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3Instituto de Fı́sica, Benemérita Universidad Autónoma de Puebla, Apartado Postal J-48, C. P. 72570 Puebla, Puebla, Mexico
(Received 28 October 2004; revised manuscript received 16 December 2004; published 27 January 2005)
1550-7998=20
We study the fermionic couplings of the neutral Higgs bosons in the two Higgs doublet model,
assuming a four-texture structure for the Yukawa matrices. We then derive the low-energy constraints on
the model, focusing in b-quark and lepton physics, and apply them to study Higgs boson detection at
future colliders. We show that the bound on the flavor-violating parameter �sb obtained from the
contribution due to the bsh0 coupling to the decay b! s� � (roughly of the order 10�1–10�2) is
approximately a factor 10 more restrictive than that obtained from the current bound on ��B0

s ! �����
(which gives a bound on �sb of the order 100–10�1). On the other hand, the analysis of the LFV decay
�! e� leads to the constraint ��	 & 10�2. The observation of a Higgs signal at a future muon collider
would confirm the results of these constraints for tan
 & 15, while for larger values of tan
 such colliders
will not improve the bounds derived from low-energy data. At a hadron collider it is further possible to
study the Higgs boson coupling h0bb by searching for the associated production of the Higgs boson with
bb pairs.

DOI: 10.1103/PhysRevD.71.015014 PACS numbers: 12.60.Fr, 12.15.Mm, 14.80.Cp
I. INTRODUCTION

Despite the success of the standard model (SM) in the
gauge and fermion sectors, the Higgs sector remains the
least tested aspect of the model, and the mechanism of
electroweak symmetry breaking (EWSB) is still a puzzle.
However, the analysis of radiative corrections within the
SM [1] points towards the existence of a Higgs boson with
mass of the order of the EW scale, which could be detected
in the early stages of CERN LHC [2]. On the other hand,
the SM is often considered as an effective theory, valid up
to an energy scale of O�TeV�, and eventually it will be
replaced by a more fundamental theory, which will ex-
plain, among other things, the physics behind EWSB and
perhaps even the origin of flavor. Several examples of
candidate theories, which range from supersymmetry [3]
to deconstruction [4], include a Higgs sector with two
scalar doublets, which has a rich structure and predicts
interesting phenomenology [5]. The general two-Higgs
doublet model (THDM) has a potential problem with
flavor-changing neutral currents (FCNC) mediated by the
Higgs bosons, which arise when each quark type (u and d)
is allowed to couple to both Higgs doublets, and FCNC
could be induced at large rates that may jeopardize the
model. The possible solutions to this problem of the
THDM involve an assumption about the Yukawa structure
of the model. To discuss them it is convenient to refer to the
Yukawa Lagrangian, which is written for the quarks fields
as follows:

LY � Y
u
1QL�1uR � Y

u
2QL�2uR � Y

d
1QL�1dR

� Yd2QL�2dR (1)
05=71(1)=015014(15)$23.00 015014
where �1;2 � ���
1;2; �

0
1;2�

T denote the Higgs doublets. The
specific choices for the Yukawa matrices Yq1;2 (q � u; d)
define the versions of the THDM known as I, II, or III,
which involve the following mechanisms that are aimed
either to eliminate the otherwise unbearable FCNC prob-
lem or at least to keep it under control, namely:
(1) D
-1
ISCRETE SYMMETRIES. A discrete symmetry
can be invoked to allow a given fermion type (u or
d quarks for instance) to couple to a single Higgs
doublet, and in such a case FCNC are absent at tree
level. In particular, when a single Higgs field gives
masses to both types of quarks (either Yu1 � Yd1 � 0
or Yu2 � Yd2 � 0), the resulting model is referred to
as THDM-I. On the other hand, when each type of
quark couples to a different Higgs doublet (either
Yu1 � Yd2 � 0 or Yu2 � Yd1 � 0), the model is known
as the THDM-II. This THDM-II pattern is highly
motivated because it arises at tree level in the mini-
mal supersymmetry (SUSY) extension for the SM
(MSSM) [5].
(2) R
ADIATIVE SUPPRESSION. When each fermion
type couples to both Higgs doublets, FCNC could be
kept under control if there exists a hierarchy be-
tween Yu;d1 and Yu;d2 . Namely, a given set of Yukawa
matrices is present at tree level, but the other ones
arise only as a radiative effect. This occurs for
instance in the MSSM, where the type-II THDM
structure is not protected by any symmetry, and is
transformed into a type-III THDM (see below)
through the loop effects of sfermions and gauginos.
Namely, the Yukawa couplings that are already
 2005 The American Physical Society
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present at tree level in the MSSM (Yd1 ; Y
u
2 ) receive

radiative corrections, while the terms (Yd2 ; Y
u
1 ) are

induced at one-loop level.
In particular, when the ‘‘seesaw’’ mechanism [6] is
implemented in the MSSM to explain the observed
neutrino masses [7,8], lepton flavor violation (LFV)
appears naturally in the right-handed neutrino sec-
tor, which is then communicated to the sleptons
and from there to the charged leptons and Higgs
sector. These corrections allow the neutral Higgs
bosons to mediate LFV; in particular, it was found
that the (Higgs-mediated) tau decay 	! 3� [9] as
well as the (real) Higgs boson decay H ! 	� [10]
can enter into possible detection domain. Similar
effects are known to arise in the quark sector; for
instance, B! �� can reach branching fractions at
large tan
 that can be probed at Run II of the
Tevatron [11,12].
(3) F
LAVOR SYMMETRIES. Suppression for FCNC
can also be achieved when a certain form of the
Yukawa matrices that reproduce the observed fer-
mion masses and mixing angles is implemented in
the model, which is then named as THDM-III. This
could be done either by implementing the Frogart-
Nielsen mechanism to generate the fermion mass
hierarchies [13], or by studying a certain ansatz for
the fermion mass matrices [14]. The first proposal
for the Higgs boson couplings along these lines was
posed in [15,16]; it was based on the six-texture
form of the mass matrices, namely,

Mq �

0 Cq 0

C�
q 0 Bq
0 B�

q Aq

0
BB@

1
CCA:

Then, by assuming that each Yukawa matrix Yq1;2 has
the same hierarchy, one finds Aq ’ mq3 , Bq ’����������������mq2mq3
p , and Cq ’

����������������mq1mq2
p . Then, the fermion-

fermion0-Higgs boson (ff0�0) couplings obey the
following pattern: Hfifj �

���������������mfimfj
p =mW , which is

known as the Cheng-Sher ansatz. This brings under
control the FCNC problem, and it has been exten-
sively studied in the literature to search for flavor-
violating signals in the Higgs sector [17].
In this paper we are interested in studying the THDM-
III. However, the six-texture ansatz seems disfavored by
current data on the Cabibbo-Kobayashi-Maskawa mixing
angles. More recently, mass matrices with four-texture
ansatz have been considered, and are found in better agree-
ment with the observed data [18,19]. It is interesting then
to investigate how the Cheng-Sher form of the ff0�0

couplings get modified when one replaces the six-texture
matrices by the four-texture ansatz. This paper is aimed
precisely to study this question; we want to derive the form
of the ff0�0 couplings and to discuss how and when the
resulting predictions could be tested, both in rare quark and
015014
lepton decays and in the phenomenology of the Higgs
bosons [10]. Unlike previous studies, we keep in our
analysis the effect of the complex phases, which modify
the FCNC Higgs boson couplings.

The organization of the paper goes as follows: In Sec. II,
we discuss the Lagrangian for the THDM with the four-
texture form for the mass matrices and present the results
for the ff0�0 vertices in the quark sector. Then, in Sec. III
we study the constraints imposed on the parameters of the
model from low-energy flavor-violating processes.
Section IV includes the predictions of the model for both
flavor-conserving (FC) and flavor-violating (FV) Higgs
boson decays. While in Sec. V, we discuss the capabilities
of future ���� and hadron colliders to detect such de-
cays. Finally, Sec. VI contains our conclusions.
II. THE QUARK SECTOR OF THE THDM-III WITH
FOUR-TEXTURE MASS MATRICES

The Yukawa Lagrangian of the THDM-III is written for
the quark fields as follows:

LqY � Y
u
1QL�1uR � Yu2QL�2uR � Y

d
1QL�1dR

� Yd2QL�2dR (2)

where �1;2 � ���
1;2; �

0
1;2�

T denote the Higgs doublets. The
specific choices for the Yukawa matrices Yq1;2 (q � u; d)
define the versions of the THDM known as I, II, or III.

After spontaneous symmetry breaking the quark mass
matrix is given by

Mq �
1���
2

p �v1Y
q
1 � v2Y

q
2 �: (3)

We will assume that both Yukawa matrices Yq1 and Yq2
have the four-texture form and are Hermitic; following the
conventions of [18], the quark mass matrix is then written
as

Mq �

0 Cq 0

C�
q

~Bq Bq
0 B�

q Aq

0
BB@

1
CCA;

when ~Bq ! 0 one recovers the six-texture form. We also
consider the hierarchy: jAqj 
 j ~Bqj; jBqj; jCqj, which is
supported by the observed fermion masses in the SM.

Because of the Hermiticity condition, both ~Bq and Aq
are real parameters, while the phases of Cq and Bq, �Bq;Cq ,
can be removed from the mass matrix Mq by defining

Mq � P
y
q ~MqPq, where Pq � diag�1; ei�Cq ; ei��Bq��Cq ��,

and the mass matrix ~Mq includes only the real parts of
Mq. The diagonalization of ~Mq is then obtained by an
orthogonal matrix Oq, such that the diagonal mass matrix
is Mq � OTq ~MqOq.

The Lagrangian (2) can be expanded in terms of the
mass eigenstates for the neutral (h0; H0; A0) and charged
-2
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Higgs bosons (H�). The interactions of the neutral Higgs bosons with the d-type and u-type are given by (u; u0 � u; c; t
and d; d0 � d; s; b),

LqY �
g
2

�
md
mW

	
d


cos&
cos


'dd0 �

���
2

p
sin�&� 
�
g cos


�
mW
md

	
� ~Yd2�dd0

�
d0H0

�
g
2

�
md
mW

	
d


�

sin&
cos


'dd0 �

���
2

p
cos�&� 
�
g cos


�
mW
md

	
� ~Yd2�dd0

�
d0h0

�
ig
2

�
md
mW

	
d


� tan
'dd0 �

���
2

p

g cos


�
mW
md

	
� ~Yd2�dd0

�
�5d0A0

�
g
2

�
mu
mW

	
u


sin&
sin


'uu0 �

���
2

p
sin�&� 
�
g sin


�
mW
mu

	
� ~Yu2�uu0

�
u0H0

�
g
2

�
mu
mW

	
u


cos&
sin


'uu0 �

���
2

p
cos�&� 
�
g sin


�
mW
mu

	
� ~Yu2�uu0

�
u0h0

�
ig
2

�
mu
mW

	
u


� cot
'uu0 �

���
2

p

g sin


�
mW
mu

	
� ~Yu2�uu0

�
�5u0A0: (4)

The first term, proportional to 'qq0 , corresponds to the modification of the THDM-II over the SM result, while the term
proportional to ~Yq2 denotes the new contribution from THDM-III. Thus, the ff0�0 couplings respect CP invariance, despite
the fact that the Yukawa matrices include complex phases; this follows because of the Hermiticity conditions imposed on
both Yq1 and Yq2 .

The corrections to the quark FC and FV couplings depend on the rotated matrix ~Yq2 � O
T
qPqY

q
2P

y
qOq. We will evaluate

~Yq2 assuming that Yq2 has a four-texture form, namely,

Yq2 �

0 Cq2 0

Cq�2 ~Bq2 Bq2
0 Bq�2 Aq2

0
BB@

1
CCA; jAq2j 
 j ~Bq2j; jB

q
2j; jC

q
2j: (5)

The matrix that diagonalizes the real matrix ~Mq with the four-texture form is given by

Oq �

������������������������������
(q2(

q
3�Aq�(

q
1 �

Aq�(
q
2�(

q
1 ��(

q
3�(

q
1 �

r
)q

������������������������������
(q1(

q
3 �(

q
2�Aq�

Aq�(
q
2�(

q
1��(

q
3�(

q
2�

r ������������������������������
(q1(

q
2�Aq�(

q
3 �

Aq�(
q
3�(

q
1 ��(

q
3�(

q
2 �

r

�)q

��������������������������
(q1 �(

q
1�Aq�

�(q2�(
q
1��(

q
3�(

q
1 �

r ��������������������������
(q2 �Aq�(

q
2�

�(q2�(
q
1��(

q
3�(

q
2 �

r ��������������������������
(q3�(

q
3�Aq�

�(q3�(
q
1 ��(

q
3�(

q
2 �

r

)q

������������������������������
(q1 �Aq�(

q
2��Aq�(

q
3 �

Aq�(
q
2�(

q
1��(

q
3�(

q
1 �

r
�

������������������������������
(q2 �Aq�(

q
1 ��(

q
3�Aq�

Aq�(
q
2�(

q
1 ��(

q
3�(

q
2 �

r ������������������������������
(q3 �Aq�(

q
1 ��Aq�(

q
2 �

Aq�(
q
3�(

q
1 ��(

q
3�(

q
2 �

r

0
BBBBBBBBB@

1
CCCCCCCCCA
;

where mq1 � j(q1j, m
q
2 � j(q2j, m

q
3 � j(q3 j, and )q �

(q2=m
q
2 (q � u; d), with mu � mu1 , mc � mu2 , and mt �

mu3 ; md � md1 , ms � md2 , and mb � md3 .
Then the rotated form ~Yq2 has the general form

~Yq2 � OTqPqY
q
2P

y
qOq �

� ~Yq2�11 � ~Yq2�12 � ~Yq2�13

� ~Yq2�21 � ~Yq2�22 � ~Yq2�23

� ~Yq2�31 � ~Yq2�32 � ~Yq2�33

0
BB@

1
CCA:

(6)

However, the full expressions for the resulting elements
have a complicated form, as it can be appreciated, for
instance, by looking at the element � ~Yq2�22, which is dis-
played here:
015014
� ~Yq2�22 � )q�C
q�
2 e

i�Cq � Cq2e
�i�Cq �

�Aq � (
q
2�

mq3 � (
q
2

�������������
mq1m

q
3

Aqm
q
2

vuut

� ~Bq2
Aq � (

q
2

mq3 � (
q
2

� Aq2
Aq � (

q
2

mq3 � (
q
2

� �Bq�2 e
i�Bq � Bq2e

�i�Bq �

������������������������������������������
�Aq � (

q
2��m

q
3 � Aq�

mq3 � (
q
2

vuut

(7)

where we have taken the limits jAqj; m
q
3 ; m

q
2 
 mq1 . The

free parameters are ~Bq2 ; B
q
2 ; A

q
2 ; Aq.

To derive a better suited approximation, we will consider
the elements of the Yukawa matrix Yl2 as having the same
hierarchy as the full mass matrix, namely,
-3
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Cq2 � c
q
2

�������������������
mq1m

q
2m

q
3

Aq

vuut ; (8)

Bq2 � b
q
2

������������������������������������������
�Aq � (

q
2��m

q
3 � Aq�

q
; (9)

~B q2 � ~bq2�m
q
3 � Aq � (

q
2�; (10)

Aq2 � a
q
2Aq: (11)

Then, in order to keep the same hierarchy for the ele-
ments of the mass matrix, we find that Aq must fall within
the interval �mq3 �m

q
2� � Aq � m

q
3 . Thus, we propose the

following relation for Aq:

J. L. DIAZ-CRUZ, R NORIEGA-PAPAQUI, AND A. ROSADO
015014
Aq � m
q
3�1� 
qzq�; (12)

where zq � m
q
2=m

q
3 � 1 and 0 � 
q � 1.

Then, we introduce the matrix ~�q as follows:

� ~Yq2�ij �

�������������
mqi m

q
j

q
v

~�qij �

�������������
mqi m

q
j

q
v

�qije
i#qij ; (13)

which differs from the usual Cheng-Sher ansatz not only
because of the appearance of the complex phases, but also
in the form of the real parts �qij � j~�qijj.

Expanding in powers of zq, one finds that the elements
of the matrix ~�q have the following general expres-
sions:
~�q11 � �~bq2 � �cq�2 e
i�Cq � cq2e

�i�Cq ��)q � �aq2 � ~bq2 � �bq�2 e
i�Bq � bq2e

�i�Bq ��
q;

~�q12 � �cq2e
�i�Cq � ~bq2� � )q�a

q
2 �

~bq2 � �bq�2 e
i�Bq � bq2e

�i�Bq ��
q;

~�q13 � �aq2 � b
q
2e

�i�Bq �)q
������

q

q
;

~�q22 � ~bq2)q � �aq2 � ~bq2 � �bq�2 e
i�Bq � bq2e

�i�Bq ��
q;

~�q23 � �bq2e
�i�Bq � aq2�

������

q

q
;

~�q33 � a
q
2 :

(14)

While the diagonal elements ~�qii are real, we notice [Eqs. (14)] the appearance of the phases in the off-diagonal elements,
which are essentially unconstrained by present low-energy phenomena. As we will see next, these phases modify the
pattern of flavor violation in the Higgs sector. For instance, while the Cheng-Sher ansatz predicts that the LFV couplings
� ~Yq2�13 and � ~Yq2�23 vanish when aq2 � b

q
2 , in our case this is no longer valid for cos�Bq � 1. Furthermore the LFV couplings

satisfy several relations, such as j~�q23j � j~�q13j, which simplifies the parameter analysis.
In order to perform our phenomenological study we find it convenient to rewrite the Lagrangian given in Eq. (4) in terms

of the ~�qq0 � ~�qij as follows:

LqY �
g
2
d

�
md
mW

	
cos&
cos


'dd0 �
sin�&� 
����

2
p

cos


� ��������������
mdmd0

p

mW

	
~�dd0

�
d0H0

�
g
2
d


�

�
md
mW

	
sin&
cos


'dd0 �
cos�&� 
����

2
p

cos


� ��������������
mdmd0

p

mW

	
~�dd0

�
d0h0

�
ig
2
d


�

�
md
mW

	
tan
'dd0 �

1���
2

p
cos


� ��������������
mdmd0

p

mW

	
~�dd0

�
�5d0A0

�
g
2
u

�
mu
mW

	
sin&
sin


'uu0 �
sin�&� 
����

2
p

sin


� ��������������
mumu0

p

mW

	
~�uu0

�
u0H0

�
g
2
u

�
mu
mW

	
cos&
sin


'uu0 �
cos�&� 
����

2
p

sin


� ��������������
mumu0

p

mW

	
~�uu0

�
u0h0

�
ig
2
u


�

�
mu
mW

	
cot
'uu0 �

1���
2

p
sin


� ��������������
mumu0

p

mW

	
~�uu0

�
�5u0A0; (15)

where u; u0 � u; c; t and d; d0 � d; s; b, and unlike the Cheng-Sher ansatz, ~�qq0 (q � q0) are complex.
Finally, for completeness we display here the corresponding Lagrangian for the charged lepton sector, which has already

been reported in our previous work [20], namely,
-4
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LlY �
g
2
l

�
ml
mW

	
cos&
cos


'll0 �
sin�&� 
����

2
p

cos


�

� ������������
mlml0

p

mW

	
~�ll0

�
l0H0 �

g
2
l


�

�
ml
mW

	
sin&
cos


'll0

�
cos�&� 
����

2
p

cos


� ������������
mlml0

p

mW

	
~�ll0

�
l0h0

�
ig
2
l


�

�
ml
mW

	
tan
'll0

�
1���

2
p

cos


� ������������
mlml0

p

mW

	
~�ll0

�
�5l0A0 (16)

where l; l0 � e;�; 	.
On the other hand, one can also relate our results with

the SUSY-induced THDM-III, for instance, by considering
the effective Lagrangian for the couplings of the charged
leptons to the neutral Higgs fields, namely,

�L � LLYllR�
0
1 � LLYl�.11� .2Y

y
/Y/�lR�

0�
2 � h:c:

(17)

In this language, LFV results from our inability to simul-
taneously diagonalize the term Yl and the nonholomorphic
loop corrections .2YlY

y
/Y/. Thus, since the charged lepton

masses cannot be diagonalized in the same basis as their
Higgs boson couplings, this will allow neutral Higgs bo-
sons to mediate LFV processes with rates proportional to
.22. In terms of our previous notation we have ~Y2 �
.2YlY

y
/Y/. Thus, our result will cover (for some specific

choices of parameters) the general expectations for the
corrections arising in the MSSM.
1We will study the dependency on the phases #fij (~�fij �
�fije

#fij ) of the Higgs phenomenology in a forthcoming paper.
III. BOUNDS ON THE FLAVOR-VIOLATING
HIGGS PARAMETERS

Constrains on the FV-Higgs interaction can be obtained
by studying FV transitions. In this section we consider the
radiative decay b! s� and the decay B0

s ! ����, which
together with LFV bounds derived in [20], constrain the
parameter space of THDM-III, and determine possible
Higgs boson signals that may be detected at future
colliders.

A. Radiative decay b ! s�

We will make an estimation of the contribution due to
the flavor-violating ff0�0 couplings to the standard model
branching ratio of b! s� as follows:

�Br�b! s�� � ���b! s�� �

 X
l�e;�;	

��b! cl/l�
�
�1
:

(18)

Such contribution to the branching ratio of b! s� at one-
loop level is then given by [21]
015014
�Br�b! s��

�
&emmsm

3
bcos

2�&� 
�

160m4
h0
jVcbj2cos4


�2
sb

��������� sin&

�
cos�&� 
����

2
p ~�bb

��������
2
��������ln
m2
b

m2
h0
�

3

2

��������
2
: (19)

From Eqs. (14) we have �sb � �db � j�ad2 �
bd2e

�i�Bd �j
������

d

p
. We will make use of the good agreement

between the current experimental value for Br�b! s�� �
�3:3� 0:4� � 10�4 and the theoretical value obtained for
Br�b! s�� � �3:29� 0:33� � 10�4 in the context of the
standard model [22] to constrain any new contribution to
Br�b! s��, namely �Br�b! s�� & 10�5, and hence to
bound �sb�� �db� as a function of mh0 , ~�bb, &, and tan
.

(a) Assuming mh0 � 120 GeV and �bb � 0, we depict
in Fig. 1(a) the values of the upper bound on �sb
(��sb�

b!s�
u:b: ) as a function of tan
, for & � 
;
�

0=4; 
� 0=3.
(b) Taking & � 
� 0=4 and �bb � 0, we plot in

Fig. 1(b) the results for ��sb�
b!s�
u:b: as a function of tan
,

for mh0 � 80 GeV, 120 GeV, 160 GeV.
(c) We show in Fig. 1(c), taking mh0 � 120 GeV and

& � 
� 0=4, our numerical results for ��sb�
b!s�
u:b: as a

function of real values1 of ~�bb for tan
 � 5, 25, 50.
From Fig. 1, we conclude that the upper bound on the

LFV parameter �sb, from the radiative decay b! s� �
measurements, is much more restrictive for large values of
tan
, ~�bb ��1, mh0 � 80 GeV, and & � 
. However,
one can still say that at the present time the coupling �sb
is not highly constrained when tan
� 5–10, or even for
larger values of tan
 provided that ~�bb ! �1 or&! 
�
0=2, thus ~�sb could induce interesting direct LFV Higgs
boson signals at future colliders.

B. B0
s ! ���� decay

The formula to calculate the width of the decay B0
s !

���� at the tree level is given as follows [11]:

��B0
s ! �����

�
G2
F)

2
QCDm

3
Bf

2
Bmsmbm

2
�cos

2�&� 
�

1280m4
h0
cos4


�2
sb

�

��������� sin&�
cos�&� 
����

2
p ~���

��������
2

(20)

where GF � 1:16639�5 GeV�2, )QCD � 1:5, mB ’

5 GeV, and fB � 180 MeV.
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FIG. 1. The upper bound ��sb�
b!s�
u:b: , with �Br�b! s��< 10�5, as a function of (a) tan
, for & � 
, & � 
� 0=4, & � 
� 0=3,

taking mh0 � 120 GeV and �bb � 0; (b) tan
, formh0 � 80 GeV, 120 GeV, 160 GeV, taking & � 
� 0=4 and �bb � 0; (c) ~�bb, for
tan
 � 5, 25, 50, taking mh0 � 120 GeV and & � 
� 0=4.
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We will make use of the current experimental limit for
��B0

s ! �����< 8:7� 10�19 GeV [11,23] to constrain
the LFV parameter �sb�� �db� and the resulting upper
bound will be shown as a function of mh0 , ~���, &, and
tan
.

(a) Assuming mh0 � 120 GeV and ��� � 0, we depict
in Fig. 2(a) the values of the upper bound on �sb
(��sb�

B0s!��
u:b: ) as a function of tan
, for & � 
;
�

0=4; 
� 0=3.
(b) Taking & � 
� 0=4 and ��� � 0, we plot in

Fig. 2(b) the results for ��sb�
B0s!��
u:b: as a function of tan
,

for mh0 � 80 GeV, 120 GeV, 160 GeV.
(c) We show in Fig. 2(c), taking mh0 � 120 GeV and

& � 
� 0=4, our numerical results for ��sb�
B0s!��
u:b: as a

function of real values (see footnote 1 of ~��� for tan
 �

5, 25, 50.
From Fig. 2, we conclude that the upper bound on the

LFV parameter �sb, obtained from the experimental bound
for the width of the decay B0

s ! ����, is more restrictive
for large values of tan
, ~��� ��1, mh0 � 80 GeV, and
& � 
. However, one can still say again that at the present
time the coupling �sb is not highly constrained for tan
�
5–10, or even larger values of tan
 provided that ~��� !

�1 or &! 
� 0=2.
015014
From Eqs. (18) and (19), we obtain the following rela-
tion:

��B0
s ! �����

�
1:22� 10�14 GeV

j ln
m2
b

m2

h0
� 3

2 j
2

�
j � sin&� cos�&�
���

2
p ~���j

2

j � sin&� cos�&�
���
2

p ~�bbj
2
�Br�b! s��: (21)

Assuming that ~��� � ~�bb (or ��� & 10�2 and �bb &

10�2) and taking �Br�b! s��< 10�5, which is a con-
servative bound [22], we get

��B0
s ! �����

<

8>><
>>:
6:7� 10�21 GeV for mh0 � 80 GeV

4:8� 10�21GeV for mh0 � 120 GeV

3:8� 10�21GeV for mh0 � 160 GeV:

(22)

Thus, we conclude from (22) that the bound on the
parameter �sb obtained from the constraint on the contri-
bution due to the bsh0 coupling to the theoretical branch-
ing ratio of the radiative decay b! s� � is
approximately a factor 10 more restrictive than the one
-6



FIG. 2. The upper bound ��sb�
B0s!��
u:b: , with ��B0

s ! �����< 8:7� 10�19 GeV, as a function of (a) tan
, for & � 
, & �

� 0=4, & � 
� 0=3, taking mh0 � 120 GeV and ��� � 0; (b) tan
, for mh0 � 80 GeV, 120 GeV, 160 GeV, taking & �


� 0=4 and ��� � 0; (c) ~���, for tan
 � 5, 25, 50, taking mh0 � 120 GeV and & � 
� 0=4.
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obtained from the current experimental bound for ��B0
s !

����� already mentioned [11,23].
IV. HIGGS BOSON DECAYS IN THE THDM-III

One of the distinctive characteristic of the SM Higgs
boson is the fact that its coupling to another particle is
proportional to the mass of that particle, which in turn
determines the search strategies proposed so far to detect
it at future colliders. In particular, the decay pattern of
the Higgs boson is dominated by the heaviest particle
allowed to appear in its decay products. When one con-
siders extensions of the SM it is important to study pos-
sible deviations from the SM decay pattern as it could
provide a method to discriminate among the different
models [24].

Within the context of the THDM-III, which we have
been studying, not only are modifications of the Higgs
boson couplings predicted, but also the appearance of
new channels with flavor violation, both in the quark and
leptonic sectors [10,25].

To explore the characteristics of Higgs boson decays in
the THDM-III, we will focus on the lightest CP-even state
(h0), which could be detected first at LHC. The light Higgs
boson-fermion couplings are given by Eqs. (15) and (16),
015014
where we have separated the SM from the corrections that
appear in a THDM-III. In fact, we have also separated the
factors that arise in the THDM-III too. We notice that the
correction to the SM result depends on tan
, & (the mixing
angle in the neutral CP-even Higgs sector) and the factors
~�ij that induce FCNC transitions (for i � j) and further
corrections to the SM vertex.

In what follows, we will include the decay widths for all
the modes that are allowed kinematically for a Higgs boson
with a mass in the range 80 GeV<mh0 < 160 GeV.
Namely, we study the branching ratios for the decays
h0 ! bb; cc; 		;�� and the flavor-violating h0 !
bs�sb�; 	���	�, as well as the decays into pairs of gauge
bosons with one real and the other one virtual, i.e., h0 !
WW�; ZZ�.

Making use of Eqs. (15) and (16) we obtain
��h0 ! dd� � 3
g2mh0m

2
d

320m2
W

���������
sin&
cos


�
cos�&� 
����

2
p

cos

~�dd

��������
2
�(�m2

d; m
2
d; m

2
h0
�

m4
h0

	
3=2
;

(23)
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��h0 ! dd0� � 3
g2mh0mdmd0

640m2
W

cos2�&� 
�

cos2


�

�(�m2
d; m

2
d0 ; m

2
h0�

m4
h0

	
3=2
�2
dd0 ; (24)
��h0 ! uu� � 3
g2mh0m

2
u

320m2
W

��������
cos&
sin


�
cos�&� 
����

2
p

sin

~�uu

��������
2
�(�m2

u; m2
u; m2

h0
�

m4
h0

	
3=2
;

(25)
��h0 ! uu0� � 3
g2mh0mumu0

640m2
W

cos2�&� 
�

sin2


�

�(�m2
u; m

2
u0 ; m

2
h0
�

m4
h0

	
3=2
�2
uu0 ; (26)
FIG. 3. Branching ratios for all the relevant decay modes that ar
& � 
� 30=8 and assuming ~�ij � 0:1 for i � j and i � j—for (

015014
��h0 ! ll� �
g2mh0m

2
l

320m2
W

���������
sin&
cos


�
cos�&� 
����

2
p

cos

~�ll

��������
2
�(�m2

l ; m
2
l ; m

2
h0�

m4
h0

	
3=2
;

(27)

��h0 ! ll0� �
g2mh0mlml0

640m2
W

cos2�&� 
�

cos2


�

�(�m2
l ; m

2
l0 ; m

2
h0
�

m4
h0

	
3=2
�2
ll0 ; (28)

where (�x; y; z� � �x� y� z�2 � 4yz; u; u0 � u; c; t;
d; d0 � d; s; b; and l; l0 � e�; ��; 	�. For the decays h0 !
WW�; ZZ� we use the corresponding expressions given in
Ref. [2].

We calculate the branching ratios for all the relevant
decay modes that are allowed kinematically in the range
80 GeV<mh0 < 160 GeV, taking& � 
� 30=8 and as-
suming ~�ij � 0:1 for i � j and i � j. We consider the
following cases: tan
 � 2, 2.61, 5, and 15. Our results
e allowed kinematically for 80 GeV<mh0 < 160 GeV, taking
a) tan
 � 2; (b) tan
 � 2:61; (c) tan
 � 5; (d) tan
 � 15.
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FIG. 4. Curves in the plane �&� 
�- tan
 in which the cou-
pling bbh0 vanishes, for ~�bb � 0:01, 0.1, 0.5, and 1.
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are displayed in Fig. 3, where we notice the important
effect that the factor ~�bb has on the mode h0 ! bb, which
could be dominant for a certain range of parameters, but it
could be suppressed for other choices. Figure 4 clarifies
what is going on; it shows the region in the plane �&�


�- tan
, where the coupling h0bb vanishes, and one can
notice that this happens even for small values of the
parameter ~�bb ( � 0:01).
FIG. 5. The upper bound on ��� as a function of tan
, for & � 

300 GeV, mA0 � 300 GeV, and ��� � 0, �		 � 0. (a) From the
decay 	! ��, with Br�	! ���< 3:1� 10�7; (c) From the deca

015014
We also notice in Fig. 3 that the branching ratio for the
FCNC mode h0 ! bs�bs� reaches values above 10�4 and
the LFV mode h0 ! 	��	�� reaches values above 10�5

for 5 & tan
 & 50 and 80 GeV & mh0 & 155 GeV.
Further, in the mass range when Br�h0 ! bb� is not domi-
nant, we find that the modes h0 ! WW�; ZZ� become the
dominant ones.

Overall, our results show that the usual search strategies
to look for the SM Higgs boson in this mass range may
need to be modified in order to cover the full parameter
space of the THDM-III.

In the following sections we will discuss how the Higgs
boson signals could be searched at a future���� collider.
We will also study the reach in parameter space that could
be obtained through the Higgs boson production in
association with a pair of b quarks at LHC, which was
found to be relevant in the large tan
 limit for the MSSM
[26].
V. PROBING THE FERMIONIC HIGGS BOSON
COUPLINGS AT FUTURE COLLIDERS

In order to probe the Higgs vertices we will consider first
the search for the LFV Higgs boson decays at future muon
colliders, which was proposed some time ago [27]; namely,
, & � 
� 0=4, & � 
� 0=3, taking mh0 � 120 GeV, mH0 �
decay �! e�, with Br��! e��< 1:2� 10�11; (b) From the
y 	� ! ������, with Br�	� ! �������< 1:9� 10�7.
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we will evaluate the reaction ���� ! h0 ! f0f00. Then
we will consider the production of Higgs bosons at the
LHC, to probe both LFV and h0bb couplings.

A. Tests of LFV/FCNC Higgs boson couplings at ����

colliders

An option to search for LFV ff0�0 couplings could be
provided by the reaction ���pa� ����pb� ! �0 !

f0�pc� � f
00�pd�. The s-channel Higgs boson cross section

(on resonance) is given by
FIG. 6. Number of events N��!	� as a function of tan
, taki
(a) s � m2

h0
� �120 GeV�2, & � 
; (b) s � m2

h0
� �120 GeV�2

(d) s � m2
h0

� �80 GeV�2, & � 
� 0=4; (e) s � m2
h0

� �160 GeV

Lyear � 0:1; 0:22; 1 fb�1 and beam energy resolutions of R � 0:003

015014
:�0����� ! f0f00�

� 40
���0 ! ��������0 ! f0f00�

�s�m2
�0�

2 �m2
�0��

�0

tot �
2

(29)
where �0 denotes a neutral Higgs boson which decays to
a final state f0f00. The effective cross section :�0 is ob-
tained by convoluting with the Gaussian distribution in

���
s

p

[28]:
ng ��	 � ���	�
�!e�
u:b: with Br��� ! e���< 1:2� 10�11, for

, & � 
� 0=4; (c) s � m2
h0

� �120 GeV�2, & � 
� 0=3;
�2, & � 
� 0=4. We consider yearly integrated luminosities
%, 0.01%, 0.1%, respectively.
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:�0����� ! f0f00�

’
40

m2
�0

Br��0 ! �����Br��0 ! f0f00�

�1� 8
0 �
: ��
s

p

��
0

tot

�2�1=2
:

(30)
: ��
s

p can be expressed in terms of the root-mean-square
(rms) Gaussian spread of the energy of an individual beam,
FIG. 7. Number of events N��!bs as a function of tan

(a) s � m2

h0
� �120 GeV�2, & � 
; (b) s � m2

h0
� �120 GeV�2

(d) s � m2
h0

� �80 GeV�2, & � 
� 0=4; (e) s � m2
h0

� �160 GeV

Lyear � 0:1; 0:22; 1 fb�1 and beam energy resolutions of R � 0:003

015014
R, as follows:

: ��
s

p � �2 MeV�
�
R

0:003%

	� ���
s

p

100 GeV

	
: (31)

In this work, we will restrict our numerical analysis to
the case of the light neutral scalar, i.e.,�0 � h0, and for the
most relevant cases f0f00 � 	����	����; bs�bs�.

The calculation of :h0 requires the evaluation of
the following quantities: ��h0 ! 	����, ��h0 ! bs�,
, taking �sb � ��sb�
b!s�
u:b: with �Br�b! s��< 10�5, for

, & � 
� 0=4; (c) s � m2
h0

� �120 GeV�2, & � 
� 0=3;
�2, & � 
� 0=4. We consider yearly integrated luminosities
%, 0.01%, 0.1%, respectively.
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3The branching ratio of 	! �� at one-loop level is given by
[21]

Br�	! ��� �
3

5

&emm�m
3
	

160cos4

�2
�	

�
sin2&cos2�&� 
�

m4
h0

�

��������ln
m2
	

m2
h0
�

3

2

��������
2

�
cos2&cos2�&� 
� � sin2&sin2�&� 
�

m2
h0
m2
H0

�

��������ln
m2
	

m2
h0
�

3

2

��������
��������ln

m2
	

m2
H0

�
3

2

��������
�

cos2&sin2�&� 
�

m4
H0

��������ln
m2
	

m2
H0

�
3

2

��������
2

sin2

��� m2 3

���2
�
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��h0 ! �����, and �h
0

tot, which are given in Eqs. (22)–
(27).

By performing a detailed numerical analysis one can
show that2

0:98<
��h0 ! �����

��h0 ! �����j~����0

< 1:02 (32)

provided that 80 GeV � mh0 � 160 GeV, �0=3 � &�

 � 0, 5 � tan
 � 50, j~���j & 0:01. Hence, under the
previous conditions we have

��h0 ! ����� ’ ��h0 ! �����j~����0

�
g2mh0m

2
�

320m2
W

sin2&

cos2


�
1� 4

m2
�

m2
h0

	
3=2
: (33)

Assuming 80 GeV � mh0 � 160 GeV, we can write

�h
0

tot �
X
f0
��h0 ! f0f0� �

X
f0;f00

��h0 ! f0f00�

� ��h0 ! WW�� � ��h0 ! ZZ��; (34)

where f0; f00 � t quark.
It is also possible to show numerically that (see foot-

note 2)

0:98<
�h

0

tot

�h
0

totj~�f0f00�0

< 1:06; (35)

provided that the following conditions are satisfied:
�0=3 � &� 
 � 0, 5 � tan
 � 50, j~�ffj & 0:01,
j~�f0f00 j & 1�f0 � f00�. Hence, under the previous condi-
tions we can approximate

�h
0

tot ’ �h
0

totj~�f0f00�0: (36)

We can write the cross sections of the processes
���� ! 	��� and ���� ! bs as follows:

:h0��
��� ! 	����

’
40

m2
h0

Br�h0 ! �����Br�h0 ! 	����

�1� 8
0 �
: ��
s

p

�h
0

tot

�2�1=2
;

(37)
2We will discuss the dependency on the parameters �fij and the
phases #fij (~�fij � �

f
ije
#fij ) of the decay widths ���0 ! fifj� for

�0 � h0, H0, and A0 in a forthcoming paper.
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: h0��
��� ! bs� ’

40

m2
h0

Br�h0 ! �����Br�h0 ! bs�

�1� 8
0 �
: ��
s

p

�h
0

tot

�2�1=2
;

(38)

where

Br�h0 ! ����� ’
��h0 ! �����j~����0

�h
0

totj~�f0f00�0

;

Br�h0 ! 	���� ’
��h0 ! 	����

�h
0

totj~�f0f00�0

;

Br�h0 ! bs� ’
��h0 ! bs�

�h
0

totj~�f0f00�0

(39)

provided that j~�f0f00 j & 10�2 for f0 � f00, and j~�f0f00 j & 1
for f0 � f00.

In order to estimate the number of events 	��� (	���)
produced in a muon collider, we will take into account
the most restrictive bound on ��	 obtained from low-
energy data. In Fig. 5, we plot the upper bound on ��	
as a function of tan
, for & � 
, & � 
� 0=4, & �

� 0=3, taking mh0 � 120 GeV, mH0 � 300 GeV,
and mA0 � 300 GeV, assuming ��� � 0 and �		 � 0.
(a) From the experimental bound for the decay �! e�,
Br��! e��< 1:2� 10�11 [22]; (b) From the experi-
mental bound for the decay 	! ��, Br�	! ���<
3:1� 10�7 [29]; (c) From the experimental bound for the
decay 	� ! ������, Br�	� ! �������< 1:9�
10�7 [30]. We observe that the most restrictive bound on
��	 is the one obtained from the experimental bound for
the decay �! e�.3
�
m4
A0

�����ln 	

m2
A0

�
2
�����

where we have assumed j~�		j � 1. The expressions for Br��!
e�� and Br�	� ! ������� are given in Ref. [20].
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FIG. 8. jKj as a function of tan
, taking mh0 � 150 GeV, assuming ~�ij � 0:1 for i � j and (i) ~�ii � 0:01 (line A); (ii) ~�ii � 0:1
(line B); (iii) ~�ii � 0:5 (line C); (iv) ~�ii � 1 (line D)—for (a) & � 
� 30=8; (b) & � 
� 0=4; (c) & � 
� 0=8.

MEASURING THE FERMIONIC COUPLINGS OF THE . . . PHYSICAL REVIEW D 71, 015014 (2005)
We will calculate the number of events 	��� (	���)
produced in a ���� collider,

N��!	� � :h0��
��� ! 	���� � Lyear: (40)

Then our numerical results for N��!	��s � m2
h0 ; ��	� are

shown in Fig. 6, as a function of tan
. We have taken
��	 � ���	�

�!e�
u:b: , i.e., the value of the upper bound on

��	 obtained from the experimental measurement of the
radiative decay �� ! e�� [20]. We have used the current
experimental result Br��� ! e���< 1:2� 10�11 [22].
We plot curves for mh0 � 80 GeV, 120 GeV, 160 GeV,
taking & � 
, 
� 0=4, 
� 0=3, assuming yearly inte-
grated luminosities Lyear � 0:1; 0:22; 1 fb�1 for beam en-
ergy resolutions ofR � 0:003%, 0.01%, 0.1%, respectively
[27].

The production rates of 	��� (	���) pairs with a
���� collider are drastically reduced (we calculate the
number of such events using the constraint on��	 obtained
from the experimental bound on the branching ratio of the
LFV process �� ! e��), especially for large values of
tan
 ( * 15), as can be observed in Fig. 6. We can con-
clude that for large tan
 the expected bounds on ��	, at
future muon colliders, will not improve with respect to the
present bounds from low-energy data.
015014
On the other hand, the nonobservation of at least an
event 	��� (or 	���) in a year would imply that

N��!	��s � m2
h0
; ��	�< 1; (41)

which would also allow us to put an upper bound on ��	,
namely,

���	�
��!	�
u:b: �s � m2

h0�

� �N��!	��s � m2
h0
; ��	 � 1���1=2: (42)

According to Fig. 6, the ���� collider measurements
could improve the bound on ��	 obtained from the radia-
tive decay �� ! e��, ���	�

�!e�
u:b: , only if tan
 & 15.

Then, for the quark signals, we will calculate the number
of events bs�bs� produced in a ���� collider, given by

N��!bs � :h0��
��� ! bs� � Lyear: (43)

We depict our numerical results for N��!bs�s � m2
h0
; �sb�

in Fig. 7, as a function of tan
, by taking �sb � ��sb�
b!s�
u:b: ,

the value for the upper bound on �sb obtained in Sec. III A
from the good agreement between the experimental and
theoretical value of the radiative decay b! s�. We plot
curves for mh0 � 80 GeV, 120 GeV, 160 GeV, taking & �

, 
� 0=4, 
� 0=3, assuming yearly integrated lumi-
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nosities Lyear � 0:1; 0:22; 1 fb�1 for beam energy resolu-
tions of R � 0:003%, 0.01%, 0.1%, respectively [27].

The production rates of bs�bs� pairs at a ���� collider
(calculated by using the constraint on �sb imposed by the
branching ratio of the process b! s�) are drastically
reduced for tan
 * 15, as can be observed in Fig. 7.
Again, we can conclude that for large tan
 the expected
bounds on �sb, at future muon colliders, will not improve
with respect to the present bounds from low-energy data.

Similarly, the nonobservation of at least an event of the
type bs (or bs) in a year, could be used to improve the
bound on �sb obtained from the radiative decay b! s�,
��sb�

b!s�
u:b: , only if tan
 & 15.

B. Search for Higgs boson in associated production with
b-quark pairs at LHC

The associated production of the Higgs boson in asso-
ciation with a quark pair bb has been found useful to detect
the neutral Higgs bosons of the MSSM [5], especially in
the large- tan
 domain. Here we will show that this reac-
tion can also be useful to constrain the coupling h0bb in the
THDM-III.

As shown in Ref. [26], the reaction pp! h0�! bb� �
bb� X produces a large sample of events which could be
detectable provided a K factor is above a certain value,
which depends on the Higgs boson mass and the coupling
h0bb (which enter in the event rate both from the Higgs
boson production and decay); this factor is defined as

K �
�gh0bb�THDM�III

�g�0bb�SM

���������������������������
Br�h0 ! bb�

q
: (44)

To have a detectable signal at LHC for mh0 � 150 GeV,
the modulus of this factor has to be above jKjmin � 1:93, as
obtained from a detailed analysis of signal and back-
grounds performed in Ref. [26], to which we refer for
details of kinematical cuts, acceptances, and parton
distributions.

In Fig. 8, we show the region of the plane tan
-�&� 
�,
where the signal for mh0 � 150 GeV is detectable. One
can notice that the effect of the parameter ~�bb, even for
small values, can have a dramatic impact on the extension
of the region of parameters where the signal is detectable.
015014
Therefore, LHC will be able to constrain the presence of a
nonminimal flavor structure (which is reflected on the
parameters ~�ij), and provide a decisive test of the fermi-
onic coupling of the Higgs boson.
VI. CONCLUSIONS

We have studied in this paper the ff0�0 couplings that
arise in the THDM-III, using a Hermitic four-texture form
for the fermionic Yukawa matrix. Because of this, although
the ff0�0 couplings are complex, the CP properties of
h0; H0 (even) and A0 (odd) remain valid.

We have derived bounds on the parameters of the model,
using current experimental bounds on LFV and FCNC
transitions. One can say that the present bounds on the
couplings �ij still allow the possibility to study interesting
direct flavor-violating Higgs boson signals at future col-
liders. However, we should note that for large values of
tan
 such colliders will not improve the bounds derived
from low-energy data. Although the event rates for the
signals grow with tan
, one should consider that the con-
straints obtained from low-energy data become more re-
strictive too.

In particular, the LFV couplings of the neutral Higgs
bosons can lead to new discovery signatures of the Higgs
boson itself. For instance, the branching fraction for h0 !
	��	�� can be as large as 10�5, while Br�h! bs�bs�� is
also about 10�4. These LFV Higgs modes complement the
modes B0 ! ��, 	! 3�, 	! ��, and �! e�, as
probes of flavor violation in the THDM-III, which could
provide key insights into the form of the Yukawa mass
matrix.

Thus, the coming generation of colliders will provide a
decisive test of the Yukawa sector of the SM and its
extensions, as well as other properties of the gauge-Higgs
sector [31].
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