
PHYSICAL REVIEW D, VOLUME 62, 014031
Electroweak penguin amplitudes and constraints ong in charmlessB\VP decays

Michael Gronau
Physics Department, Technion–Israel Institute of Technology, 32000 Haifa, Israel

~Received 29 November 1999; published 9 June 2000!

Electroweak penguin~EWP! amplitudes are studied model independently inB meson decays to charmless
final states consisting of a vector meson~V! and a pseudoscalar meson (P). A set of SU~3! relations is derived
between EWP contributions and tree amplitudes, in the approximation of retaining only the dominant EWP
operatorsQ9 andQ10. Two applications are described for constraining the weak phaseg, in B6→r6K0 and
B6→r0K6 ~or B6→K* 6p0 andB6→K* 0p6), and inB0→K* 6p7 andB6→fK6. Theoretical uncertain-
ties are discussed.

PACS number~s!: 13.25.Hw, 11.30.Er, 12.15.Ji, 14.40.Nd
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I. INTRODUCTION

B meson decays to charmless final states open a win
into new phenomena ofCP violation @1#, providing useful
information about the Kobayashi-Maskawa phaseg
5ArgVub* . Decays to states consisting of two light pseud
calars (B→PP), such asB→pp and B→Kp, have been
for some time the subject of extensive studies. The am
tudes of these processes involve hadronic matrix elemen
a low energy effective weak Hamiltonian between an init
B meson and two final pseudoscalar mesons. The w
Hamiltonian consists of the sum of three types of four qu
operators, namely two (V2A)(V2A) current-current opera
tors (Q1,2), four QCD penguin operators (Q3,4,5,6), and four
electroweak penguin~EWP! operators (Q7,8,9,10) with differ-
ent chiral structures. A major line of analysis@2# consists of
model-independent studies of hadronic matrix elements
these operators, which do not rely on factorization-ba
models@3,4#. Approximate flavor SU~3! symmetry of strong
interactions was employed@5–8# in order to describe thes
matrix elements in a graphical manner in terms of a re
tively small number of amplitudes.

A useful simplification was achieved@9,10# by noting that
in certain cases, such as inB decay to an isospin 3/2Kp
state, thedominant EWP amplitude is simply related b
SU~3! to the corresponding current-current contribution, a
does not introduce a new unknown quantity into the analy
This simplification, obtained when retaining only the (V
2A)(V2A) EWP operators (Q9 andQ10), led to a promis-
ing way of measuring the weak phaseg @11,12#.

A first SU~3! analysis ofB mesons decays to a charmle
vector meson~V! and a pseudoscalar meson (P), classifying
contributions in terms of graphical SU~3! amplitudes, was
presented in@13#. Several factorization-based calculations
these processes can be found in@3#. Measurements ofB
→VP decays were reported by the CLEO Collaborati
working at the Cornell Electron Storage Ring~CESR! @14#.
The experimental results were used recently@15# in order to
identify dominant and subdominant interfering amplitudes
certain processes. Interference effects between these a
tudes seem to favor~but do not necessarily imply! a weak
phaseg in the second quadrant of the unitarity triangle pl
A similar conclusion was drawn recently in factorizatio
0556-2821/2000/62~1!/014031~11!/$15.00 62 0140
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based analyses@16#. Such values ofg are in sharp conflict
with an overall CKM parameter analysis@17# based on very
optimistic assumptions about theoretical uncertainties in h
ronic parameters. A more conservative estimate of these
rors @18# implies g<90°, based primarily on a lower limi

for Bs-B̄s mixing, Dms.14.3 ps21 @19#. Using a somewhat
wider range for the relevant SU~3! breaking parameter
f Bs

ABBs
/ f BABB, we concluded recently@15# that values ofg

slightly larger than 90° cannot be definitely excluded.
Two major assumptions were made in@15# in order to

arrive at the indication thatg.90° within the framework of
flavor SU~3!. ~1! The relative strong phase between peng
and tree amplitudes inB0→K* 1p2 was assumed to be
smaller than 90°.~2! The magnitude of a color-favored EW
contribution in B1→fK1 was taken from factorization
based calculations@20,21#, and color-suppressed EWP co
tributions were neglected. The first assumption is rather p
sible, and can be justified on the basis of both perturba
@4,22# and statistical@23# estimates of final state phases. T
second assumption is manifestly model-dependent. O
would hope to be able to replace it by a model-independ
study.

In order to studyB→VP decays in a model-independe
manner, we propose in this article to derive SU~3! relations
between color-favored and color-suppressed EWP am
tudes, on the one hand, and current-current contributions
the other hand. The relations, obtained in the approxima
of retaining only the dominant (V2A)(V2A) EWP opera-
tors, eliminate eight of the hadronic parameters describ
charmlessB→VP decays in the SU~3! framework.

In Sec. II we recall the general SU~3! structure of the
effective weak Hamiltonian, paying particular attention to
current-current part and its dominant electroweak term.
show that corresponding components of these opera
transforming as given SU~3! representations, are propo
tional to each other. In Sec. III we use this feature to stu
the SU~3! structure ofB→VP amplitudes, and in Sec. IV we
express EWP contributions inB→VP decays in terms of
corresponding tree amplitudes.

Two applications are demonstrated in Sec. V for co
straining the weak phaseg by charge-averaged ratios of rate
in B6→r6K0 and B6→r0K6 ~or B6→K* 6p0 and B6

→K* 0p6), and inB0→K* 6p7 andB6→fK6. In the first
©2000 The American Physical Society31-1
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MICHAEL GRONAU PHYSICAL REVIEW D 62 014031
case, no data exist at this time. In the second case, exis
data may imply a lower limit ong, provided that a bette
understanding is achieved for SU~3! breaking in QCD pen-
guin amplitudes and for the effects of color- and Okub
Zweig-Iizuka- ~OZI-! suppressed amplitudes. We conclu
in Sec. VI.

II. SU„3… STRUCTURE OF WEAK HAMILTONIAN

The low energy effective weak Hamiltonian governingB
meson decays is given by@24#

H5
GF

A2
(

q5d,s
S (

q85u,c

lq8
(q)

@c1~ b̄q8!V2A~ q̄8q!V2A

1c2~ b̄q!V2A~ q̄8q8!V2A#2l t
(q)(

i 53

10

ciQi
(q)D , ~1!

where lq8
(q)

5Vq8b
* Vq8q , q5d,s, q85u,c,t, lu

(q)1lc
(q)

1l t
(q)50. The first terms, involving the coefficientsc1 and

c2 and describing bothb̄→q̄uū and b̄→q̄cc̄, will be re-
ferred to as ‘‘current-current’’ operators, while the oth
terms, involvingci i 53210, consist of four QCD penguin
operators (i 5326) and four EWP operators (i 57210).
The EWP operators with the dominant Wilson coefficien
Q9 andQ10, both have a (V2A)(V2A) structure similar to
the current-current term. Their flavor structure is

Q9
(q)5

3

2 F ~ b̄q!S 2

3
ūu2

1

3
d̄d2

1

3
s̄s1

2

3
c̄cD G ,

Q10
(q)5

3

2 F2

3
~ b̄u!~ ūq!2

1

3
~ b̄d!~ d̄q!

2
1

3
~ b̄s!~ s̄q!1

2

3
~ b̄c!~ c̄q!G . ~2!

All four-quark operators appearing in Eq.~1! are of the form

(b̄q1)(q̄2q3) and can be written as a sum of15, 6 and 3̄,

into which the product3̄^ 3^ 3̄ is decomposed@5,7,8#. The

representation3̄ appears both symmetric (3̄(s)), and antisym-

metric (3̄(a)) under the interchange ofq1 andq3. Four-quark
operators, belonging to each of these SU~3! representations
and carrying given values of isospin, are listed in the app
dix of @10#.

The ‘‘tree’’ part of the current-current Hamiltonian, co
responding to the termq85u describingb̄→q̄uū transitions,
can be written as@10#
01403
ng

-

,

n-

A2HT

GF
52lu

(s)Fc12c2

2
~ 3̄I 50

(a) 16I 51!

1
c11c2

2 S 15I 511
1

A2
15I 502

1

A2
3̄I 50

(s) D G
2lu

(d)Fc12c2

2
~ 3̄I 51/2

(a) 26I 51/2!

1
c11c2

2 S 2

A3
15I 53/21

1

A6
15I 51/22

1

A2
3̄I 51/2

(s) D G .

~3!

The dominant EWP term, excludingb̄→q̄cc̄ ~to be referred
to as the noncharming EWP operator!, is

A2HEWP

GF
52

3l t
(s)

2 Fc92c10

2 S 1

3
3̄I 50

(a) 16I 51D
1

c91c10

2 S 215I 512
1

A2
15I 502

1

3A2
3̄I 50

(s) D G
2

3l t
(d)

2 Fc92c10

2 S 1

3
3̄I 51/2

(a) 26I 51/2D
1

c91c10

2 S 2
2

A3
15I 53/2

2
1

A6
15I 51/22

1

3A2
3̄I 51/2

(s) D G . ~4!

Equations~3! and ~4! teach us something very importan
For a given strangeness-change, the15 and 6 components
of the tree operator and the dominant EWP operator in t
Hamiltonian are proportional to each other:

H EWP
(q) ~15!52

3

2

c91c10

c11c2

l t
(q)

lu
(q)

H T
(q)~15!, ~5!

H EWP
(q) ~6!5

3

2

c92c10

c12c2

l t
(q)

lu
(q)

H T
(q)~6!. ~6!

Here the superscriptsq5d,s denote strangeness-conservi
and strangeness-changing transitions, respectively.
above two relations are unaffected by the inclusion of
current-current and EWP operators describingb̄→q̄cc̄ tran-
sitions, each of which transforms as an antitriplet.

A similar relation between the3̄ parts ofHEWP and HT
holds only when the two ratios of Wilson coefficients, (c9
1c10)/(c11c2) and (c92c10)/(c12c2), are equal. Indeed
these two ratios, which are approximately renormalizat
scale independent, are equal to a very good approxima
@10#. At a scalem5mb , they differ by less than 3%@24,25#
1-2
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ELECTROWEAK PENGUIN AMPLITUDES AND . . . PHYSICAL REVIEW D62 014031
c91c10

c11c2
521.139a,

c92c10

c12c2
521.107a, ~7!

wherea51/129. We will take the average of the two ratio
and denote it byk

k[
c91c10

c11c2
5

c92c10

c12c2
521.12a. ~8!

In this approximation, we also have

H EWP
(q) ~ 3̄!5

1

2
k

l t
(q)

lu
(q)

H T
(q)~ 3̄!. ~9!

We note that this relation excludes the current-current
EWP b̄→q̄cc̄ operators which transform as an independ
antitriplet. As mentioned, the two relations~5! and ~6! are
unaffected by the inclusion of these operators.

The operator relations~5!, ~6! and~9! lead to correspond
ing relations between tree and EWP amplitudes contribu
to various processes. An interesting example@9,10# is B
→(Kp) I 53/2, in which one chooses the finalKp state to be
in I 53/2. This S-wave state, which is symmetric under
terchanging the two SU~3! octets, is pure27. The only SU~3!
operator in the Hamiltonian which contributes to this tran
tion is 15 @5,7,8#. Consequently, the ratio of EWP and tre
contributions in B→(Kp) I 53/2 is given simply by
2(3/2)k(l t

(s)/lu
(s)). This feature was shown to have a use

implication when studying the weak phaseg in B1→Kp
decays. In the next two sections we will study generali
tions of this relation inB→VP decays.

III. SU „3… DECOMPOSITION OF B\VP AMPLITUDES

In Refs. @13,15# B→VP amplitudes were expressed
terms of reduced SU~3! amplitudes depicted in graphica
form. For the most part, we will consider in this paper dec
amplitudes into states involving two octet mesons, wh
consist of TM ~tree!, CM ~color-suppressed!, PM ~QCD-
penguin!, EM ~exchange!, AM ~annihilation! andPAM ~pen-
guin annihilation!. The suffixM5P, V on the three ampli-
tudes T, C and P denotes whether the spectator quark
included in a pseudoscalar or vector meson, respectively
EM , AM andPAM the suffix denotes the type of meson in
which the outgoing quarkq3 enters inb̄q1→q̄2q3. In the last
six amplitudes the spectator quark enters into the de
Hamiltonian. These contributions, which were neglected
@13,15#, may be important in the presence of rescatter
@26#, and will not be neglected here.

We will use a somewhat different notation for the grap
cal amplitudes than in@13,15# by factoring out Cabibbo-
Kobayashi-Maskawa~CKM! elements. We will also separat
the charming penguin contributions@27#, related tob̄→q̄cc̄,
from the noncharming terms. Thus, for instance, a typi
DS51 amplitude is given by
01403
d
t

g

-

-

l

-

y
h

In

y
n
g

-

l

A~B0→r2K1!5lu
(s)@2Puc,V2TV#

1l t
(s)@2Ptc,V1EW~B0→r2K1!

1EWc~B0→r2K1!#, ~10!

wherePuc,V5Pu,V2Pc,V , Ptc,V5Pt,V2Pc,V . Both TV and
Pu,V are contributions from the tree Hamiltonian~3!, and
will be referred to as tree amplitudes, in spite of the fact t
Pu,V may be depicted as a penguin diagram with an inter
u quark.Pc,V andEWc originate inb̄→ c̄qc̄ current-current
and EWP operators, respectively, and will be referred to
charming penguin and charming EWP terms. Finally,Pt,V
andEW are contributions from QCD penguin operators a
from the dominant noncharming EWP Hamiltonian~4!, and
will be referred to as noncharming penguin amplitudes.~One
expectsuEWcu!uEWu.!

In previous analyses, EWP contributions@28# multiplying
l t

(q) were taken to be independent of the other terms. T
were introduced through the substitution@29#

TM→tM[TM1EWM
C , CM→cM[CM1EWM ,

~11!

PM→pM[PM2
1

3
EWM

C .

The color-favored (EWM) and color-suppressed (EWM
C )

EWP amplitudes, in which the spectator enters the mesonM,
were considered to be independent of the other amplitu
They are calculable in specific models based on factoriza
@3#. Four other EWP contributions@30#, in which the specta-
tor quark enters into the effective EWP Hamiltonian, we
neglected. Such amplitudes can be enhanced by rescatte
Including these amplitudes introduces a total of eight ad
tional unknown parameters into the SU~3! analysis.

Here we wish to use the approximate operator equali
~5!, ~6! and~9! in order to relate all eight EWP parameters
tree amplitudes. We will find relations between the domin
noncharming EWP contributionsEW multiplying l t

(q) and
the tree amplitudes multiplyinglu

(q) . This program, analo-
gous to the study of EWP amplitudes inB→PP decays@10#,
can be carried out by expressing tree and EWP amplitude
terms of reduced SU~3! matrix elements.

Counting the number of reduced matrix elements forB
decays to two octetVP states, one finds@5# five amplitudes
for SU~3! symmetricVP states

^1i 3̄i3&, ^8si 3̄i3&, ^8si6i3&, ^8si15i3&, ^27i15i3&,
~12!

and five matrix elements for antisymmetric states

^8ai 3̄i3&, ^8ai6i3&, ^10i6i3&,
~13!

^8ai15i3&, ^10i15i3&.

The decomposition ofB→VP amplitudes in terms of
these reduced matrix elements, occurring both in tree
EWP contributions, is given in Table I forDS51 decays.
The coefficients of the reduced matrix elements are tabula
1-3
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MICHAEL GRONAU PHYSICAL REVIEW D 62 014031
for all four B→rK decay processes. The amplitudes forB
→K* p processes are obtained by interchanging the SU~3!
flavors of the vector and pseudoscalar mesons. Co
quently, the coefficients of the five symmetric elements~12!
are the same as in the correspondingB→rK decays,
whereas the coefficients of the five antisymmetric eleme
~13! change sign.

Expressions of the reduced elements~12! in terms of
graphical tree amplitudes inB→PP were given in the ap-
pendix of @7#. They can be transcribed to the case ofB
→VP by defining combinations of amplitudes,Xs[(XV
1XP)/2, which are symmetric under interchanging the ve
tor and pseudoscalar mesons@we define (X1Y)s[Xs1Ys#:

^27i15i3&52
1

2A3
~T1C!s, ~14!

^8si15i3&52
1

8A3
~T1C15A15E!s , ~15!

^8si6i3&52
A5

4
~T2C2A1E!s , ~16!

^8si 3̄i3&52
1

8
A5

3
~3T13A2C2E18Pu!s , ~17!

^1i 3̄i3&5
1

2A3
~3T2C18E18Pu112PAu!s . ~18!

The set of six graphical amplitudes on the right-hand side
over-complete. The physical processes involve only five
ear combinations of these amplitudes. Similar relations
obtained for the amplitudes~13! in terms of antisymmetric
combinations Xa[(XV2XP)/2 @we define (X1Y)a[Xa
1Ya#:

TABLE I. Decomposition ofB→rK amplitudes into SU~3! re-
duced matrix elements~12! and ~13!. The coefficients for corre-
spondingB→K* p decays are the same for Eq.~12! and have op-
posite signs for Eq.~13!.

Reduced
amplitude B1→r1K0 B1→r0K1 B0→r2K1 B0→r0K0

^1i 3̄i3& 0 0 0 0

^8si 3̄i3& 2A3/5 A3/10 A3/5 2A3/10

^8si6i3& 1/A5 21/A10 1/A5 21/A10
^8si15i3& 23A3/5 3A6/10 2A3/5 A6/10
^27i15i3& 2A3/5 4A6/5 4A3/5 3A6/5

^8ai 3̄i3& 1/A3 21/A6 21/A3 1/A6

^8ai6i3& 21/3 A2/6 21/3 A2/6
^10i6i3& A2/3 2/3 A2/3 2/3

^8ai15i3& A3/5 2A3/10 1/A15 21/A30
^10i15i3& 0 0 2/A3 2A2/3
01403
e-

ts

-

is
-
re

^10i15i3&5
1

2A3
~T1C!a , ~19!

^8ai15i3&52
1

8
A5

3
~T1C23A23E!a , ~20!

^10i6i3&52
1

A2
~T2C!a , ~21!

^8ai6i3&52
1

4
~T2C13A23E!a , ~22!

^8ai 3̄i3&5
A3

8
~3T13A2C2E18Pu!a . ~23!

Here the number of graphical amplitudes is identical to t
of the reduced SU~3! matrix elements. The amplitudePAu,a
vanishes, since the penguin annihilation graph leads to
SU~3! singlet state. By substituting the expressions of E
~14!–~23! into Table I, it is straightforward to check that on
obtains the appropriate graphical description of tree am
tudes for allB→PV decays, such as written directly forB0

→r2K1 in Eq. ~10!.

IV. EWP IN TERMS OF TREE AMPLITUDES
The expressions~14!–~23!, for tree amplitudes corre

sponding to given SU~3! representations, and the proportio
ality relations~5!, ~6! and ~9!, can be used with Table I in
order to calculate EWP contributions toB→VP decays in
terms of graphical tree amplitudes. The results forDS51
processes, multiplyingl t

(s) , are summarized in Table II
Also included are expressions for the corresponding tree
plitudes multiplyinglu

(s) . For comparison withB→PP de-
cays, we give expressions for the amplitudes ofB1

→K0p1 andB1→K1p0. In Table III we list the graphical
expansion of tree amplitudes inDS50 B→VP decays. For
comparison withB→PP, we also include the tree amplitud
of B1→p1p0. EWP contributions in this process@10#, as
well as in severalVP amplitudes involvingTP andTV , are
negligible.

Before discussing a few interesting relations betwe
EWP and tree amplitudes following from Tables II and I
let us recall the relation between our present results and
traditional approach to EWP contributions. The graphi
EWP amplitudes, which in the conventional approach
independent parameters, are given here in terms of graph
tree amplitudes. In the notation of@29#, expanded in the cas
of rescattering effects to a set of eight graphical EWP am
tudes@30#, one finds, forM5P,V,

EWM52
3k

2
~TM1Pu,M8!, M 8ÞM , ~24!

EWM
C 5

3k

2
~Pu,M2CM !, ~25!
1-4
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TABLE II. Graphical EWP and tree amplitudes inDS51 B→VP decays. Amplitudes forB1→Kp are
given for comparison.

Decay mode Tree amplitude EWP amplitude

B1→r1K0 AV1Pu,V
k

2
(CV22EV1Pu,V)

B1→r0K1 2
1

A2
~TV1CP1AV1Pu,V!

k

2A2
~3TP12CV12EV2Pu,V!

B0→r2K1 2(TV1Pu,V)
k

2
~2CV2EV2Pu,V!

B0→r0K0
1

A2
~2CP1Pu,V!

k

2A2
~3TP1CV1EV1Pu,V!

B1→K* 0p1 AP1Pu,P

k

2
~CP22EP1Pu,P!

B1→K* 1p0 2
1

A2
~TP1CV1AP1Pu,P!

k

2A2
~3TV12CP12EP2Pu,P!

B0→K* 1p2 2(TP1Pu,P)
k

2
~2CP2EP2Pu,P!

B0→K* 0p0
1

A2
~2CV1Pu,P!

k

2A2
~3TV1CP1EP1Pu,P!

B1→K0p1 A1Pu

k

2
~C22E1Pu!

B1→K1p0 2
1

A2
~T1C1A1Pu!

k

2A2
~3T12C12E2Pu!
of

y
,

in
EWEM5
3k

2
~Pu,M2EM !, ~26!

EWAM5
3k

2
~PAu,M2AM !. ~27!

The amplitudesEWAM do not occur in the processes
Table II. They do occur inBs decays.

Tables II and III imply a few SU~3! relations between
EWP and tree amplitudes of correspondingB→VP decay
processes, which are similar to the relation noted recentl
hold in B1→Kp decays@9,10#. Starting with the latter case
and denoting EWP and tree contributions byEW and TR,
respectively, we have

EW~K0p1!1A2EW~K1p0!

52
3k

2
@TR~K0p1!1A2TR~K1p0!#

52
3k

A2lu
(d)

A~p1p0!

5
3k

2
~T1C!. ~28!
01403
to

This relation follows directly from Eq.~5!. The two states,
uK0p1&1A2uK1p0&5uI 53/2& and A2up1p0&S-wave
5uI 52&, are members of a27 representation to which only
the 15 operator contributes. The corresponding relation
B→VP is

EW~r1K0!1A2EW~r0K1!1EW~K* 0p1!

1A2EW~K* 1p0!

52
3k

A2lu
(d) @A~r1p0!1A~r0p1!#

5
3k

2
~TP1TV1CP1CP!. ~29!

In this case the two SU~3!-symmetrizedVP states,ur1K0&
1A2ur0K1&1uK* 0p1&1A2uK* 1p0& ~isospin 3/2! and
A2(ur1p0&1ur0p1&) ~isospin 2!, belong to a27 represen-
tation.
1-5



MICHAEL GRONAU PHYSICAL REVIEW D 62 014031
TABLE III. Graphical tree amplitudes inDS50 B→VP decays. Tree amplitude forB1→p1p0 is given
for comparison.

Decay mode Tree amplitude

B1→r1p0
2

1

A2
~TP1CV1Pu,P2Pu,V1AP2AV!

B1→r0p1
2

1

A2
~TV1CP2Pu,P1Pu,V2AP1AV!

B1→K* 1K̄0 AV1Pu,V

B1→K̄* 0K1 AP1Pu,P

B0→r2p1 2(TV1Pu,V1EP1
1
2 PAu,P1

1
2 PAu,V)

B0→r1p2 2(TP1Pu,P1EV1
1
2 PAu,P1

1
2 PAu,V)

B0→r0p0 1
2 (Pu,P1Pu,V2CP2CV1EP1EV1PAu,P1PAu,V)

B0→K* 1K2 2(EV1
1
2 PAu,P1

1
2 PAu,V)

B0→K* 2K1 2(EP1
1
2 PAu,P1

1
2 PAu,V)

B0→K* 0K̄0 Pu,V1
1
2 PAu,P1

1
2 PAu,V

B0→K̄* 0K0 Pu,P1
1
2 PAu,P1

1
2 PAu,V

B1→p1p0
2

1

A2
~T1C!
h

of
in

de

ho

ss

ing
left

n-
lso
pin

all
Two other relations can be obtained from Table II:

EW~r1K0!1A2EW~r0K1!

52
3k

2
@TR~K* 0p1!1A2TR~K* 1p0!#

5
3k

2
~TP1CV!, ~30!

EW~K* 0p1!1A2EW~K* 1p0!

52
3k

2
@TR~r1K0!1A2TR~r0K1!#

5
3k

2
~TV1CP!. ~31!

These relations can be understood in the following way. T
two I 53/2 states, ur1K0&1A2ur0K1& and uK* 0p1&
1A2uK* 1p0&, form the sum and difference, respectively,
a 27 and a10 representation. This can be easily verified
Table I. The27 and10 states obtain contributions only from
15 and 6 operators, respectively. Equations~5! and ~6!, in
which the proportionality constants have equal magnitu
and opposite signs, lead immediately to Eqs.~30! and~31!. It
is clear from these considerations that these relations
also in the presence of current-current and EWPb̄→q̄cc̄
operators transforming as an antitriplet.

A useful approximation is obtained by neglecting inB1

→rp the rescattering amplitudes,Pu,M1AM @26#. The
smallness of these terms can be tested inB1→K* 1K̄0 and
01403
e

s

ld

B1→K̄* 0K1. In this approximation, one can also expre
the sums of EWP contributions in Eqs.~30! and~31! in terms
of B1→rp amplitudes, similar to Eq.~28!,

EW~r1K0!1A2EW~r0K1!52
3k

A2lu
(d)

A~r1p0!,

~32!

EW~K* 0p1!1A2EW~K* 1p0!52
3k

A2lu
(d)

A~r0p1!.

~33!

These approximate relations are useful when study
charge-averaged ratios of rates for the processes on the
hand sides.

Relations of the form~30! and ~31! are obeyed also by
EWP and tree decay amplitudes ofB0 to r2K1, r0K0,
K* 1p2 andK* 0p0. This is easy to understand. These co
tributions, as well as the entire decay amplitudes, which a
contain dominant gluonic penguin terms, satisfy an isos
relation with correspondingB1 decay amplitudes@31#:

A~B1→r1K0!1A2A~B1→r0K1!

5A~B0→r2K1!1A2A~B0→r0K0!. ~34!

An analogous isospin equality holds forB→K* p decay am-
plitudes. Finally, a relation similar to Eq.~29!, betweenDS
51 decays toI 53/2 on the one hand andDS50 decays to
I 52 on the other hand, can be written by combining
seven neutralB decay amplitudes torK, K* p and rp
states:
1-6
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EW~r2K1!1A2EW~r0K0!1EW~K* 1p2!

1A2EW~K* 0p0!

52
3k

2lu
(d) @A~r2p1!1A~r1p2!12A~r0p0!#

5
3k

2
~TP1TV1CP1CP!. ~35!

V. APPLICATIONS

1. Resolving EWP in B1→Kp.
Let us first reiterate the manner in which Eq.~28! has

been applied in order to obtain a model-independent c
straint ong from the charge-averaged ratio@9#

R
*
21~Kp![

2@B~B1→K1p0!1B~B2→K2p0!#

B~B1→K0p1!1B~B2→K̄0p2!
.

~36!

Using our graphical notation for amplitudes, one has

A2A~B1→K1p0!52lu
(s)@T1C1Puc1A#

2l t
(s)@Ptc2A2EW~K1p0!#,

A~B1→K0p1!5lu
(s)@Puc1A#

1l t
(s)@Ptc1EW~K0p1!#. ~37!

The two electroweak penguin terms, containing also con
butions fromb̄→q̄cc̄ operators, satisfy Eq.~28!. Substitut-
ing these expressions into Eq.~36!, applying unitarity of the
CKM matrix, and expanding in small quantities, one find

R
*
21~Kp!5122e cosf~cosg2dEW!

1O~e2!1O~eeA!1O~eA
2 !, ~38!

wheref5Arg„@T1C#/@Ptc1EW(B1→K0p1)#….
The real and positive parameterdEW @9# stands for the

ratio of EWP and tree contributions in the sumA(B1

→K0p1)1A2A(B1→K1p0), and is determined purely b
Wilson coefficients and by a presently poorly known CK
factor @see Eq.~28!#

dEW52
3k

2 UVcb* Vcs

Vub* Vus
U50.6560.15. ~39!

The quantity e5@ uVub* Vusu/uVcb* Vcsu#@ uT1Cu/uPtc

1EW(B1→K0p1)u# is measurable from@32,33#

e5A2
Vus

Vud

f K

f p

uA~B1→p0p1!u

uA~B1→K0p1!u
50.2160.05. ~40!

eA denotes a small rescattering amplitude@26#, which intro-
duces a termPuc1A with weak phaseg into the B1
01403
n-

i-

→K0p1 decay amplitude. Keeping the dominant term in E
~38! and neglecting smaller terms, one obtains the bound

ucosg2dEWu>
u12R

*
21~Kp!u
2e

. ~41!

This bound can provide useful information aboutg in case
that a value different from one is measured forR

*
21 . Further

information about the weak phase can be obtained by m
suring separatelyB1 andB2 decay rates@11#. Equation~28!
plays a crucial role in these applications.

2. Generalization to B1→rK and B1→K* p.
Whereas Eq.~28! relates EWP and tree contributions

the same sum of twoB1→Kp amplitudes, the analogou
Eqs. ~30! and ~31! relate EWP contributions in a sum o
B1→rK amplitudes to tree contributions in another sum
B→K* p amplitudes, and vice versa. This introduces so
hadronic dependence in possible constraints ong from these
processes.

Consider, for instance, the charge-averaged ratio of r
for the processesB6→r6K0 andB6→r0K6

R
*
21~rK ![

2@B~B1→r0K1!1B~B2→r0K2!#

B~B1→r1K0!1B~B2→r2K̄0!
.

~42!

Using Table II for graphical expressions of amplitudes, a
plying Eq. ~30!, and neglecting rescattering contribution
Puc,V1AV , which affect the above ratio only by second o
der terms, as in Eq.~38!, one has

A2A~B1→r0K1!52ulu
(s)u@~TV1CP!eig2~TP1CV!dEW#

2l t
(s)@Ptc,V1EW#,

A~B1→r1K0!5l t
(s)@Ptc,V1EW#,

~43!
EW[EW~B1→r1K0!.

We define two ratios of amplitudes

eVeifV5
uVub* Vusu

uVcb* Vcsu

TV1CP

Ptc,V1EW
,

~44!

ePeifP5
uVub* Vusu

uVcb* Vcsu

TP1CV

Ptc,V1EW
,

the magnitudes of which are measured inB1→r0p1 and
B1→r1p0, respectively~see Table III, where we neglec
rescattering termsPuc,M1AM)

eV5A2
Vus

Vud

f K

f p

uA~B1→r0p1!u

uA~B1→r1K0!u
,

~45!

eP5A2
Vus

Vud

f K*
f r

uA~B1→r1p0!u

uA~B1→r1K0!u
.

We find
1-7
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R
*
21~rK !5122eVcosfVcosg12ePdEWcosfP . ~46!

This expression, which neglects higher order correctio
simplifies into the form ~38! in the caseTV1CP5TP
1CV , or A(B1→r0p1)5A(B1→r1p0). In general, this
is not the case. Without making any assumption about
magnitudes of these amplitudes and their strong phases
obtains the rather weak constraint

ucosgu>
u12R

*
21~rK !u

2eV
2dEWS eP

eV
D . ~47!

This bound is manifestly weaker than the constraint~41!
obtained@9# for B→Kp. In order to exclude values ofg
around 90° the right hand side must be positive. This d
not only require that a value different from one is measu
for R

*
21(rK), but also thatuA(B1→r1p0)u is considerably

smaller thanuA(B1→r0p1)u. A similar argument applies to
the ratioR

*
21(K* p) in B6→K* p decays. Since these tw

ratios have not yet been measured, no constraint ong can be
obtained at this time.

3. A lower bound ong from B0→K* 1p2 and B1

→fK1.
A plausible argument which favors cosg,0 was pre-

sented recently in Ref.@15#, based primarily on recent CLEO
data onB0→K* 1p2 andB1→fK1. In this argument, only
the dominant amplitudes contributing to these proces
Ptc,P , EWP andTP , were taken into account, while smalle
terms were neglected. The argument was based on ce
model calculations of EWP amplitudes@20,21#, which imply
EWP'PP/2. This relation, obtained for certain values of
set of parameters, including the effective number of color
a 1/Nc expansion, also assumes that the two amplitudes h
equal strong phases. Here we would like to replace th
model-dependent assumptions by our general SU~3! results,
which relate electroweak penguin contributions to tree a
plitudes rather than to gluonic penguin amplitudes. As
@15#, we will keep only the dominant and subdomina
terms.

The amplitude ofB0→K* 1p2 is

A~B0→K* 1p2!52lu
(s)@TP1Puc,P#

2l t
(s)@Ptc,P2EW~K* 1p2!

2EWc~K* 1p2!#, ~48!

whereEW(K* 1p2) is given in Table II

EW~K* 1p2!5
k

2
~2CP2EP2Pu,P!. ~49!

The amplitude ofB1→fK1 involves also the SU~3! singlet
component of thef. In a general SU~3! analysis, this com-
ponent introduces three new reduced SU~3! amplitudes, of
the 3̄, 6 and 15 operators, for the final octet state. The
three amplitudes are described by three new graphs: A
connected penguin diagram,SP @15#, in which a singletqq̄
pair is connected to the rest of the diagram by at least th
01403
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gluons, and two ‘‘hairpin’’ diagrams, of annihilation (ASP)
and exchange (ESP) types, in which the extraqq̄ forms the
singlet vector meson. Thus, one has

A~B1→fK1!5lu
(s)@AP1Puc,P1ASP#

1l t
(s)@Ptc,P1SP1EW~fK1!

1EWc~fK1!#, ~50!

where, applying Eqs.~24!–~26!,

EW~fK1!52
1

3
~EWP1EWP

C22EWEP!

5
k

2
~TP1CP22EP1Pu,P1Pu,V!. ~51!

We will assume, as usual@4,7,29#, that TP is larger than
all other tree amplitudes and larger than the current-cur
amplitude associated withb̄→q̄cc̄. ~Recall that the CKM
coefficients are factored out.! Similarly, we will assume that
uEWu@uEWcu. The amplitudeSP will be neglected by virtue
of the Okubo-Zweig-Iizuka~OZI! rule. We note that in the
factorization approach@21#, SP is very sensitive to the num
ber of colorsNc , and vanishes atNc53. The EWP contri-
bution in B1→fK1 is dominated by a term proportional t
TP , which is measured inB1→r1p0 and B0→r1p2 as
discussed below.

Keeping only dominant and subdominant terms in ea
amplitude, one has

A~B0→K* 1p2!52l t
(s) Ptc,P2lu

(s) TP , ~52!

A~B1→fK1!5l t
(s) FPtc,P1

k

2
TPG . ~53!

In this approximation, the two amplitudes,Ptc,P and TP ,
contribute with the same weak phase inB1→fK1, and in-
terfere with a relative weak phasep2g in B0→K* 1p2.
Defining

r eid5
ulu

(s)u

ul t
(s)u

TP

Ptc,P
~r .0!, ~54!

we have

A~B0→K* 1p2!52l t
(s) Ptc,P @12r ei (d1g)#, ~55!

A~B1→fK1!5l t
(s) Ptc,P F12

1

3
dEW r eidG , ~56!

wheredEW is defined in Eq.~39!.
In the limit of neglecting the tree amplitude,r 50, the

rates of the two processes are seen to be equal. Experim
obtain 90% confidence level limits on the charge-avera
rates@14#, B(B0→K* 6p7).1231026 andB(B6→fK6)
,5.931026. This is evidence for a nonzero contribution
1-8
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TP , namelyrÞ0. The ratio of charge-averaged rates sa
fies, at 90% C.L.~we neglect theB12B0 lifetime differ-
ence!,

uA~B0→K* 6p7!u2

uA~B6→fK6!u2
5

11r 222r cosd cosg

11~dEW/3!2 r 22~2/3! dEW r cosd

.2.0. ~57!

In order to use this inequality for information aboutg, one
must include some input aboutr andd, the relative magni-
tude and strong phase of tree and penguin amplitudes inB0

→K* 1p2. A reasonable assumption, supported both by p
turbative @4,22# and statistical@23# calculations, is thatd
does not exceed 90°, i.e. cosd>0. A conservative assump
tion about r is r<1. Making these two assumptions, on
finds

cosg2
2

3
dEW,

211r 2@122~dEW/3!2#

2r
. ~58!

This impliesg.62° for r 51, andg.105° forr 50.5, when
dEW is taken in the range~39!. Some very indirect evidenc
for r ,0.55 was presented in@15#, relying on a nonzero value
of TP obtained fromB0→r6p7 and B1→r0p1/vp1.
More direct information aboutr is required, and can be in
ferred from future rate measurements ofB1→r1p0 or B0

→r1p2 andB1→K* 0p1. These processes are dominat
by TP andPtc,P , respectively~see Table III and@15#!.

The bound ong ~58!, which is based on the experiment
limit ~57!, neglects smaller terms in the amplitudes~48! and
~50!, primarily the color-suppressed termsCP in Eqs. ~49!
and ~51! and the OZI-suppressed penguin amplitudeSP in
Eq. ~50!. For uCP /TPu50.1 ~0.2! @4#, our limits move up or
down by about 5° (10°), depending on whether the interf
ence betweenCP and TP is destructive or constructive, re
spectively.

The above limits also assume@by SU~3!# equal gluonic
penguin contributions in the two processes. An import
question relevant to these bounds is the magnitude and
of SU~3! breaking in penguin amplitudes. For instance, if t
penguin amplitude inB1→fK1 is smallerby 30% than in
B0→K* 1p2, then the above bounds are completely inva
dated. On the other hand, the constraint becomes strong
the penguin amplitude inB1→fK1 is larger than in B0

→K* 1p2. This is the case in explicitly SU~3! breaking
factorization-based calculations, in which the two amplitud
involve the products of corresponding vector meson de
constants andB-to-pseudoscalar form factors.

In the factorization approximation, SU~3! breaking factors
in penguin and tree amplitudes occurring in Eqs.~52! and
~53! are given by@21#
01403
-
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RSU(3)5
Ptc,P~B1→fK1!

Ptc,P~B0→K* 1p2!

5
TP~B1→fK1!

TP~B0→K* 1p2!

.
f f

f K*

FBK~mf
2 !

FBp~mK*
2

!
.1.25. ~59!

Since this factor enhances the amplitude ofB1→fK1 rela-
tive to that of B0→K1p2, the bound ong ~57! becomes
stronger by a factorRSU(3)

2 . This would imply, for instance,
g.80° if a valuer 51 is measured inB1→r1p0 andB1

→K* 0p1, and stronger bounds if a lower value ofr is mea-
sured. This, and the above comment on the possibility
RSU(3),1, illustrate the sensitivity of these bounds to SU~3!
breaking effects.

Although the present experimental inequality~57! ~which
may change with time! is already interesting, our above dis
cussion shows that it would be premature at this point
translate this inequality into a realistic lower bound ong.
Further study is required of the following effects:

~a! SU~3! breaking in penguin amplitudes: are these a
plitudes approximately factorizable?

~b! Magnitudes and strong phases of smaller terms,
cluding color-suppressed tree and OZI-suppressed pen
amplitudes.

~c! An actual measurement ofr, the ratio of tree-to-
penguin amplitudes inB0→K* 1p2.

VI. CONCLUSION

We have studied EWP amplitudes inB→VP decays
within the model independent framework of flavor SU~3!.
While retaining only contributions from the dominant (V
2A)(V2A) operators,Q9 andQ10, we were able to expres
these contributions in terms of tree amplitudes. This redu
considerably the number of hadronic parameters describi
large number of processes.

Two applications were demonstrated in attempting to c
strain the weak phaseg. In B1→r1K0 andB1→r0K1 ~or
in B1→K* 0p1 andB1→K* 1p0) we studied a generaliza
tion of the method suggested in@9# for B1→Kp. We find
that the constraint becomes weaker due to some depend
on hadronic matrix elements.

In a second application we reexamined the decaysB0

→K* 1p2 and B1→fK1, studied recently in@15#, where
EWP contributions were taken from model-calculations. W
kept only the dominant and subdominant terms and assu
that the relevant strong phase does not exceed 90°.
present lower limit on the charge-averaged ratio of rates
these two processes leads to an interesting lower bound og,
Eq. ~58!. The bound depends onr, the ratio of tree to pen-
guin amplitudes inB0→K* 1p2, which can be measured i
B1,0→r1p0,2 and B1→K* 0p1. Corrections from color-
suppressed and OZI-suppressed terms are estimated to
1-9
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the bound by about 10 degrees. A larger correction may
due to SU~3! breaking in penguin amplitudes. In case th
SU~3! breaking decreases the penguin amplitude inB1

→fK1 relative to the one inB0→K* 1p2, contrary to the
prediction of factorization, the bound ong may become con-
siderably weaker. A proof of approximate factorization f
penguin amplitudes inB→VP decays, which would
strengthen the bound, is therefore of great importance.

Note added.Three months after the submission for pub
cation of this paper a work appeared@34#, in which flavor
SU~3! symmetry~or, actually an extended nonet symmetr!
was applied to charmlessB→VP decays, in order to prove
s
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several relations betweenCP violating rate differences. This
work did not make use of the symmetry relations betwe
EWP and tree amplitudes studied in the present paper.
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