
J
H
E
P
0
7
(
2
0
1
3
)
0
4
4

Published for SISSA by Springer

Received: January 22, 2013

Revised: May 23, 2013

Accepted: June 15, 2013

Published: July 8, 2013

Off-diagonal terms in Yukawa textures of the Type-III

2-Higgs doublet model and light charged Higgs boson

phenomenology

J. Hernández–Sáncheza,b S. Morettic,d R. Noriega-Papaquie,b A. Rosadof

aFac. de Cs. de la Electrónica, Benemérita Universidad Autónoma de Puebla,
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Abstract:We discuss flavor-violating constraints and consequently possible charged Higgs

boson phenomenology emerging from a four-zero Yukawa texture embedded within the

Type-III 2-Higgs Doublet Model (2HDM-III). Firstly, we show in detail how we can obtain

several kinds of 2HDMs when some parameters in the Yukawa texture are absent. Secondly,

we present a comprehensive study of the main B-physics constraints on such parameters

induced by flavor-changing processes, in particular on the off-diagonal terms of such a

texture: i.e., from µ − e universality in τ decays, several leptonic B-decays (B → τν,

D → µν and Ds → lν), the semi-leptonic transition B → Dτν, plus B → Xsγ, including

B0− B̄0 mixing, Bs → µ+µ− and the radiative decay Z → bb̄. Thirdly, having selected the

surviving 2HDM-III parameter space, we show that the H−cb̄ coupling can be very large

over sizable expanses of it, in fact, a very different situation with respect to 2HDMs with

a flavor discrete symmetry (i.e., Z2) and very similar to the case of the Aligned-2HDM

(A2HDM) as well as of models with three or more Higgs doublets. Fourthly, we study in

detail the ensuing H± phenomenology at the Large Hadron Collider (LHC), chiefly the

cb̄ → H+ production mode and the H+ → cb̄ decay channel while assuming τ+ντ decays

in the former and t → bH+ production in the latter, showing that significant scope exists

in both cases.
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1 Introduction

The main problem in flavor physics Beyond the Standard Model (BSM) [1–3] is to control

the presence of Flavor Changing Neutral Currents (FCNCs) that have been observed to

be highly suppressed by a variety of experiments. Almost all BSM scenarios that describe

physics in energy regions higher than the Electro-Weak (EW) scale have contributions

with FCNCs at tree level, unless some symmetry is introduced in the scalar sector to

suppress them. One of the most important extensions of the SM is the 2-Higgs Doublet

Model (2HDM) [4–8], due to its wide variety of dynamical features and the fact that

it can represent a low-energy limit of general models like the Minimal Supersymmetric

Standard Model (MSSM). There are several realizations of the 2HDM, called Type I, II,

X and Y (acronymed as 2HDM-I [9, 10], 2HDM-II [11], 2HDM-X and 2HDM-Y [12–17])
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or inert Types, wherein (part of) the scalar particle content does not acquire a Vacuum

Expectation Value (VEV) [18–21]. In the most general version of a 2HDM, the fermionic

couplings of the neutral scalars are non-diagonal in flavor and, therefore, generate unwanted

FCNC phenomena. Different ways to suppress FCNCs have been developed, giving rise

to a variety of specific implementations of the 2HDM. The simplest and most common

approach is to impose a Z2 symmetry forbidding all non-diagonal terms in flavor space

in the Lagrangian [22]. Depending on the charge assignments under this symmetry, the

model is called Type I, II, X and Y or inert. There are other suggestions for the most

general 2HDM: (i) the alignment in flavor space of the Yukawa couplings of the two scalar

doublets, which guarantees the absence of tree-level FCNC interactions [23, 24]; (ii) the

Lepton Flavor Violating (LFV) terms introduced as a deviation from the Model II Yukawa

interactions in [25, 26]; (iii) the 2HDM-III with a particular Yukawa ‘texture’, forcing the

non-diagonal Yukawa couplings to be proportional to the geometric mean of the two fermion

masses, gij ∝ √
mimjχij [27–31];

1 (iv) recently, a Partially Aligned 2HDM (PA2HDM) was

presented and a four-zero texture is employed therein too, so that this newly suggested

scenario includes (i) and (iii) as particular cases [34].

Therefore, the mechanism through which the FCNCs are controlled defines the actual

version of the model and the consequently different phenomenology that can be contrasted

with experiment. In particular, we focus here on the version where the Yukawa couplings

depend on the hierarchy of masses. This version is the one where the mass matrix has a four-

zero texture form [32, 33]. This matrix is based on the phenomenological observation that

the off-diagonal elements must be small in order to dim the interactions that violate flavor,

as experimental results show. Although the phenomenology of Yukawa couplings constrains

the hierarchy of the mass matrix entries, it is not enough to determine the strength of the

interaction with scalars. Another assumption on the Yukawa matrix is related to the

additional Higgs doublet. In versions I and II a discrete symmetry is introduced on the

Higgs doublets, fulfilled by the scalar potential, that leads to the vanishing of most of the

free parameters. However, version III, having a richer phenomenology, requires a slightly

more general scheme. Interesting phenomenological implications of 2HDMs with a four-

zero texture for the charged Higgs boson sector [29, 30, 35, 36] and neutral Higgs boson

sector [37, 38] have been studied. In these works one estimated the order of the parameters

χij = O(1), including the off-diagonal terms of the Yukawa texture. In contrast, a complete

and detailed analysis that includes off-diagonal terms of the Yukawa texture in presence of

the recent data of processes at low energy has been omitted in previous works. Therefore,

in this paper, we present a comprehensive study of the main flavor constraints on the

parameters that come from a four-zero Yukawa texture considering the off-diagonal terms

and present their relevance for charged Higgs boson phenomenology at the Large Hadron

Collider (LHC). The presence of a charged scalar H± is in fact one of the most distinctive

features of a two-Higgs doublet extended scalar sector. In the following, we analyze its

1It is well known that, through Yukawa textures [32, 33], it is possible to build a matrix that preserves

the expected Yukawa couplings that depend on the fermion masses. From a phenomenological point of

view, the Cheng-Sher ansatz [27] has been very useful to describe the phenomenological content of the

corresponding Yukawa matrix and the salient features of the hierarchy of quark masses.
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phenomenological impact in low-energy flavor-changing processes within the 2HDM-III

with a four-zero texture and constrain the complex parameters χij therein using present

data on different leptonic, semi-leptonic/semi-hadronic and hadronic decays.

If mH± < mt −mb, such particles would most copiously (though not exclusively [39–

41]) be produced in the decays of top quarks via t → H±b [42–45]. Searches in this channel

have been performed by the Tevatron experiments, assuming the decay modes H± → cs

and H± → τν [46, 47]. Since no signal has been observed, constraints are obtained on

the parameter space [mH± , tanβ], where tanβ = v2/v1 (i.e., the ratio of the VEVs of the

two Higgs doublets). Searches in these channels have now been carried out also at the

LHC: for H± → cs with 0.035 fb−1 by ATLAS [48] and for H± → τν with 4.8 fb−1 by

ATLAS [49] plus with 1 fb−1 by CMS [50]. These are the first searches for H± states at

this collider. The constraints on [mH± , tanβ] from the LHC searches for t → H±b are now

more restrictive than those obtained from the corresponding Tevatron searches.

The phenomenology of H± states in models with three or more Higgs doublets, called

Multi-Higgs Doublet Models (MHDMs), was first studied comprehensively in [14], with an

emphasis on the constraints from low-energy processes (e.g., the decays of mesons). Al-

though the phenomenology of H± bosons at high-energy colliders in MHDMs and 2HDMs

has many similarities, the possibility of mH± < mt−mb together with an enhanced Branch-

ing Ratio (BR) for H± → cb would be a distinctive feature of MHDMs. This scenario,

which was first mentioned in [14] and studied in more detail originally in [17, 51, 52] and

most recently in [53], is of immediate interest for the ongoing searches for t → H±b with

H± → cs by the LHC [48]. Although the current limits on H± → cs can also be applied to

the decay H± → cb (as discussed in [54] in the context of the Tevatron searches), a further

improvement in sensitivity to t → H±b with H± → cb could be obtained by tagging the

b quark which originates from H± decays [30, 51, 53, 54]. Large values of BR(H± → cb)

are also possible in certain 2HDMs, such as the “flipped 2HDM” with Natural Flavor

Conservation (NFC) [7, 8, 17, 54]. However, in this model one would generally expect

mH± ≫ mt, due to the constraint from b → sγ (mH± > 295GeV [55–57]) so that t → H±b

with H± → cb would not proceed. However, in our version of the 2HDM-III there are

additional new physics contributions which enter b → sγ, thus weakening the constraint

on mH± [30]. We will estimate the increase in sensitivity to BR(H± → cb) and to the

fermionic couplings of H± in the 2HDM-III scenario. Further, always in the latter, we will

re-visit the possibility of direct H± production from cb-fusion, where the on-shell H± state

eventually decays to τντ pairs, its only resolvable signature in the context of fully hadronic

machines.

We now proceed as follows. The formulation of the general 2HDM with a four-zero

texture for the Yukawa matrix is recalled in section 2. The phenomenological consequences

of having a charged Higgs field are analyzed in the next section in processes at low energy,

extracting the corresponding constraints on the aforementioned new physics parameters

χij , by discussing the constraints derived from tree-level leptonic and semi-leptonic/semi-

hadronic decays, while in section 4 we discuss the ensuing light charged Higgs phenomenol-

ogy at the LHC. Finally, we elaborate our conclusions in section 5.
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2 The Yukawa sector of the 2HDM-III with a four-zero Yukawa texture

In this section, we will discuss the main characteristics of the general Higgs potential and

the using of a specific four-zero texture in the Yukawa matrices within the 2HDM-III. In

this connection, notice that, when a flavor symmetry in the Yukawa sector is implemented,

discrete symmetries in the Higgs potential are not needed, so that the most general Higgs

potential must be introduced.

2.1 The general Higgs potential in the 2HDM-III

The 2HDM includes two Higgs scalar doublets of hypercharge +1: Φ†
1 = (φ−

1 , φ
0∗
1 ) and

Φ†
2 = (φ−

2 , φ
0∗
2 ). The most general SU(2)L×U(1)Y invariant scalar potential can be written

as [58]

V (Φ1,Φ2) = µ2
1(Φ

†
1Φ1) + µ2

2(Φ
†
2Φ2)−

(

µ2
12(Φ

†
1Φ2) + H.c.

)

+
1

2
λ1(Φ

†
1Φ1)

2 (2.1)

+
1

2
λ2(Φ

†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+

(

1

2
λ5(Φ

†
1Φ2)

2 +
(

λ6(Φ
†
1Φ1) + λ7(Φ

†
2Φ2)

)

(Φ†
1Φ2) + H.c.

)

,

where all parameters are assumed to be real.2 Regularly, in the 2HDM Type I and II

the terms proportional to λ6 and λ7 are absent, because the discrete symmetry Φ1 → Φ1

and Φ2 → −Φ2 is imposed in order to avoid dangerous FCNC effects. However, in our

model, where mass matrices with a four-zero texture are considered, as intimated, it is not

necessary to implement the above discrete symmetry. Thence, one must keep the terms

proportional to λ6 and λ7. These parameters play an important role in one-loop processes,

where self-interactions of Higgs bosons could be relevant [38]. Besides, the parameters λ6

and λ7 are essential to obtain the decoupling limit of the model in which only one CP-even

scalar is light, as hinted by current Tevatron and LHC data [59–61]. While these terms

exist, there are two independent energy scales, v and Λ2HDM (the scale at which additional

BSM physics is required to control persisting divergences in the Higgs masses and self-

couplings), and the spectrum of Higgs boson masses is such that mh0 is of order v whilst

mH0 , mA0 and mH± are all of the order of Λ2HDM [58]. Then, the heavy Higgs bosons

decouple in the limit Λ2HDM ≫ v, according to the decoupling theorem [6]. Conversely,

when the scalar potential does respect the discrete symmetry, it is impossible to have two

independent energy scales [58]. This implies that all of the physical scalar masses lie at the

EW scale v. Being that v is already fixed by experiment though, a very heavy Higgs boson

can only arise by means of a large dimensionless coupling constant λi. In this case, the

decoupling theorem is not valid, thus opening the possibility for the appearance of non-

decoupling effects. Moreover, since the scalar potential contains some terms that violate

the SU(2) custodial symmetry, non-decoupling effects can arise in one-loop induced Higgs

boson couplings [62–64].

2The µ2
12, λ5, λ6 and λ7 parameters are complex in general, but we will assume that they are real for

simplicity.
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The scalar potential (2.2) has been diagonalized to generate the mass-eigenstates fields.

The charged components of the doublets lead to a physical charged Higgs boson and the

pseudo-Goldstone boson associated with the W gauge field:

G±
W = φ±

1 cβ + φ±
2 sβ , (2.2)

H± = −φ±
1 sβ + φ±

2 cβ , (2.3)

with

m2
H± =

µ2
12

sβcβ
− 1

2
v2(λ4 + λ5 + t−1

β λ6 + tβλ7), (2.4)

where we have introduced the short-hand notations, tβ = tanβ, sβ = sinβ and cβ = cosβ.

Besides, the imaginary part of the neutral components φ0
iI defines the neutral CP-odd state

and the pseudo-Goldstone boson associated with the Z gauge boson. The corresponding

rotation is given by:

GZ = φ0
1Icβ + φ0

2Isβ , (2.5)

A0 = −φ0
1Isβ + φ0

2Icβ, (2.6)

where

m2
A0 = m2

H± +
1

2
v2(λ4 − λ5). (2.7)

Finally, the real part of the neutral components of the φ0
iR doublets defines the CP-even

Higgs bosons h0 and H0. The mass matrix is given by:

MRe =

(

m11 m12

m12 m22

)

, (2.8)

where

m11 = m2
As

2
β + v2(λ1c

2
β + s2βλ5 + 2sβcβλ6), (2.9)

m22 = m2
Ac

2
β + v2(λ2s

2
β + c2βλ5 + 2sβcβλ7), (2.10)

m12 = −m2
Asβcβ + v2

(

(λ3 + λ4)sβcβ + λ6c
2
β + λ7s

2
β

)

. (2.11)

The physical CP-even states, h0 and H0, are written as

H0 = φ0
1Rcα + φ0

2Rsα, (2.12)

h0 = −φ0
1Rsα + φ0

2Rcα, (2.13)

where

tan 2α =
2m12

m11 −m22
, (2.14)

and

m2
H0,h0 =

1

2

(

m11 +m22 ±
√

(m11 −m22)2 + 4m2
12

)

. (2.15)
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2.2 The Yukawa sector in the 2HDM-III with a four-zero texture

We shall follow refs. [29, 65], where a specific four-zero texture has been implemented for

the Yukawa matrices within the 2HDM-III. This allows one to express the couplings of

the neutral and charged Higgs bosons in terms of the fermion masses, Cabibbo-Kobayashi-

Maskawa (CKM) mixing angles and certain dimensionless parameters, which are to be

bounded by current experimental constraints. Thus, in order to derive the interactions of

the charged Higgs boson, the Yukawa Lagrangian is written as follows:

LY = −
(

Y u
1 Q̄LΦ̃1uR + Y u

2 Q̄LΦ̃2uR + Y d
1 Q̄LΦ1dR

+Y d
2 Q̄LΦ2dR + Y l

1 L̄LΦ1lR + Y l
2 L̄LΦ2lR

)

, (2.16)

where Φ1,2 = (φ+
1,2, φ

0
1,2)

T refer to the two Higgs doublets, Φ̃1,2 = iσ2Φ
∗
1,2, QL denotes the

left-handed fermion doublet, uR and dR are the right-handed fermion singlets and, finally,

Y u,d
1,2 denote the (3 × 3) Yukawa matrices. Similarly, one can see the corresponding left-

handed fermion doublet LL, the right-handed fermion singlet lR and the Yukawa matrices

Y l
1,2 for leptons.

After spontaneous EW Symmetry Breaking (EWSB), one can derive the fermion mass

matrices from eq. (2.16), namely

Mf =
1√
2
(v1Y

f
1 + v2Y

f
2 ), f = u, d, l. (2.17)

We will assume that both Yukawa matrices Y f
1 and Y f

2 have the four-texture form and are

Hermitian [29, 33]. Following this convention, the fermions mass matrices have the same

form, which can be written as:

Mf =







0 Cf 0

C∗
f B̃f Bf

0 B∗
f Af






. (2.18)

When B̃q → 0 one recovers the six-texture form. We also consider the hierarchy | Aq |≫ |
B̃q |, | Bq |, | Cq |, which is supported by the observed fermion masses in the SM.

The mass matrix is diagonalized through the bi-unitary matrices VL,R, though each

Yukawa matrices is not diagonalized by this transformation. The diagonalization is per-

formed in the following way:

M̄f = V †
fLMfVfR. (2.19)

The fact that Mf is Hermitian, under the considerations given above, directly implies

that VfL = VfR, and the mass eigenstates for the fermions are given by

u = V †
uu

′, d = V †
d d

′, l = V †
l l

′. (2.20)

Then, eq. (2.17) in this basis takes the form

M̄f =
1√
2
(v1Ỹ

f
1 + v2Ỹ

f
2 ), (2.21)

– 6 –
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where Ỹ f
i = V †

fLY
f
i VfR. In order to compare the kind of new physics coming from our

Yukawa texture with some more traditional 2HDMs (in particular with the 2HDM-II), in

previous works [29, 30, 35–38], some of us have adopted the following re-definitions:

2HDM-II-like

Ỹ d
1 =

√
2

v cosβ
M̄d − tanβỸ d

2 ,

Ỹ u
2 =

√
2

v sinβ
M̄u − cotβỸ u

1 ,

Ỹ l
1 = Ỹ d

1 (d → l). (2.22)

These re-definitions are convenient because we can get the Higgs-fermion-fermion coupling

in the 2HDM-III as gffφ2HDM−III = gffφ2HDM−II + ∆gffφ, where gffφ2HDM−II is the coupling in

the 2HDM-II and ∆gffφ is the contribution of the four-zero texture. If ∆gffφ → 0 we

can recover the 2HDM-II. However, these re-definitions are not unique. In fact, there

are others possibilities since from eq. (2.21) one can reproduce the 2HDM-I, 2HDM-X or

2HDM-Y as we can obtain for any version of 2HDM the following relation: gffφ2HDM−III =

gffφ2HDM−any +∆′gffφ. The other possible re-definitions are:

2HDM-I-like

Ỹ d
2 =

√
2

v sinβ
M̄d − cotβỸ d

1 ,

Ỹ u
2 =

√
2

v sinβ
M̄u − cotβỸ u

1 ,

Ỹ l
2 = Ỹ d

2 (d → l). (2.23)

2HDM-X-like

Ỹ d
2 =

√
2

v sinβ
M̄d − cotβỸ d

1 ,

Ỹ u
2 =

√
2

v sinβ
M̄u − cotβỸ u

1 ,

Ỹ l
1 = Ỹ d

1 (d → l). (2.24)

2HDM-Y-like

Ỹ d
1 =

√
2

v cosβ
M̄d − tanβỸ d

2 ,

Ỹ u
2 =

√
2

v sinβ
M̄u − cotβỸ u

1 ,

Ỹ l
2 = Ỹ d

2 (d → l). (2.25)

After spontaneous EWSB and including the diagonalizing matrices for quarks and

Higgs bosons,3 the interactions of the charged Higgs bosons H± and neutral Higgs bosons

φ0 (φ0 = h0, H0, A0 ) with quark pairs for any parametrization 2HDM-(I,II,X,Y)-like have

3The details of both diagonalizations are presented in ref. [29].

– 7 –
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the following form:

Lf̄ifjφ = − g

2
√
2MW

[

3
∑

l=1

ūi

{

(VCKM)il

[

Xmdl δlj−f(X)

(√
2MW

g

)

(

Ỹ d
n(X)

)

lj

]

(1+γ5)

+

[

Y mui
δil−f(Y )

(√
2MW

g

)

(

Ỹ u
n(Y )

)†

il

]

(VCKM)lj(1−γ5)

}

dj H
+ (2.26)

+ν̄i

[

Z mli δij−f(Z)

(√
2MW

g

)

(

Ỹ l
n(Z)

)

ij

]

(1+γ5)ljH
++h.c.

]

− g

2MW

(

mdi d̄i

{[

ξdHδij−
(ξdh+XξdH)

f(X)

√
2

g

(

mW

mdi

)

(Ỹ d
n(X))ij

]

H0

+

[

ξdhδij+
(ξdH−Xξdh)

f(X)

√
2

g

(

mW

mdi

)

(Ỹ d
n(X))ij

]

h0

+ i

[

−Xδij+f(X)

√
2

g

(

mW

mdi

)

(Ỹ d
n(X))ij

]

γ5A0

}

dj

+mui
ūi

{[

ξuHδij+
(ξuh−Y ξuH)

f(Y )

√
2

g

(

mW

mui

)

(Ỹ u
n(Y ))ij

]

H0

+

[

ξuhδij−
(ξuH+Y ξuh)

f(Y )

√
2

g

(

mW

mui

)

(Ỹ u
n(Y ))ij

]

h0

+ i

[

−Y δij+f(Y )

√
2

g

(

mW

mui

)

(Ỹ u
n(Y ))ij

]

γ5A0

}

uj

+mli l̄i

{[

ξlHδij−
(ξlh+ZξlH)

f(Z)

√
2

g

(

mW

mdi

)

(Ỹ l
n(Z))ij

]

H0

+

[

ξlhf(Z)δij+
(ξlH−Zξlh)

f(Z)

√
2

g

(

mW

mdi

)

(Ỹ l
n(Z))ij

]

h0

+ i

[

−Zδij+f(Z)

√
2

g

(

mW

mdi

)

(Ỹ l
n(Z))ij

]

γ5A0

}

lj

)

,

where VCKM denotes the mixing matrices of the quark sector, the functions f(x) and n(x)

are given by:

f(x) =
√

1 + x2,

n(x) =

{

2 if x = tanβ,

1 if x = cotβ.
(2.27)

the parameters X, Y , Z are given in refs. [7, 8, 14–17, 23, 53, 55, 56] and the factors ξfφ
are presented in refs. [7, 8]. Following this notation we can list the parameters for the

framework 2HDM-(I,II,X,Y)-like through table 1.
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Following the analysis in [29] one can derive a better approximation for the product

Vq Y
q
n V †

q , expressing the rotated matrix Ỹ q
n , in the form

[

Ỹ q
n

]

ij
=

√

mq
im

q
j

v
[χ̃q

n]ij =

√

mq
im

q
j

v
[χq

n]ij eiϑ
q
ij , (2.28)

where the χ’s are unknown dimensionless parameters of the model, they come from the

election of a specific texture of the Yukawa matrices. It is important to mention that

eq. (2.28) is a consequence of the diagonalization process of Yuwaka matrices, assuming

the hierarchy among the fermion masses (see ref. [29]), namely, the Cheng-Sher ansatz is

a particular case of this parametrization. Besides, in order to have an acceptable model,

the parameters χ’s could be O(1) but not more, generally. Recently we have calculated

the χ2 fit of Yukawa matrices including the CKM matrix, and we find that the parameters

off-diagonal are O(1) (e.g., χf
23 ≤ 10), therefore we cannot ignore all of these [66]. Besides,

in ref. [67], they study the general 2HDMs considering renormalization group evolution of

the Yukawa couplings and the cases when the Z2-symmetry is broken, called non-diagonal

models (e.g., the models with a structure incorporating the Cheng-Sher ansatz). It is

interesting to note that it is actually the off-diagonal elements in the down-sector that

become large whereas the ones in the up-sector χu(µ) ≤ 0.1, assuming the conservative

criterion χf ≤ 0.1, where µ is the renormalization scale. On the other hand, the FCNC

processes at low energy are going to determine bounds for these parameters with high

precision, aspect which is studied in this work. In order to perform our phenomenological

study, we find it convenient to rewrite the Lagrangian given in eq. (2.26) in terms of the

coefficients [χ̃q
n]ij , as follows:

Lf̄ifjφ = − g

2
√
2MW

[

3
∑

l=1

ūi

[

(VCKM)il

(

Xmdl δlj −
f(X)√

2

√
mdlmdj χ̃

d
lj

)

(1 + γ5)

+

(

Y mui
δil −

f(Y )√
2

√
mui

mul
χ̃u
il

)

(VCKM)lj(1− γ5)

]

dj H
+ (2.29)

+ν̄i

(

Z mli δij −
f(Z)√

2

√
mlimdj χ̃

l
ij

)

(1 + γ5)ljH
+ + h.c.

]

− g

2MW

[

d̄i

(

[

mdiξ
d
Hδij −

(ξdh +XξdH)

f(X)

√
mdimdj√

2
χ̃d
ij

]

H0

+

[

mdiξ
d
hδij +

(ξdH −Xξdh)

f(X)

√
mdimdj√

2
χ̃d
ij

]

h0

+i

[

−mdiXδij + f(X)

√
mdimdj√

2
χ̃d
ij

]

γ5A0

)

dj

ui

(

[

mui
ξuHδij +

(ξuh − Y ξuH)

f(Y )

√
mui

muj√
2

χ̃u
ij

]

H0

+

[

mui
ξuhδij −

(ξuH + Y ξuh)

f(Y )

(√
mui

muj√
2

)

χ̃u
ij

]

h0
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+i

[

−mui
Y δij + f(Y )

√
mui

muj√
2

χ̃u
ij

]

γ5A0

)

uj

+l̄i

(

[

mliξ
l
Hδij −

(ξlh + ZξlH)

f(Z)

√
mlimlj√

2
χ̃l
ij

]

H0

+

[

mliξ
l
hδij +

(ξlH − Zξlh)

f(Z)

√
mlimlj√

2
χ̃l
ij

]

h0

+i

[

−mliZδij + f(Z)

√
mlimlj√

2
χ̃l
ij

]

γ5A0

)

lj

]

, (2.30)

where we have redefined [χ̃u
1 ]ij = χ̃u

ij ,
[

χ̃d
2

]

ij
= χ̃d

ij and
[

χ̃l
2

]

ij
= χ̃l

ij . Then, from eq. (2.29),

the couplings f̄ifjφ
0, ūidjH

+ and uid̄jH
− are given by:

gh0f̄ifj
= − ig

2MW
(mfih

f
ij), gH0f̄ifj

= − ig

2MW
(mfiH

f
ij), gA0f̄ifj

= − ig

2MW
(mfiA

f
ijγ5),

gH+ūidj = − ig

2
√
2MW

(Sij + Pijγ5), gH−uid̄j
= − ig

2
√
2MW

(Sij − Pijγ5). (2.31)

where hfij , H
f
ij , A

f
ij , Sij and Pij are defined as:

hdij = ξdhδij +
(ξdH −Xξdh)√

2f(X)

√

mdj

mdi

χ̃d
ij , hlij = hdij(d → l, X → Z),

Hd
ij = ξdHδij −

(ξdh +XξdH)√
2f(X)

√

mdj

mdi

χ̃d
ij , H l

ij = Hd
ij(d → l, X → Z), (2.32)

Ad
ij = −Xδij +

f(X)√
2

√

mdj

mdi

χ̃d
ij , Al

ij = Ad
ij(d → l, X → Z),

huij = ξuhδij −
(ξuH + Y ξuh)√

2f(Y )

√

muj

mui

χ̃u
ij ,

Hu
ij = ξuHδij +

(ξuh − Y ξuH)√
2f(Y )

√

muj

mui

χ̃u
ij ,

Au
ij = −Y δij +

f(Y )√
2

√

muj

mui

χ̃u
ij ,

Sij = mdj Xij +mui
Yij , Pij = mdj Xij −mui

Yij , (2.33)

with

Xij =
3
∑

l=1

(VCKM)il

[

X
mdl

mdj

δlj −
f(X)√

2

√

mdl

mdj

χ̃d
lj

]

,

Yij =
3
∑

l=1

[

Y δil −
f(Y )√

2

√

mul

mui

χ̃u
il

]

(VCKM)lj . (2.34)

For the case of leptons Sl
ij = P l

ij we have

Sl
ij = mlj Z

l
ij ,

Z l
ij =

[

Z
mli

mlj

δij −
f(Z)√

2

√

mli

mlj

χ̃l
ij

]

. (2.35)
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2HDM-III X Y Z ξuh ξdh ξdl ξuH ξdH ξlH
2HDM-I-like − cotβ cotβ − cotβ cα/sβ cα/sβ cα/sβ sα/sβ sα/sβ sα/sβ
2HDM-II-like tanβ cotβ tanβ cα/sβ −sα/cβ −sα/cβ sα/sβ cα/cβ cα/cβ
2HDM-X-like − cotβ cotβ tanβ cα/sβ cα/sβ −sα/cβ sα/sβ sα/sβ cα/cβ
2HDM-Y-like tanβ cotβ − cotβ cα/sβ −sα/cβ cα/sβ sα/sβ cα/cβ sα/sβ

Table 1. Parameters X, Y and Z defined in the Yukawa interactions of eq. (2.26) for four versions

of the 2HDM-III with a four-zero texture, which come from eqs. (2.22)–(2.25). Here sα = sinα,

cα = cosα, sβ = sinβ and cβ = cosβ.

Then, the couplings l−i νljH
+ and l+i νljH

− are given by

gH+l−i νlj
= − ig√

2MW

Sl
ij

(

1 + γ5
2

)

, gH−l+i νlj
= − ig√

2MW

Sl
ij

(

1− γ5
2

)

. (2.36)

In order to compare these couplings with previous works [7, 8, 14–17, 53, 55, 56], we find

it convenient to define the couplings ūidjH
+ and uid̄jH

− in terms of the matrix elements

Xij , Yij and Zij . Following the definitions (2.32)–(2.35) we obtain the following compact

expression for the interactions of Higgs bosons with the fermions:

Lf̄ifjφ = −
{√

2

v
ui
(

mdjXijPR +mui
YijPL

)

dj H
+ +

√
2mlj

v
ZijνLlRH

+ +H.c.

}

−1

v

{

f̄imfih
f
ijfjh

0 + f̄imfiH
f
ijfjH

0 − if̄imfiA
f
ijfjγ5A

0

}

. (2.37)

When the parameters χf
ij = 0, we obtain X11 = X22 = X33 = X (similarly for Y and Z)

and one recovers the Yukawa interactions given in refs. [7, 8, 14–17, 53]. Besides, in order

to hold consistencies with the MHDM/A2HDM [14], we suggest that this Lagrangian could

represent a MHDM/A2HDM with additional flavor physics in the Yukawa matrices as well

as the possibility of FCNCs at tree level. Returning to the Lagrangian given in eq. (2.37),

when the parameters χf
ij are present, one can see that X11 6= X22 6= X33 6= X and the

criteria of flavor constraints on X cannot be applied directly to Xij (the same for Y and

Z), but the analyses for low energy processes are similar. Below we shall discuss more

about various aspects of the model. Finally, it should be pointed out that parameters X,

Y , Z, ξfφ and χij are arbitrary complex numbers, opening the possibility of having new

sources of CP violation with tree-level FCNCs.

Previously, in ref. [31], the flavor constraints of the 2HDM-III with a six-zero texture

were studied, finding interesting results that we can use. However, we should compare their

results and ours so as to distinguish the two parametrizations. Firstly, the six-zero texture

assumed in [31] has been disfavored by current data on the CKM mixing angles [33, 68].

Hence, we focus here onto the four-zero texture, which is still acceptable phenomenologi-

cally and of which we consider the non-diagonal terms of the Yukawa matrices. Secondly,

in order to unify notations we relate the parameters λF
ij of [31] with our parameters Xij ,
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Yij and Zij as given in eqs. (2.34) and (2.35), as follows:4

Lf̄ifjH
+

= −
{

ui

(

3
∑

l

(VCKM)ilρ
D
ljPR −

3
∑

l

ρUil (VCKM)ljPL

)

dj H
+

+ρlijνLlRH
+ +H.c.

}

, (2.38)

ρFij =

√

2mFimFj

v
λijF , (2.39)

where ρFij was introduced following the Cheng-Sher ansatz, considering λF
ij ∼ O(1). If we

compare this with eq. (2.37), after using eqs. (2.34) and (2.35), we obtain the following

relations:

λD
ij =

[

X

√

mdi

mdj

δij −
f(X)√

2
χ̃d
ij

]

,

λU
ij = −

[

Y

√

mui

muj

δij −
f(X)√

2
χ̃u
ij

]

,

λl
ij =

[

Z

√

mli

mlj

δij −
f(X)√

2
χ̃l
ij

]

, (2.40)

and

Xij =
∑

l

(VCKM )il

√

mdl

mdj

λD
lj ,

Yij =
∑

l

√

mul

mui

λU
il (VCKM )lj . (2.41)

In essence, in the remainder of our work, we assume that our model could represent an

effective flavor theory, wherein the Higgs fields necessarily participates in the flavor struc-

ture and has the same features as those of renormalizable flavor models [69–75]. In this

type of scenarios, a horizontal flavor symmetry, continuous or discrete, is added to the SM

gauge group symmetry in such a way as to reproduce the observed mass and mixing angle

patterns by only using renormalizable terms in the Lagrangians. This requirement has two

immediate and interesting consequences: firstly, there must be more than one SU(2) dou-

blet scalar; secondly, at least some of them must transform non-trivially under the flavor

symmetry [76–78].

3 Flavor constraints on the 2HDM-III with a four-zero Yukawa texture

In this section we will analyze the most important FCNC processes that are sensitive to,

in particular, charged Higgs boson exchange, the primary interest of this paper, as well as

effect of a (neutral) SM-like Higgs boson h0 (we assume that its mass is mh0 = 125GeV).

Starting from measurements obtained from from these processes we constrain the new

physics parameters χf
ij that come from four-zero Yukawa texture. Finally, we study the

possibility of obtaining a light charged Higgs boson compatible with all such measurements.

We will address the various experimental limits in different subsections.

4We adopt the description of the Yukawa sector presented in ref. [31].
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Figure 1. Considering the constraint from µ − e universality in τ decays, we show the allowed

region (orange color) for χl
22 and χl

33 when Z takes values of 10 (left-panel), 40 (center-panel) and

80 (right-panel). Here, 90GeV ≤ mH± ≤ 130GeV.

3.1 µ− e universality in τ decays

The τ decays into µν̄µντ and eν̄eντ produce important constraints onto charged Higgs

boson states coupling to leptons [79, 80], through the requirement of µ − e universality.

The consequent limits can be quantified through the following relation [81, 82]:

(

gµ
ge

)2

τ

=
BR(τ → µν̄µντ )

BR(τ → eν̄eντ )

g(m2
e/m

2
τ )

g(m2
µ/m

2
τ )

= 1.0036± 0.0020 (3.1)

where g(x) = 1 − 8x2 + 8x3 − x4 − 12x2 log x. Following [14], in our case, the request of

µ− e universality imposes the following relation

BR(τ → µν̄µντ )

BR(τ → eν̄eντ )

f(m2
e/m

2
τ )

f(m2
µ/m

2
τ

≃ 1 +
R2

4
− 0.25R, (3.2)

where R is the scalar contribution parametrized through the effective coupling, see

eqs. (2.35) and (2.36),

R =
mτmµ

m2
H±

Z33 Z22 =
mτmµ

m2
H±

[

Z − f(Z)√
2

χl
33

] [

Z − f(Z)√
2

χl
22

]

. (3.3)

One can see that R is symmetric in the two parameters χ22 and χ33. Following the analysis

of ref. [83], we can obtain the following explicit constraint:

|Z22Z33|
m2

H±
≤ 0.16 GeV−1 (95% CL). (3.4)

We show in figure 1 the constraints on χl
22 and χl

33 with Z = 10, 40, 80. One can see that,

for small Z values, the allowed region for χl
22 and χl

33 is large whereas, when Z instead

grows, the allowed region for theses parameters is smaller in comparison. The constraints

becomes most restrictive when Z is large and we have a very light charged Higgs boson,

between 90 and 130GeV. The plot also shows that χl
22 and χl

33 could be simultaneously 1

and −1, respectively, and the more favorable region is the one where χl
22 = χl

33 = 1.5 for

0.5 ≤ Z ≤ 100. When Z is large, if χl
22 = 1, one can see that 0.5 ≤ χl

33 ≤ 2.5 (the same

happens when χl
22 and χl

33 are interchanged). Further, in figure 2 we present the plane

[mH± , X] and the allowed region is shown for the cases χl
33 = 0 and χl

22 = 0 (left panel)

– 13 –
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Figure 2. Considering the constraint from µ − e universality in τ decays, we show the allowed

region for the plane mH± − X: left panel represent the case χl
33 = 0 and χl

22 = 0, right panel

represents the case χl
22 = 0.1 and −20 ≤ χl

33 ≤ 20 (blue region is for 5 ≤ |χl
ij |, blue&gray region is

for |χl
ij | ≤ 5). The same occur when χl

33 = 0.1 and −20 ≤ χl
22 ≤ 20.

and χl
22 = 0.1 and −20 ≤ χl

33 ≤ 20 (right panel). In the left panel we present the red

region (without contributions from the parameters of flavor physics |χij |), which is allowed

by µ − e universality in τ decays: e.g., for mH± ≤ 120GeV we must have the constraint

X ≤ 50. In the right panel we show two regions: here, the blue(blue&gray) one is allowed

for the cases 5 ≤ |χij |(|χij | ≤ 5). The blue region is clearly the more restrictive one of the

two and could become even smaller while the |χij |’s grow. In the case shown, we can get

that mH± ≤ 150GeV for X ≤ 20. Conversely, with both regions combined, blue&gray,

which represent the portion of parameter space allowed for 0.8 ≤ |χij | ≤ 2, we see that the

model is more favored, because it opens up larger regions in the plane [mH± , X]. One can

see this, e.g., for X ≤ 80, as the bound for the charged Higgs boson mass is now given by

mH± ≥ 100GeV, that is, not dissimilar from the previous case (when X ≤ 20).

3.2 Leptonic meson decays

The leptonic decay of a charged meson, M → lνl, is sensitive to H+ exchange due to the

helicity suppression of the SM amplitude. The total decay width is given by [83, 84]:

Γ(Mij → lν) = G2
Fmlf

2
M |Vij |2

mMij

8π
(1 + δem)|1−∆ij |, (3.5)

where i, j represent the valence quarks of the meson, Vij is the relevant CKM matrix el-

ement, fM is the decay constant of the meson M (the normalization of the meson decay

constant correspond to fπ = 131MeV), δem denotes the electromagnetic radiative contri-

butions and ∆ij is the correction that comes from new physics information. In particular,

for the 2HDM-III employing a four-zero Yukawa texture, the leptonic decays receive a

contribution from charged Higgs bosons in the following form:

∆ij =

(

mM

mH±

)2

Zkk

(

Yijmui
+Xijmdj

Vij(mui
+mdj )

)

, k = 2, 3. (3.6)

In the more general 2HDM-III the ∆ij correction can be a complex number. As is pointed

out in [83], in some Two Higgs Doublet Models (2HDM’s) with natural flavor conservation

the correction ∆ij (with χ’s = 0) is predicted to be positive (in 2HDM-I) or negative (in
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2HDM-X), while can have either sign in 2HDM-II and 2HDM-Y, depending on the decaying

meson, whereas it is absent in the inert Higgs scenario.

We focus on decays of heavy pseudoscalar mesons D → µν, B → τν and Ds → µν, τν,

which have been measured. In B and D decays the function ∆ij , one can neglect the

contribution proportional to the light quark mass because mu/mb ≤ md/mc ∼ O(10−3).

Hence the functions ∆ij for D → µν and B → τν, respectively, are given by:

∆cd ≈ m2
D

m2
H±

Z22
Y21
Vcd

=
m2

D

m2
H±

(

Z − f(Z)√
2

χl
22

)((

Y − f(Y )√
2

χu
22

)

−
√

mt

mc

Vtd

Vcd

f(Y )√
2

χu
23

)

, (3.7)

∆ub ≈ m2
B

m2
H±

Z33
X13

Vub

=
m2

B

m2
H±

(

Z − f(Z)√
2

χl
33

)((

X − f(X)√
2

χd
33

)

−
√

ms

mb

Vus

Vub

f(X)√
2

χd
23

)

. (3.8)

Apparently, the factor
√

mt/mc in ∆cd could be considered as a dangerous term, which

could make the theoretical predictions deviate from the experimental results, however, the

term Vtd/Vcd reduces this possible effect. Similarly, this happens when one wants to fit the

four-zero texture of the Yukawa matrices with the CKM matrix. Since experimental results

of B(D+ → µν), which were measured by CLEO collaboration [85], the authors of ref. [83]

found the following constraints at 95% C.L. for any model: 0.8 ≤ |1−∆ub| ≤ 2 and 0.87 ≤
|1 − ∆cd| ≤ 1.12. Considering those constraints, we can get the allowed circular bands

in the Z∗
22Y21/(m

2
H±Vcd) and Z∗

33X13/(m
2
H±Vub) complex planes. Our numerical analysis

obtained from the decays B → τν and D → µν is shown in figure 3, which is consistent

with the results of [83] when the parameters χ′s are absent. For instance, we also find the

real solutions are Z33X13/(m
2
H±Vub) ∈ [−0.036, 0.008]GeV−2 or [0.064, 0.108]GeV−2 from

the B → τν, and Z22Y21/(m
2
H±Vcd) ∈ [−0.037, 0.035]GeV−2 or [0.535, 0.609]GeV−2 from

the D → µν. In figure 4 we show the allowed region for the plane [χu
22, χ

u
23], assuming that

χl
22 ∈ [0.1, 1.5], and considering the bounds for D → µν. One can see that χu

23 ∈ [0.75, 1.25]

when χu
22 = 1 for 30 ≤ |Z| = |Y |. For the cases Z ≫ Y or Y ≫ Z the permitted region is

larger than for 1 ≪ |Z| = |Y | and 1 ≤ χu
23. Therefore, 1 ≤ χu

23 are allowed parameters for

the leptonic decay of D mesons and the consequences on the phenomenology of charged

Higgs bosons could be an important probe of the flavor structure of the Yukawa sector.

Otherwise, for the low energy process B → τν we can get bounds for the parameters of the

Yukawa texture pertaining to the d-quark family. In figure 5, we show the allowed regions in

the plane [χd
22, χ

d
23] for the following cases: X ≫ Z (left panel), Z ≫ X (center panel) and

Z,X ≫ 1 (right panel), with 80GeV ≤ mH± ≤ 160GeV and considering 0.1 ≤ χl
22 ≤ 1.5.

We can see that the non-diagonal parameter χd
23 is more constrained than χu

23. For the

case Z, X ≫ 1 and χd
22 = 1, for Z = X = 20 we found χd

23 ∈ [−0.35,−0.2] or χd
23 ∈ [0, 0.2],

so that this case could correspond to a 2HDM-II-like scenario (see table 1) when tanβ is

large. This scenario is more constrained when X = Z ≥ 40 and the bound for |χd
23| ≤ 0.2

is obtained. Another interesting case is when Z ≫ X and χd
22 = 1, for X = 0.1 and Z = 80
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Figure 3. Allowed region for the Z∗
22Y21/(m

2
H±Vcd) and Z∗

33X13/(m
2
H±Vub) complex planes from

D → µν (left) and B → τν in units of GeV−2.
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Figure 4. The most constrained region for χu
22 and χu

23 from D → µν for the following cases:

Z, Y ≫ 1 (left), Z ≫ Y (center) and Y ≫ Z (right), with 80GeV ≤ mH± ≤ 160GeV. We assume

that 0.1 ≤ χl
22 ≤ 1.5.
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Figure 5. The most constrained region for χd
22 and χd

23 from B → τν for the following cases:

X ≫ Z (left), Z ≫ X (center) and Z, X ≫ 1 (right), with 80GeV ≤ mH± ≤ 160GeV. We assume

that 0.1 ≤ χl
22 ≤ 1.5.

we obtain the following allowed regions: χd
23 ∈ [−1.8,−1.2] or χd

23 ∈ [−0.2, 0.6], in this

scenario it is therefore possible to obtain the constraint |χd
23| = 1. When X ≫ Z we get a

wider permitted region for χd
23, defined in the interval (−7, 2).

From Ds → µν, τν decays the constraint 0.97 ≤ |1 − ∆cs| ≤ 1.16 is obtained in

ref. [83] and one can get the real solutions ∆cs/m
2
Ds

∈ [−0.044, 0.008]GeV−2 or [0.545,
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Figure 6. The most constrained region for χd
23 vs. χu

23 from B → τν, D → µν and Ds → lν for

the following cases: |Z| = |X| = |Y | ≫ 1 (left), Z ≫ X,Y (center-left), X ≫ Y,Z (center-right),

and |Z| = |X| ≫ Y (right), with 80GeV ≤ mH± ≤ 160GeV. We assume that 0.1 ≤ χl
22 ≤ 1.5 and

χu,d
22 = χu,d

33 = 1.

0.598] GeV−2. Here the ratio ms/mc ≈ 10%, thus we cannot neglect s-quark effects and

the expression for ∆cs is:

∆cs =

(

mDs

mH±

)2

Zkk

(

Y22mc +X22ms

Vcs(mc +ms)

)

(k = 2, 3), (3.9)

X22 = Vcs

(

X − f(X)√
2

χd
22

)

−
√

mb

ms
Vcb

f(X)√
2

χd
23,

Y22 = Vcs

(

Y − f(Y )√
2

χu
22

)

−
√

mt

mc
Vts

f(Y )√
2

χu
23. (3.10)

With this information, we can establish a correlation among the parameters that come

from D → µν and B → τν. Considering the information from B → τν, D → µν and

Ds → τν, µν, we show in figure 6 the constraints for the non-diagonal terms of the Yukawa

textures χd
23 and χu

23, assuming 0.1 ≤ χl
22 = χl

33 ≤ 1.5, as well as χd
22 = χu

22 = 1. We present

in table 2 a set bounds for these parameters in several scenarios, which are shown in table 1.

Combining results from the table, one can derive general constraints for |χd
23| ≤ 0.15 and

|χu
23| ≤ 1.5 for almost all scenarios. Only in the 2HDM-Y-like version one can obtain a less

stringent bound for χu
23.

3.3 Semileptonic decays B → Dτν

Purely leptonic decays of mesons interwine EW and QCD interactions. However, the role

of strong interaction materializes only in the presence of a decay constant, to be assessed

through theoretical methods. Semi-leptonic decays are complicated to describe since they

involve form factors with a non-trivial dependence on the momentum transfer. If the form

factors are known with sufficient accuracy, semi-leptonic BRs start becoming stringent

constraints on new physics models. The BaBar and Belle experiments published the first

measurements of B(B → Dτν) [86, 87]. Recently, using the full data set collected by

BaBar, the update of BR(B → Dτν) and BR(B → D∗τν) was presented in [88], from

where it is clear that the 2HDM-II is disfavored. Since this model cannot explain R(D)

and R(D∗) simultaneously (and for B → τν a high fine tuning is needed), where R(D∗)
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are the ratios

R(D∗) = BR(B → D∗τν)/BR(B → D∗lν) (3.11)

with

R(D) = 0.44± 0.058± 0.042, (3.12)

R(D∗) = 0.332± 0.024± 0.018.

However, lately, in ref. [89], it was shown that one can simultaneously explain R(D) and

R(D∗) in the 2HDM-III with a general flavor structure, where the non-diagonal terms from

the u-quark sector are relevant.

Following the analysis of ref. [84], an interesting observable is the normalized BR,

RB→Dτν = BR(B → Dτν)/BR(B → Deν), which corresponds to a b → c transition, with

a CKM factor much larger than the purely leptonic B decay. One can write this term as

a second order polynomial in the charged Higgs boson coupling to fermions, as

RB→Dτν = a0 + a1(m
2
B −m2

D)δ23 + a2(m
2
B −m2

D)
2δ223, (3.13)

where the factor δ23 is determined by the coupling H+uid̄i, where the general expression

for δij is given by

δij = − Z33

m2
H±

(

Yijmui
−Xijmdj

mui
−mdj

)

. (3.14)

The polynomial coefficients ai in eq. (3.13) are given in ref. [84] as:

a0 = 0.2970 + 0.1286dρ2 + 0.7379d∆,

a1 = 0.1065 + 0.0546dρ2 + 0.4631d∆, (3.15)

a2 = 0.0178 + 0.0010dρ2 + 0.0077d∆,

where dρ2 = ρ2 − 1.18 and d∆ = ∆ − 0.046 are the variations of the semi-leptonic form

factors ρ2 and ∆ [90, 91]. Similarly to the leptonic process Ds → lν, we can establish a

correlation among the parameters that come from B → Dlν and B → τν. In all cases,

we consider simultaneously R(D) and R(D∗). One can then constraint the non-diagonal

terms of the Yukawa texture, χd
23 and χu

23, by assuming 0.1 ≤ χl
22 = χl

33 ≤ 1.5 as well

as χd
22 = χu

22 = 1. We can then show in table 2 a set of bounds for these parameters in

several scenarios. By combining results from this table, one can derive general constraints

for |χd
23| ≤ 0.15 and |χu

23| ≤ 1.5 for several scenarios (see also figure 7). Again, the 2HDM-

Y-like version cannot offer a bound for χu
23 easily. One can see that the 2HDM-III with

a Yukawa texture can avoid the constraints of the factor RB→Dτν and can thus appear

as rather exotic physics, i.e., very different from the traditional 2HDMs with NFC. In

particular, decay channels involving H± → cb could be relevant and be searched for in the

transition t → H±b [30, 53], if the H± state is sufficiently light.

– 18 –



J
H
E
P
0
7
(
2
0
1
3
)
0
4
4

-0.2 0.0 0.2 0.4 0.6

-0.4

-0.2

0.0

0.2

Χ23
u

Χ
23d

-5 -4 -3 -2 -1 0 1
-10

-8

-6

-4

-2

0

2

4

Χ23
u

Χ
23d

-20-10 0 10 20 30 40 50
-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

Χ23
u

Χ
23d

-10 -8 -6 -4 -2 0

-0.4

-0.2

0.0

0.2

0.4

Χ23
u

Χ
23d

Figure 7. The most constrained region for χd
23 vs. χu

23 from B → τν and B → Dτν for the

following cases: |Z| = |X| = |Y | ≫ 1 (left), Z ≫ X,Y (center-left), X ≫ Y,Z (center-right), and

|Z| = |X| ≫ Y (right), with 80GeV ≤ mH± ≤ 160GeV. We assume that 0.1 ≤ χl
22 ≤ 1.5 and

χu,d
22 = χu,d

33 = 1.

2HDM-III’s χd
23(B → τν) χu

23(Ds → lν) χu
23(B → Dτν) χu

23 (combination) (X,Y, Z)

2HDM-I-like (-0.35,-0.15) or (-1.5,0.9) (-0.05,0.45) (-0.05,0.45) (20, 20, 20)

(0,0.15)

2HDM-II-like (-0.35,-0.2) or (-2,27) (-9.6,1.2) (-2,1.2) (20, 0.1, 20)

(0,0.2)

2HDM-X-like (-7,2) (-4,14) (-3.8,0.47) (-4,0.47) (0.1, 0 .1, 50)

2HDM-Y-like (-1.8,-1.2) or (-40,50) (-16,50) (-16,50) (50, 0.5, 0.5)

(-0.2,0.6)

Table 2. Constraints from B → Dτν, Ds → τν, µν and B → τν decays. We show the allowed

intervals for χu,d
23 constrained by each low energy process, according to the different scenarios pre-

sented in table 1 as well as the combination of constraints for the χu
23 parameter. We assume

0.1 ≤ χl
22 = χl

33 ≤ 1.5 as well as χd
22 = χu

22 = 1. Taking 80GeV ≤ mH± ≤ 160GeV and specific

values for the X,Y and Z parameters given in table 1.

3.4 B → Xsγ decays

The radiative decay B → Xsγ has been calculated at Next-to-Next-to-Leading Order

(NNLO) in the SM, leading to the prediction BR(B → Xsγ)SM = (3.15±0.23)×10−4 [57].

In the 2HDM the decay amplitude is known at NLO [55, 56, 92, 93] and in the 2HDM with

Minimal Flavor Violation (MFV) [94] while, only very recently, NNLO results have been

presented for both a Type-I and Type-II 2HDM [95]. The current average of the measure-

ments by CLEO [96], Belle [97, 98], and BaBar [99–101] reads BR(B̄ → Xγ)|Eγ>1.6 GeV =

(3.37± 0.23)× 10−4.

In this subsection we show the constraints on the off-diagonal terms of the four-zero

Yukawa texture of the 2HDM-III through a general study of the processes B → Xsγ. We

first start with a digression on Wilson coefficients entering the higher order calculations.

3.4.1 NLO Wilson coefficients at the scale µW

To the first order in αs, the effective Wilson coefficients at the scale µW = O(MW ) can be

written as [55, 56, 102]

C eff
i (µW ) = C0, eff

i (µW ) +
αs(µW )

4π
C1, eff
i (µW ) . (3.16)
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The LO contribution of our 2HDM-III version to the relevant Wilson coefficients at the

matching energy scale µW take the form [55, 56, 102],

δC0,eff
(7,8) (µW ) =

∣

∣

∣

∣

Y u
33Y

u∗
32

VtbVts

∣

∣

∣

∣

C0
(7,8),Y Y (yt) +

∣

∣

∣

∣

Xu
33Y

u∗
32

VtbVts

∣

∣

∣

∣

C0
(7,8),XY (yt), (3.17)

where yt = m2
t /m

2
H± , δC

0,eff
(7,8) (µW ) = C0,eff

(7,8) (µW ) − C0
(7,8),SM (µW ), and the coefficients

C0,1
(7,8),SM (µW ), C0

(7,8),Y Y (yt), C
0
(7,8),XY (yt) are well known, which are given in [55, 56, 102]

and
∣

∣

∣

∣

Y33Y
∗
32

VtbVts

∣

∣

∣

∣

=

[(

Y − f(y)√
2
χu
33

)

−
√

mc

mt

(

Vcb

Vtb

)

f(Y )√
2

χu
23

]

×
[(

Y − f(y)√
2
χu
33

)

−
√

mc

mt

(

Vcs

Vts

)

f(Y )√
2

χu
23

]∗
, (3.18)

∣

∣

∣

∣

X33Y
∗
32

VtbVts

∣

∣

∣

∣

=

[(

X − f(X)√
2

χd
33

)

−
√

ms

mb

(

Vts

Vtb

)

f(X)√
2

χd
23

]

×
[(

Y − f(y)√
2
χu
33

)

−
√

mc

mt

(

Vcs

Vts

)

f(Y )√
2

χu
23

]∗
, (3.19)

The NLO Wilson coefficients at the matching scale µW in the 2HDM-III can be written

as [55, 56]

C1, eff
1 (µW ) = 15 + 6 ln

µ2
W

M2
W

, (3.20)

C1, eff
4 (µW ) = E0 +

2

3
ln

µ2
W

M2
W

+

∣

∣

∣

∣

Y u
33Y

u∗
32

VtbVts

∣

∣

∣

∣

EH , (3.21)

C1, eff
i (µW ) = 0 (i = 2, 3, 5, 6) , (3.22)

δC1, eff
(7,8) (µW ) =

∣

∣

∣

∣

Y u
33Y

u∗
32

VtbVts

∣

∣

∣

∣

C1
(7,8),Y Y (µW ) +

∣

∣

∣

∣

Xu
33Y

u∗
32

VtbVts

∣

∣

∣

∣

C1
(7,8),XY (µW ), (3.23)

where the functions on the right-hand side of eqs. (3.21) and (3.23) are given in refs. [55,

56, 102]. The contributions of our version 2HDM-III to the B → Xsγ decay are described

by the functions C0,1
i,j (µW ) (i = 7, 8 and j = (Y Y,XY )), as well as the magnitude and sign

of the couplings Y u
33, Y

u∗
32 and Xu

33. Otherwise, in order to compare with previous results,

is convenient to write the eqs. (3.18)–(3.19) as:

∣

∣

∣

∣

Y33Y
∗
32

VtbVts

∣

∣

∣

∣

=

[

λU
tt −

√

mc

mt

(

Vcb

Vtb

)

f(Y )√
2

χu
23

][

λU
tt −

√

mc

mt

(

Vcs

Vts

)

f(Y )√
2

χu
23

]∗
, (3.24)

∣

∣

∣

∣

X33Y
∗
32

VtbVts

∣

∣

∣

∣

=

[

λD
tt −

√

ms

mb

(

Vts

Vtb

)

f(X)√
2

χd
23

][

λU
tt −

√

mc

mt

(

Vcs

Vts

)

f(Y )√
2

χu
23

]∗
, (3.25)

where λD
tt and λD

tt , expressed in eq. (2.40), are parameters defined in a version of the

2HDM-III without off-diagonal terms in the Yukawa texture [31, 102].5 Again, when the

off-diagonal terms of the four-zero texture of Yukawa matrices are absent, we recover the

5In the version 2HDM-III of [31, 102, 110], one has λD
tt = λbb, λ

U
tt = λtt.
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results mentioned. When the heavy charged Higgs bosons is integrated out at the scale

µW , the QCD running of the the Wilson coefficients Ci(µW ) down to the lower energy scale

µb = O(mb). Thence, for a complete NLO analysis of the radiative decay B → Xsγ only

the Wilson coefficient C eff
7 (µb) has to be known, which is:

C eff
7 (µb) = C0, eff

7 (µb) +
αs(µb)

4π
C1, eff
7 (µb) , (3.26)

where the functions C0, eff
7 (µb) and C1, eff

7 (µb) as functions of C
0
i,j(µW ) and their complete

expressions are given in [55, 56, 102].

3.5 BR(B → Xsγ)

The BR of the inclusive radiative decay B → Xsγ at the LO level is given by [55, 56, 102]:

BR(B → Xsγ)LO = BSL

∣

∣

∣

∣

V ∗
tsVtb

Vcb

∣

∣

∣

∣

2 6αem

πθ(z)

∣

∣

∣
C0,eff
7 (µb)

∣

∣

∣

2
(3.27)

and at the NLO level is

BR(B → Xsγ)NLO = BSL

∣

∣

∣

∣

V ∗
tsVtb

Vcb

∣

∣

∣

∣

2 6αem

πθ(z)κ(z)

[

|D|2 +A+∆
]

, (3.28)

where BSL = (10.74 ± 0.16)% is the measured semi-leptonic BR of the B meson [90],

αem = 1/137.036 is the fine-structure constant, z = mpole
c /mpole

b is the ratio of the quark

pole masses, θ(z) and κ(z) denote the phase space factor and the QCD correction [103, 104]

for the semi-leptonic B decay and are given in [55, 56, 102]. The term D in eq. (3.28)

corresponds to the sub-processes b → sγ [55, 56]

D = Ceff
7 (µb) + V (µb) , (3.29)

where the NLO Wilson coefficient Ceff
7 (µb) has been given in eq. (3.26), and the function

V (µb) is given by [55, 56, 102]. In eq. (3.28), term A is the the correction coming from

the bremsstrahlung process b → sγg [105–108]. Now we are ready to present numerical

results of the BRs in the 2HDM-III. Following the recent analysis of refs. [83, 109] and using

standard values [55, 56, 102] for the charged Higgs boson mass (80GeV≤ mH± ≤ 300GeV),

we can establish the following constraints:
∣

∣

∣

∣

Y33Y
∗
32

VtbVts

∣

∣

∣

∣

< 0.25, −1.7 < Re

[

X33Y
∗
32

VtbVts

]

< 0.7. (3.30)

Since

∣

∣

∣

∣

Y33Y ∗
32

VtbVts

∣

∣

∣

∣

< 0.25, we show in figure 8 the allowed area in the plane χu
33 − χu

23, for the

cases Y ≪ 1 (left panel), Y = 1 (center panel) and Y = 10 (right panel). One can then

extract the bounds −0.75 ≤ χu
23 ≤ −0.15 for χu

33 = 1 and 0.4 ≤ χu
23 ≤ 0.9 for χu

33 = −1,

both when Y ≪ 1. Otherwise, using the second constraint −1.7 < Re

[

X33Y ∗
32

VtbVts

]

< 0.7,

we can obtain the interval permitted for χu
23, assuming the allowed interval for χd

23 from

B → τν and χu
33 = 1 = χd

33 = 1. In figure 9 one can get the allowed area for some scenarios
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Figure 8. The allowed region for χu
33 vs. χu

23 from B → Xsγ (using the constraint

∣

∣

∣

∣

Y33Y
∗
32

VtbVts

∣

∣

∣

∣

< 0.25)

and B0 − B̄0 mixing (considering the constraint

∣

∣

∣

∣

Y33Y
∗
31

VtbVtd

∣

∣

∣

∣

< 0.25) for the following cases: |Y | ≪ 1

(left), Y = 1 (center) and Y = 10 (right), with 80GeV ≤ mH± ≤ 200GeV.
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Figure 9. The allowed region for χu
23 vs. χd

23 from B → Xsγ (using the constraint −1.7 <

Re

[

X33Y
∗
32

VtbVts

]

< 0.7) for the following cases: X = 20 and Y = 0.1 (left), X = Y = 20 (center) and

X = Y = 0.1 (right), with 80GeV ≤ mH± ≤ 200GeV. We assume χu
33 = 1, χd

33 = 1.

of table 2. We can, e.g., obtain χu
23 ∈ (−0.55,−0.48) for the case X = 20 and Y = 0.1

(left panel). An interesting scenario for the 2HDM-III is the 2HDM-X-like one, where the

allowed region is larger than in other scenarios, with χu
23 ∈ (−2.2, 0.45) and χd

23 ∈ (−7,−2)

(using the constraint coming from B → τν), so that one can avoid the most restrictive

constraints hitherto considered.

3.6 B0 − B̄0 mixing

Remembering that in ref. [89] the general flavor structure for the 2HDM-III has been

found more consistent with various other B physics constraints, we are motivated to test

this model assumption also against limits coming from B0− B̄0 mixing, where the charged

Higgs boson contributes to the mass splitting ∆MBd
. Being that ∆MBd

has been measured

with very high precision [90], we utilize this quantity directly as in refs. [102, 111].6 In the

2HDMs, the NLO mass splitting ∆MBd
is given by [102, 111]

∆MBd
=

G2
F

6π2
M2

W |Vtd|2|Vtb|2S2HDM (xt, yt)ηB(xt, yt)(BBd
f2
Bd

mB), (3.31)

6At LO the quantity xd = ∆MBd
/ΓB is used [110].
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where xt = m2
t (MW )/M2

W , yt = m2
t (MW )/m2

H± and

ηB(xt, yt) = αS(MW )6/23
[

1 +
αS(MW )

4π

(

D2HDM (xt, yt)

S2HDM (xt, yt)
− J5

)]

(3.32)

with

S2HDM (xt, yt) = [S0(xt) + SWH(xt, yt) + SHH(xt, yt)] , (3.33)

D2HDM = DSM (xt) +DH(xt, yt), (3.34)

here the high energy matching scale µ = MW is chosen. The functions DSM (xt) and

DH(xt, yt) of the eq. (3.34) contain the SM and new physics parts of the NLO QCD

corrections to the mass difference ∆MBd
[111],

DSM (xt) = CF

[

L(1,SM)(xt) + 3S0(xt)
]

+ CA

[

L(8,SM)(xt) + 5S0(xt)
]

, (3.35)

DH(xt, yt) = CF

[

L(1,H)(xt, yt) + 3 (SWH(xt, yt) + SHH(xt, yt))
]

+ CA

[

L(8,H)(xt, yt) + 5 (SWH(xt, yt) + SHH(xt, yt))
]

, (3.36)

where CF = 4/3 and CA = 1/3 for SU(3)C . The function S0(xt) includes the dominant top-

box contribution in the SM and has been given in refs. [102, 111]. The functions SWH(xt, yt)

and SHH(xt, yt) incorporate the new physics contributions from the box diagrams with one

or two charged Higgs bosons involved [111],

SWH(xt, yt) =

∣

∣

∣

∣

Y ∗
33Y31
VtbVtd

∣

∣

∣

∣

ytxt
4

[

(2xt − 8yt)ln(yt)

(1− yt)2(yt − xt)
+

6xtln(xt)

(1− xt)2(yt − xt)

− 8− 2xt
(1− yt)(1− xt)

]

, (3.37)

SHH(yt) =

∣

∣

∣

∣

Y ∗
33Y31
VtbVtd

∣

∣

∣

∣

2 yt xt
4

[

1 + yt
(1− yt)2

+
2ytln[yt]

(1− yt)3

]

, (3.38)

with
∣

∣

∣

∣

Y ∗
33Y31
VtbVtd

∣

∣

∣

∣

=

[(

Y − f(y)√
2
χu
33

)

−
√

mc

mt

(

Vcb

Vtb

)

f(Y )√
2

χu
23

]∗

×
[(

Y − f(y)√
2
χu
33

)

−
√

mc

mt

(

Vcd

Vtd

)

f(Y )√
2

χu
23

]

=

[

λU
tt −

√

mc

mt

(

Vcb

Vtb

)

f(Y )√
2

χu
23

]∗[

λU
tt −

√

mc

mt

(

Vcd

Vtd

)

f(Y )√
2

χu
23

]

(3.39)

where we have used eq. (2.40), in order to compare with previous results in the literature,

where the non-diagonal terms are not considered [31, 102], so that one can recover those

results when χu
23 = 0. Finally, the function L(i,H) (i = 1, 8) describes the charged Higgs

contribution [111]

L(i,H)(xt, yt) = 2

∣

∣

∣

∣

Y ∗
33Y31
VtbVtd

∣

∣

∣

∣

WH(i)(xt, yt) + 2

∣

∣

∣

∣

Y ∗
33Y31
VtbVtd

∣

∣

∣

∣

ΦH(i)(xt, yt)

+

∣

∣

∣

∣

Y ∗
33Y31
VtbVtd

∣

∣

∣

∣

2

HH(i)(yt) . (3.40)
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The explicit expressions of the rather complicated functions WH(i)(xt, yt), ΦH
(i)(xt, yt)

and HH(i)(yt) can be found in ref. [111].

Following the analysis of ref. [102] and considering the areas allowed by the measured

∆MBd
value within a 2σ error, when we have a light charged Higgs (80GeV ≤ mH± ≤

200GeV) one can extract the limit
∣

∣

∣

∣

Y ∗
33Y31
VtbVtd

∣

∣

∣

∣

≤ 0.25, (3.41)

which is consistent with the bounds obtained from B → Xsγ in the previous subsection.

We present then figure 8, which is the allowed region in the plane [χu
33, χ

u
23] for the cases

Y ≪ 1 (left panel), Y = 1 (center panel) and Y = 10 (right panel). One can get the bound

−0.75 ≤ χu
23 ≤ −0.15 for χu

33 = 1, and 0.4 ≤ χu
23 ≤ 0.9 for χu

33 = −1, both when Y ≪ 1.

This result reduces a lot the intervals of table 2 for the cases presented.

3.7 Z → bb̄

Other stringent bounds on |χ̃33| come from radiative corrections to the process Z → bb̄,

especially to the Z decay fraction into bb̄ (Rb). Following the formulas presented in refs. [83,

84, 94, 112, 113], Rb is parametrized as:

Rb =
Γ(Z → bb̄)

Γ(Z → hadrons)
=

(

1 +
Kb

kb

)−1

(3.42)

where

kb =

[

(ḡLb − ḡRb )
2 + (ḡLb + ḡRb )

2

](

1 +
3α

4π
Q2

q

)

Kb = CQCD
b

∑

q 6=b,t

kb (3.43)

with CQCD
b = 1.0086, which is a factor that includes QCD corrections, and

ḡL,Rb = ḡL,R
Zbb̄

+ δḡL,R, (3.44)

where gL,R
Zbb̄

are the tree level couplings and δgL,R are the radiative corrections that include

the contributions of new physics. In models with two doublets δgL and δgR have contri-

butions from loops involving all the Higgses (H±, H0, h0 and A0). Then, following the

calculation of ref. [94], we obtain that the dominant contributions for δgL,R come from the

charged Higgs boson and are given by

δgL =

√
2GFM

2
w

16π2

[

mt

Mw

(

Y − f(Y )√
2

χu
33

)]2

×
{

R

R− 1
− RlogR

(R− 1)2
+ f2(R)

}

, (3.45)

δgR = −
√
2GFM

2
w

16π2

[

mb

Mw

(

X − f(X)√
2

χd
33

)]2

×
{

R

R− 1
− RlogR

(R− 1)2
+ f2(R)

}

, (3.46)
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where R = m2
t /m

2
H+ and the function f2(R) governing the NLO corrections is given in

refs. [94] . Again, when χu,d
33 = 0, one gets the case for the 2HDM-II. According to the

measured value of Rb [114],

Rb = 0.21629± 0.00066 (3.47)

we can get the experimental constraints for δRb = |0.00066|. Then, from eqs. (3.45)–(3.46)

we obtain bounds for |χ̃f
33| and X, Y . From ref. [83] we can also use the combined limit

from leptonic τ decays and the global fit to (semi-)leptonic decays, which is given by:

|Y33Z33|
m2

H±
< 0.005, |X33| < 50. (3.48)

However, this constraint is already contained in the b → sγ ones, which are more restrictive,

so that this last result does not modify those obtained in the previous section.

3.8 Bs → µ+µ−

A few months ago, the LHCb collaboration found the first evidence for the Bs → µ+µ−

decay [115], with an experimental value for the BR given by BR(Bs → µ+µ−) =

3.2+1.5
−1.2 × 10−9, which imposes a lower bound on the parameters of our model. Recently,

the analysis of Higgs-mediated FCNCs in models with more than one Higgs doublet has

been performed [116] and it shows that the MFV case is more stable in suppressing FCNCs

than the hypothesis of NFC when the quantum corrections are taken into account.7 In this

work the scalar FCNC interactions have been considered, as it happens in our model. On

the other hand, in [117, 118], the contribution for the 2HDM-II is presented in the regime

of large tanβ, which should be considered in our work in order to get these results when

the χij parameters are absent. As was presented in a similar case for another version of

the 2HDM-III, where both contributions, at tree and at one-loop level, were taken into

account [119].8 Then, following the calculation of the BR for the process Bs → µ+µ−

given in [116, 120, 121], we have

BR(Bs → µ+µ−) = BR(Bs → µ+µ−)SM

(

|1 +Rp|2 + |Rs|2
)

, (3.49)

where Rs and Rp contain, in the regime X ≫ 1, the corrections at one-loop level from

charged Higgs bosons and the contribution at tree level of the neutral Higgs bosons which

come from the couplings sb̄φ as well as bs̄φ (φ = H, A), as given in (2.31), where the

7A particular case of MVF in the 2HDM is the A2HDM [116].
8The version 2HDM-III presented in [119] is the so-called 2HDM-II-like of our 2HDM-III, where the

parameter ǫfij introduced in that reference is related to our parameter χf
ij in the following way: ǫij =

√
mimj

v
χij .
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off-diagonal terms χd
23 contribute to Bs → µ+µ−.9 Therefore, Rs and Rp are

Rφsb
s =

4π2

Y0(xt)g2

(

1

1 +ms/mb

)(

ms

mb

)

M2
Bs

VtbV
∗
ts

[

Hd
23H

ℓ
22

m2
H0

]

, (3.50)

Rφsb
p =

4π2

Y0(xt)g2

(

1

1 +ms/mb

)(

ms

mb

)

M2
Bs

VtbV
∗
ts

[

Ad
23A

ℓ
22

m2
A0

]

, (3.51)

Rloop
s,p =

X2

8Y0(xt)

(

1

1 +ms/mb

)

M2
Bs

M2
W

[

Log(r)

r − 1

]

, (3.52)

with φd
2,3 and φℓ

22 (φ = H, A) as given in (2.32), r = m2
H±/mt2, where mb, ms and mt

must be evaluated at their matching scales, and

BR(Bs → µ+µ−)SM =
G2

F τBs

π

(

g2

16π2

)2

MBsF
2
Bs
m2

µ|VtbV
∗
ts|2
√

1−
4m2

µ

M2
Bs

Y0(xt)
2, (3.53)

here, Y0(xt) is the loop function given in [120], MBs and τBs are the mass and lifetime

of the Bs meson, respectively, and FBs = 242.0(9.5)MeV is the Bs decay constant [122].

Otherwise, from (2.32) and considering some of the cases given in table 1, we can constrain

the non-diagonal terms of the Yukawa texture χd
23 and the diagonal terms χℓ

22 as well, for

two cases: X ≫ Z and X,Z ≫ 1. We present then figure 10 the case X,Z ≫ 1, taking

mH0 = 300GeV, 100GeV ≤ mH± ≤ 350GeV and for the following cases: mA0 = 100GeV

(left panel) and mA0 = 300GeV (right panel). One can see that the process Bs → µ+µ−

imposes constraints onto the parameter χℓ
22 and χd

23 and that we obtain the following

bounds: −0.1 ≤ χℓ
22 ≤ 0.4 ( −0.4 ≤ χℓ

22 ≤ 1) and −0.1 ≤ χd
23 ≤ 0.05 ( −0.4 ≤ χd

23 ≤ 0.15)

for mA0 = 100GeV (mA0 = 300GeV). In figure 11 we show the allowed region in the

plane [χℓ
22, χ

d
23] for X ≫ Z, and mA0 = 100GeV (left panel) and mA0 = 300GeV (right

panel). One can get the bounds −1.5 ≤ χℓ
22 ≤ 2 ( −3 ≤ χℓ

22 ≤ 3) and −0.4 ≤ χd
23 ≤ 0.2

( −0.5 ≤ χd
23 ≤ 0.9) for mA0 = 100GeV (mA0 = 300GeV). One can see in figures 10– 11

that, when χℓ
22 is close to 1, we have that χd

23 ≤ 10−2. However, when we have for such

a parameter that 0.2 ≤ χℓ
22 ≤ 0.4, the off-diagonal term in the Yukawa texture, χd

23, can

take values in the the interval [−0.1, 0.15] for Z,X ≫ 1 or [−0.5, 1] for X ≫ Z. These

results constrain further the parameters χf
ij and we present in table 3 the combination

of these results with the others of the previous sections. We can then conclude from our

results that the diagonal term χℓ
22 and the off-diagonal term χd

23 are very sensitive to

the process Bs → µ+µ− and we observe that χu
23 is also quite sensitive to the process

B → Xsγ. Besides, the possibility of light charged Higgs bosons is still consistent with the

experimental results for the process Bs → µ+µ− in our version of the 2HDM-III.

4 Light charged Higgs boson phenomenology

Now we discuss some simple yet interesting phenomenology emerging in the 2HDM-III

after all aforementioned constraints are taken into account, in particular the decays of a

9For the case X ≫ 1, the contribution of the light neutral Higgs boson is neglected because hij ≪ Hij ∼

Aij ∝ X, as justified by taking the values of table 1 for some specials cases and α = β − π/2.
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Figure 10. The allowed region for χℓ
22 vs. χd

23 from Bs → µ+µ−, with X = Z ≫ 1, mH0 =

300GeV, 100GeV ≤ mH± ≤ 350GeV, and for the following cases: mA0 = 100GeV (left) and

mA0 = 300GeV (rigth).
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Figure 11. The allowed region for χℓ
22 vs. χd

23 from Bs → µ+µ−, with X ≫ Z, mH0 = 300GeV,

100GeV ≤ mH± ≤ 350GeV, and for the following cases: mA0 = 100GeV (left) and mA0 = 300GeV

(rigth).

2HDM-III’s χd
23 χu

23 χℓ
22 (X,Y, Z)

2HDM-I-like (0,0.2) (0.24,0.26) (-0.4,1) (20, 20, 20)

2HDM-II-like (0,0.2) (-0.53,-0.49) (-0.4,1) (20, 0.1, 20)

2HDM-X-like (-7,2) (-2.2,0.5) (-1.5,1.5) (0.1, 0 .1, 50)

2HDM-Y-like (-0.2,0.6) or (-0.53,-0.49) (-1,1.5) (50, 0.5, 0.5)

Table 3. Constraints from B → Dτν, Ds → τν, µν, B → τν and Bs → µ+µ− decays. We show the

allowed intervals for χu,d
23 and χℓ

22 constrained by each low energy process, according to the different

scenarios presented in table 1 as well as the combination of constraints. We assume 0.1 ≤ χl
33 ≤ 1.5

as well as χd
22 = χu

22 = 1. Taking 80GeV ≤ mH± ≤ 350GeV and specific values for the X,Y and

Z parameters given in Tab, 1.

light charged Higgs boson (i.e., with mass below the top quark one). The expressions for

the charged Higgs boson partial decay width H+ → uid̄j to massive quark-antiquark pairs

are of the form

Γ(H+ → uid̄j) =
3g2

32πM2
Wm3

H+

λ1/2(m2
H+ ,m

2
ui
,m2

dj
)

×
(

1

2

[

m2
H+ −m2

ui
−m2

dj

]

(S2
ij + P 2

ij)−mui
mdj (S

2
ij − P 2

ij)

)

, (4.1)

where λ is the usual kinematic factor λ(a, b, c) = (a − b − c)2 − 4bc. When we replace

χ̃ud → 0, the formulas of the decay widths become those of the 2HDM with NFC: see,

e.g., refs. [6, 14]. For a scenario with light charged Higgs bosons, for which we can then
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neglect decays into heavy fermions, the expression for the partial widths of the hadronic

decay modes of H±’s is reduced to:

Γ(H± → uid̄j) =
3GFmH±(m2

dj
|Xij |2 +m2

ui
|Yij |2)

4π
√
2

. (4.2)

For the case of leptons, one has instead

Γ(H± → l±j νi) =
GFmH±m2

lj
|Zij |2

4π
√
2

. (4.3)

Again, when the parameters χf
ij are absent, we recover the results of the MHDM/A2HDM.

In Γ(H± → uid̄j) the running quark masses should be evaluated at the scale of mH±

and there are QCD vertex corrections which multiply the above partial widths by (1 +

17αs/(3π)). In the 2HDM the parameter tanβ determines the magnitude of the partial

widths. The BRs are well known and for the case of interest, mH± < mt, one finds that

the dominant decay channel is either H± → cs or H± → τν, depending on the value of

tanβ. In the 2HDM-I the BRs are independent of tanβ instead and the BR(H± → τν) is

about twice the BR(H± → cs).

The magnitude of BR(H± → cb) is always less than a few percent in three (Type

I, II and lepton-specific) of the four versions of the 2HDM with NFC, since the decay

rate is suppressed by the small CKM matrix element Vcb (≪ Vcs). In contrast, a sizeable

BR(H± → cb) can be obtained in the so called ‘flipped’ 2HDM [4, 5] for tanβ > 3.

This possibility was not stated explicitly in [4, 5] though, where the flipped 2HDM was

introduced. The first explicit mention of a large BR(H± → cb) seems to have been in [14]

and a quantitative study followed soon afterwards in [17]. As discussed in [53] though,

the condition mH± < mt in the flipped 2HDM would require additional new physics in

order to avoid the constraints on mH± from b → sγ, while this is not the case in the

MHDM/A2HDM. Otherwise, according to the most restrictive flavor constraints obtained

in section 2, the interaction of charged Higgs bosons with the fermions in the 2HDM-III

with a four-zero texture in the Yukawa matrices can be written in the same way as in the

MHDM/A2HDM plus an small deviation, namely:

g2HDM−III
H±uidj

= g
MHDM/A2HDM
H±uidj

+∆g. (4.4)

Therefore the phenomenology of H± states of the 2HDM-III is very close to than in the

MHDM/A2HDM, although not necessarily the same. We will show in particular peculiar

effects induced by the off-diagonal terms of the Yukawa texture studied here in processes

considered recently in [53].

4.1 The dominance of the BR(H± → cb)

A distinctive signal of a H± state from the 2HDM-III for mH± < mt − mb would be a

sizable BR for H± → cb. For mH± < mt −mb, the scenario of |X| ≫ |Y |, |Z| in a 2HDM-

III gives rise to a “leptophobic” H± with BR(H± → cs)+BR(H± → cb) ∼ 100%, as the

BR(H± → τν) is negligible (≪ 1%). The other decays of H± to quarks are subdominant,
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with the BR(H± → us) ∼ 1% always and the BR(H± → t∗b) becoming sizeable only

for mH± ∼ mt, as can be seen in the numerical analysis in [54] (in the flipped 2HDM).

Incidentally, note that the case of |X| ≫ |Y |, |Z| is obtained in the flipped 2HDM for

tanβ > 3, because |X| = tanβ = 1/|Y | = 1/|Z| in this scenario.

Conversely, one can see that the configuration Y ≫X,Z (this imply that Yij ≫Xij ,Zij ,

see eqs. (2.34)–(2.35)) is very interesting, because the decay H+ → cb̄ is now dominant. In

order to show this situation, we calculate the dominant terms mcY23, mcY22 of the width

Γ(H+ → cb̄, cs̄), respectively, which are given by:

mcYcb = mcY23 = Vcbmc

(

Y − f(Y )√
2

χu
22

)

− Vtb
f(Y )√

2

√
mtmcχ

u
23

= Vcbmcλ
u
22 + Vtb

√
mtmcλ

u
23, (4.5)

mcYcs = mcY22 = Vcsmc

(

Y − f(Y )√
2

χu
22

)

− Vts
f(Y )√

2

√
mtmcχ

u
23

= Vcsmcλ
u
22 + Vts

√
mtmcλ

u
23. (4.6)

As Y is large and f(Y ) =
√
1 + Y 2 ∼ Y , then the term

(

Y − f(Y )√
2
χu
22

)

could be absent

or small, when χij = O(1). Besides, the last term is very large because ∝ √
mtmc, given

that mt = 173GeV, so that in the end this is the dominant contribution. Therefore, we

can compute the ratio of two dominant decays, namely, BR(H± → cb) and BR(H± → cs),

which is given as follows:

Rsb =
BR(H± → cb)

BR(H± → cs)
∼ |Vtb|2

|Vts|2
. (4.7)

In this case BR(H± → cb) ∼ 100% (for mH± < mt − mb, of course) so that to verify

this prediction would really be the hallmark signal of the 2HDM-III. Therefore, we can

see that the non-diagonal term χu
23 (or λu

23) cannot be omitted and this is an important

result signalling new physics even beyond the standards 2HDMs. In a similar spirit, one

can study other interesting channels, both in decay and production and both at tree and

one-loop level [29, 30, 35–38].

Another case is when X ≫ Y ,Z, here, we get that the dominants terms are ∝ mbX23,

msX22, as

mbXcb = mbX23 = Vcbmb

(

X − f(X)√
2

χd
33

)

− Vcs
f(X)√

2

√
mbmsχ

d
23

= Vcbmbλ
d
33 + Vcs

√
msmbλ

d
23, (4.8)

msXcs = msX22 = Vcsms

(

X − f(X)√
2

χd
22

)

− Vts
f(X)√

2

√
mbmsχ

d
23

= Vcsmsλ
d
22 + Vcb

√
msmbλ

d
32. (4.9)

In this case there are two possibilities. If χ = O(1) and positive then

(

X − f(X)√
2
χd
33

)

is

small and

Rsb ∼
|Vcs|2
|Vcb|2

. (4.10)

– 29 –



J
H
E
P
0
7
(
2
0
1
3
)
0
4
4

Here, the BR(H± → cb) becomes large, again, this case too could be another exotic scenario

of the 2HDM-III. The other possibility is when χ = O(1) and negative, then

Rsb ∼
m2

b |Vcb|2
m2

s|Vcs|2
, (4.11)

which is very similar to the cases studied recently in [53]. In summary, one can see two possi-

bilities to study the BR(H± → cb): firstly, the scenarios given in eqs. (4.7) and (4.10), which

are peculiar to the 2HDM-III; secondly, the scenario very close to the MHDM/A2HDM

expressed in eq. (4.11).

The CKM matrix elements are well measured, with Vcb ∼ 0.04 (a direct measurement),

Vcs ∼ 0.97 (from the assumption that the CKM matrix is unitary), Vts ∼ 0.04 and Vtb ∼
0.999 (from direct determination without assuming unitarity, as is possible from the single

top-quark-production cross section) [114]. With this information, it is enough to determine

in the cases represented by eqs. (4.7) and (4.10) the dominance of the channel H± → cb

for light charged Higgs bosons. Otherwise, the situation given in eq. (4.11) is more delicate

since the running quark masses ms and mb should be evaluated at the scale Q = mH± and

this constitutes the main uncertainty in the ratio Rbs. There is relatively little uncertainty

for mb, with mb (Q = 100GeV) ∼ 3GeV. However, there is more uncertainty in the value

of ms, although in recent years there has been much progress in lattice calculations of ms

and an average of six distinct unquenched calculations gives ms = 93.4 ± 1.1MeV [123]

at the scale of Q = 2GeV. A more conservative average of theses calculations, ms =

94± 3MeV, is given in [124]. In [114] the currently preferred range at Q = 2GeV is given

as 80MeV < ms < 130MeV. Using ms = 93MeV at the scale Q = 2GeV (i.e. roughly the

central value of the lattice average [123, 124]) one obtains ms (Q = 100GeV) ∼ 55MeV.

Taking ms = 80MeV and ms = 130MeV at Q = 2GeV one instead obtains ms ∼ 48MeV

and ms ∼ 78MeV, respectively, at Q = 100GeV. Smaller values of ms will give a larger

BR(H± → cb), as can be seen in the situation given in eq. (4.11). Note that the value

ms = 55MeV is significantly smaller than the typical values ms ∼ 150 → 200MeV which

were often used in Higgs phenomenology in the past two decades. In essence, we emphasize

that the scenario |X| ≫ |Y |, |Z| with mH± < mt − mb has a unique feature in that the

magnitude of ms is crucial for determining the relative probability of the two dominant

decay channels of the H± state. Further, this is not the case for most other non-minimal

Higgs sectors with H± states that are commonly studied in the literature.

In [17] the magnitude of BR(H± → cb) in the MHDM was studied in the plane of

|X| and |Y |, for |Z| = 0 and 0.5, taking ms = 0.18GeV and mb = 5GeV. With these

quark masses the maximum value for the above ratio is Rbs = 1.23, which corresponds

to BR(H± → cb) ∼ 55%. However, the values of ms = 0.18GeV and mb = 5GeV are

no longer realistic (as it was subsequently noted in [52]) and two recent papers [7, 8, 54]

have in fact updated the magnitude of Rbs (in the flipped 2HDM) using realistic running

quark masses at the scale Q = mH± . In [54], it appears that ms = 0.080GeV at the

scale Q = mH± was used, which gives BR(H± → cb) ∼ 70%, in agreement with the

results presented in [53]. In [7, 8], ms = 0.077GeV at the scale Q = mH± was used,

with a maximum value for BR(H± → cb) of ∼ 70%. We note that none of these papers
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Figure 12. For the exotic scenario of eq. (4.10) we show the contours of the BR(H± → cs) (left)

and BR(H± → cb) (right) in the plane [X,Y ] with Z = 0.1, mA0 = 80GeV, mH± = 120GeV and

χf
ij = 0.1. The constraint b → sγ is shown as |fB1(X,Y )| < 1.1 for Re[fB1(X,Y )] < 0, where

fB1(X,Y ) =
X33Y

∗
32

VtbVts
is given in eq. (3.25). For |fB1(X,Y )| < 0.7, it is when Re[fB1(X,Y )] < 0.

We take ms(Q = mH±) = 0.055GeV.

used the precise average ms = 93.4± 1.1MeV [123] of the lattice calculations, which gives

ms ∼ 55MeV at the scale of Q = mH± . This smaller value of ms leads to a maximum

value of BR(H± → cb) which is larger than that given in [7, 8, 17, 54], as discussed below.

We now study the magnitude of H± → cb as a function of the couplings X,Y, Z.

In figure 12 we show the numerical study of BR(H± → cb) in the plane [X,Y ] in the

2HDM-III with |Z| = 0.1, using χf
ij = 0.1, ms = 0.055GeV and mb = 2.95GeV at the

scale of Q = mH± = 120GeV. With these values for the quark masses the maximum

value is BR(H± → cb) ∼ 71% (91%) considering mA0 = 80GeV (mA0 = 100GeV), i.e.,

a significantly smaller (larger) value than BR(H± → cb) ∼ 81% [53], and both larger

than BR(H± → cb) ∼ 55% in [17]. In figures 12 and 13 we also display the bound

from b → sγ (for mH± = 100GeV), which is

∣

∣

∣

∣

X33Y ∗
32

VtbVts

∣

∣

∣

∣

< 1.1 for
X33Y ∗

32

VtbVtsp
being real and

negative plus

∣

∣

∣

∣

X33Y ∗
32

VtbVts

∣

∣

∣

∣

< 0.7 for
X33Y ∗

32

VtbVts
being real and positive. The parameter space for

BR(H± → cb) > 70% (90%) roughly corresponds to |X| > 10 (|X| > 5) and |Y | < 0.35

for

∣

∣

∣

∣

X33Y ∗
32

VtbVts

∣

∣

∣

∣

< 0.7. In figure 12 and 13 we also show BR(H± → cs). The latter could be

40% (25%), however, it cannot be maximized for |Y | ≫ |X|, |Z|, because eq. (4.7) does

not allow it, whereas BR(H± → τν) is maximized for |Z| ≫ |X|, |Y |. In figure 14 we show

contours of BR(H± → cb) and BR(H± → τν) in the plane [X,Z] for mH± = 120GeV,

mA0 = 100GeV and |Y | = 0.05. For this value of |Y | the constraint from b → sγ is

always satisfied for the displayed range, |X| < 20. One can see that the largest values of

BR(H± → cb) arise for |Z| < 2.

Prospects for t → H±b with H± → cb at the LHC have been reviewed lately in

ref. [53] for the case of the MHDM/A2HDM, from which many results can however readily

be adapted to our current studies. Things go as follow. The case of mH± < mt −mb with
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Figure 13. The same as figure 12 but for mA0 = 100GeV.
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Figure 14. For the exotic scenario of the eq. (4.7), we show the contours of the BR(H± → cb)

(left) and BR(H± → τν) (right) in the plane [X,Z] with Z = 0.05, Z ≫ X, mH± = 120GeV and

χf
ij = 0.1. We take ms(Q = mH±) = 0.055GeV.

a large BR(H± → cs) can be tested in the decays of the top quark via t → H±b and was

studied first in [4, 5, 125]. Innumerable studies in this direction followed suit, far too many

in fact for being listed here. Also, we are concerned here primarily with H± → cb decays.

The first discussion of t → H±b followed by H± → cb was given in [51]. Recently, t → H±b

with H± → cb has been studied in the context of the flipped 2HDM [54] and the 2HDM

without NFC [30] (other than in [53]).

Light charged Higgs bosons (H±) are being searched for (or simulated) in the decays

of top quarks (t → H±b) at the Tevatron and at the LHC in a variety of modes [46–

48, 126, 127]. In particular, separate searches are being carried out for the decay channels

H± → cs and H± → τν, with comparable sensitivity to the mass and fermionic couplings

of H±. The searches for H± → cs in [47] and [48] look for a peak at mH± in the dijet

invariant mass distribution, with the assumption that neither of the quarks is a b-quark.
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In the MHDM/A2HDM realisations the BR(H± → cb) can be as large as 80% for

an H± that is light enough to be generated in the t → H±b decay. This should be

contrasted to the case of the H± state belonging to more standard 2HDMs for which a

large BR(H± → cb) is certainly possible but one expects mH± > mt in order to comply

with the measured value of b → sγ, which is not the case for the 2HDM-III. The latter

scenario is therefore on the same footing as the MHDM/A2HDM cases studied in [53].

Herein, in short, it was suggested that a dedicated search for t → H±b and H± → cb

would probe values of the fermionic couplings of H± which are currently not excluded if

one required a b-tag in one of the jets originating from H±, thus affording in turn sensitivity

to smaller values of BR(t → H±b) than those obtained to date (which use un-flavored jet

samples). Therefore, a dedicated search for t → H±b and H± → cb at the Tevatron and

LHC would be a well-motivated and at the same time simple extension of ongoing searches

for t → H±b with decay H± → cs.

4.2 The decay H± → AW ∗ for mA0 < mH±

The above discussion has assumed that H± cannot decay into other (pseudo)scalars. We

now briefly discuss the impact of the decay channel H± → A0W ∗, which has been studied

in the 2HDM-II in [128, 129] and in other 2HDMs with small |X|, |Y | and |Z| in [52], in the

light of direct searches at LEP (assuming A0 → bb) performed in [130, 131]. In a general

non-SUSY 2HDM the masses of the scalars can be taken as free parameters. This is in

contrast to the MSSM in which one expects mH± ∼ mA0 in most of the parameter space.

The scenarios ofmA0 < mH± andmA0 > mH± are both possible in a 2HDM, but large mass

splittings among the scalars lead to sizeable contributions to EW precision observables [132,

133], which are parametrized by, e.g., the S, T and U parameters [134, 135]. The case of

exact degeneracy (mA0 = mH0 = mH±) leads to values of S, T and U which are almost

identical to those of the SM. A recent analysis in a generic 2HDM [136] sets mH0 = mA0 ,

sin(β−α) = 1 and studies the maximum value of the mass splitting ∆m = mA0−mH± (for

earlier studies see [137, 138]). For mA0 = 100GeV the range −70GeV < ∆m < 20GeV

is allowed, which corresponds to 80GeV < mH± < 170GeV. For mA0 = 150GeV the

allowed range is instead −70GeV < ∆m < 70GeV, which corresponds to 80GeV <

mH± < 220GeV. Consequently, sizeable mass splittings (of either sign) of the scalars

are possible. Analogous studies in a MHDM have been performed in [139], with similar

conclusions.

If mA0 < mH± then the decay channel H± → A0W ∗ can compete with the above

decays of H± to fermions, because the coupling H±A0W is not suppressed by any small

parameter. In figure 15 (left) we show contours of BR(H± → A0W ∗) in the plane [X,Y ]

with |Z| = 0.1, mA0 = 125GeV andmH± = 150GeV whereas in figure 15 (right) we present

the case mA0 = 80GeV and mH± = 120GeV. The contours are presented in the parameter

space of interest (i.e., |Y | < 1 and |X| ≫ 1) because the contribution of the term m2
c |Y22|2

to the decay widths of H± to fermions could decrease. Comparing, e.g., figure 15 (right)

to figure 12 (right) one can see that for |X| ∼ 4 a BR(H± → A0W ∗) ∼ 30% is competitive

with a BR(H± → cb) ∼ 65%. For smaller mA0 (e.g., less than 80GeV) the contour of the

BR(H± → A0W ∗)=50% would move to higher values of |X|. Since the dominant decay of
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Figure 15. We show the contours of the BR(H± → AW ∗) for mH± = 150GeV, mA0 = 125GeV

(left) and mH± = 120GeV, mA0 = 80GeV (right) in the plane [X,Y ] with Z = 0.1, X ≫ Y and

χf
ij = 0.1 (all positive). The constraint b → sγ is shown as |fB1(X,Y )| < 1.1 forRe[fB1(X,Y )] < 0

(red-dashed), and |fB1(X,Y )| < 0.7 is when Re[fB1(X,Y )] < 0 (blue-dashed). We take ms(Q =

mH±) = 0.055GeV.

the A0 is expected to be A0 → bb, the detection prospects in this channel should also be

promising because there would be more b quarks from t → H±b, H± → A0W ∗, A0 → bb

than from t → H±b with H± → cb. We note that there has been a search by the Tevatron

for the channel t → H±b, H± → A0W ∗, A0 → τ+τ− [140], for the case of mA0 < 2mb

where A0 → bb is not possible [141].

At present there is much speculation about an excess of events around a mass of

125GeV in the search for the SM Higgs boson [59–61]. An interpretation of these events

as originating from the process gg → A0 → γγ has been suggested in [142]. In figure 15

(right) we setmA0 = 125GeV andmH± = 150GeV for this reason. Since the mass splitting

between H± and A0 is less than in figure 15 (left), the contours move to lower values of

|X|, but a BR(H± → A0W ∗) = 4% is still possible for |X| < 2. We note that if the excess

of events at 125GeV is attributed to a SM-like Higgs, then in the context of a 2HDM,

a candidate would be the lightest CP-even Higgs h0 with a coupling to vector bosons of

SM strength (recent studies of this possibility can be found in [143, 144]). This scenario

would correspond to sin(β−α) ∼ 1 in a 2HDM and therefore the coupling H±h0W (with a

magnitude ∼ cos(β−α) in a 2HDM) would be close to zero. Hence the decay H± → h0W ∗

would be suppressed by this small coupling, as well as by the high virtuality of W ∗. Several

recent studies [145–149] fit the current data in all the Higgs search channels to the case of a

neutral Higgs boson with arbitrary couplings. A SM-like Higgs boson gives a good fit to the

data, although a slight preference for non-SM like couplings is emphasized in [148, 149]. If

the excess of events at 125GeV turns out to be genuine and is well described by a non-SM

like Higgs boson of a 2HDM-III with a value of sin(β − α) which is significantly less than

unity, then the BR(H± → h0W ∗) could be sizeable, with a magnitude given by figure 15

(right) after scaling by cos2(β − α).
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5 Numerical results

5.1 Indirect H± production

We now quantify the magnitude of H± → cb events produced in the decays of t quarks,

and compare this with the expected sensitivity at the LHC. For the partial decay widths

of t → W±b and t → H±b we use the LO expressions (with |Vtb| = 1) as follows:

Γ(t → W±b) =
GFmt

8
√
2π

[m2
t + 2M2

W ][1−M2
W /m2

t ]
2 (5.1)

Γ(t → H±b) =
GFmt

8
√
2π

[m2
t |Y33|2 +m2

b |X33|2][1−m2
H±/m

2
t ]
2. (5.2)

The multiplicative (vertex) QCD corrections to both t → W±b and t → H±b essentially

cancel out in the ratio of partial widths [150, 151]. In the phase-space function of both

decays we neglect mb, and in the terms m2
t |Y33|2 and m2

b |X33|2 we use mt = 175GeV and

mb evaluated at the scale mH± (i.e., mb ∼ 2.95GeV).

In figure 16 we show contours of the sum of

BR(t → H±b)× [BR(H± → cs) + BR(H± → cb)] (5.3)

in the plane of [X,Y ] for mH± = 120GeV and mH± = 80GeV, setting |Z| = 0.1. The cross

section in eq. (5.3) is the signature to which the current search strategy at the Tevatron and

the LHC is sensitive, i.e., one b-tag (LHC [48]) or two b-tags (Tevatron [47]) are applied

to the jets originating from the tt decay, but no b-tag is applied to the jets originating

from H±. For the case of [BR(H± → cs)+BR(H± → cb)]=100% the current experimental

limits for mH± = 120GeV are BR(t → H±b) < 0.14 from ATLAS with 0.035 fb−1 [48],

BR(t → H±b) < 0.12 from CDF with 2.2 fb−1 [47], and BR(t → H±b) < 0.22 from D0

with 1 fb−1 [46]. In figure 16 (left) for mH± =120GeV these upper limits would exclude

the parameter space of |X| > 50 and small |Y | which is not excluded by the constraint

from b → sγ. For the mass region 80GeV < mH± < 90GeV there is only a limit from

the D0 search in [46], which gives BR(t → H±b) < 0.21. From figure 16 (right), for

mH± = 80GeV, one can see that this limit excludes the parameter space with |X| > 45

and small |Y |.
In figure 16 we show contours of 1%, which might be reachable in the 8TeV run of

the LHC. Simulations by ATLAS (with
√
s = 7TeV) for H± → cs [127] have shown that

the LHC should be able to probe values of BR(t → H±b) > 0.05 with 1 fb−1 for mH± >

110GeV, with the greatest sensitivity being around mH± = 130GeV. For the operation

with
√
s = 8TeV and an anticipated integrated luminosity of 15 fb−1 one expects increased

sensitivity (e.g. BR(t → H±b) > 0.01 for mH± > 110GeV), although the region 80GeV <

mH± < 90GeV might remain difficult to probe with the strategy of reconstructing the

jets from H±. An alternative way to probe the region 80GeV < mH± < 90GeV is to

use the search strategy by D0 in [46], and presumably the LHC could improve on the

Tevatron limit on BR(t → H±b) < 0.21 for this narrow mass region. From figure 16 (left)

(for mH± = 120GeV) one can see that the region of |Y | > 0.32 and |X| < 14, which is

not excluded by b → sγ, would be probed if sensitivities to the BR(t → H±b) > 0.01
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Figure 16. Contours of the sum of BR(t → H±b)×BR(H± → cs) and BR(t → H±b)×BR(H± →
cb) in the plane [X, Y ] with |Z| = 0.1, where mH± = 120GeV (left panel) and mH± = 80GeV

(right panel).

were achieved. However, a large part of the region roughly corresponding to |Y | < 0.32

and |X| < 20 (which is also not excluded by b → sγ) would require a sensitivity to

BR(t → H±b) < 0.01 in order to be probed with the current search strategy for t → H±b

and this is probably unlikely in the 8TeV run of the LHC.

Increased sensitivity to the plane of [X,Y ] can be achieved by requiring a b-tag on the

jets which originate from the decay of H±. In figures 17 and 18, for mH± = 80GeV and

mH± = 120GeV, respectively, we show contours of

BR(t → H±b)× BR(H± → cb) . (5.4)

With the extra b-tag, as advocated previously (see eq. (12) in [53]), the sensitivity

should reach BR(t → H±b) × BR(H± → cb) > 0.5%, and perhaps as low as 0.2%. In the

latter case, one can see from figures 17 (left) and 18 (right) that a large part of the regions

of |X| < 6 (for mH± = 120GeV) and |X| < 4 (for mH± = 80GeV) could be probed, even

for |Y | < 0.2. Therefore, there would be sensitivity to a sizeable region of the parameter

space of [X,Y ] which is not excluded by b → sγ, a result which is in contrast to the above

case where no b-tag is applied to the b-jets originating from H±. We encourage here a

dedicated search for t → H±b and H± → cb by the Tevatron and LHC collaborations.

Such a search would be a well-motivated extension and application of the searches which

have already been carried out in [47] and [48] and would offer the possibility of increased

sensitivity to the fermionic couplings and mass of H± in not only the MDHM/A2HDM

but also the 2HDM-III.

5.2 Direct H± production

Another possibility to produce H± states in our scenario is via cb̄ (and bc̄) fusion in hadron-

hadron collisions. Since neither of the antiquarks in the initial state is a valence state, there

is no intrinsic advantage in exploiting proton-antiproton coliisions at the Tevatron, further

considering the much reduced energy and luminosity available at the FNAL accelerator
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Figure 17. Contours of BR(t → H±b) × BR(H± → cb) in the plane [X, Y ] with |Z| = 0.1 for

mH± = 80GeV. The constraint b → sγ is shown as |fB1(X,Y )| < 1.1 for Re[fB1(X,Y )] < 0

(red-dashed), and |fB1(X,Y )| < 0.7 is when Re[fB1(X,Y )] < 0 (blue-dashed). We take ms(Q =

mH±) = 0.055GeV and show the range 0 < |Y | < 0.8 (left panel) and 0 < |Y | < 0.3 (right panel).
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Figure 18. Contours of BR(t → H±b) × BR(H± → cb) in the plane [X, Y ] with |Z| = 0.1 for

mH± = 120GeV. The constraint b → sγ is shown as |fB1(X,Y )| < 1.1 for Re[fB1(X,Y )] < 0

(red-dashed), and |fB1(X,Y )| < 0.7 is when Re[fB1(X,Y )] < 0 (blue-dashed). We take ms(Q =

mH±) = 0.055GeV and show the range 0 < |Y | < 0.8 (left panel) and 0 < |Y | < 0.3 (right panel).

with respect to the LHC. Hence, we focus our attention onto the latter. In fact, we

can anticipate that, amongst all the energy and luminosity stages occurred or foreseen at

the CERN machine, only the combinations
√
s = 8, 14TeV and standard instantaneous

luminosity of order 1033 cm−2 s−1 or higher are of relevance here. Furthermore, in the

QCD polluted environment of the LHC, it is clear that one ought to attempt extracting a

leptonic decay of our light charged Higgs boson. In the light of the results presented in the

previous (sub)sections, the best option is afforded by H± decays into τν pairs, eventually

yielding an electron/muon (generically denoted by l) and missing (transverse) energy. In

this case, the background is essentially due to the charged Drell-Yan (DY) channel giving

τν pairs (i.e., via W± production and decay), which is in fact irreducible.

Figures 19–20 display the differential distribution for the signal S (i.e. cb̄ → H+ →
τ+ν + c.c.) and the background B (i.e., cb̄ → W+τ+ν + c.c), the former for three
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Figure 19. Differential distributions in transverse mass MT for signal and background (the former

for three H± mass values) in logaritmic (top) and linear (bottom) scale. Here,
√
s = 8TeV.

Figure 20. The same as figure 19, but for
√
s = 14TeV.

mass choices (mH± = 80, 120 and 160GeV).10 As the invariant mass of the final state

is not reconstructible, given the missing longitudinal momemtum, we plot the transverse

mass MT ≡
√

(ET
l + ET

miss)
2 − (pxl + pxmiss)

2 − (pyl + pymiss)
2, where ET represents missing

energy/momentum (as we consider the electron and muon massless) in the transverse plane

and px,y are the two components therein (assuming that the proton beams are directed

along the z axis). Clearly, the backgound dominance over the signal is evident whenever

mH± ≈ MW± . However, the larger the charged Higgs boson mass with respect to the

gauge boson one, the more important the signal becomes relatively to the background.

In order to establish whether it is possible to extract the direct H± signal, or indeed

constrain it, we show in figures 21–figures 22 the significance of the signal, defined as

S/
√
B, as a function of the collider integrated luminosity L, where S = L σ(cb̄ → H+ →

τ+ν + c.c.) and B = L σ(cb̄ → W+τ+ν + c.c.). Here, we have restricted both the signal and

background yield to the mass regions |mH± −MT | < 10GeV, where, again, we have taken

mH± = 80, 120 and 160GeV. The τ decay rates into electron/muons are included and we

10Notice that interference effects are negligible between the two, owing to the very narrow width of the

charged Higgs boson.
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Figure 21. Number of events (top) and significance (bottom) of the signal (for three H± mass

values) as a function of the luminosity. Here,
√
s = 8TeV. The horizontal solid(dashed)[dotted]

line corresponds to a significance of 5(3)[2].

Figure 22. The same as figure 21, but for
√
s = 14TeV.

assumed 90% efficiency in e/µ-identification. It is clear that exclusion (significance equal

to 2), evidence (significance equal to 3) and discovery (significance equal to 5) can all be

attained at both the 8 and 14TeV energy stages, for accessible luminosity samples, so long

that the H± mass is significantly larger than the W± one. In both machine configurations,

corresponding event rates are always substantial.

6 Conclusions

Light charged Higgs bosons (H±) are being searched for in the decays of top quarks

(t → H±b) at the Tevatron and LHC. Separate searches are being carried out for the decay

channels H± → cs and H± → τν, with comparable sensitivity to the mass and fermionic

couplings ofH±. The searches forH± → cs in [47] and [48] look for a peak atmH± in the di-

jet invariant mass distribution, with the assumption that neither of the quarks is a b quark.

In some models with two or more Higgs doublets (the 2HDM and a MHDM with three

or more scalar doublets) the BR for H± → cb can be as large as 80%. Here, in our model
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(2HDM-III), BR(H± → cb) could be as large as 90%. Moreover, such a H± could be

light enough to be produced via t → H±b as well as respect the stringent constraints from

b → sγ on both mH± and the fermionic couplings of H±. This is in contrast to the H±

state in other 2HDMs for which a large BR for H± → cb is possible but for which one

expects mH± > mt in order to comply with the measured value of b → sγ. Along the lines

indicated by previous literature, in the context of the 2HDM-III with a four-zero Yukawa

texture, we suggested that a dedicated search for t → H±b and H± → cb would probe

values of the fermionic couplings of H± that are currently not testable. Such a search

would require a b-tag of one of the jets originating from H± and would further allow one

to reach a higher sensitivity to a smaller value of the BR(t → H±b) than that obtained in

the ongoing searches, which currently do not make use of this additional b-tag.

Finally, we have shown that a H± state of the 2HDM-III can also be produced directy

from cb fusion, followed by a decay into τν pairs, assuming semi-leptonic decays (to contrast

the otherwise overwhelming QCD background), albeit only at the LHC, which should have

sensitivity to it already at 8TeV and, indeed, full coverage at 14TeV, so long that mH± is

120GeV or above.

We have reached these conclusions over the 2HDM-III parameter space that we have

shown to survive a long list of constraints emerging from B-physics, namely: µ − e uni-

versality in τ decays, several leptonic B-decays (B → τν, D → µν and Ds → lν), the

semi-leptonic transition B → Dτν, plus B → Xsγ, including B0− B̄0 mixing, Bs → µ+µ−

and the radiative decay Z → bb̄.

The outlook is therefore clear. Depending on the search channel, both the Tevatron

and the LHC have the potential to constrain or else discover the 2HDHM-III supplemented

by a four-zero Yukawa texture including non-vanishing off-diagonal terms in the Yukawa

matrices. We are now calling on our experimental colleagues to achieve this, as the search

strategies recommended here are easily implementable and pursuable.
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