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Using the general factorization approach, we present a detailed investigation for the branching ratios,

CP asymmetries and longitudinal polarization fractions in all charmless hadronic B! VV decays (except

for the pure annihilation processes) within the most general two-Higgs-doublet model with spontaneous

CP violation. It is seen that such a new physics model only has very small contributions to the branching

ratios and longitudinal polarization fractions. However, as the model has rich CP-violating sources, it can

lead to significant effects on the CP asymmetries, especially on those of penguin-dominated decay modes,

which provides good signals for probing new physics beyond the SM in the future B-physics experiments.
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I. INTRODUCTION

During recent years, tremendous progress in B physics
has been made through the fruitful interplay between the-
ory and experiment. The precise measurements of the
B-meson decays can provide an insight into very high
energy scales via the indirect loop effects of new physics
beyond the standard model (SM), which makes the study of
exclusive nonleptonic B-meson decays of great interest.

In the SM, the phenomenon of CP violation can be
accommodated in an efficient way through a complex
phase entering the quark-mixing matrix, which governs
the strength of the charged-current interactions of the
quarks. This Kobayashi-Maskawa (KM) [1] mechanism
of CP violation is the subject of detailed investigation in
these few decades. However, its origin remains unknown as
it is put into the standard model through the complex
Yukawa couplings. Moreover, the baryon asymmetry of
the universe requires new sources of CP violation. Many
possible extensions of the SM in the Higgs sector have
been proposed [2], and it was suggested that CP symmetry
may break down spontaneously [3]. A consistent and sim-
ple model, which provides a spontaneous CP violation
mechanism, has been constructed completely in a general
two-Higgs-doublet model (2HDM) [4,5] without imposing
the ad hoc discrete symmetry, which is now commonly
called the type III 2HDM. The type III 2HDM, which
allows flavor-changing neutral currents (FCNCs) at tree
level but suppressed by approximateUð1Þ flavor symmetry,
has attracted much more interest. It is known that FCNCs
are suppressed in low-energy experiments, especially for
the lighter two generation quarks. Thus, the type III 2HDM
can be parametrized in a way to satisfy the current experi-
mental constraints. On the other hand, constraints on the
general 2HDM from the neutral mesons mixing (K0 � �K0,
D0 � �D0, and B0 � �B0) [6,7] and from the radiative decays
of bottom quark [8] have also been studied in detail.

In recent years, there have been many works about the
B-meson decays within the two-Higgs-doublet model. In
Refs. [9,10], the authors have studied the B! PP; PV
decays (with P and V denoting the pseudoscalar and vector
mesons, respectively) within the type III 2HDM. Since,
through the measurements of magnitudes and phases of
various helicity amplitudes, the charmless hadronic B!
VV decay modes can reveal more dynamics of exclusive B
decays than B! PP and B! PV decays, in the present
work we are going to make a detailed study for B! VV
decays within the type III 2HDM by emphasizing the new
physics contributions. It will be seen that this specific new
physics has remarkable effects on CP asymmetries, espe-
cially on the parameter Sf for the penguin-dominated

decay modes. On the other hand, the new physics is found
to have very small contributions to the branching ratios and
the transverse polarizations. Furthermore, the polarization
anomaly observed in B! �K� and B! �K� modes can-
not be improved in our current considered parameter
spaces.
The paper is organized as follows: In Sec. II, we first

describe the theoretical framework, including a brief in-
troduction for the two-Higgs-doublet model with sponta-
neous CP violation, the effective Hamiltonian, as well as
the decay amplitudes andCP violation formulas, which are
the basic tools to estimate the branching ratios and CP
asymmetries of B-meson decays. In Sec. III, we list the
Wilson coefficients and the other relevant input parame-
ters. Our numerical predictions for the branching ratios,
CP asymmetries, and longitudinal polarization fractions
are presented in Sec. IV. Our conclusions are presented in
the last section.

II. THEORETICAL FRAMEWORK

A. Outline of the two-Higgs-doublet model

Motivated solely from the origin of CP violation, a
general two-Higgs-doublet model with spontaneous CP
violation (type III 2HDM) has been shown to provide*ylwu@itp.ac.cn
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one of the simplest and most attractive models in under-
standing the origin and mechanism of CP violation at the
weak scale. In such a model, there exists more physical
neutral and charged Higgs bosons and rich CP violating
sources from a single CP phase of the vacuum. These new
sources of CP violation can lead to some significant phe-
nomenological effects, which are promising to be tested by
the future B factory and the LHCb experiments. In this
paper, we shall focus on the phenomenological applica-
tions of the type III 2HDM on the two-body charmless
hadronic B! VV decays.

The two complex Higgs doublets in the general 2HDM
are generally expressed as [4,5,11,12]

�1 ¼ �þ
1

�0
1

� �
; �2 ¼ �þ

2

�0
2

� �
: (1)

The corresponding Yukawa Lagrangian is given as

L Y ¼ �ija � i;L ~�aUj;R þ �ija � i;L�aDj;R þ H:c:; (2)

where the parameters �ija and �ija are real, so that the

Lagrangian is CP invariant. After the symmetry is sponta-
neously broken down

h�0
1i ¼ v1e

i�1 ; h�0
2i ¼ v2e

�2 ; (3)

and the Goldstone particles have been eaten, the physical
Higgs bosons are

H1 ¼ 1ffiffiffi
2

p 0
vþ�0

1

� �
; H2 ¼ 1ffiffiffi

2
p Hþ

�0
2 þ i�0

3

� �
; (4)

whereH� are the charged scalar mass eigenstates, (�0
1,�

0
2,

�0
3) are generally not the mass eigenstates but can be

expressed as linear combinations of the mass eigenstates
(H, h, A).

Then the Yukawa part of the Lagrangian for physical
particles can be written as

LY ¼ �Uij
� i;L ~H1Uj;R þ �Dij

� i;LH1Dj;R þ �Uij
� i;L ~H2Uj;R

þ �Dij
� iLH2Dj;R þ H:c:; (5)

where

�Uij ¼ �ij1 cos�þ �ij2e
�� sin�;

�Uij ¼ ��ij1e�� sin�þ �ij2 cos�;

�Dij ¼ �ij1 cos�þ �ij2e
�� sin�;

�Dij ¼ ��ij1e�� sin�þ �ij2 cos�;

(6)

and these couplings�U,�D, �U, �D are generally complex,
which means CP violation. According to the CKMmecha-
nism, after diagonalizing the fermion terms’ couplings �U

and �D, the other couplings become

L Y ¼ �Ui

mU

v
URðvþ�0

1Þ þ �DL

mD

v
DRðvþ�0

1Þ
þ �UL

~�UURð�0
2 þ i�0

3Þ þ �DL�̂
UURH

�

þ �UL�̂
DDRH

þ þ �DL
~�DDRð�0

2 þ i�0
3Þ þ H:c;

(7)

with

~�U;D ¼ ðVU;DL Þ�1�U;DVU;DR ;

�̂U ¼ ~�UVCKM; �̂D ¼ VCKM
~�D:

(8)

The Yukawa couplings may be parametrized as follows:

~� ij ¼ �ij

ffiffiffiffiffiffiffiffiffiffiffi
mimj

p
v

: (9)

with v the vacuum expectation value v ¼ 246 GeV.

B. Effective Hamiltonian and decay amplitudes of
B ! VV decays

Using the operator product expansion and the renormal-
ization group equation, the low-energy effective
Hamiltonian for charmless hadronic B-meson decays
with �B ¼ 1 can be written as

H eff ¼ GFffiffiffi
2

p X
p¼u;c

VpbV
�
pqðC1Q

p
1 þ C2Q

p
2

þ X
i¼3;...;16

½CiQi þ C0
iQ

0
i�Þ þ H:c:; (10)

whereCið	Þði ¼ 1; . . . ; 16Þ are theWilson coefficients that
can be calculated by perturbative theory, and Qi are the
quark and gluon effective operators, withQ1–10 andQ11–16
coming from the SM and from the type III 2HDM, respec-
tively. Their explicit forms are defined as follows (taking
b! sq �q transition as an example) [13]
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Q1 ¼ ð�suÞV�Að �ubÞV�A; Q2 ¼ ð �siujÞV�Að �ujbiÞV�A; Q3ð5Þ ¼ ð�sbÞV�A
X
q

ð �qqÞV�ðþÞA;

Q4ð6Þ ¼ ð�sibjÞV�A
X
q

ð �qjqiÞV�ðþÞA; Q7ð9Þ ¼ 3

2
ð �sbÞV�A

X
q

eqð �qqÞVþð�ÞA; Q8ð10Þ ¼ 3

2
ð �sibjÞV�A

X
q

eqð �qjqiÞVþð�ÞA;

Q11ð13Þ ¼ ð�sbÞSþP
X
q

mq�
�
qqð�qqÞ
mb

ð �qqÞS�ðþÞP; Q12ð14Þ ¼ ð �sibjÞSþP
X
q

mq�
�
qqð�qqÞ
mb

ð �qjqiÞS�ðþÞP;

Q15 ¼ �s
	�ð1þ �5Þb
X
q

mq�qq
mb

�q
	�ð1þ �5Þq; Q16 ¼ �si

	�ð1þ �5Þbj

X
q

mq�qq
mb

�qj
	�ð1þ �5Þqi; (11)

where ð �q1q2ÞV�A ¼ �q1�	ð1� �5Þq2 and ð �q1q2ÞS�P ¼
�q1ð1� �5Þq2, with qu, d, s, c, b, and eq is the electric
charge number of q quark. The operatorsQ0

i in Eq. (11) are
obtained from Qi via exchanging L$ R, and we shall
neglect their effects in our calculations for they are sup-
pressed by a factorms=mb in model III 2HDM. TheWilson
coefficients Ciði ¼ 1; . . . ; 10Þ have been calculated at lead-
ing order (LO) [14,15] and at next-to-leading order (NLO)
[16] in the SM and also at LO in 2HDM [11], while Ciði ¼
11; . . . ; 16Þ at LO can be found in Refs. [13,17].

Having defined the effective Hamiltonian Heff in terms
of the four-quark operators Qi, we can then proceed to
calculate the hadronic matrix elements with the general-
ized factorization assumption [18–21] based on the naive
factorization approach. It is known that the generalized
factorization approach gives a solution to the scale problem
in naive factorization. In this note, we extract the 	 de-
pendence from the matrix element hOð	Þi and combine it
with the 	-dependent Wilson coefficients function to form
	-dependent effective coefficients. Schematically, we may
write

hH effi ¼ Cð	ÞhOð	Þi ¼ Cð	Þgð	ÞhOitree ¼ CeffhOitree:
(12)

In principle, the Wilson coefficients ceff should be re-
normalization scale independent. Thus it is necessary to
incorporate QCD and EW corrections to the operators:

hOið	Þi ¼
�
1̂þ �sð	Þ

4
m̂sð	Þ þ �em

4
m̂emð	Þ

�
ij
hOitree;

(13)

with

ceffi ð	Þ ¼
�
1̂þ �sð	Þ

4
m̂sð	Þ þ �em

4
m̂emð	Þ

�
ij
cjð	Þ:

(14)

For simplicity, in this paper we will write ceffi as ci in
following. m̂sð	Þ and m̂emð	Þ can be estimated through
the absorptive parts of penguin topologies with up and
charm quarks running in the loops. By doing this, we can
get the CP-conserving strong phases, which are crucial for
direct CP asymmetries.

For two-body charmless hadronic B! VV decays, the
decay amplitude of the local four fermion operators is
defined as

Ah � GFffiffiffi
2

p hV1ðh1ÞV2ðh2Þjð �q2q3ÞV�Að �bq1ÞV�AjBi; (15)

where h1 and h2 are the helicities of the final-state vector
mesons V1 and V2 with four-momentum p1 and p2, re-
spectively. Since the B meson has spin zero, in the rest
frame of the B-meson system, the two vector mesons have
the same helicity due to helicity conservation. Therefore
three polarization states are possible in B! VV decays
with one longitudinal (L) and two transverse, correspond-
ing to helicities h ¼ 0 and h ¼ � (here h1 ¼ h2 ¼ h),
respectively. We define the three helicity amplitudes as
follows

A0 ¼ AðB! V1ðp1; �
0
1ÞV2ðp2; �

0
2ÞÞ;

A� ¼ AðB! V1ðp1; �
�
1 ÞV2ðp2; �

�
2 ÞÞ:

(16)

We choose the momentum ~p2 to be directed in the
positive z-direction in the B-meson rest frame, and the
polarization four-vectors of the light vector mesons such
that in a frame where both light mesons have large mo-
mentum along the z-axis. They are given by

��	1 ¼ ��	2 ¼ ð0;�1; i; 0Þ= ffiffiffi
2

p
; �0	1;2 ¼ p	1;2=m1;2;

(17)

where m1 and m2 are the masses of V1 and V2 mesons,
respectively. Using the definitions for decay constants and
form factors [22], the tree-level hadronic matrix elements
of the effective operators Qi can be decomposed as the
following two amplitudes

Ah ¼ V h þT h; (18)

with

V h � hV1ðp1; �
h
1ÞjV � AjBihV2ðp2; �

h
2ÞjV � Aj0i;

T h � hV1ðp1; �
h
1Þj
	�ð1þ �5ÞjBi

� hV2ðp2; �
h
2Þj
	�ð1þ �5Þj0i: (19)

Here, for simplicity, we have omitted the quark spinors in
the corresponding current operators in the above defini-
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tions. The three polarization amplitudes for V h and T h

can be further written as

V 0 ¼ ifV2
ðm2

B �m2
1 �m2

2ÞAV1

0 ;

V� ¼ ifV2
m2

�
AV1

1 ðm1 þmBÞ � VV1
2mBjpcj
mB þm1

�
;

T 0 ¼ 0;

T � ¼ 2if?V2
½2TV1

1 mBjpcj � TV1

2 ðm2
B �m2

1Þ�:

(20)

From the amplitude given by Eq. (18), the branching
ratio for B! VV decays then reads

Br ðB! VVÞ ¼ �Bjpcj
8m2

B

ðjA0j2 þ jAþj2 þ jA�j2Þ; (21)

where �B is the lifetime of theBmeson, and pc is the center
of mass momentum of either final-state meson with

jpcj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½m2

B � ðm1 þm2Þ2�½m2
B � ðm1 �m2Þ2�

q
2mB

: (22)

In order to compare the relative size of the three different
helicity amplitudes, we can define the longitudinal polar-
ization fraction as

fL ¼ jA0j2
jA0j2 þ jAþj2 þ jA�j2

; (23)

which measures the relative strength of the longitudinal
polarization amplitude in a given decay mode.

C. CP-violating asymmetries in B ! VV decays

Since there are abundant CP violation sources in the
two-Higgs-doublet model, it is also necessary and interest-
ing for us to discuss CP asymmetries in B! VV decays.

First, for charged B�-meson decays, there is only one
simple type of CP violating asymmetry, which detects
direct CP violation

ACP � �ðBþ ! fþÞ � �ðB� ! f�Þ
�ðBþ ! fþÞ þ �ðB� ! f�Þ : (24)

For neutral B-meson decays, there is another type of CP
violation coming from the mixing between B0

q � �B0
q (here

q ¼ d or s)

jB0
qðtÞi ¼ gþðtÞjB0

qi þ q

p
g�ðtÞj �B0

qi;

j �B0
qðtÞi ¼ p

q
g�ðtÞjB0

qi þ gþjB0
qi:

(25)

In this case, there are in general four amplitudes which can
be expressed as [23–25]

Af ¼ hfjHeffjB0
qi; �Af ¼ hfjHeffj �B0

qi;
�A �f ¼ h �fjHeffj �B0

qi; A �f ¼ h �fjHeffjB0
qi:

(26)

For the Bd � �Bd and Bs � �Bs systems, the following ap-

proximations can be made

both Bd andBs systems:

��������
q

p

���������1;

onlyBd system: ��� 0:

(27)

Using the decay amplitudes and the approximations listed
in Eqs. (26) and (27), the time-dependent decay probabil-
ities for the Bd system can then be written as

�ðB0
dðtÞ ! fÞ ¼ jAfj2ð1þ j�fj2Þ

2

� e��tf1þ Cf cosð�mtÞ � Sf sinð�mtÞg;

�ð �B0
dðtÞ ! fÞ ¼ jAfj2ð1þ j�fj2Þ

2

� e��tf1� Cf cosð�mtÞ þ Sf sinð�mtÞg;
(28)

while for the Bs system, we have

�ðB0
sðtÞ ! fÞ ¼ jAfj2ð1þ j�fj2Þ

2
e��t

�
cosh

�
��t

2

�

þDf sinh

�
��t

2

�
þ Cf cosð�mtÞ

� Sf sinð�mtÞ
�
;

�ð �B0
sðtÞ ! fÞ ¼ jAfj2ð1þ j�fj2Þ

2
e��t

�
cosh

�
��t

2

�

þDf sinh

�
��t

2

�
� Cf cosð�mtÞ

þ Sf sinð�mtÞ
�
; (29)

where � is the average decay width, �� and �m are the
width and mass difference, respectively. The other quanti-
ties are defined as

�f � q

p

�Af
Af
; Df �

2Reð�fÞ
1þ j�fj2

;

Cf �
1� j�fj2
1þ j�fj2

; Sf �
2Imð�fÞ
1þ j�fj2

:

(30)

From Eqs. (28) and (29), we can get:

ACP ðBd ! fÞ ¼ �Cf cos�mtþ Sf sin�mt;

ACP ðBs ! fÞ ¼ �Cf cos�mtþ Sf sin�mt

coshð��t2 Þ þDf sinhð��t2 Þ :
(31)

III. INPUT PARAMETERS

The theoretical predictions in our calculations depend on
many input parameters, such as theWilson coefficients, the
CKMmatrix elements, the hadronic parameters, and so on.
Here we present all the relevant input parameters as
follows.
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It has been shown from B0
d;s � �B0

d;s mixings that the

parameters j�ccj and j�ssj in Eq. (11) can reach to be
around 100 [26], while their phases are not well con-
strained. In our present work we simply fix the phases to
be =4, and this choice will not cause any trouble in our
numerical results. For the parameters �tt and �bb, the
constraints come mainly from the experiments for B� �B
mixing, �ðb! s�Þ, �ðb! c� ���), �0, Rb, B! PV, and
the electric dipole moments (EDMS) of the electron and
neutron [10,11,13,17,27]. Based on the above analyses, we
choose the following three typical parameter spaces which
are allowed by the present experiments and have been
adopted for the B! PV decays [10]

Case A : j�ttj ¼ 0:15; j�bbj ¼ 50;

Case B: j�ttj ¼ 0:3; j�bbj ¼ 30;

Case C: j�ttj ¼ 0:03; j�bbj ¼ 100;

and �tt þ �bb ¼ =2. For the Higgs masses and theWilson

coefficients of C1;...;10 corresponding to the SM, we use the

results listed in the paper [10], while for the Wilson co-
efficients in the type III 2HDM, we redefine them as

~C11;...;16 ¼ ms�
ð�Þ
ss

mb
C11;...;16 in order to compare the contribu-

tions from those operators in SM, here the factor ms�
ð�Þ
ss

mb
is

associated with the operators in 2HDM, the numerical

values for ~C11;...;16 are listed in Table I.

As for the CKM matrix elements, we shall use the
Wolfenstein parametrization [28] with the values [25]: A ¼
0:8533� 0:0512, � ¼ 0:2200� 0:0026, �� ¼ 0:20�
0:09, and �� ¼ 0:33� 0:05.
For the hadronic parameters, the decay constants, and

the form factors, we list them in Tables II and III,
respectively.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we shall classify the 28 channels of Bþ,
B0 and Bs decays into two light vector mesons according to

TABLE I. The Wilson coefficients ~C11;...;16 ¼ ms�
ð�Þ
ss

mb
C11;...;16 in b! s transition at 	 ¼ mb ¼

4:2 GeV in 2HDM.

Case A Case B Case C

~C11 �0:0085þ 0:012i �0:0085þ 0:018i �0:010þ 0:012i
~C12 0 0 0
~C13 �0:0030� 0:0049i �0:0052� 0:0069i �0:0029� 0:0052i
~C14 �0:000 060� 0:000 10i �0:000 11� 0:000 14i �0:000 059� 0:000 10i
~C15 0:000 033þ 0:000 055i 0:000 058þ 0:000 078i 0:000 032þ 0:000 059i
~C16 �0:000 10� 0:000 17i �0:000 18� 0:000 24i �0:0001� 0:000 18i

TABLE III. The relevant B! V transition form factors at q2 ¼ 0 taken from the light-cone
sum rules (LCSR) [31,32].

decay channel V A0 A1 A2 T1 T3

B! � 0.323 0.303 0.242 0.221 0.267 0.176

B! ! 0.293 0.281 0.219 0.198 0.242 0.155

B! K� 0.411 0.374 0.292 0.259 0.333 0.202

Bs ! �K� 0.311 0.363 0.233 0.181 0.26 0.136

Bs ! � 0.434 0.474 0.311 0.234 0.349 0.175

TABLE II. The hadronic input parameters [25] and the decay constants taken from the QCD
sum rules [29] and lattice theory [30].

�B� �Bd �Bs MBd MBs mb

1.638 ps 1.528 ps 1.472 ps 5.28 GeV 5.37 GeV 4.2 GeV

mt mu md mc ms m�0

174 GeV 3.2 MeV 6.4 MeV 1.1 GeV 0.105 GeV 0.77 GeV

m�� m! m� mK�� mK�0 �QCD

0.77 GeV 0.782 GeV 1.02 GeV 0.892 GeV 0.896 GeV 225 MeV

f� f! fK� f� fT� fT!
0.205 GeV 0.195 GeV 0.217 GeV 0.231 GeV 0.147 GeV 0.133 GeV

fTK� fT�
0.156 GeV 0.183 GeV
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the reliability of the calculation for various observables,
which is motivated by the dominated contributing opera-
tors. We shall give our predictions for the branching ratios,
the CP asymmetries, and the longitudinal polarization
fractions both in the SM and in the 2HDM. Comparisons
with the current experiment data, if possible, are also
made.

Before moving to the detailed discussions, some general
observations of new physics effects on B! VV decays
should be made. As can be seen from Eqs. (9) and (11), the
contributions of new physics operators O11;...;16 are always

proportional to the factor mq=v. Thus, they are severely

suppressed for the first generation quarks. In this case, for
B! �K�,!K�, ��,!�,!! and Bs ! �K�,!K�,K�K�,
��, !� decay channels, we can safely ignore the contri-
butions from those new operators. Note that the new phys-
ics still has effects on the Wilson Coefficients C1–10. On
the other hand, for B! �K�, ��, �! and Bs ! �K�,
�� decay channels, since these are all induced by b! qs �s
(q ¼ d, s) transitions, we could not ignore the new opera-
tors’ contributions any more in this case. In the general
factorization approach, it is impossible to produce a vector
meson via the scalar and/or pseudoscalar currents from the
vacuum state, and hence the new operators Q11 and Q13

have no contributions to B! VV decays. Moreover, from
the results listed in Table I, it can be seen that all the
contributing new operatorsQ12;14;15;16 have only very small

(even zero) Wilson coefficients. It is therefore expected
that the new physics will have very small effects on the
branching ratios and transverse amplitudes (hence on the
transverse polarization fractions) of B! VV decays.

A. CP-averaged branching ratios and direct CP
violation

According to different decay modes, we shall give our
predictions for the branching ratios and direct CP viola-
tions one by one.
(i) Color-allowed tree-dominated decays. Our predic-

tions for the CP-averaged branching ratios and the
direct CP asymmetries are presented in Table IV.
From the numerical results, we can see that the
branching ratios are all at 10�5 order, and the direct
CP asymmetries are all very small since the penguin
amplitude contributions are much smaller than the
ones from the tree diagrams. Most predictions within
the SM are consistent with the current experiment
data, and the new physics has very small effects on
these types of decays.

(ii) Color-suppressed tree-dominated decays. The nu-
merical results are given in Table V, it is interesting
to note that the branching ratios will generally be-
come smaller after including the new physics con-
tributions except for the B! �0�0 mode.
Furthermore, there are big direct CP violations in

TABLE IV. The CP-averaged branching ratios (in unit of 10�6) (first line) and the direct CP
violations (second line) for the color-allowed tree-dominant processes both in the SM and in the
type III 2HDM. Cases A-C stand for the three different parameter spaces listed in Sec. III.

Decay modes Case A Case B Case C SM Exp.

Bþ ! �þ�0 14.59 14.59 14.59 15.53 18:2� 3:0
�0:004 �0:004 �0:004 �0:002 �0:08� 0:13

B0 ! �þ�� 26.33 25.93 26.73 27.49 24:2þ3:1
�3:2

�0:043 �0:043 �0:042 �0:035
Bþ ! �þ! 12.66 12.47 12.85 13.97 10:6þ2:6

�2:3

�0:042 �0:043 �0:042 �0:034 0:04� 0:18
Bs ! �þK�� 36.88 36.32 37.44 38.50

�0:043 �0:043 �0:042 �0:035

TABLE V. The same as Table IV but for color-suppressed tree-dominant processes.

Decay modes Case A Case B Case C SM Exp.

B0 ! �0�0 0.0814 0.0897 0.0754 0.065 0:86� 0:28
0.176 0.218 0.119 0.153

Bþ ! !! 0.112 0.110 0.115 0.160 <4:0
�0:117 �0:088 �0:144 �0:207

Bs ! �0 �K�0 0.081 0.090 0.073 0.092 <7:67� 10�4

0.176 0.218 0.119 0.153

Bs ! ! �K�0 0.183 0.180 0.187 0.262

�0:167 �0:088 �0:144 �0:207
Bþ ! �0! 0.024 0.024 0.024 0.076 <1:5

�0:063 �0:063 �0:063 �0:035
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these decay processes except for the Bþ ! �0!
mode, and the new physics has more effects on the
direct CP asymmetries than on the branching ratios
through the Wilson coefficient functions, although
there are no new operator contributions to the had-
ronic matrix elements in this type decays within our
approximations. Compared to Case A and Case C,
Case B has the biggest corrections to the CP asym-
metries of the SM.

(iii) Penguin-dominated decays. We may divide such de-
cays into two types: �S ¼ 1 and �D ¼ 1 decay
modes. They correspond to the upper and the lower
parts in Table VI, respectively. From the numerical
results, we can see that all 11 �S ¼ 1 decay modes
have branching ratios up to 10�6 or even to 10�5

order, since they involve the relatively large CKM
matrix elements V�

ts, while the �D ¼ 1 ones
have much smaller branching ratios of order of
10�7 due to the smaller CKM matrix elements V�

td.

For B! !K� and Bs ! �� decay modes, our pre-
dictions for the branching ratios with including the
new operator contributions have similar results as the
ones within the SM, which, however, are not quite

consistent with the current experimental data; the
numerical results for B! !K� modes are larger
than the current experiment limit, and the prediction
for Bs ! �� is about 2 times larger than the present
data. For the other decay modes, our predictions for
the branching ratios are in general agreement with
the data. As for the direct CP asymmetries, there are
big CP violations in some decay modes, and the new
physics can lead to remarkable effects. Our predic-
tions are consistent with the data in all these decay
modes.

(iv) Electroweak penguin or QCD flavor singlet domi-
nated decays. As can be seen from Table VII, these
types of decays are expected to have smaller branch-
ing ratios due to the large cancellations among the
different Wilson coefficients. Although there are new
operator contributions in B! �� and !� decay
modes, the predicted branching ratios are still small.
The direct CP asymmetries for these decays are all
small, and the new physics effects on these observ-
ables are not prominent. Because of the lack of
accurate experimental data, we could not compare
our predictions with the data yet.

TABLE VI. The same as Table IV but for the penguin-dominated decay modes. The upper and
the lower parts correspond to �S ¼ 1 and �D ¼ 1 processes, respectively.

Decay modes Case A Case B Case C SM Exp.

Bþ ! �þK�0 7.169 7.409 7.027 7.287 9:2� 1:5
0.084 0.117 0.049 0.018 �0:01� 0:16

Bþ ! �0K�þ 5.853 6.229 5.526 5.575 <6:1
0.184 0.196 0.169 0.122 0:20þ0:32

�0:29

B0 ! �0K�0 6.396 6.513 6.324 6.245 5:6� 1:6
0.054 0.073 0.033 0.018 0:09� 0:19

B0 ! ��K�þ 6.046 6.738 5.445 5.571 <12
0.295 0.301 0.283 0.199

B0 ! !K�0 3.412 3.513 3.351 3.498 <2:7
0.078 0.107 0.048 0.024

Bþ ! !K�þ 3.247 3.5697 2.965 3.123 <3:4
0.265 0.274 0.251 0.176

B0 ! �K�0 9.276 9.704 9.221 9.318 9:5� 0:8
0.045 0.081 �0:002 0.020 �0:01� 0:06

Bþ ! �K�þ 9.867 10.32 9.775 9.979 10:0� 1:1
0.039 0.074 �0:013 0.020 �0:01� 0:08

Bs ! �� 28.99 30.34 28.64 28.85 14þ8�7 � 10�6

0.054 0.089 0.006 0.020

Bs ! �K�0K�0 9.303 9.614 9.118 9.456 <1:681� 10�3

0.084 0.117 0.049 0.018

Bs ! K�þK�� 8.404 9.366 7.569 7.744

0.295 0.302 0.283 0.199

B0 ! �K�0K�0 0.410 0.420 0.413 0.408 0:49þ0:17
�0:14

�0:092 �0:061 �0:133 �0:145
Bþ ! K�þK�0 0.439 0.450 0.443 0.437 <2:2

�0:092 �0:061 �0:133 �0:145
Bs ! � �K�0 0.517 0.532 0.521 0.526 <1:013� 10�3

�0:094 �0:056 �0:145 �0:161
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(v) The pure annihilation decays. Only six decays belong
to this class, namely B0 ! K�þK��, B0 ! ��,
Bs ! �þ��, Bs ! �0�0, Bs ! �0!, and Bs !
!!. Because of the lack of the information for the
V1 ! V2 transition form factor at large momentum
transfers, we shall not consider them in detail in this
paper.

B. Time-dependent CP violating parameters Cf , Sf and
Df

Since there are abundant CP violating sources in type III
2HDM, it is expected that there are relatively large CP
violations in 2HDM than in the SM. Using the relevant
formulas given in Sec. II, we can predict the time-
dependent CP asymmetries in neutral Bd and Bs decays,
with the numerical results given in Tables VIII and IX,
respectively.

From these two tables, it is seen that for B0 ! �þ��,
�0� and!� decay modes, the new physics has hardly any
effect on the parameters Cf and Sf, even though there are

new operators contributions in B0 ! �0� and !� decay
modes. On the other hand, the new physics has remarkable
effects on the other decay modes, especially on B0 ! !!
one (for this mode the new physics can even change the
sign of the parameter Sf). Furthermore, different parameter

spaces also have remarkable effects on these CP violation
parameters.
For the Bs system, there are new operator contributions

only in the Bs ! �� mode. As is expected, the new
physics has remarkable influence on the parameters Cf,

Sf, andDf. For the other four decay modes, although there

are no new operator contributions, the new physics still has
big effects on the parameter Sf, but small effects on Cf and

Df.

C. The polarization in B ! �K� and �K� decays
Motivated by the polarization anomaly observed by the

BABAR [33], Belle [34], and CDF [35] experiments, we
shall study the polarization in B! VV decays, especially
in B! �K� and �K� decays in this section.

TABLE VIII. The time-dependent CP asymmetry parameters Cf (first line) and Sf (second
line) for Bd decays both in the SM and in the type III 2HDM. Cases A-C stand for the three
different parameter spaces listed in Sec. III.

Decay modes Case A Case B Case C SM

B0 ! �þ�� 0.043 0.043 0.042 0.035

�0:95 �0:95 �0:95 �0:95
B0 ! �0�0 �0:18 �0:22 �0:12 �0:15

0.97 0.92 0.99 0.89

B0 ! !�0 0.063 0.063 0.063 0.029

�0:61 �0:61 �0:62 �0:97
B0 ! ��0 0.011 0.011 0.011 0.014

0.70 0.70 0.70 0.70

B0 ! !� 0.011 0.011 0.011 0.014

0.70 0.70 0.70 0.70

B0 ! !! 0.12 0.09 0.14 0.21

0.53 0.65 0.40 �0:18
B0 ! K�0 �K�0 0.092 0.061 0.13 0.15

0.85 0.92 0.75 0.57

TABLE VII. The same as Table IV but for the electroweak penguin or QCD flavor singlet
dominated decays.

Decay modes Case A Case B Case C SM Exp.

Bþ ! �þ� 0.0054 0.0054 0.0054 0.0043 <16
�0:011 �0:011 �0:011 �0:014

B0 ! �0� 0.0025 0.0025 0.0025 0.0020 <13
�0:011 �0:011 �0:011 �0:014

B0 ! !� 0.0022 0.0022 0.0022 0.0017 <1:2
�0:011 �0:011 �0:011 �0:014

Bs ! �0� 0.796 0.796 0.796 0.687 <6:17� 10�4

0.0048 0.0048 0.0048 0.0039

Bs ! �! 0.038 0.038 0.038 0.045

0.020 0.020 0.020 0.018
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One important point that should be noted is that the
predictions for the branching ratios of B! �K� and
�K� modes are well consistent with the experiment data,
which means that if we want to solve the observed polar-
ization anomaly, we need to find some way to reduce the
longitudinal amplitude and enhance transverse ones simul-
taneously. Many studies have been made to try to provide
possible resolutions to the anomaly both within the SM
[36–39] and in various new physics models [40–42]. Here
we only concentrate on the longitudinal polarization frac-
tion and the main results are listed in Table X.

It is noted that the polarization anomaly could be well
resolved by introducing the tensor operators OT1 ¼
�s
	�ð1þ �5Þb�s
	�ð1þ �5Þs and OT8 ¼ �si


	�ð1þ
�5Þbj �sj
	�ð1þ �5Þsi in Ref. [42]. It is interesting to see

that these two operators have similar forms as Q15 andQ16

in Eq. (11). However, from the numerical results given by
Table X, we can see that the predicted longitudinal polar-
ization fraction fL for these decay modes in the type III
2HDM is almost the same as the one within the SM.
Although there are new operator contributions in B!
�K� modes, we still cannot resolve the polarization anom-
aly observed in this decay mode. This is due to the fact that
the strength of new operators in 2HDM is severely sup-
pressed by the factor mq�qq=mb. Moreover, as has already

been mentioned in the beginning of this section, theWilson

coefficients of these new operators are very small, which
also result in the small effects on the transverse amplitudes.
For the other B! VV decay modes, the predictions for

longitudinal polarization fractions are always about
0:90–0:95. For simplicity, we shall not list the results in
detail anymore.
In conclusion, adopting the current parameter spaces

and taking the general factorization method which is ob-
viously very crude, we could not resolve the polarization
anomaly observed in B! �K� and �K� modes within the
SM and 2HDM. The polarization anomalies may not be
caused by new physics; it is more likely that one needs to
have a better understanding for hadronic physics with an
appropriate QCD approach.

V. CONCLUSIONS

Using the general factorization approach, we have
studied all the B! VV decay modes except for pure
annihilation decay channels both within the SM and in
the two-Higgs-doublet model. From the numerical results
given in the previous section, we can see that: for the
branching ratios, our predictions are generally well con-
sistent with the current experimental data expect for the
Bs ! �� decay mode, and the new physics has marginal
or even negligible effects on this observable. However, the
new physics can give remarkable contributions to the CP

TABLE IX. The time-dependent CP asymmetry parameters Cf (first line), Sf (second line),
and Df (third line) for Bs decays both in the SM and in the type III 2HDM

Decay modes Case A Case B Case C SM

Bs ! ��0 �0:005 �0:005 �0:005 �0:004
0.052 0.052 0.052 0.14

0.99 0.99 0.99 0.99

Bs ! �! �0:020 �0:020 �0:020 �0:018
0.23 0.23 0.23 0.49

0.97 0.97 0.97 0.87

Bs ! �� �0:054 �0:090 �0:060 �0:020
0.33 0.49 0.14 �0:004
0.94 0.87 0.99 1.0

Bs ! K�þK�� �0:30 �0:30 �0:28 �0:20
0.92 0.95 0.88 0.79

0.25 0.12 0.39 0.57

Bs ! �K�0K�0 �0:085 �0:12 �0:049 �0:018
0.31 0.45 0.15 �0:003
0.95 0.88 0.99 1.0

TABLE X. The longitudinal polarization fractions fL for B! �K� and �K� decay modes.
Cases A-C stand for the three different parameter spaces in the type III 2HDM.

Decay modes SM Case A Case B Case C Exp.

Bþ ! �þK�0 0.91 0.91 0.91 0.91 0:48� 0:08
B0 ! �K�0 0.95 0.95 0.93 0.93 0:57� 0:12
Bþ ! �K� 0.89 0.89 0.89 0.89 0:50� 0:05
B0 ! �K�0 0.89 0.89 0.89 0.89 0:491� 0:032
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asymmetry parameters Cf and Sf, especially to Sf in the

penguin-dominated decay modes. Unfortunately, our pre-
dictions for the longitudinal polarization fractions of B!
�K� and �K� decay modes in 2HDM are still as large as
the ones in the SM, which are much larger than the experi-
mental data. Some new mechanisms may be needed to
improve those discrepancies.

For simplicity, in this paper we have neglected the
contributions from annihilation and exchange diagrams,
although they may play a significant rule in some decay
channels. In our numerical calculations, we have only
considered three possible parameter spaces for the type
III 2HDM. Also we have totally neglected the first genera-
tion Yukawa couplings and the off-diagonal matrix ele-
ments of the Yukawa coupling matrix, in order to eliminate
the FCNC at tree level. However, it is possible that the
FCNC involving the third generation quarks still exists at
tree level, making the constraints less stronger. In a word,
we do not exclude the possibility of improving the predic-

tions by using the other factorization methods with the
annihilation and exchange diagram contributions included,
by choosing other parameters spaces, or even by introduc-
ing additional fourth-generation quarks [43].
In conclusion, we have shown that the new Higgs bosons

in the type III 2HDM with spontaneous CP violation can
have significant effects on some charmless B! VV de-
cays, especially for the penguin-dominated decay modes,
which can be used as good signals to test the SM and to
explore new physics from more precise measurements in
the future B-factory experiments.
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