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In our previous paper we applied U-spin symmetry to charmless hadronic B� ! M0M� decays for the
purpose of precise extraction of the unitarity angle �. In this paper we extend our approach to neutral B0

and Bs ! M1M2 decays. A very important feature of this method is that no assumptions regarding relative
sizes of topological decay amplitudes need to be made. As a result, this method avoids an uncontrollable
theoretical uncertainty that is often related to the neglect of some topological diagrams (e.g., exchange and
annihilation graphs) in quark-diagrammatic approaches. In charged B� decays, each of the four data sets,
P0P�, P0V�, V0P� and V0V�, with P � pseudoscalar and V � vector, can be used to obtain a value of
�. Among neutral decays, only experimental data in the B0, Bs ! P�P� subsector is sufficient for a U-
spin fit. Application of the U-spin approach to the current charged and neutral B decay data yields: � �
�80�6

�8�
�. In this method, which is completely data driven, in a few years we should be able to obtain a

model-independent determination of � with an accuracy of O(few degrees).
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I. INTRODUCTION

Precise determinations of the angles of the unitarity
triangle (UT) remains an important but difficult goal in
Particle Physics. Though methods for direct determina-
tions of all the angles are now known, we are still quite
far away from having large enough sample of B’s that are
needed [1]. The main challenge in extracting the angles
from the data is of course that weak decays take place in
the presence of strong interactions (i.e. QCD) which in this
energy regime has important, nonperturbative effects.
Fortunately, QCD respects flavor symmetries. Use of these
symmetries presents an important avenue to extract results,
though often at the expense of some accuracy. In the
context of the angle � of the UT, in fact SU(3) flavor
symmetry has already been successfully employed [2– 4].
Also, isospin symmetry can potentially be used for theo-
retically precise � extraction from three body charmless
modes [5–7]. In this paper we show that U-spin can be
used for determination of � from charmless B�, B0 and Bs
decays.

Previous studies [2–4] have explored Bmeson decays to
a pair of charmless pseudoscalar mesons (PP) or to a
vector and pseudoscalar meson (VP) in the context of
quark-diagrammatic approach and flavor SU(3) symmetry.
Symmetry breaking was taken into account in tree ampli-
tudes through ratios of decay constants; otherwise the exact
SU(3) symmetry was assumed. Good separate fits to PP
and VP data were obtained with tree (T), color-suppressed
(C), penguin (P and Ptu), and electroweak penguin (PEW)
amplitudes. Other diagrams (exchange, annihilation, pen-
guin annihilation) were assumed to be small and were
neglected. Values of the weak phase � were extracted

from the fits. They were found to be consistent with the
current direct and indirect bounds on the CKM factor � [8].

The quark-diagrammatic approach has two weak points.
Firstly, the approach neglects exchange and annihilation
contributions which some argue to be significant [9–12].
Secondly, the extent at which flavor SU(3) symmetry is
broken in B decays cannot be accurately estimated within
this model-independent approach. The intrinsic systematic
uncertainty in � that is due to SU�3� breaking effects is not
completely under control and may happen to be
substantial.

These drawbacks motivate our current study of an alter-
native model-independent approach. B meson decays can
be explored within the framework of U-spin. There are
substantial differences between U-spin multiplet approach
and other phenomenological methods, such as SU(3) based
approach, of understanding the current B decay data.

(i) The significant advantage of U-spin multiplet
method over SU(3) fits is that it makes fewer as-
sumptions. In particular, U-spin method does not use
quark diagrammatic topological approach at all. As a
result, no assumptions about the relative sizes of
various contributing topological diagrams are being
made and no amplitude need be neglected [13]. The
annihilation and exchange amplitudes that are usu-
ally neglected in SU(3) analyses [2,3] are formally of
nonleading order and appear only at O�1=mb�.
However, 1=mb corrections are notoriously difficult
to reliably estimate; the b-quark mass (	 4:5 GeV)
is not so large compared to �QCD that such (for-
mally) nonleading terms are necessarily negligible.
Several models [9,14–16] make highly varied esti-
mates of these 1=mb corrections that may appear
with large chirally enhanced coefficients. However,
in practice SU(3) fits [2,3] assumed that certain top-
ologies give negligible contributions to limit the
number of employed fit parameters for the purpose
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of fit stability. This assumption introduces into them
a model-dependent theoretical uncertainty.

(ii) It is important to emphasize that the presence of
flavor symmetry (SU(3) or U-spin) breaking effects
does not necessarily translate into large uncertainty
in determination of �. For instance, SU(3) breaking
effects of about 20% that are related to the ratio of
decay constants fK and f�, only lead to a small (2�,
or 3%) theoretical uncertainty in determination of �
from SU(3) fits [4]. Similarly, the theoretical error in
� was found to be practically insensitive ( & 1� [2])
to the uncertainty due to mixing in the definition of �
and �0 mesons. Since U-spin approach does not use
graphical topologies, estimates of U-spin breaking
effects on � extraction may be amenable to calcula-
tional frameworks such as QCD factorization,
pQCD, soft collinear effective theory (SCET), or
QCD sum rules [17].

(iii) From group theory point of view U-spin is a flavor
symmetry formally similar to isospin. While isospin
symmetry breaking effects are smaller (md=�QCD vs
ms=�QCD), electroweak penguins require special
treatment [18,19] in isospin approach when it is
applied to the problem of precise � extraction [20].
U-spin approach does not require any special mod-
ifications to include electroweak penguins. They do
not break U-spin and are automatically included in
effective U-spin amplitudes.

(iv) Needless to say, the standard B! DK methods of
direct � extraction are theoretically the cleanest
(error of O(.1%) [1]) and should ultimately provide
the most accurate determination of �. But this accu-
racy will only be attained after very large data
samples become available, perhaps many years
down the road. The U-spin approach, on the other
hand, can provide a fairly accurate value of � (error
of O(few percent)) with modest increase of luminos-
ities. Furthermore, while the B! DK method does
not involve penguins, the U-spin approach automati-
cally includes all penguin contributions that are very
important in charmless B decays. The comparison of
the values of � from the two methods provides a
good test for new physics that is likely to reveal itself
in loop diagrams.

In our previous paper [21] we have shown that there are
four separate sets of two-body decays of charged B’s each
of which can give a value of �. In this paper we update
results obtained from charged B decays using the most
recent experimental data and extend our approach to neu-
tral B0 and Bs decays. We find that they allow even more
precise determination of the weak phase, with an accuracy
in the same ball park as other methods being used. In the
era of the current B-factories, with the planned luminosi-
ties of a few ab�1, the method should allow us to determine
�with an accuracy of a few degrees. Furthermore, as better

experimental information, at these luminosities, becomes
available for all the relevant data sets, this method should
give an understanding of its inherent systematic error.

We review U-spin notation and conventions in Sec. II.
We derive physical decay amplitudes for charged B decays
in terms of U-spin amplitudes in Sec. III. Section III A
reviews the current experimental data on charmless B� !
PP, VP, VV decays. U-spin fit results are presented in
Sec. III B. Neutral decays are discussed in Sec. IV with
particular attention to decays into two oppositely charged
mesons in Secs. IVA and IV B and to decays into two
neutral charmless mesons in Secs. IV C, IV D, IV E, IV F,
and IV G. Section V concludes. Appendix shows the
current experimental data on branching ratios and CP
asymmetries for all B and Bs decay modes.

II. U-SPIN

Let us very briefly recapitulate some elementary aspects
of U-spin [3,13,22,23]. Recall that the U-spin subgroup of
SU�3� is similar to the I-spin (isospin) subgroup except that
the quark doublets with U � 1=2, U3 � �1=2 are
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B� is a U-spin singlet, while ������, K��K
�� and their
antiparticles belong to U-spin doublets,

 j00i � jB�i � ju �bi; (3)
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Nonstrange neutral mesons belong either to a U-spin
triplet or a U-spin singlet. We take �0 � �d �d� u �u�=
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and the corresponding singlet residing in the pseudoscalar
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meson octet is
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6
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���
3
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2
j�0i: (7)

In addition, there is another U-spin singlet which does not
belong to the meson octet. Besides being a U-spin singlet,
it is also an SU(3) singlet:

 j00i1 �
1���
3
p ju �u� d �d� s�si � j�1i: (8)

The physical � and �0 are mixtures of the octet and singlet.
A straightforward calculation casts �0, � and �0 in terms
of linear combinations of the U-spin multiplets:
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(9)

Similarly, the U-spin triplet in the vector meson octet is
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while the corresponding singlet in the vector meson octet is

 j00i8 �
1���
6
p js�s� d �d� 2u �ui

�
1���
6
p j�i �

���
3
p

2
j�0i �

1

2
���
3
p j!i: (11)

The SU(3) singlet in the vector meson sector is given by
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1���
6
p ju �u� d �d� s�si � �j�i �
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2
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: (12)

Thus, the multiplet decompositions of �0, ! and � can be
determined to be
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One may decompose the strangeness-conserving �S�0
and strangeness-changing j�Sj � 1 effective Hamil-
tonians into members of the same two U-spin doublets
multiplying given CKM factors. For practical purposes, it
is convenient to use a convention in which the CKM factors

involve the u and c quarks:

 �S � 0: H �b! �d
eff � V
ubVudO

u
d � V



cbVcdO

c
d; (14)

 j�Sj � 1: H �b!�s
eff � V
ubVusO

u
s � V



cbVcsO

c
s: (15)

The assumption of U-spin symmetry implies that U-spin
doublet operators Ou

d and Ou
s are identical, as well as the

Oc
d and Oc

s operators. The subscripts d and s may be
omitted. Hadronic matrix elements of these two operators,
Ou and Oc, will be denoted Au and Ac and will be referred
to as ‘‘u-like’’ and ‘‘c-like’’ amplitudes [24], where the
latter includes electroweak penguin contributions. Note
that these amplitudes multiply different CKM factors in
j�Sj � 1 and �S � 0 processes.

In isospin analysis of B decays [25] the effective
Hamiltonian transforms as either �I � 1

2 or �I � 3
2 .

While electroweak penguins violate isospin due to the
charge difference between u and d quarks, they do not
violate U-spin. In U-spin analysis j�Sj � 1 effective
Hamiltonian H

�b!�s
eff transforms like a �s	 j 12

1
2i, that is,

like a �U3 �
1
2 component of a U-spin doublet �U � 1

2 .
At the same time �S � 0 Hamiltonian H

�b! �d
eff transforms

like a �d	�j 1
2�

1
2i, i.e. like a �U3 � �

1
2 component of

the U-spin doublet.
There are three topological diagrams that may contribute

to charged B decays: tree, penguin (QCD and electro-
weak), and annihilation. In U-spin approach the effective
Hamiltonian of any of these decay types always transforms
as a U-spin doublet, �U � 1

2 . There is no principal differ-
ence between tree, penguin and annihilation contributions
but only between strangeness-conserving and strangeness-
changing processes. This makes U-spin a particularly con-
venient approach that allows the complete description of
charged B decays without making any assumptions on the
size of individual topological diagrams and without ne-
glecting any of them, including annihilation.

III. CHARGED B DECAYS

Since the initial B� meson is a U-spin singlet and the
effective Hamiltonian always transforms as a U-spin dou-
blet, the final M0M� states must be U-spin doublets. They
can be formed in three different ways.

While the charmless charged meson M� can only be-
long to the doublet (4), the neutral meson M0 can be a
linear combination of three different multiplets. Four neu-
tral K mesons (K0, K
0, and their antiparticles) contain
only the triplet contribution, either j11i or j1� 1i. The
other neutral mesons (9) and (13) are linear combinations
of the j10i triplet state, the U-spin singlet j00i8 state and
the SU(3) singlet j00i1 state. As a result, any strangeness-
conserving �S � 0 B� ! M0M� decay amplitude can be
expressed in terms of three amplitudes: Ad1 , Ad08

, Ad01
that

were denoted Ad1 , Ad0 , Bd0 in [3]. They correspond to the U-
spin triplet, U-spin singlet, and SU(3) singlet contributions
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into the decay amplitude, respectively. Each of these three
amplitudes consists of a ‘‘u-like’’ and a ‘‘c-like’’ part, for
instance, Ad1 � V
ubVudA

u
1 � V



cbVcdA

c
1. Similarly, any

strangeness-changing j�Sj � 1 decay amplitude can be
written in terms of three other amplitudes: As1, As08

, As01
.

The assumption of U-spin symmetry implies that the dif-
ference between Ad1 and As1 comes only through the differ-
ence in the weak couplings, that is,
As1 � V
ubVusA

u
1 � V



cbVcsA

c
1. Thus, the complete ampli-

tudes for U-spin final states are given by
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; (16)
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u
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c
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:

(17)

Consider, for instance, the B� ! �0K� decay. The
initial meson B� is a U-spin singlet j00i that is affected
by the transformation (j�Sj � 1 Hamiltonian) which is a
U-spin doublet j 1

2
1
2i. The final state is a combination of

�0 �
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3
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1
2 j10i and the j 12

1
2i doublet K�. The U �

3
2 final state cannot contribute to this decay process, the
only contribution to the decay amplitude comes from the
U � 1

2 final state. Using the Clebsch-Gordan coefficients,
we determine that A��0K�� is proportional to
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3
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3
p As1. Similarly, one can calculate U-spin expressions for

all M0M� decay amplitudes.
Following the conventions of [3], we absorb the 1

2
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3
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factor into the definition of Ad;s1 , the
��
3
p

2 factor into the
definition of Ad;s0 and the 1��

3
p factor into the definition of

Bd;s0 . Then we find that physical decay amplitudes for
V0P� and V0V� modes may be decomposed into U-spin
amplitudes,
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(18)

where A1, Ad08
and Ad01

correspond to final states with vector
mesons V0 in the U-spin triplet, in the octet U-spin singlet
and in the SU(3) singlet, respectively. Naturally, the for-

mulae for related V0P� and V0V� decay modes are the
same, as seen in the above relations. However, the actual
values for each of the U-spin amplitudes are constant only
within each of the two subsets. They accept different
values in V0P� and V0V� subsets.

Thus, eight V0P� decays are described by 12 parame-
ters: six U-spin amplitudes jAu1;08;01

j and jAc1;08;01
j, five

relative strong phases between them and the weak phase
�. The same statement is separately valid for eight V0V�

modes, too.
In the same way one can decompose physical amplitudes

for P0P� and P0V� decay modes into U-spin amplitudes.
We follow the conventions of [23] and absorb the 1

2 factor
into the definitions of Ad;s1;08;01

. Then we derive:
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(19)

Just as the two subsets of M0M� that were considered
before, P0P� and P0V� are also separately described by
12 parameters: six U-spin amplitudes jAu1;08;01

j and
jAc1;08;01

j, five relative strong phases between them and
the weak phase �.

All six U-spin amplitudes are essentially effective am-
plitudes. They may contain several topological amplitudes:
trees, penguins, color-suppressed amplitudes, and annihi-
lations (exchanges and penguin annihilations do not con-
tribute to charged B decays). For instance, Au01

is an
amplitude that contributes to all �!;�; �; �0�M� decays.
It gets multiplied by the product of CKM factors V
ubVu�d;s�.
This means that Au01

accepts contributions from trees,
color-suppressed diagrams, exchanges and u-quark medi-
ated parts of QCD and electroweak penguins. The same
can be said about the other two U-spin amplitudes with
superscript u. On the other hand, the U-spin amplitudes
with superscript c only get contributions from c-quark
mediated parts of QCD and electroweak penguins. The
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most important advantage of the U-spin approach is that
one does not have to assume that annihilations, exchanges
and penguin annihilations are negligible. While the SU(3)
based approach [2,3] does not inherently require making
these simplifying assumptions, in practice one has to do
that to limit the number of parameters and keep SU(3) fits
stable. This advantage of the U-spin approach makes it
particularly appealing. It reduces theoretical uncertainties
associated with this method.

A. Review of the experimental data

Charmless hadronic decays of the B� meson to the two-
meson final state that contains vector V or pseudoscalar P
mesons comprise four subsets: P0P�, V0V�, V0P�, and
P0V�. Each of the subsets consists of eight decays, with all
possible combinations of two charged mesons (e.g., ��

and K� in the pseudoscalar octet) and four neutral ones
(e.g., K
0, �, !, and � in the vector octet). Thus, there are
altogether 16 relevant B� decays of each of the four types.
Each of the subsets, again, is described by 12 parameters,
namely, 6 U-spin amplitudes, 5 relative strong phases
between them, and the weak phase � which is the only
common parameter among four parameter sets. Thus, �
can be separately determined from each subset.
Alternatively, one can do the joint fit to determine the value
of � that is most consistent with all four data sets simul-
taneously. Both avenues have been explored.

All 8 B� ! P0P� decays have actually been observed
and their branching ratios and CP asymmetries have been
measured, though, with the present statistics in most cases
the errors are rather large. This is especially so for the
CP-asymmetries. In any case, with 16 data points and 12 fit
parameters one can perform a fit and extract the preferred
values for all parameters.

In the other 3 subsets some modes have not yet been
observed but upper limits on their branching ratios were
reported. Needless to say, direct CP asymmetries for these
modes have not been determined yet. For some of these
modes a central value and a large uncertainty are known.
For the others, where only an upper limit at 90% confi-
dence level is reported, one can take central value as equal
to 0 and approximately estimate the uncertainty by divid-

ing the upper limit value by 2. For example, from B�B� !
!���< 16 we crudely estimate that B�!��� � 0:0� 8:0
[26]. The data from upper limits helps in two ways. First of
all, it provides additional data points, making a U-spin fit
feasible. Second, it ensures that the resulting fit is consis-
tent with the current upper limits.

In the case of V0P� decays, for instance, 6 out of 8
modes have been observed and provide 12 data points. The
remaining two decays, �K
0K� and���, have not yet been
observed. At present only the upper limits for these two
modes are known: B�B� ! �K
0K�� � 0:0�1:3�0:6

�0:0�0:0�<5:3�
[27] and B�B� ! ���� � �0:04� 0:17�0:03

�0:04�<0:24�
[28]. From these measurements we can estimate that

 B �B� ! �K
0K�� � 0:00�1:43
�0:00; (20)

 B �B� ! ���� � �0:04� 0:17: (21)

To make sure that the fit is consistent with the upper limits
on the �K
0K� and ��� branching ratios we add two more
data points to the fit. Thus, the 12-parameter V0P� U-spin
fit features 14 data points, making � extraction possible.

Similarly, in the V0V� sector 5 modes have been de-
tected and their CP asymmetries measured, for the total of
10 data points. The other 3 modes have not yet been
observed but the upper limits were reported, allowing
estimates of their branching ratios. The total number of
V0V� data points rises to 13.

The least is known about P0V� decays. Not even an
upper limit is known for �K0K
� branching ratio. However,
first measurements of CP asymmetries in �0�� and �0K
�

decays increased the total number of measured data points
up to 13, allowing the 12-parameter U-spin fit

B. Results

Table I shows the results of the U-spin fits to four subsets
of M�M0 decays and their combinations. The top part of
the table shows fits to four individual subsets (P0P�,
V0P�, P0V�, V0V�). The P0P� fit features a good �2 �
3:2=4 and a relatively deep minimum at � � 81�. The
other three U-spin fits in the top part of the table produce

TABLE I. Results of the U-spin fits to various subsets of charmless B� ! M�M0 decays.

Fit Subset Modes �2=dof �

1. P0P� �K0K��0������0�� K0���0K��K��0K� 3:24=4 �81�36
�18�

�

2. V0P� �K
0K��0��!����� K
0���0K�!K��K� 1:80=2 �90� 61��

3. P0V� �K0K
��0������0�� K0���0K
��K
��0K
� 0:04=1 �47�133
�47 �

�

4. V0V� �K
0K
��0��!����� K
0���0K
�!K
��K
� 0:01=1 �23�157
�23 �

�

5. �P0P�
S
V0P�� 5:04=7 �81�36

�18�
�

6. �P0P�
S
V0P�

S
P0V�� 5:08=9 �81�36

�18�
�

7. �P0P�
S
V0P�

S
V0V�� 5:27=9 �81�36

�18�
�

8. �P0P�
S
V0P�

S
P0V�

S
V0V�� 5:80=11 �82�35

�19�
�
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very shallow minima, leaving � practically undetermined.
One can make the conclusion that V0P�, P0V� and V0V�

data is not expected to significantly affect joint fits.
This is confirmed in the middle part of the table. The

joint (P0P�
S
V0P�) fit prefers the same value of � as the

P0P� one, namely, � � �81�36
�18�

�. The addition of other
subsets does not change this result, as expected. Thus, at
the moment the results of all joint fits, including the full
(P0P�

S
V0P�

S
P0V�

S
V0V�) fit, are predominantly

determined by the current P0P� data and produce practi-
cally identical results.

The above results are based on the world averages for
branching ratios andCP asymmetries in charged charmless
B decays. When the individual values from BaBar and
Belle are very different, we employed the PDG scaling
factor S to boost uncertainties on the weighted averages, as
shown in Appendix A. This modification only slightly
affects the final result. The joint U-spin (P0P�

S
V0P�)

fit to the unscaled data prefers the same central value for
the weak phase: � � �82�33

�17�
�.

IV. NEUTRAL DECAYS

Charmless hadronic decays of B0 and Bs mesons to two-
meson final states that contain vector or pseudoscalar
mesons comprise seven subsets: P�P�, V�V�, P�V�,
V�P�, P0P0, V0V0, and V0P0.

Unlike the charged B� meson which is a U-spin singlet,
the neutral B0 and Bs belong to a U-spin doublet:

 

��������1
2

1
2

�
��������1

2�
1
2

�
2
6664

3
7775 � jd �bi � jB0i

js �bi � jBsi

" #
: (22)

The �S � 0 Hamiltonian transforms like a �d	�j 12�
1
2i, while the j�Sj � 1 effective Hamiltonian transforms
like a �s	 j 1

2
1
2i. The effect of these Hamiltonians on the

two neutral B mesons is

 H
�b! �d
eff jB

0i � �
1���
2
p j10i �

1���
2
p j00i;

H
�b!�s
eff jB

0i � j11i;

H
�b! �d
eff jBsi � �j1� 1i;

H
�b!�s
eff jBsi �

1���
2
p j10i �

1���
2
p j00i:

(23)

Thus, unlike B� decays where the final state must have
U � 1

2 , the final states of neutral B decays have two
options: they can be in both U � 0 and U � 1 U-spin
states.

A. B0, Bs !M�M� �P�P�; V�V�; P�V�; V�P��
decays

Charmless decays of B0 and Bs to two charged mesons
belong to one of the four subsets: P�P�, V�V�, P�V�,
and V�P�. Each of the subsets consists of six decays. For
example, three of neutral B! P�P� decays are B0 !
����, K�K�, ��K�. The other three are the exact U-
spin mirror images of these decays, that is, Bs ! K�K�,
����, K���.

Since both charged mesons of the final state belong to a
U-spin doublet (Eq. (4) and (5)) the final state can be either
U � 0 or U � 1 for �� and KK decays and only U � 1
for �K decays. One can calculate that the actual physical
amplitudes are:

 

AB0�����; ����; ����; ����� � �
1

2
Ad1 �

1

2
Ad0 ;

AB0�K�K�; K
�K
�; K�K
�; K
�K�� � �
1

2
Ad1 �

1

2
Ad0 ;

AB0���K�; ��K
�; ��K
�; ��K�� � �As1;

ABs�K
�K�; K
�K
�; K�K
�; K
�K�� � �

1

2
As1 �

1

2
As0;

ABs��
���; ����; ����; ����� � �

1

2
As1 �

1

2
As0;

ABs�K
���; K
���; K���; K
���� � �Ad1 ; (24)

where subscripts 1 and 0 refer to Uf, the U-spin value of
the final state.

Decay amplitudes of the pairs that are directly related to
each other by U-spin symmetry (AB0������ and
ABs�K

�K��, for instance) are virtually identical with the
only exception of subscripts d and s that identify
strangeness-conserving and strangeness-changing transfor-
mations. When these amplitudes are expanded as sums of
‘‘u-term’’ and ‘‘c-term’’ amplitudes (Eq. (16) and (17))
these decay amplitudes feature the same U-spin amplitudes
and strong phases multiplied by different CKM
parameters.
Ad1 and As1 are expressed in terms of the same Au1 ‘‘u-

term’’ amplitude and Ac1 ‘‘c-term’’ amplitude, the similar
statement is also true for Ad0 and As0. So, the description of
neutral B! M�M� decays involves four U-spin ampli-
tudes in total. Three relative strong phases and the weak
phase � complete the list of parameters. Thus, each of the
four decay subsets is separately described by 8 parameters.
For a meaningful fit to the experimental data, eight or more
subset data points must be available.

B. Experimental data

Below we summarize the experimental data on M�M�

decays that is currently available. We also estimate which
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data modes may potentially get measured in the near future
based on QCD factorization approach predictions for PP
and PV decay modes [29]. We assume that a branching
ratio will soon be measured if the preferred S4 scenario in
[29] predicts that it is larger than 0:5 � 10�6. We also
assume that the direct CP asymmetry of a neutral B decay
will be measured if its branching ratio is larger than 1 �
10�6. The mixing-induced CP asymmetry requires time-
dependent measurements so we assume that these will only
be measured for the decays whose branching ratio is larger
than 2 � 10�6.

(1) P�P� decays: 9 data points (currently available).
Potentially available (based on QCD factori-
zation predictions, as explained above): 12 data
points.

(i) B0 decays: 6 data points (2 branching ratios, 1
mixing-induced and 2 direct CP asymmetries,
1 upper limit). Potentially: no new measure-
ments are expected but the experimental ac-
curacy will improve.

(ii) Bs decays: 3 data points (1 branching ratio, 2
upper limits). Potentially: 6 data points (2
branching ratios, 1 mixing-induced and 2 di-
rect CP asymmetries, 1 upper limit).

(2) V�V� decays: 5 data points.
(i) B0 decays: 5 data points (1 branching ratio, 1

mixing-induced and 1 direct CP asymmetry, 2
upper limits).

(ii) Bs decays: none.
(3) V�P� decays: 4 data points. Potentially: 10 data

points.
(i) B0 decays: 4 data points (2 branching ratios, 2

direct CP asymmetries). Potentially: 5 data
points (2 branching ratios, 2 direct CP asym-
metries, 1 upper limit).

(ii) Bs decays: none. Potentially: 5 data points (2
branching ratios, 2 direct CP asymmetries, 1
upper limit).

(4) P�V� decays: 4 data points. Potentially: 10 data
points.

(i) B0 decays: 4 data points (2 branching ratios, 2
direct CP asymmetries). Potentially: 5 data
points (2 branching ratios, 2 direct CP asym-
metries, 1 upper limit).

(ii) Bs decays: none. Potentially: 5 data points (2
branching ratios, 2 direct CP asymmetries, 1
upper limit).

(5) V�P� and P�V� decays together: 10 data points.
Potentially: 22 data points.

(i) B0 decays: 10 data points (6 measurements in
the ���� system, including S and �S, 4
measurements in ��K� and ��K
� decays).
Potentially: 12 data points (2 additional upper
limits on K
�K� and K�K
�).

(ii) Bs decays: none. Potentially: 10 data points (4
branching ratios, 4 direct CP asymmetries, 2
upper limits).

Considering that one needs at least 8 parameters for
each of the first four subsets and 15 parameters for the
joint �V�P��

S
�P�V�� subset, neither of them has or

will ever have enough data points in the B0 subsector alone.
Bs data is crucial and must be used for a reasonable
fit. Each of the four subsets will eventually have at least
10 data points and will allow the extraction of the CKM
angle �.

At the moment the B0, Bs ! P�P� subset is the only
one with more than 8 available data points. A U-spin fit
to this data finds two local minima and prefers values of
� to lie at � � �37� 3�� or ���80�6

�8�
�. These two min-

ima lie at about the same �2 level of about 3:6=1, see
Table II.

To resolve this ambiguity we combine this U-spin fit
with the B�!P0P� fit, the one that dominates all joint
B� fits. That fit has its deepest minimum at ��81�.
Naturally, the ambiguity of the B0, Bs!P�P� fit results
gets resolved in the joint �B�!P0P�

S
B0;Bs!P�P��

TABLE II. Results of the U-spin fits to charged and neutral subsets of charmless B! M1M2 decays. The bottom panel shows � as
determined from direct measurements in B! D�
�K�
� decays, from indirect constraints on the apex of the unitarity triangle, and from
SU(3) fits to charmless PP and VP decays, for comparison purposes.

Fit Subset �2=dof �

1. B� ! P0P� 3:2=4 �81�36
�18�

�

2. B0; Bs ! P�P� (two minima): 3:6=1 �80�6
�8�
�

3:7=1 �37� 3��

3. �B� ! P0P��
S
�B0; Bs ! P�P�� 6:8=6 �80�6

�8�
�

Direct measurements, BABAR [30] �67� 28� 13� 11��

Direct measurements, Belle [31] �53�15
�18 � 3� 9��

Indirect constraints, CKMFitter [32] �59:8�4:9
�4:2�

�

Indirect constraints, UTFit [33] �61:3� 4:5��

SU(3) fits to VP decays [4] �66:2�3:8
�3:9 � 0:1��

SU(3) fits to PP decays [4] �59� 9� 2��
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fit in favor of large �. This joint fit has two minima:
���38�3��, �2�15:1=6 and the much deeper one at
���80�6

�8�
�, �2 � 6:8=6. The latter solution is the main

result of the current U-spin fits in this paper.

C. B0, Bs !M0M0 �V0P0; P0P0; V0V0� decays

In Sec. II charmless neutral M0 mesons (both pseudo-
scalar and vector ones) were shown to consist of three U-
spin components: the j10i triplet state, the U-spin singlet
j00i8 state and the SU(3) singlet j00i1 state. In charged
decays each of these three components may combine with
the doublet of the charged meson and thus, three ampli-
tudes, Ad1 , Ad08

, Ad01
, comprise all possible contributions to

the �S � 0 decay amplitudes. Each of these three ampli-
tudes has a ‘‘tree’’ and a ‘‘penguin’’ component: Au1 and Ac1,
Au08

and Ac08
, Au01

and Ac01
. Three other amplitudes, As1, As08

,
As01

, that describe charged j�Sj � 1 decays, consist of the
same six components: the same three ‘‘trees’’ and the same
three ‘‘penguins’’.

The U-spin description of the B0, Bs ! M0M0 decays
is more complicated because the final state consists of
two neutral mesons. Each of them may have as many as
three multiplet components. Four neutral K mesons
(K0, K
0, and their antiparticles) are pure triplets in
terms of U-spin, either j11i or j1� 1i. �0 and �0 mesons
receive contributions from the j10i triplet state and from
the U-spin singlet j00i8 state. The other four mesons,�,�0,
!, and �, contain all three multiplet states: j10i, j00i8,
and j00i1. When both final state M0 mesons are neutral
vector or pseudoscalarK mesons (one with the j11iU-spin,
the other with j1� 1i) then U-spin of the final state
can only be either j10i or j00i. The j20i state cannot
couple to H

�b! �d
eff jB

0i or H �b!�s
eff jBsi, as one can see from

Eq. (23).
We introduce a general notation for all U-spin decay

amplitudes. Each amplitude will have a superscript d or s,
depending on whether the decay is strangeness-conserving
( �b! �d) or strangeness-changing ( �b! �s). The amplitudes
will also feature two or three subscripts. The first two
will show which U-spin multiplet each of the two final
state mesons belong to. With most neutral mesons being
linear combinations of several U-spin multiplet states, B
decays into these mesons will be described by several
different U-spin amplitudes. We will use Ad;s1;08

notation
for U-spin amplitudes for decays into a triplet and an
octet singlet, Ad;s1;01

for triplet-SU(3) singlet amplitudes,

Ad;s08;08
for octet singlet-octet singlet, Ad;s08;01

for octet

singlet-SU(3) singlet, and Ad;s01;01
for SU(3) singlet-SU(3)

singlet amplitudes. Finally, as shown in the previous
paragraph, triplet-triplet final states may have either U-
spin U � 1 or U � 0. They will be denoted by Ad;s1;1;1 and
Ad;s1;1;0.

Thus, the total number of different U-spin amplitudes
that are involved in M0M0 decays is 7. Each of these seven
amplitudes also has a tree and a penguin component. So, 14
U-spin amplitudes are needed to describe all B0, Bs !
M0M0 decays. The total number of parameters that are
required for the full fit to each of the three separate M0M0

subsets (V0P0, P0P0 and V0V0) is 28 (14 amplitudes, 13
relative strong phases and the weak phase �). A subset
must contain at least 28 experimental data points for a
meaningful fit to be feasible.

D. B0, Bs !M0M0 decay amplitudes

The full list of B0 and Bs decay amplitudes in terms of
different U-spin components is shown below. In these
equations each U-spin amplitude, for example A1;1;1, has
the same meaning within each subset (B0, Bs ! V0P0, for
instance) but different meanings and values in each of the
three subsets.
B0 ! M0M0 �S � 0 decays where M is a K meson

(two contributing amplitudes: Ad1;1;1 and Ad1;1;0):

 

AB0�K
0 �K0; K0 �K0; � � �
Ad1;1;1

2
�
Ad1;1;0���

6
p

AB0� �K
0K0; ; �K
0K
0� � �
Ad1;1;1

2
�
Ad1;1;0���

6
p

(25)

B0 ! M0M0 j�Sj � 1 decays (three contributing am-
plitudes: As1;1;1, As1;08

, As1;01
):

 

AB0�K
0�0; K0�0; � � �
As1;1;1
2
���
2
p �

3As1;08

2
���
3
p ;

AB0�K
0�;K0�; � � �
As1;1;1���

3
p �

2As1;08

3
���
2
p �

As1;01

3
;

AB0�K
0�0; K0�0; � � �
As1;1;1
2
���
6
p �

As1;08

6
�

4As1;01

3
���
2
p ;

AB0��0K0; ; �0K
0� � �
As1;1;1
2
���
2
p �

3As1;08

2
���
3
p ;

AB0�!K0; ; !K
0� � �
As1;1;1
2
���
2
p �

As1;08

2
���
3
p �

2As1;01���
6
p ;

AB0��K0; ; �K
0� � �
As1;1;1

2
�
As1;08���

6
p �

As1;01���
3
p : (26)

B0 ! M0M0 �S � 0 decays whereM is not a K meson:
six contributing amplitudes;

���
2
p

factor modifies amplitudes
of decays into identical particles:
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AB0��0�0; ; � � �
Ad1;1;0
4
���
6
p �

3Ad1;08

2
���
6
p �

3Ad08;08

4
���
2
p

���
2
p
AB0� ; �0�0; �0�0� � �

Ad1;1;0
4
���
6
p �

3Ad1;08

2
���
6
p �

3Ad08;08

4
���
2
p

AB0��0�;�0�; � � �
Ad1;1;0

6
�
Ad1;08

3
�
Ad1;01

6
���
2
p �

Ad08;08

2
���
3
p �

Ad08;01

2
���
6
p

AB0��0�0; �0�0; � � �
Ad1;1;0
12

���
2
p �

Ad1;08

6
���
2
p �

Ad1;01

3
�
Ad08;08

4
���
6
p �

Ad08;01���
3
p

AB0�!�0; ; !�0� � �
Ad1;1;0
4
���
6
p �

Ad1;08

2
���
6
p �

Ad1;01

2
���
3
p �

Ad08;08

4
���
2
p �

Ad08;01

2

AB0�!�; ; � � �
Ad1;1;0

6
�
Ad1;08

3
�

5Ad1;01

6
���
2
p �

Ad08;08

6
���
3
p �

5Ad08;01

6
���
6
p �

Ad01;01

3
���
3
p

AB0�!�0; ; � � �
Ad1;1;0
12

���
2
p �

Ad1;08

6
���
2
p �

Ad1;01

6
�
Ad08;08

12
���
6
p �

Ad08;01

6
���
3
p �

4Ad01;01

3
���
6
p

AB0���0; ; ��0� � �
Ad1;1;0
4
���
3
p �

Ad1;08

2
���
3
p �

Ad1;01

2
���
6
p �

Ad08;08

4
�
Ad08;01

2
���
2
p

AB0���; ; � � �
Ad1;1;0
3
���
2
p �

2Ad1;08

3
���
2
p �

Ad1;01

6
�
Ad08;08

3
���
6
p �

Ad08;01

6
���
3
p �

Ad01;01

3
���
6
p

AB0���0; ; � � �
Ad1;1;0

12
�
Ad1;08

6
�

5Ad1;01

6
���
2
p �

Ad08;08

12
���
3
p �

5Ad08;01

6
���
6
p �

2Ad01;01

3
���
3
p

���
2
p
AB0� ; ��; � � �

2Ad1;1;0
3
���
6
p �

4Ad1;08

3
���
6
p �

2Ad1;01

3
���
3
p �

2Ad08;08

9
���
2
p �

2Ad08;01

9
�
Ad01;01

9
���
2
p

AB0� ; ��0; � � �
Ad1;1;0
6
���
3
p �

Ad1;08

3
���
3
p �

7Ad1;01

6
���
6
p �

Ad08;08

18
�

7Ad08;01

18
���
2
p �

2Ad01;01

9

���
2
p
AB0� ; �0�0; � � �

Ad1;1;0
12

���
6
p �

Ad1;08

6
���
6
p �

2Ad1;01

3
���
3
p �

Ad08;08

36
���
2
p �

2Ad08;01

9
�

8Ad01;01

9
���
2
p

���
2
p
AB0� ; ; !!� � �

Ad1;1;0
4
���
6
p �

Ad1;08

2
���
6
p �

Ad1;01���
3
p �

Ad08;08

12
���
2
p �

Ad08;01

3
�

2Ad01;01

3
���
2
p

AB0� ; ; !�� � �
Ad1;1;0
4
���
3
p �

Ad1;08

2
���
3
p �

Ad1;01

2
���
6
p �

Ad08;08

12
�
Ad08;01

6
���
2
p �

Ad01;01

3

���
2
p
AB0� ; ; ��� � �

Ad1;1;0
2
���
6
p �

Ad1;08���
6
p �

Ad1;01���
3
p �

Ad08;08

6
���
2
p �

Ad08;01

3
�

2Ad01;01

3
���
2
p

(27)

Bs ! M0M0 j�Sj � 1 decays where M is a K meson (two contributing amplitudes: As1;1;1 and As1;1;0):

 ABs�
�K
0K0; �K0K0; � � �

As1;1;1
2
�
As1;1;0���

6
p ABs�K


0 �K0; K
0 �K
0� � �
As1;1;1

2
�
As1;1;0���

6
p (28)

Bs ! M0M0 �S � 0 decays (three contributing amplitudes: Ad1;1;1, Ad1;08
, Ad1;01

):
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 ABs�
�K
0�0; �K0�0; � � �

Ad1;1;1
2
���
2
p �

3Ad1;08

2
���
3
p ; ABs�

�K
0�; �K0�; � � �
Ad1;1;1���

3
p �

2Ad1;08

3
���
2
p �

Ad1;01

3
;

ABs�
�K
0�0; �K0�0; � � �

Ad1;1;1
2
���
6
p �

Ad1;08

6
�

4Ad1;01

3
���
2
p ; ABs��

0 �K0; ; �0 �K
0� � �
Ad1;1;1
2
���
2
p �

3Ad1;08

2
���
3
p ;

ABs�!
�K0; ; ! �K
0� � �

Ad1;1;1
2
���
2
p �

Ad1;08

2
���
3
p �

2Ad1;01���
6
p ; ABs��

�K0; ; � �K
0� � �
Ad1;1;1

2
�
Ad1;08���

6
p �

Ad1;01���
3
p :

(29)

Bs ! M0M0 j�Sj � 1 decays whereM is not a K meson: six contributing amplitudes;
���
2
p

factor modifies amplitudes of
decays into identical particles:
 

ABs��
0�0; ; � � �

As1;1;0
4
���
6
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(30)

While the number of parameters that are needed to de-
scribe each of the three big subsets (V0P0, P0P0, V0V0) is
28, one may try to creatively choose smaller subsubsets
with fewer amplitudes involved. One natural possibility

can be three �B0 ! M0M0; j�Sj � 1�
S
�Bs !

M0M0;�S � 0� subsubsets with three contributing ampli-
tudes: A1;1;1, A1;08

, A1;01
. Each of these features tree and

penguin pieces that are multiplied by different CKM fac-
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tors to form either Ad or As version of the above three
amplitudes. With 6 amplitudes, 5 relative strong phases
and the CKM angle �, one needs 12 parameters for the full
description of this subsubset. Depending on which data
points are available (or will soon become available), ex-
ploring a smaller subsubset may have some practical
advantages.

E. Experimental data.

Below we summarize the experimental data on M0M0

decays that is currently available. We also estimate which
data modes may potentially get measured in the near future
based on QCD factorization predictions, just as we did in
Chapter IV B. For Bs decays the criteria for potential
measurement of branching ratios and asymmetries are set
twice as high as the corresponding thresholds for B0 de-
cays.

(1) B0 ! V0P0 decays: 27 data points (currently avail-
able). Potentially available (based on QCD factori-
zation predictions, as explained in Chapter IV B): 29
data points.

(i) �S � 0: 12 data points (1 branching ratio, 1
direct CP asymmetry, 10 upper limits).
Potentially: 12 data points (4 branching ratio,
1 direct CP asymmetry, 7 upper limits).

(ii) j�Sj � 1: 15 data points (4 branching ratios,
3 mixing-induced and 6 direct CP asymme-
tries, 2 upper limits). Potentially: 17 data
points (6 branching ratios, 5 mixing-induced
and 6 direct CP asymmetries).

(2) B0 ! P0P0 decays: 17 data points. Potentially: 19
data points.

(i) �S � 0: 10 data points (2 branching ratios, 1
mixing-induced and 2 direct CP asymmetries,
5 upper limits). Potentially: 11 data points (2
branching ratios, 2 mixing-induced and 2 di-
rect CP asymmetries, 5 upper limits).

(ii) j�Sj � 1: 7 data points (3 branching ratios, 2
mixing-induced and 2 direct CP asymme-
tries). Potentially: 8 data points (3 branching
ratios, 2 mixing-induced and 3 direct CP
asymmetries).

(3) B0 ! V0V0 decays: 12 data points. Potentially: 12
or more data points.

(i) �S � 0: 7 data points (1 branching ratio and 6
upper limits). Potentially: 7 or more data
points (new data points may not be measured).

(ii) j�Sj � 1: 5 data points (2 branching ratio, 2
direct CP asymmetries, 1 upper limit).
Potentially: 5 or more data points (new data
points may not be measured).

(4) Bs ! V0P0 decays: no data points. Potentially: 21
data points (2 branching ratios, 2 mixing-induced
and 2 direct CP asymmetries, 15 upper limits).

(i) �S � 0: no data points. Potentially: 6 data
points (6 upper limits).

(ii) j�Sj � 1: no data points. Potentially: 15 data
points (2 branching ratios, 2 mixing-induced
and 2 direct CP asymmetries, 9 upper limits).

(5) Bs ! P0P0 decays: no data points. Potentially: 19
data points (5 branching ratios, 4 mixing-induced
and 5 direct CP asymmetries, 5 upper limits).

(i) �S � 0: no data points. Potentially: 4 data
points (1 branching ratio, 1 direct CP asym-
metry, 2 upper limits).

(ii) j�Sj � 1: no data points. Potentially: 15 data
points (4 branching ratios, 4 mixing-induced
and 4 direct CP asymmetries, 3 upper limits).

(6) Bs ! V0V0 decays: 1 data point (�� branching
ratio). Potentially: at least 10 data points (1 branch-
ing ratio and 9 upper limits).

(i) �S � 0: no data points. Potentially: 3 data
points (3 upper limits).

(ii) j�Sj � 1: 1 data point (1 branching ratio).
Potentially: 7 data points (1 branching ratio
and 6 upper limits).

Thus, in the near future, when at least upper limits for all
Bs decay modes are established, one would have 50 avail-
able data points in the B0, Bs ! V0P0 subset, 38 data
points in the B0, Bs ! P0P0 subset and 22 data points in
the B0, Bs ! V0V0 subset. When enough new Bs decay
data will get measured we can expect that full 28 parameter
fits will be feasible in both V0P0 and P0P0 subsets. In
principle, one would also be able to do a simultaneous fit to
both subsets with angle � as the only common parameter.

One may try to choose a smaller subsubset of decays that
is fully described by fewer than 28 parameters. As we
mentioned earlier, any of the three (strangeness-changing
B0 / strangeness-conserving Bs) decay subsubsets is de-
scribed by 12 parameters. When Bs data becomes avail-
able, we will have 12 or more data points in both
�B0 ! V0P0; j�Sj � 1�

S
�Bs ! V0P0;�S � 0� decay

subsubset (potentially 23 data points) and �B0 !
P0P0; j�Sj � 1�

S
�Bs ! P0P0;�S � 0� decay subsubset

(potentially 12 data points). Fits to each of these two
subsubsets will provide a simple way to extract �.

One of the two subsubsets, �B0 ! V0P0; j�Sj � 1�
S
�Bs ! V0P0;�S � 0�, already has 15 available data

points in the B0 decay sector and none in the Bs sector.
One might think that a U-spin fit within the B0 sector may
be performed and the CKM angle � be determined. We will
now show why this is not the case.

F. B0 ! V0P0, j�Sj � 1 subsubset.

As we have shown above, there are only three ampli-
tudes that contribute to B0 ! M0M0, j�Sj � 1 decays:
triplet-triplet amplitude As1;1;1, triplet-octet singlet ampli-
tude As1;08

and triplet-SU(3) singlet amplitude As1;01
. Each of
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these amplitudes consists of a tree and a penguin compo-
nent. The final state of a B0 strangeness-changing j�Sj �
1 decay was shown in Eq. (23) to be a j11i U-spin state.

Consider, for instance, B0 ! �0K0. The final state is a
combination of �0 �

��
3
p

2 j00i8 �
1
2 j10i and K0 � j11i. The

first term in �0 gives rise to a As1;08
contribution to the

physical decay amplitude while the second term is respon-
sible for a As1;1;1 contribution. Using the Clebsch-Gordan
coefficients, we determine that A��0K0� � 1

2
��
2
p As1;1;1 �

3
2
��
3
p As1;08

. In the same way one can calculate U-spin decom-

position for all physical decay amplitudes. For simplicity
of the following expressions one can absorb the 1

2
��
6
p factor

into the definition of As1;1;1, the 1
6 factor into the definition of

As1;08
and the 1

3 factor into the definition of As1;01
. Then we

find:
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(31)

The fact that only amplitudes with s superscripts
�As1;08

; As1;1;1; A
s
1;01
� contribute to this subsubset of neutral

decays turns out to be a crucial disadvantage, as we show
below. To perform a fit to the branching ratios and CP
asymmetries for decays (31) one can use two different sets
of 12 parameters. One of them (set A) is the standard set of
6 amplitudes �jAu1;08

j; jAc1;08
j; jAu1;1;1j; jA

c
1;1;1j; jA

u
1;01
j; jAc1;01

j�,
5 relative strong phases and the weak phase �. Another set
of 12 parameters (set B) can be chosen to consist of the
other 6 amplitudes (3 amplitudes with s superscripts and
their CP-conjugates): jAs1;08

j, j �As1;08
j, jAs1;1;1j, j �A

s
1;1;1j,

jBs1;01
j, j �Bs1;01

j and 6 effective phases associated with
them. The important point is that these 12 parameters are
not independent.

In set A any one of the six strong phases can be set to
zero, the other five strong phases are defined with respect
to this phase. Suppose zero strong phase is chosen to be
associated with amplitude Au1;08

. Then Au1;08
� jAu1;08

j and
the amplitudes As1;08

and its CP-conjugate �As1;08
can be

written as

 jAs1;08
je
i�As
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� V
ubVusA

u
1;08
� V
cbVcsA

c
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ubVusjA
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jei� � jA0c1;08

jei�; (32)
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� VubV



usA

u
1;08
� VcbV



csA

c
1;08

� VubV


usjA

u
1;08
j � VcbV



csjA
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where jA0u1;08
j � jV
ubVusjjA

u
1;08
j and jA0c1;08

j �

jV
cbVcsjjA
c
1;08
j. Note that the real parts of the above equa-

tions are equal:

 Re �jAs1;08
je
i�As

1;08 � � jA0u1;08
j cos��� � jA0c1;08

j cos���

� Re�j �As1;08
je
i� �As

1;08 �: (34)

Thus, any of the four parameters that appear in the left-
hand sides of Eqs. (32) and (33) can be written as a function
of the other three. That is, there is one fewer degree of
freedom, and the neutral j�Sj � 1 decay amplitudes con-
tain only 11 unknown parameters.

The fit to neutral j�Sj � 1 may prefer some specific
values of parameters jAs1;08

j, j �As1;08
j, and �As1;08

.

Unfortunately, for any values of these three parameters
there is a continuous set of � values that satisfies
Eqs. (32) and (33). Thus, the fit to neutral B0, j�Sj � 1
branching ratios is not sensitive to the weak phase � at all,
regardless of the number of available data points. Of
course, this conclusion remains valid for the j�Sj � 1
subsubsets of P0P0 and V0V0 decays, too. Only fits to a
full subset (P0P0, V0P0, or V0V0) may be sensitive to the
weak phase �. In the near future only the V0P0 subset is
expected to provide more than 24 data points that are
needed for the full U-spin fit to both �S � 0 and j�Sj �
1 decay modes.

G. �B0 ! V0P0; j�Sj � 1�
S
�Bs ! V0P0;�S � 0�

subsubset

The problem of the �B0 ! V0P0; j�Sj � 1� fit’s insen-
sitivity to � could be fixed, had at least one experimental
measurement of the corresponding �Bs ! V0P0;�S � 0�
branching ratios had been made. At present, none of these
Bs data points are available.

As a test, we used QCD factorization-based predictions
[29] for six �Bs ! V0P0;�S � 0� branching ratios.
Theoretical uncertainties given in that paper are of about
the same size as predicted central values. To simulate
future experimental measurements of these decays these
uncertainties were cut in half. The resulting joint U-spin fit
to both B0 and Bs decay modes becomes sensitive to the
CKM phase � and prefers � � �39�32

�117�
�. This exercise

shows that in principle even decays into two neutral me-
sons may potentially be used in the future for � extraction.
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V. SUMMARY

Thus, with current statistics, the best U-spin fits allow
the determination of � from charmless B decays with a
good accuracy. In particular, neutral B decay data is con-
sistent with � � �80�6

�8�
�, as determined from B0, Bs !

P�P� subset. This value is reasonably consistent with the
current indirect determinations that expect � to lie between
52� and 74� [32,33]. Note that the intrinsic theoretical
uncertainty associated with possible U-spin breaking ef-
fects is expected to be rather small and that U-spin sym-
metry is the only assumption that is made in this approach
[20]. Clearly, as data with higher statistics becomes avail-
able, the statistical uncertainties on � will become even
smaller.

At the moment the difference between the four values of
� extracted from the four B� decay subsets
�P0P�; P0V�; V0P�; V0V�� is not very meaningful due
to large uncertainties (Table I). When all branching ratios
and CP asymmetries in charged B decays are experimen-
tally determined with high accuracy (Tables III, IV, V, and
VI, give the current experimental status) U-spin approach

should enable extraction of � quite precisely from each of
the four subsets of data. The resulting spread in � values
should be small and could perhaps be used to indicate the
systematic errors inherent in the method due to residual U-
spin breaking effects. The crucial advantage of the method
is that the extraction of � is completely model independent
and entirely data driven. Note also that unlike the use of
isospin for �, electroweak penguins are not a problem in
our approach. Penguin contributions are entering in an
important way in this U-spin approach for getting �.
That means that this method is sensitive to new physics
in the loops. In contrast, recall that the standard B! DK
methods [1] involve only tree B decays. Comparison of �
from these two methods is therefore important for uncov-
ering new physics.
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TABLE III. V0P�: Experimental branching ratios of charged B meson decays to V0P�. CP-averaged branching ratios are quoted in
units of 10�6. Numbers in parentheses are upper bounds at 90% c.l. References are given in square brackets. Additional lines, if any,
give the direct CP asymmetries ACP (second line). The error in the average includes the scale factor S when this number is shown in
parentheses.

Mode CLEO BABAR Belle Average

B� ! �K
0K� 0:0�1:3�0:6
�0:0�0:0�<5:3� [27] � � � � � � 0:0�1:4

�0:0�<5:3�
� � � � � � � � � � � �

�0�� 10:4�3:3
�3:4 � 2:1 [27] 8:8� 1:0�0:6

�0:9 [34] 8:0�2:3
�2:0 � 0:7 [35] 8:7� 1:1

� � � �0:07� 0:12�0:03
�0:06 [34] � � � �0:07� 0:13

!�� 11:3�3:3
�2:9 � 1:4 [27] 6:1� 0:7� 0:4 [36] 7:0� 0:6� 0:5 [37] 6:7� 0:6

�0:34� 0:25� 0:02 [38] �0:01� 0:10� 0:01 [36] �0:03� 0:09� 0:02 [37] �0:04� 0:07
��� <5 [39] �0:04� 0:17�0:03

�0:04�<0:24� [28] � � � �0:04� 0:17�<0:24�
� � � � � � � � � � � �

B� ! K
0�� 7:6�3:5
�3:0 � 1:6�<16� [27] 13:5� 1:2� 0:7�0:4

�0:6 [40] 9:7� 0:6�0:8
�0:9 [41] 10:7� 1:3�S � 1:60�

� � � 0:068� 0:078� 0:057�0:040
�0:035 [40] �0:149� 0:064� 0:031 [41] �0:08� 0:10�S � 1:74�

�0K� 8:4�4:0
�3:4 � 1:8�<17� [27] 5:1� 0:8� 0:4�0:2

�0:7 [40] 3:89� 0:47�0:43
�0:41 [41] 4:3� 0:5

� � � 0:32� 0:13� 0:06�0:08
�0:05 [40] 0:30� 0:11�0:11

�0:05 [41] 0:31� 0:10
!K� 3:2�2:4

�1:9 � 0:8�<7:9� [27] 6:1� 0:6� 0:4 [36] 8:1� 0:6� 0:5 [37] 6:9� 0:9�S � 1:69�
� � � 0:05� 0:09� 0:01 [36] 0:05� 0:08� 0:01 [37] 0:05� 0:06

�K� 5:5�2:1
�1:8 � 0:6 [42] 8:45� 0:65� 0:67 [43] 9:60� 0:92� 0:71�0:78

�0:46 [44] 8:3� 0:6a

� � � 0:046� 0:046� 0:017 [45] 0:01� 0:12� 0:05 [46] 0:03� 0:04b

aIncludes the CDF measurement of B�B� ! �K�� � 7:6� 1:3� 0:6 [47].
bIncludes the CDF measurement of ACP�B� ! �K�� � �0:07� 0:17�0:03

�0:02 [47].

DETERMINATION OF � FROM CHARMLESS . . . PHYSICAL REVIEW D 75, 054006 (2007)

054006-13



TABLE V. V0V�: Same as Table III for the B� ! V0V� decays.

Mode CLEO BABAR Belle Average

B� ! �K
0K
� <71 [59,60] � � � � � � <71
� � � � � � � � � � � �

�0�� � � � 16:8� 2:2� 2:3 [61] 31:7� 7:1�3:8
�6:7 [62] 18:2� 4:4�S � 1:45�

� � � �0:12� 0:13� 0:10 [61] 0:00� 0:22� 0:03 [62] �0:08� 0:13
!�� <61 [39] 10:6� 2:1�1:6

�1:0 [63] � � � 10:6� 2:5
� � � 0:04� 0:18� 0:02 [63] � � � 0:04� 0:18

��� <16 [39] � � � � � � <16
� � � � � � � � � � � �

B� ! K
0�� � � � 9:6� 1:7� 1:5 [64] 8:9� 1:7� 1:2 [65] 9:2� 1:5
� � � �0:01� 0:16� 0:02 [64] � � � �0:01� 0:16

�0K
� <74 [59,60] 3:6� 1:7� 0:8�<6:1� [64] � � � 3:6� 1:9�<6:1�
� � � 0:20�0:32

�0:29 � 0:04 [66] � � � 0:20� 0:31
!K
� <87 [39] 0:6�1:4�1:1

�1:2�0:9�<3:4� [63] � � � 0:6� 1:6�<3:4�
� � � � � � � � � � � �

�K
� 10:6�6:4�1:8
�4:9�1:6 [42] 12:7�2:2

�2:0 � 1:1 [66] 6:7�2:1�0:7
�1:9�1:0 [46] 9:7� 2:1�S � 1:34�

� � � 0:16� 0:17� 0:03 [66] �0:02� 0:14� 0:03 [67] 0:05� 0:11

TABLE IV. P0P�: Same as Table III for the B� ! P0P� decays.

Mode CLEO BABAR Belle Average

B� ! �K0K� <3:3 [48] 1:6� 0:4� 0:1 [49] 1:22�0:33�0:13
�0:28�0:16 [50] 1:4� 0:3

� � � 0:10� 0:26� 0:03 [49] 0:13�0:23
�0:24 � 0:02 [50] 0:12� 0:18

�0�� 4:6�1:8�0:6
�1:6�0:7 [48] 5:1� 0:5� 0:3 [51] 6:6� 0:4�0:4

�0:5 [52] 5:8� 0:6�S � 1:39�
� � � �0:02� 0:09� 0:01 [51] 0:07� 0:06� 0:01 [52] 0:04� 0:05

��� 1:2�2:8
�1:2�<5:7� [53] 5:1� 0:6� 0:3 [54] 4:2� 0:4� 0:2 [55] 4:4� 0:4�S � 1:13�
� � � �0:13� 0:12� 0:01 [54] �0:23� 0:09� 0:02 [55] �0:19� 0:07

�0�� 1:0�5:8
�1:0�<12� [53] 4:0� 0:8� 0:4 [54] 1:8�0:7

�0:6 � 0:1 [56] 2:6� 0:8�S � 1:42�
� � � 0:14� 0:16� 0:01 [54] 0:20�0:37

�0:36 � 0:04 [56] 0:15� 0:15

B� ! K0�� 18:8�3:7�2:1
�3:3�1:8 [48] 23:9� 1:1� 1:0 [49] 22:9�0:8

�0:7 � 1:3 [50] 23:1� 1:0
0:18� 0:24� 0:02 [38] �0:03� 0:04� 0:01 [49] 0:03� 0:03� 0:01 [50] 0:01� 0:02

�0K� 12:9�2:4�1:2
�2:2�1:1 [48] 13:3� 0:6� 0:6 [51] 12:4� 0:5�0:7

�0:6 [52] 12:8� 0:6
�0:29� 0:23� 0:02 [38] 0:02� 0:04� 0:01 [51] 0:07� 0:03� 0:01 [52] 0:05� 0:02

�K� 2:2�2:8
�2:2�<6:9� [53] 3:3� 0:6� 0:3 [54] 1:9� 0:3�0:2

�0:1 [55] 2:2� 0:4�S � 1:30�
� � � �0:20� 0:15� 0:01 [54] �0:39� 0:16�0:03 [55] �0:29� 0:11

�0K� 80�10
�9 � 7 [53] 68:9� 2:0� 3:2 [57] 69:2� 2:2� 3:7 [58] 69:7� 2:8

0:03� 0:12� 0:02 [38] 0:033� 0:028� 0:005 [57] 0:028� 0:028� 0:021 [58] 0:03� 0:02

TABLE VI. P0V�: Same as Table III for the B� ! P0V� decays.

Mode CLEO BABAR Belle Avg.

B� ! �K0K
� � � � � � � � � � � � �

� � � � � � � � � � � �

�0�� <43 [27] 10:0� 1:4� 0:9 [68] 13:2� 2:3�1:4
�1:9 [69] 10:8� 1:5

� � � �0:01� 0:13� 0:02 [68] 0:06� 0:19�0:04
�0:06 [69] 0:01� 0:11

��� 4:8�5:2
�3:8�<15� [53] 8:4� 1:9� 1:1 [54] 4:1�1:4

�1:3 � 0:3 [70] 5:3� 1:3�S � 1:17�
� � � 0:02� 0:18� 0:02 [54] �0:04�0:34

�0:32 � 0:01 [70] 0:01� 0:16
�0�� 11:2�11:9

�7:0 �<33� [53] 8:7�3:1�2:3
�2:8�1:3�<22� [71] � � � 9:1� 3:2�<22�

� � � �0:04� 0:28� 0:02 [71] � � � �0:04� 0:28

B� ! K0�� <48 [72] � � � � � � <48
� � � � � � � � � � � �

�0K
� 7:1�11:4
�7:1 � 1:0�<31� [27] 6:9� 2:0� 1:3 [73] � � � 6:9� 2:3

� � � 0:04� 0:29� 0:05 [73] � � � 0:04� 0:29
�K
� 26:4�9:6

�8:2 � 3:3 [53] 18:9� 1:8� 1:3 [74] 19:7�2:0
�1:9 � 1:4 [70] 19:5� 1:6

� � � 0:01� 0:08� 0:02 [74] 0:03� 0:10� 0:01 [70] 0:02� 0:06
�0K
� 11:1�12:7

�8:0 �<35� [53] 4:9�1:9
�1:7 � 0:8 [71] <90 [75] 5:2� 1:9

� � � 0:30�0:33
�0:37 � 0:02 [71] � � � 0:30� 0:35
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