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B! �K� ( �b! �s) is three separate decays, one for each polarization of the final-state vector mesons
(one longitudinal, two transverse). It is observed that the fraction of transverse decays, fT , and the fraction
of longitudinal decays, fL, are roughly equal: fT=fL ’ 1, in opposition to the naive expectation that fT �
fL. If one requires a single explanation of all polarization puzzles, two possibilities remain within the
standard model: penguin annihilation and rescattering. In this paper we examine the predictions of these
two explanations for fT=fL in �b! �d decays. In B! �� decays, only B0

d ! �0�0 can possibly exhibit a
large fT=fL. In B decays related by U-spin, we find two promising possibilities: (i) B� ! K�0�� ( �b! �s)
and B� ! �K�0K�� ( �b! �d) and (ii) Bs ! K�0 �K�0 ( �b! �s) and B0

d !
�K�0K�0 ( �b! �d). The measurement

of fT=fL in these pairs of decays will allow us to test penguin annihilation and rescattering. Finally, it is
possible to distinguish penguin annihilation from rescattering by performing a time-dependent angular
analysis of B0

d !
�K�0K�0.
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I. INTRODUCTION

The B factories BABAR and Belle, along with Tevatron
experiments, have been operating for several years now,
making many measurements of various B decays. As al-
ways, the hope is to find results which are in contradiction
with the expectations of the standard model (SM) and
which therefore show evidence for the presence of physics
beyond the SM. To date, there have been several hints of
such new physics in �b! �s transitions, though none has
been statistically significant.

One intriguing puzzle was first seen in B! �K� decays
[1]. In this decay the final-state particles are vector mesons.
Thus, when the spin of the vector mesons is taken into
account, this decay is in fact three separate decays, one for
each polarization (one longitudinal, two transverse).
Naively, the transverse amplitudes are suppressed by a
factor of size mV=mB (V is one of the vector mesons)
with respect to the longitudinal amplitude. As such, one
expects the fraction of transverse decays, fT , to be much
less than the fraction of longitudinal decays, fL. However,
it is observed that these two fractions are roughly equal:
fT=fL�B! �K�� ’ 1 (see Table I).

Within the SM, there are three potential explanations of
the observed fT=fL ratio, described in more detail in
Sec. II: penguin annihilation [11], rescattering [12,13],
and enhanced penguin contributions due to the dipole
operator [14,15]. Assuming only one of these explanations
is valid, enhanced dipole-operator contributions are ruled
out by the observed large fT=fL in B� ! ��K�0 (see

Table I). However, the other two are in agreement with
all observed data. In this paper, we explore ways of testing
these explanations.

These two explanations account for a large fT=fL in
�b! �s decays. However, the key point is that a large fT=fL
is also predicted in certain �b! �d decays [16]. We examine
these predictions. The measurement of fT=fL in these �b!
�d decays will allow us to test penguin annihilation and
rescattering as the explanations of the observed fT=fL ratio
in B! �K� decays, or maybe even rule them out.

In Sec. II, we describe in more detail the SM explan-
ations of the observed fT=fL ratio, along with constraints
from present data. Section III contains the predictions for
fT=fL in B! �� decays. Only B0

d ! �0�0 is expected to
possibly exhibit a large fT=fL. In Sec. IV, we examine
fT=fL for various B decays related by U-spin. Section V
contains a method for distinguishing penguin annihilation
from rescattering. We conclude in Sec. VI.

II. EXPLANATIONS OF fT=fL IN B! �K�

We focus here on B! V1V2 decays (Vi is a vector
meson). This is really three decays, one for each polariza-
tion of the final state. Here it is useful to use the linear
polarization basis, where one decomposes the decay am-
plitude into components in which the polarizations of the
final-state vector mesons ("�i ) are either longitudinal (A0),
or transverse to their directions of motion and parallel (Ak)
or perpendicular (A?) to one another. The amplitude for
this decay is given by [17,18]
 

M � A0"�L1 � "
�L
2 �

1���
2
p Ak ~"�T1 � ~"

�T
2

�
i���
2
p A? ~"�T1 	 ~"�T2 � p̂; (1)
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where p̂ is the unit vector along the direction of motion of
V2 in the rest frame of V1, "�Li � ~"�i � p̂, and ~"�Ti � ~"�i �
"�Li p̂. In this paper we will often use the basis A
 for the
transverse polarizations, where A
 � �Ak 
 A?�=

���
2
p

.
Note that, due to the factor of ‘i’ in the amplitude above,
A� and A� change roles in the CP-conjugate decay �B!
�V1

�V2: A� ! �A� and A� ! �A�.
The fraction of various types of decay is given by

 fL �
jA0j

2

jA0j
2 � jA�j2 � jA�j2

;

fT �
jA�j2 � jA�j2

jA0j
2 � jA�j2 � jA�j2

;

(2)

where fT � �1� fL�,

 f? �
jA?j2

jA0j
2 � jA�j2 � jA�j2

;

fk �
jAkj2

jA0j
2 � jA�j

2 � jA�j
2 ;

(3)

where fk � �1� fL � f?�, and the relative phases are

 �? � arg�A?=A0�; �k � arg�Ak=A0�: (4)

We note that when �? � �k and f? � fk, we have A� �
0, which is close to experimental observation for B! �K�

in Table I.
In the introduction we noted that there are three SM

explanations of the observed fT=fL in B! �K� decays.
We discuss them in more detail here.

We begin with penguin annihilation [11], as shown in
Fig. 1. B! �K� receives penguin contributions,
�bOs �qOq, where q � u; d (O are Lorentz structures, and
color indices are suppressed). Applying a Fierz transfor-
mation, these operators can be written as �bO0q �qO0s. A
gluon can now be emitted from one of the quarks in the
operators which can then produce a pair of s, �s quarks.

These then combine with the �s, q quarks to form the final
states �K���q � u� or �K�0�q � d�.

Normally all annihilation contributions are expected to
be small as they are higher order in the 1=mb expansion,
and thus ignored. However, within QCD factorization
(QCDf) [19], it is plausible that the coefficients of these
terms are large [11]. In QCDf penguin annihilation is not
calculable because of divergences which are parametrized
in terms of unknown quantities. One may choose these
parameters to fit the polarization data in B! �K� decays.
(Within perturbative QCD [20], the penguin annihilation is
calculable and can be large, though it is not large enough to
explain the polarization data in B! �K� [21].) Note that
the penguin annihilation term arises only from penguin
operators with an internal t quark.

We now turn to rescattering [12,13], shown in Fig. 2. It
has been suggested that rescattering effects involving
charm intermediate states, generated by the operator
�bO0c �cO0s, can produce large transverse polarization in
B! �K�. A particular realization of this scenario is the
following [12]. Consider the decay B� ! D��s �D�0 gener-
ated by the operator �bO0c �cO0s. Since the final-state vector
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FIG. 1 (color online). The penguin annihilation diagrams.

TABLE I. Measurements of the branching fraction B, longitudinal polarization fraction fL,
fraction of parity-odd transverse amplitude f?, and phases of the two transverse amplitudes �k
and �? (rad) with respect to the longitudinal amplitude, for B! �K�, �K�, and !K�, expected
to proceed through a �b! �s transition [2,3]. Numbers in parentheses indicate observables
measured with less than 4� significance. We quote the solution of �k and �? according to
the phase ambiguity resolved by BABAR [4,5]. For a complete list of up to 12 parameters
measured, including CP-violating observables, see references quoted.

Mode B�10�6� fL f? �k � � �? � �

�K�0 [4,6,7] 9:5
 0:9 0:49
 0:04 0:27�0:04
�0:03 �0:73�0:18

�0:16 �0:62
 0:17
�K�� [1,5,6] 10:0
 1:1 0:50
 0:05 0:20
 0:05 �0:80
 0:17 �0:56
 0:17
��K�0 [8,9] 9:2
 1:5 0:48
 0:08 — — —
�0K�0 [9] 5:6
 1:6 0:57
 0:12 — — —
��K�� [9] <12:0 — — — —
�0K�� [9] (3:6�1:9

�1:8) �0:9
 0:2� — — —
!K�0 [10] (2:4
 1:3) �0:71�0:27

�0:24� — — —
!K�� [10] <3:4 — — — —
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mesons are heavy, the transverse polarization can be large.
The state D��s �D�0 can now rescatter to �K��. If the
transverse polarization T is not reduced in the scattering
process, this will lead to B� ! �K�� with large fT=fL. (A
similar rescattering effect can take place for B0

d ! �K�0.)
In principle, rescattering can also take place if u �u quark

pairs are involved. However, this does not contribute sig-
nificantly to T. One way to see this is to realize that most
intermediate states are light, so that the transverse polar-
ization is small. Thus, one cannot obtain a large fT=fL in
this case.

Finally, we examine electroweak-penguin (EWP) con-
tributions to B! �K�. The standard EWP diagrams con-
tribute mainly to fL. However, in Ref. [14], it was pointed
out that electromagnetic effects involving a photon that
subsequently converts to a vector meson can generate an
unsuppressed transverse amplitude. (Enhanced chromo-
magnetic dipole operators are discussed in Ref. [15],
with similar results to Ref. [14].) With this new EWP
mechanism, the observed value of fT=fL in B! �K�

may be explained, but it requires that this dipole EWP
contribution which enhances one of the transverse ampli-
tudes by �emmb=�QCD be sufficiently strong [14]. Note
that this electromagnetic contribution, and hence a large
value of fT=fL, should be observed in any decay where the
photon can convert into a neutral vector meson. However, a
large fT=fL is observed in B� ! ��K�0 decays (see
Table I), but no EWP can contribute here. Thus, the new
enhanced EWP’s cannot be the sole explanation of a large
fT=fL. On the other hand, in this paper we assume that
there is a single explanation for the large fT=fL’s, and so
enhanced EWP contributions of the nature discussed above
are ruled out.

There are therefore only two proposed SM explanations
of the observed fT=fL in B! �K� decays: penguin anni-
hilation and rescattering. At this point, it is useful to make a
general comment about the two explanations. Penguin
annihilation holds within a specific calculation framework
(QCDf). However, rescattering is just a scenario—there is
not even a concrete model. One can come up with a
particular model to implement rescattering [12], but if it
fails, it does not rule out the idea—one can simply invent
other models.

The naive expectation of small fT=fL can be extended to
the hierarchy jA0j

2 � jA�j2 � jA�j2. While both penguin

annihilation and rescattering ideas were proposed to ex-
plain the violation of jA0j

2 � jA
j
2, the inequality

jA�j2 � jA�j2 may also be used to test the models. As
we noted earlier, the experimental observation of Table I is
indeed consistent with jA�j2 � jA�j2. Simple models of
rescattering [12] violate this inequality, which is not sup-
ported by experimental data. While this does not rule out
the rescattering idea, this makes it a less likely explanation.
On the other hand, the penguin annihilation idea is con-
sistent with jA�j2 � jA�j2.

Although the physical origin of penguin annihilation and
rescattering is different, the two explanations have simi-
larities of calculation. In order to see this, consider the
penguin contribution P q for the decay �b! �qq0 �q0 (q �
d; s, q0 � u; d; s):

 P q � V�ubVuqPu � V
�
cbVcqPc � V

�
tbVtqPt

� V�cbVcq�Pc � Pu� � V
�
tbVtq�Pt � Pu�; (5)

where the unitarity of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix has been used in the second line. In the
rescattering solution the dominant contribution to the
transverse amplitudes come from Pc, while the contribu-
tions from Pu;t are small. In the penguin annihilation
solution the dominant contributions to the transverse am-
plitudes come from Pt through the penguin annihilation
diagram, and the contributions from Pu;c are small. Thus,
in either case, the effect of the dominant contribution to the
transverse amplitudes is simply the addition of one ampli-
tude. Below we follow this prescription: we take into
account the additional SM effects by adding a single
amplitude to represent the dominant contribution to the
transverse amplitudes.

III. B! �� DECAYS

Both penguin annihilation and rescattering explain the
fT=fL ratio in the �b! �s decay B! �K� by modifying
the penguin amplitude. A similar modification must appear
in some �b! �d decays. In this section we examine the
predictions of these explanations for fT=fL in B! ��
decays. Experimental measurements in B! �� along
with related B! �!, !!, and K� �K� decays are shown
in Table II. However, due to additional uncertainties, we do
not consider modes with ! further in this paper. We will
discuss K� �K� decays in the next section.

Within the diagrammatic approach [26], the three B!
�� amplitudes are given mainly by three diagrams: the
color-favored and color-suppressed tree amplitudes Tr and
C, and the gluonic penguin amplitude P,

 �
���
2
p
A�B� ! ���0� � Tr� C;

� A�B0
d ! ����� � Tr� P;

�
���
2
p
A�B0

d ! �0�0� � C� P:

(6)

Since a modification of P is involved, one sees immedi-

b u

W −

cb

W − s

c
_

X= D* D*, D*D* K...c s

_
q

_
b u

W − s

u
_

X= ρ K,* ρ ρ K *...u

Xu

q
_

B
_

B

φ

K*

φ

K*

cX

FIG. 2 (color online). The rescattering diagrams.
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ately that fT=fL in B� ! ���0 will not be affected. This
agrees with observation (see Table II).

As detailed in the previous section, the extra SM con-
tribution is taken into effect with the addition of a single
amplitude, R:

 � A�B0
d ! ����� � Tr� P� R;

�
���
2
p
A�B0

d ! �0�0� � C� P� R:
(7)

Tr, C, and P contribute mainly to the L polarization; the
contributions to T arise at O�1=mb�. In Ref. [14], it was
pointed out that C might contribute significantly to the
transverse amplitude through the hard-spectator scattering
for a certain choice of the parameters representing this
contribution. If one uses the default values of these pa-
rameters in Ref. [14], C still contributes dominantly to the
L polarization and so only R contributes to T. (The case
where C also contributes to T is considered below.) It is
understood that any contributions to T can be different for
T � �;�, so that there are two new contributions, R� and
R�. (As noted earlier, in B! �K�, A� � A�. If this were
taken for B! ��, we would have R� � R, R� ’ 0.)

In order to estimate fT=fL for these decays, it is neces-
sary to estimate the size of R
. As discussed earlier,
rescattering affects Pc, the c-quark contribution to the

penguin amplitude. Thus, jR
j 
 jPj. (A similar conclu-
sion holds for �b! �s decays.) The measured value of
fT=fL in B! �K� and B! �K� is explained if jR0j 

jP0j.) For penguin annihilation, the estimate is similar:
jR
j 
 jPj. Now, in Ref. [26], the relative sizes of the B!
�� diagrams were roughly estimated as

 1: jTrj; O� ���: jCj; jPj; (8)

where ��
 0:2. These estimates are expected to hold ap-
proximately in the SM. This shows that fT=fL is expected
to be small in B0

d ! ����, since it is proportional to
�jR�j

2 � jR�j
2�=jTrj2 
 jPj2=jTrj2. This agrees with ob-

servation (see Table II).
However, fT=fL can be large in B0

d ! �0�0 since the
contributions to the transverse and longitudinal polariza-
tions are the same size. (However, see the estimate below.)
It will be interesting to measure this precisely.

There are further tests. Since there is only one added
amplitude, one has jA��B

0
d ! �0�0�j � j �A�� �B0

d !
�0�0�j, and similarly for A� and �A�. If this is not found,
penguin annihilation and rescattering will be ruled out.

We see that one can extract jR�j from jA��B0
d !

�0�0�j. As noted above, there are a variety of ways of
obtaining jR0�j from �b! �s decays. One can then see if
jR�j and jR0�j are related by flavor SU(3), thus testing
penguin annihilation and rescattering. A similar exercise
can be carried out for jR�j and jR0�j. Note that the effect of
SU(3) breaking must be included in the calculation. While
we do not know its size, it should not be very large. A
simple estimate of SU(3) breaking based on naive factori-
zation confirms this as all the vector mesons (�, K�, etc.)
have masses and decay constants which are not very
different.

In order to illustrate this, we use SU(3) to estimate
fT=fL in B0

d ! �0�0 from B� ! ��K�0 decays. The
transverse polarizations in these two modes are given by

R and R0, respectively, where R �
������������������������������
jR�j2 � jR�j2

p
, and

similarly for R0. R and R0 are related by SU(3): with
penguin annihilation, R � BjVtd=VtsjR

0, where B is the
measure of SU(3) breaking (with rescattering, the CKM
ratio is jVcd=Vcsj, which is of the same order as jVtd=Vtsj).
In what follows, we neglect SU(3) breaking, so B � 1.
Now,

 

fT=fL�B
0
d ! �0�0� � jAT�B

0
d ! �0�0�j2=jAL�B

0
d ! �0�0�j2

� jVtd=Vtsj2jAT�B� ! ��K�0�j2=jAL�B0
d ! �0�0�j2: (9)

Using experimental data, we find
 

jAT�B� ! ��K�0�j2 � �5:10
 1:14� 	 10�16 GeV2;

jAL�B
0
d! �0�0�j2 � �2:10
 0:81� 	 10�16 GeV2; (10)

leading to

 fT=fL�B
0
d ! �0�0� � jVtd=Vtsj

2�2:43
 1:08�: (11)

There are two points to be made here. The first is that this
agrees with data taken directly from B0

d ! �0�0 (see
Table II):

TABLE II. Measurements of the branching fraction B and
longitudinal polarization fraction fL for B� and B0

d meson
decays expected to proceed through the �b! �d transition [2,3].
Numbers in parentheses indicate observables measured with less
than 4� significance. The last three columns show the naive
amplitude decomposition in terms of color-favored and color-
suppressed tree amplitudes Tr and C and the gluonic penguin
amplitude P.

Mode B�10�6� fL Tr C P

�0�� [22] 18:2
 3:0 0:912�0:044
�0:045�1=

���
2
p
�1=

���
2
p

0
���� [23] 24:2�3:0

�3:2 0:976�0:028
�0:024 �1 0 �1

�0�0 [24] �1:07
 0:38� �0:86�0:12
�0:14� 0 �1=

���
2
p

1=
���
2
p

!�� [10] 10:6�2:6
�2:3 0:88
 0:11 1=

���
2
p

1=
���
2
p ���

2
p

!�0 [10] <1:5 — 0 0 1
!! [10] <4:0 — 0 1=

���
2
p

1=
���
2
p

K�0 �K�0 [25] <22 — 0 0 1
K�� �K�0 [25] <71 — 0 0 1
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 fT=fL�B
0
d ! �0�0� � �1� fL�=fL � 0:16
 0:15: (12)

Because of the large errors, the agreement is good, showing
that there is no violation of SU(3). Equally, the measure-
ment does not give a definite answer as to whether fT=fL is
large or small. The second point is related to this: if central
values are taken, fT=fL is not large after all. This shows
that fT=fL is not guaranteed to be large in B0

d ! �0�0. The
reason for this is that, due to the additional amplitude C, fL
can be big, making fT=fL small. If one wishes to ensure a
large fT=fL, it is better to use �b! �d modes which are
dominated by one amplitude in the SM: P. This point will
be used in the next section.

Finally, there is one more possible complication.
Naively, the contribution from the diagram C to the trans-
verse polarization is suppressed by O�1=mb�. However, as
already indicated earlier, in QCDf spectator corrections
from the C diagram, which we denote as CT , may contrib-
ute significantly to the transverse polarization [14]. If this
is the case, there will be two contributions to the transverse
polarization: Ri and CiT , i � �;�, with relative weak and
strong phases. Assuming that the weak phase is taken from
independent measurements, this leaves three parameters
for a given transverse polarization, say T � �. One thus
needs three pieces of information in B0

d ! �0�0 to obtain
these parameters.

Unfortunately, at the present, this is not possible. This
can be understood as follows. As above, jA��B0

d ! �0�0�j
and j �A�� �B0

d ! �0�0�j provide two measurements. The
third piece of information would be to find the relative
phase of these two amplitudes. Now, the angular analysis
of B! V1V2 decays allows one to extract Im�A?A

�
0�,

Im�A?A
�
k
�, and Re�A0A

�
k
� [27]. This gives the relative

phases of the A amplitudes. A similar exercise can be
carried out for �B! �V1

�V2, giving the relative phases of
the �A amplitudes. Note that this does not give the relative
phases of the A and �A amplitudes. However, for �b! �s
decays, A0 � �A0. Thus, the angular analysis of both B0

d !
�K� and �B0

d ! � �K� does allow one to obtain the relative
strong phases of all amplitudes. (This has been carried out,
and is how �? and �k of Table I were obtained in B!
�K�.) But the same technique cannot be used for �b! �d
decays, whose longitudinal polarization involves two am-
plitudes [Eq. (5)]. In order to obtain the relative strong
phases of A and �A amplitudes in �b! �d decays, it will be
necessary to perform a time-dependent angular analysis
(this is described in detail in Sec. V). This is possible, but it
is a future measurement.

We therefore conclude that it is extremely difficult to
perform the tests of penguin annihilation and rescattering
described above if CiT contributions are present. The lesson
here is that it is best to consider �b! �d decays for which
fT=fL is expected to be large and which receive only one
dominant contribution to the transverse polarization. We
will return to this point in the next section.

IV. U-SPIN PAIRS

In the past sections, we have stressed the idea of mea-
suring fT=fL in �b! �d decays. But this raises the question:
how does one choose the �b! �d decay to study? One tool
which is very useful in this regard is U-spin. U-spin is the
symmetry that places d and s quarks on an equal footing,
and is often given as transposing d and s quarks: d$ s.
Pairs of B decays which are related by U-spin are given in
Ref. [28]. In B! VV form, these are

(1) B0
d ! K���� and Bs ! ��K��,

(2) Bs ! K��K�� and B0
d ! ����,

(3) B0
d ! K�0�0 and Bs ! �K�0�0,

(4) B� ! K�0�� and B� ! �K�0K��,
(5) Bs ! K�0 �K�0 and B0

d !
�K�0K�0.

In all cases, the first decay is �S � 1 ( �b! �s); the second is
�S � 0 ( �b! �d). Annihilation-type decays have been
ignored. The procedure here is straightforward: one must
measure the polarizations in the �b! �s decay, and compare
them with the measurements in the corresponding �b! �d
decay.

As noted previously, the best �b! �d decays are those for
which fT=fL is expected to be large and which receive
only one dominant contribution to the transverse polariza-
tion. Keeping only the largest contributions, the SM am-
plitudes for the �S � 0 decays are

(1) A�Bs ! ��K��� � ��Tr� P�,
(2) A�B0

d ! ����� � ��Tr� P�,
(3)

���
2
p
A�Bs ! �K�0�0� � ��C� P�,

(4) A�B� ! �K�0K��� � P,
(5) A�B0

d !
�K�0K�0� � P.

The (potential) significant contributions to the transverse
polarization � are

(1) Bs ! ��K��:Tr�T ; R�,
(2) B0

d ! ����:Tr�T ; R�,
(3) Bs ! �K�0�0:C�T ; R�,
(4) B� ! �K�0K��:R�,
(5) B0

d !
�K�0K�0:R�,

and similarly for T � �.
The first two decays are dominated by the tree diagram

and are therefore expected to show small transverse polar-
ization. This is reflected in the polarization measurement
of B0

d ! ���� (Table II). The remaining three decays can
have a large fT=fL.

In the past section, we have argued that it is best to
consider �b! �d decays which receive only one dominant
contribution to the transverse polarization, i.e. they are
dominated by P in the SM. Given this, the best possibilities
are the last two. We therefore consider (i) B� ! K�0��

( �b! �s) and B� ! �K�0K�� ( �b! �d) and (ii) Bs ! K�0 �K�0

( �b! �s) and B0
d !

�K�0K�0 ( �b! �d). We urge the measure-
ment of fT=fL in these pairs of decays.

The explanations of fT=fL in B! �K� then make three
predictions:

(i) fT=fL is expected to be large in both the �b! �s
decay and the corresponding �b! �d decay.
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(ii) jA�j and j �A�j are expected to be equal in both the B
and �B decays, and similarly for A� and �A�.

(iii) R0i and Ri (i � �;�) can be extracted from the �b!
�s and �b! �d decays, respectively. These should be
related by flavor SU(3) (including SU(3) breaking).

If any of these predictions fail, penguin annihilation and
rescattering are ruled out in the U-spin limit or for small U-
spin breaking.

The ratio of fT=fL in these pairs of decays measures
SU(3) breaking. For a given transverse polarization,

 �fT=fL� �b! �d=�fT=fL� �b!�s � �jRij
2=jR0ij

2�=�jPLj2=jP0Lj
2�;

(13)

where PL and P0L are the longitudinal parts of the penguin
diagram in �b! �d and �b! �s transitions. Although one
cannot prove it rigorously, it is likely that the SU(3) break-
ing in �jRij=jR0ij� is of the same size as that in �jPLj=jP0Lj�,
so that the net SU(3) breaking in this ratio is small. If one
ignores SU(3) breaking for this reason, another prediction
which can be used to test penguin annihilation and rescat-
tering is that

 �fT=fL� �b! �d � �fT=fL� �b!�s: (14)

The breaking of SU(3) in the above equation is model
dependent and, as indicated above, we expect to find small
SU(3) breaking in Eq. (14) in models of penguin annihila-
tion or rescattering. If it is found experimentally that the
above relation is broken badly, then these models will have
to invent a mechanism to generate large SU(3)-breaking
effects or they will be ruled out. In other words, Eq. (14)
can be used to constrain specific models of penguin anni-
hilation and rescattering.

V. DISTINGUISHING PENGUIN ANNIHILATION
AND RESCATTERING

Up to now, we have not distinguished penguin annihila-
tion and rescattering, arguing that their effects are very
similar. However, is it possible to differentiate these two
scenarios? As we will see in the present section, the answer
is yes.

As noted above, rescattering involves only a change to
Pc, while penguin annihilation involves only Pt. However,
the weak phase of these pieces is different:
��rescattering� 
 0, ��penguin annihilation� 
 ��. If
this weak phase can be measured, one can distinguish
penguin annihilation and rescattering.

This can be done as follows. Consider a penguin-
dominated �b! �d decay in which the transverse polariza-
tion is observed to be large. Within the SM, this would be
the result of a single dominant contribution originating
from large rescattering or penguin annihilation. If the
transverse amplitude in the penguin-dominated �b! �d de-
cay is small then either rescattering or penguin annihilation
is ruled out, or there is large SU(3) breaking in Eq. (14).
Regardless, for small measured transverse polarization, we

cannot assume the transverse amplitude to be dominated
by a single contribution and so henceforth we will assume
that a large transverse amplitude is observed in the
penguin-dominated �b! �d decay. The transverse ampli-
tude is then dominated by a single amplitude and we can
parametrize this contribution as Rei�ei�, where � and �
are the weak and strong phases, respectively. The
transverse-polarization contribution to the CP-conjugate
decay is then Re�i�ei�. Thus, the ratio of the transverse-
polarization amplitude in the �b! �d and CP-conjugate
decays is e�2i�. In other words, this ratio measures the
weak phase and allows us to distinguish penguin annihila-
tion and rescattering.

In order to obtain this information, one needs to measure
the relative phase of AT� �b! �d decay� and �AT�b!
d decay�. As discussed earlier, this can be obtained by
performing a time-dependent angular analysis of the �b!
�d decay. We give details of the procedure below.

Using CPT invariance, the full decay amplitudes for
B! V1V2 can be written as [29,30]

 A � Amp�B! V1V2� � A0g0 � Akgk � iA?g?;

�A � Amp� �B! V1V2� � �A0g0 � �Akgk � i �A?g?;
(15)

where the g� are the coefficients of the helicity amplitudes
written in the linear polarization basis. The g� depend only
on the angles describing the kinematics [29].

Using the above equations, we can write the time-
dependent decay rates as
 

��B
���

�t� ! V1V2� � e��t
X

���

���� 
 ��� cos��Mt�

� ��� sin��Mt��g�g�: (16)

Thus, by performing a time-dependent angular analysis of
the decay B�t� ! V1V2, one can measure 18 observables
(not all are independent). These are:

 ��� �
1
2�jA�j

2 � j �A�j
2�;

��� �
1
2�jA�j

2 � j �A�j2�;

�?i � �Im�A?A�i � �A? �A�i �;

�k0 � Re�AkA
�
0 �

�Ak �A�0�;

�?i � �Im�A?A�i � �A? �A�i �;

�k0 � Re�AkA
�
0 �

�Ak �A�0�;

�?i � Re�e�i�
q
M �A�? �Ai � A�i �A?��;

�?? � Im�e�i�
q
MA�? �A?�;

�k0 � �Im�e�i�
q
M �A�

k
�A0 � A�0 �Ak��;

�ii � �Im�e�i�
q
MA�i �Ai�;

(17)

where i � f0; kg and �q
M is the weak phase factor associ-

ated with B0
q- �B0

q mixing. Note that the signs of the various
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��� terms depend on the CP-parity of the various helicity
states. We have chosen the sign of �ii to be �1, which
corresponds to the final state �K�. The quantities �a;a,
where a �k;? , are sensitive to the weak phase between
AT and �AT . Hence, for the case of penguin annihilation, the
quantities �a;a=�a;a are zero, while for rescattering these
quantities are nonzero and equal 
 sin2�. (Note that since
AT is dominated by a single amplitude, we have jAaj �
j �Aaj.)

Which �b! �d decay should be used? It is necessary to
consider one which receives only one dominant contribu-
tion to the transverse polarization and for which a time-
dependent angular analysis can be done. Of the decays
studied in the previous sections, there is only one which
satisfies these requirements: B0

d !
�K�0K�0. Thus, the mea-

surement of the time-dependent angular analysis here
would allow one to distinguish penguin annihilation and
rescattering, and we urge experimentalists to look at this.
This time-dependent angular analysis can be performed
with the all-charged-track final state B0

d !
�K�0K�0 !

K���K��� without the need to reconstruct K�0 !
K0
S�

0 decays, which should facilitate experimental mea-
surements once this decay is observed.

Finally, we note that even without the time-dependent
analysis, the full angular analysis of B! �K�K� decays
could help in distinguishing the models. If the strong phase
difference between the �Pc � Pu� and �Pt � Pu� ampli-
tudes in Eq. (5) is small, then the ��?;k parameters [2,4]
will be either negative or positive depending on the pen-
guin annihilation or rescattering model. However, if the
strong phase is not small, this will result in large direct CP
violation in the A0 amplitude which would be measured. A
large strong phase would make it difficult to resolve ambi-
guities in ��?;k, but limits on direct CP violation could
constrain the strong phase difference. We also note that a
similar method in �b! �s decays, such as B! �K�, does
not work because both penguin annihilation and rescatter-
ing result in ��?;k � 0, consistent with present data [4–
6].

VI. CONCLUSIONS

The final-state particles in B! �K� are vector mesons
(V), which means that this decay is in fact three separate
decays, one for each polarization of the V (one longitudi-
nal, two transverse). Naively, it is expected that the fraction

of transverse decays, fT , is much less than the fraction of
longitudinal decays, fL. However, it is observed that these
fractions are roughly equal: fT=fL ’ 1. This is the B!
�K� polarization puzzle.

Other, similar, polarization puzzles have been measured,
all in �b! �s decays. Within the standard model, there have
been several explanations of these results. However, if one
requires a single explanation of all polarization puzzles,
two possibilities remain: penguin annihilation and rescat-
tering. Both of these also predict large fT=fL in certain
�b! �d decays. Indeed, by looking at �b! �d decays, it is
possible to test penguin annihilation and rescattering. This
is the purpose of this paper.

We begin with B! �� decays. We show that fT=fL is
expected to be small in B� ! ���0 and B0

d ! ����; it is
only in B0

d ! �0�0 that fT=fL can be large, though this is
not guaranteed. Although penguin annihilation and rescat-
tering are physically different, mathematically they are
similar. If it is found that fT=fL is large in B0

d ! �0�0, it
may be possible to test these explanations. For example, if
one compares penguin annihilation or rescattering in B0

d !
�0�0 with that found in �b! �s decays, one can see if flavor
SU(3) is respected.

Because large effects are not ensured in B0
d ! �0�0, it is

useful to consider other �b! �d decays. We examine those
which are related by U-spin to other �b! �s decays. We find
two promising U-spin pairs: (i) B� ! K�0�� ( �b! �s) and
B� ! �K�0K�� ( �b! �d) and (ii) Bs ! K�0 �K�0 ( �b! �s) and
B0
d !

�K�0K�0 ( �b! �d). A large fT=fL is predicted by
penguin annihilation or rescattering in these decays. In
addition, the measurement of fT=fL in these pairs of
decays will allow us to test these explanations by seeing
if flavor SU(3) is respected.

Up to now, we have treated penguin annihilation and
rescattering as similar. However, it is possible to distin-
guish penguin annihilation from rescattering by perform-
ing a time-dependent angular analysis of B0

d !
�K�0K�0.

This is difficult experimentally, but it may be possible at a
future machine.
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