-fermion interactions, is given by:

Ld
N =

(
g

√
mimj√
2MW

)
d′i

[ (
η(1)

)
ij
ho +

(
η(2)

)
ij
H0 + i

(
η(3)

)
ij
A0γ5

]
d′j
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where the η factors are defined as follows η
(n)
ij = χ

(1)
ij fn(α, β) + χ

(2)
ij gn(α, β) and we

defined: f1(α, β) = − sinα
cosβ , g1(α, β) = cosα

sinβ , f2(α, β) = cosα
cosβ , g2(α, β) = sinα

sinβ , f3(α, β) =

− tanβ, g3(α, β) = cotβ.

4. Constraints from Low Energy
In order to find the allowed regions of parameter space we need to consider all relevant low
energy and collider constraints. For the low energy constraints, this includes:

4.1. K-K Mixing
The Feynman diagram is,

s̄� d̄�
� ��

φ
�

� �
d� s�

(5)

the effective Hamiltonian is given by,

HΔS=2
eff =

G2
FM

2
W

16π2

∑
i

CiQi.

with,

MK
12 =

4

3
F 2
Kη2B̄K(mdms)

1

v21

3∑
a=1

[
P̄LR
2

U2aU1a

m2
φa

+ P̄SLL
1

(
U2
2a

m2
φa

+
U2
1a

m2
φa

)]

4.2. Decay τ → μμμ
The Feynman diagram is

μ�
��

τ
�

h� μ�
��
�

μ̄�

(6)

where,

Γ(τ− → μ−μ+μ−) =
mτV

2
22V

2
ij

192π3r2φ

(
R2

φ + r2φ

)(1− 12r3μ − 36r1/2μ + 4rμ

)
(7)

with,

V 2
ij =

(
1

2v

)2 (
−(y1)ij sin(n− β)

cosβ
+

(y2)ij cos(n− β)

sinβ

)2
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4.3. Decay Bs → μ+μ−
The Feynman diagram representing is,

s̄� μ̄�
� ��

φ
�

� �
b� μ�

(8)

where,

Br
(
Bs → μ+μ−) = G2

Fα
2
em

16π3
MBτB |VtsV

∗
tb|2

√
1− 4m2

l

M2
B

×
[ ∣∣∣F d

s

∣∣∣2(1− 4m2
l

M2
B

)
+
∣∣∣F d

p + 2mlF
d
A

∣∣∣2 ]
the Wilson coefficients are,

Cp =
2π
√
mq

2m
q
3m

l
2

GFV ∗
tbVtsαemMb v2

[
1

4M2
A0

∏
r=q,l

((
χ(2)
r

)
23
g3(α, β) +

(
χ(1)
r

)
23
f3(α, β)

)]
(9)

and

Cs =
2π
√
mq

2m
q
3m

l
2

GFV ∗
tbVtsαemMb v2

[
1

4M2
H0

∏
r=q,l

((
χ(2)
r

)
23
g2(α, β) +

(
χ(1)
r

)
23
f2(α, β)

)
+

1

4M2
h0

∏
r=q,l

((
χ(2)
r

)
23
g1(α, β) +

(
χ(1)
r

)
23
f1(α, β)

)]

5. A case Exploring
For illustration we shall display here some of the elements of the χ factors for case 5, the other
cases can find in [42]. In general, each component has a complicated expression relating the
masses of the particles and our parameter γ. For instance, the 12-Yukawa elements are given
by, (

χ1

)
12

=

√
1

1− m2γ
m3

(
1− |m1|

m2

)
−
(
m1

m2
+ γ + 1

) (
χ2

)
12

= 2γ +

(
m2

m3
γ − 1

)
γ

We obtain the figure 1

Figure 1. Allowed regions (blue) in the plane tanβ − γ for case 6, where a) α − β = 0, b)
α− β = π/2 and c)α− β = π/3.
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Figure 1 shows the allowed regions (blue) in the plane tanβ−γ for case 5, where a) α−β = 0,
b) α − β = π/2 and c)α − β = π/3. Thus, we find that the Cheng-Sher ansatz still holds, up
to corrections, for case 5 of complementary Yukawa matrices; and this remains valid for all the
cases we are considering here.

6. Results and Conclusions
We predict that the LFV Higgs decays (h → τμ), as well as the rare top decay t → c+ h, could
reach significant levels, which may be searched at the coming phases of LHC.
Branching ratios for Case 5 where: α − β = π

3 and the first row corresponds to tanβ = 10,
the second row tanβ = 15 and the third row tanβ = 20 . The second part of the table has an
analogous arrangement of tanβ.

γ = 0.1 γ = 0.2 γ = 0.3

1.5 – –
Br(h → τμ)×105 – 4.0 –

– 4.2 7.2

1.4 – –
Br(t → ch)×105 – 8.1 –

– 1.5 2.6
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