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Model-independent electroweak penguin amplitudes inB decays to two pseudoscalars
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We study the effects of electroweak penguin~EWP! amplitudes inB meson decays into two charmless
pseudoscalars in the approximation of retaining only the dominant EWP operatorsQ9 andQ10. Using flavor
SU~3! symmetry, we derive a set of model-independent relations between EWP contributions and tree-level
decay amplitudes one of which was noted recently by Neubert and Rosner. Two new applications of these
relations are demonstrated in which uncertainties due to EWP corrections are eliminated in order to determine
a weak phase. Whereas the weak anglea can be obtained fromB→pp free of hadronic uncertainties, a
determination ofg from B0,6→Kp6 requires the knowledge of a ratio of certain tree-level hadronic matrix
elements. The smallness of this ratio implies a useful constraint ong if rescattering can be neglected.
@S0556-2821~99!01815-9#

PACS number~s!: 13.25.Hw, 11.30.Er, 12.15.Hh, 12.15.Lk
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I. INTRODUCTION

Nonleptonic weak decays ofB mesons into two charmles
pseudoscalars provide an important probe of the origin ofCP
violation in the single complex phase of the Cabibb
Kobayashi-Maskawa~CKM! matrix @1#. Approximate flavor
symmetries of the strong interactions play a useful role
such analyses@2–4#. In one simplified version of such meth
ods the weak phasea is extracted fromB→pp decays us-
ing isospin symmetry@5#, and in another case the phaseg is
obtained from combiningB→Kp and B→pp amplitudes
using flavor SU~3! @6#. Electroweak penguin~EWP! contri-
butions@7#, enhanced by the heavy top quark, can spoil s
methods. Whereas these contributions are expected to ha
small effect ona, they were estimated in a model-depende
manner to have a large effect on the extraction ofg @8–10#.
Recently Neubert and Rosner have used Fierz transfor
tions and SU~3! symmetry to include in the latter case th
effect of EWP amplitudes in a model-independent w
@11,12#. Their method of constrainingg is based on assum
ing the dominance of two EWP operators (Q9 andQ10) and
relating their matrix elements for theI 53/2 Kp B decay
final state to corresponding tree-level amplitudes.~The appli-
cation of Fierz transformations to the dominantQ9 andQ10
EWP operators has been previously suggested in@10#; how-
ever the subsequent evaluation of their matrix elements
performed in the factorization approximation.! This argu-
ment is entirely model independent, up to SU~3! breaking
corrections, in contrast with previous studies of EWP con
butions @8,13# which assume certain models for the mat
elements of EWP operators involving factorization and s
cific form factors.

The purpose of this paper is to generalize the relat
proposed by Neubert and Rosner to all matrix elements
EWP operators for nonstrange and strangeB mesons and for
any two pseudoscalar final state, and to study the co
quences of such relations. Section II reviews the two al
native descriptions of flavor SU~3!, in terms of operator ma
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trix elements on the one hand and quark diagrams on
other hand. These descriptions are used in Sec. III to deri
complete set of model-independent SU~3! relations between
EWP and tree amplitudes forB→Kp,B→pp,B→KK̄ and
correspondingBs decays. Using an approximate numeric
relation between two ratios of Wilson coefficients, we sho
in Sec. IV thatall EWP contributions can be written in term
of tree amplitudes. In Sec. V we demonstrate a few appl
tions of these relations used to eliminate uncertainties du
EWP contributions when determining the weak phasesa and
g from B→pp and B→Kp decays, respectively. Finally
our results are summarized in Sec. VI. The Appendix li
the four-quark operators appearing in the weak Hamilton
for b decays corresponding to specific SU~3! representations

II. FLAVOR SU „3… IN B DECAYS

The weak Hamiltonian governingB meson decays is
given by ~see, e.g.,@14#!

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. Unitarity of the

CKM matrix implieslu
(q)1lc

(q)1l t
(q)50. The first term, in-

volving the coefficientsc1 andc2, will be referred to as the
‘‘tree’’ part, while the second term, involvingci ,i 53 –10, is
the penguin part. The correspondingQi consist of four QCD
penguin operators (i 53 –6) and four electroweak pengui
operators (i 57 –10). Their precise form is not important fo
our purpose and can be found for example in@14#. In the
following we will be only interested in their SU~3! transfor-
mation properties, noting thatQ9 and Q10 have a
©1999 The American Physical Society21-1
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(V2A)(V2A) structure similar to the ‘‘tree’’ part. There
are two distinct types of QCD penguin operators, with t
flavor structure (q5d,s)

Q3,5
(q)5~ b̄q!~ ūu1d̄d1 s̄s!,

Q4,6
(q)5~ b̄u!~ ūq!1~ b̄d!~ d̄q!1~ b̄s!~ s̄q!,

~2!

and two types of EWP operators

Q7,9
(q)5

3

2 F ~ b̄q!S 2

3
ūu2

1

3
d̄d2

1

3
s̄sD G ,

Q8,10
(q) 5

3

2 F2

3
~ b̄u!~ ūq!2

1

3
~ b̄d!~ d̄q!2

1

3
~ b̄s!

3~ s̄q!G . ~3!

All four quark operators appearing in Eqs.~1!–~3! are of
the form (b̄q1)(q̄2q3) and can be written as a sum of15, 6
and 3̄, into which the product3̄^ 3^ 3̄ can be decompose
@3,4#. Note that the representation3̄ appears twice in this
decomposition, both symmetric (3̄(s)) and antisymmetric
(3̄(a)) under the interchange ofq1 andq3.
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The tree part of the Hamiltonian~1! can be expressed in

terms of operators with definite SU~3! transformation prop-
erties:

HT5
GF

A2
H lu

(s)F1

2
~c12c2!~23̄I 50

(a) 26I 51!1
1

2
~c11c2!

3S 215I 512
1

A2
15I 501

1

A2
3̄I 50

(s) D G
1lu

(d)F1

2
~c12c2!~6I 51/223̄I 51/2

(a) !1
1

2
~c11c2!

3S 2
2

A3
15I 53/22

1

A6
15I 51/21

1

A2
3̄I 51/2

(s) D G J . ~4!

The operators3̄(s) and 3̄(a) appear in the two lines in the
same combination. This fact is essential for relatinguDSu
51 to DS50 amplitudes with the help of SU~3! symmetry.
The operators with well-defined SU~3! transformation prop-
erties appearing in Eq.~4! are given in the Appendix in term
of four-quark operators.

The contribution of the EWP operators~3! is given by
HEWP.
GF

A2
$2l t

(s)~c9Q9
(s)1c10Q10

(s)!2l t
(d)~c9Q9

(d)1c10Q10
(d)!%5

GF

A2
H 2

l t
(s)

2 Fc92c10

2
~3•6I 5113̄I 50

(a) !

1
c91c10

2 S 23•15I 512
3

A2
15I 502

1

A2
3̄I 50

(s) D G2
l t

(d)

2 Fc92c10

2
~23•6I 51/213̄I 51/2

(a) !

1
c91c10

2 S 2A3

2
•15I 51/222A3•15I 53/22

1

A2
3̄I 51/2

(s) D G J , ~5!
al

k

al
where we made the approximation of keeping only contri
tions fromQ9 andQ10 @7,10,11#. This is justified by the tiny
Wilson coefficients of the remaining two operatorsQ7 and
Q8 @14#. In this approximation the operators appearing in E
~5! are of the (V2A)(V2A) type and can be related to thos
appearing in the tree Hamiltonian~4!. It is this fact which
will allow us to express EWP contributions in terms of tre
level decay amplitudes.

Before proceeding to obtain these relations, let us re
the equivalent description of SU~3! amplitudes in terms of
quark diagrams@3#. There are six topologies, representi
tree (T), color-suppressed (C), annihilation (A),
W-exchange (E), penguin ~P! and penguin-annihilation
(PA) amplitudes. The six amplitudes appear in five distin
combinations, separately forDS50 andDS51 transitions.
For convenience, we define these amplitudes such that
-

.

-

ll

t

ey

do not include the CKM factors. For example, a typic
uDSu51 transition amplitude is

A~B1→K0p1!5lu
(s)~Pu1A!1lc

(s)Pc1l t
(s)

3@Pt1Pt
EW~B1→K0p1!#, ~6!

where Pu , A and Pc are contributions from the four-quar
operators in the first term of Eq.~1!, while Pt and Pt

EW

originate from the second term. In a similar way, a typic
DS50 transition amplitude has the form

A~B0→p1p2!5lu
(d)~2Pu2T2E2PAu!1lc

(d)~2Pc!

1l t
(d)@2Pt2PAt1Pt

EW~B0→p1p2!#.

~7!
1-2
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Despite their name,Pu and Pc originate purely from ‘‘tree-
level’’ four-quark operators. Note that in the SU~3! symmet-
ric limit, the same hadronic paramete
Pu ,T,C,A,PAu ,Pc ,Pt appear inuDSu51 andDS50 tran-
sitions.

It is straightforward to relate the ‘‘graphical’’ hadroni
parametersPu ,PAu ,T,C,A,E to SU~3! reduced matrix ele-
ments of the operators appearing in Eq.~4!. This was done in
the Appendix of@3#, and can also be done by computin
representative decay amplitudes and expressing them
the help of the relations in the Appendix of@4#. We find the
following set of linearly independent relations:

Pu1T5
3

2A10
a21

1

2
A3

5
a31

1

4
A3

5
a42

2

3
A2

5
a5 ,

Pu1A5
3

2A10
a22

1

2
A3

5
a32

3

4
A3

5
a41

2

3A10
a5 ,

2Pu1C52
3

4
A2

5
a22

1

2
A3

5
a32

1

4
A3

5
a42A2

5
a5 ,

Pu1PAu52
1

2
a11

1

2A10
a22

1

2
A3

5
a31

3

4
A3

5
a4

1
1

6A10
a5 ,

C2E52A3

5
a31A3

5
a42A2

5
a5 . ~8!

ai denote the following combinations of reduced matrix e
ments~a factorGF /A2 is omitted for simplicity!:

a15
1

2
~c11c2!

1

A2
^1i 3̄(s)i3&2

1

2
~c12c2!^1i 3̄(a)i3&,

a25
1

2
~c11c2!

1

A2
^8i 3̄(s)i3&2

1

2
~c12c2!^8i 3̄(a)i3&,

a352
1

2
~c12c2!^8i6i3&,

a45
1

2
~c11c2!^8i15i3&,

a55
1

2
~c11c2!^27i15i3&. ~9!

The normalization of the reduced matrix elements is cho
as in@4#. Relative normalization with respect to the one us
in @3# is given in the Appendix.

One can find three combinations of graphical amplitud
which are independent of the reduced matrix elementsa1 ,a2.
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As explained in the next section, they will be useful in rela
ing EWP contributions to tree amplitudes:

T2A5A3

5
a31A3

5
a42A2

5
a5 ,

T1C52
A10

3
a5 ,

C2E52A3

5
a31A3

5
a42A2

5
a5 . ~10!

These relations can be solved fora3 ,a4 anda5:

a352
1

2
A5

3
~A1C2T2E!,

a45
1

2
A5

3S 2A2
1

5
C2

1

5
T2ED ,

a552
3

A10
~T1C!. ~11!

In Sec. IV we will need also the results for the reduc
matrix elementsa1 and a2 expressed in terms of graphica
contributions

a152
1

2
T1

1

6
C2

4

3
E2

4

3
Pu22PAu ,

a25
1

2
A5

2S T2
1

3
C1A2

1

3
E1

8

3
PuD .

~12!

III. RELATIONS BETWEEN EWP AND TREE
AMPLITUDES

Our purpose is to relate in the SU~3! limit EWP contribu-
tions to tree amplitudes. We note that the operators3̄(s) and
3̄(a) occur in Eq.~5! in different combinations than in Eq
~4!. Therefore, for arbitrary values ofc1 , c2 , c9 and c10,
symmetry relations for EWP contributions can only be o
tained which are independent of the matrix elements of3̄(s)

and 3̄(a). The respective EWP contributions can then be
pressed only in terms of tree-level amplitudesT,C,A,E with
the help of relations~11!.

A. zDSz51 amplitudes

EWP contributions toB→Kp decays can be easily com
puted using the Hamiltonian~5!. One obtains

PEW~B0→K1p2!5
3

4A10
b21

1

4
A3

5
b31

3

8
A3

5
b4

2A2

5
b5 ,
1-3
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PEW~B1→K0p1!52
3

4A10
b21

1

4
A3

5
b31

9

8
A3

5
b4

2
1

A10
b5 ,

PEW~B0→K0p0!52
3

8A5
b22

1

4
A 3

10
b32

3

8
A 3

10
b4

2
3

2A5
b5 ,

PEW~B1→K1p0!5
3

8A5
b22

1

4
A 3

10
b32

9

8
A 3

10
b4

2
2

A5
b5 . ~13!

The parametersbi , analogous toai , are defined as

b152
1

2
~c91c10!

1

A2
^1i 3̄(s)i3&1

1

2
~c92c10!^1i 3̄(a)i3&,

b252
1

2
~c91c10!

1

A2
^8i 3̄(s)i3&1

1

2
~c92c10!^8i 3̄(a)i3&,

b35
3

2
~c92c10!^8i6i3&,

b45
1

2
~c91c10!^8i15i3&,

b55
1

2
~c91c10!^27i15i3&. ~14!

The EWP contributions satisfy the isospin relation~as do the
full amplitudes@15#!

PEW~B1→K0p1!1A2PEW~B1→K1p0!

5A2PEW~B0→K0p0!1PEW~B0→K1p2!.

~15!

It is clear now that any combination ofPEW amplitudes
which is independent ofb1 ,b2 can be expressed directly i
terms of the tree-level amplitudesT,C,A,E using relations
~11!:

b3523
c92c10

c12c2
a35

c92c10

c12c2

A15

2
~A1C2T2E!,

b45
c91c10

c11c2
a45

1

2
A5

3

c91c10

c11c2
S 2A2

1

5
C2

1

5
T2ED ,
03402
b55
c91c10

c11c2
a552

3

A10

c91c10

c11c2
~T1C!. ~16!

One can form two combinations of electroweak peng
contributions inB→Kp decays which do not depend o
b1 ,b2:

PEW~B1→K0p1!1A2PEW~B1→K1p0!

52A5

2
b55

3

2

c91c10

c11c2
~T1C!, ~17!

PEW~B0→K1p2!1PEW~B1→K0p1!

5
1

2
A3

5
b31

3

2
A3

5
b42

3

2
A2

5
b5

5
3

4

c92c10

c12c2
~A1C2T2E!2

3

4

c91c10

c11c2

3~A2C2T1E!. ~18!

A third combinationPEW(B0→K0p0)1PEW(B1→K1p0)
is not independent of these two in view of the isospin ide
tity ~15!. The first relation~17! was obtained in@11#. The
second one~17! is new.

In a similar way one can compute EWP contributions
Bs decay amplitudes. We find

PEW~Bs→p1p2!

52
1

4
b12

1

2A10
b22

3

4
A3

5
b41

1

4A10
b5 ,

PEW~Bs→p0p0!

5
1

4A2
b11

1

4A5
b21

3

4
A 3

10
b42

1

8A5
b5 ,

PEW~Bs→K1K2!

52
1

4
b11

1

4A10
b21

1

4
A3

5
b32

3

8
A3

5
b4

2
7

4A10
b5 ,

PEW~Bs→K0K̄0!

5
1

4
b12

1

4A10
b21

1

4
A3

5
b32

9

8
A3

5
b4

2
1

4A10
b5 . ~19!

Eliminating b1 ,b2 gives two relations
1-4
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PEW~Bs→p1p2!1A2PEW~Bs→p0p0!50, ~20!

PEW~Bs→K1K2!1PEW~Bs→K0K̄0!

5
3

4

c92c10

c12c2
~A1C2T2E!1

3

4

c91c10

c11c2
~A1C1T1E!.

~21!

The first relation is simply a consequence of the absenc
DI 52 terms in the EWP Hamiltonian~5!.

For completeness we give also the EWP contributions
B decays into an octeth

PEW~B1→h8K1!52
1

8
A3

5
b21

1

4A10
b31

9

8A10
b4

2A3

5
b5 ,

PEW~B0→h8K0!52
1

8
A3

5
b22

1

4A10
b32

3

8A10
b4

2
1

2
A3

5
b5 ,

PEW~Bs→p0h8!52
1

2A5
b31

3

2A5
b42A 3

10
b5 .

~22!

B. DS50 amplitudes

For this case the Hamiltonian~5! gives the following re-
sults forB andBs decays

PEW~B1→p1p0!52
A5

2
b5 ,

PEW~B0→p1p2!52
1

4
b11

1

4A10
b21

1

4
A3

5
b3

2
3

8
A3

5
b42

7

4A10
b5 ,

PEW~B0→p0p0!5
1

4A2
b12

1

8A5
b22

1

4
A 3

10
b3

1
3

8
A 3

10
b42

13

8A5
b5 ,

PEW~B1→K1K̄0!52
3

4A10
b21

1

4
A3

5
b31

9

8
A3

5
b4

2
1

A10
b5 ,
03402
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PEW~B1→p1h8!5
1

4
A3

5
b22

1

2A10
b32

9

4A10
b4

2
1

2
A3

5
b5 ,

PEW~B0→K1K2!52
1

4
b12

1

2A10
b22

3

4
A3

5
b4

1
1

4A10
b5 ,

PEW~B0→K0K̄0!5
1

4
b12

1

4A10
b21

1

4
A3

5
b32

9

8
A3

5
b4

2
1

4A10
b5 ,

PEW~Bs→K2p1!5
3

4A10
b21

1

4
A3

5
b31

3

8
A3

5
b4

2A2

5
b5 ,

PEW~Bs→K̄0p0!52
3

8A5
b22

1

4
A 3

10
b32

3

8
A 3

10
b4

2
3

2A5
b5 . ~23!

Eliminatingb1 –4 gives the following relations for EWP con
tributions toB→pp decays:

A2PEW~B1→p1p0!5PEW~B0→p1p2!

1A2PEW~B0→p0p0!

5
3

2

c91c10

c11c2
~T1C!. ~24!

This relation, describing decay amplitudes into two pions
a I 52 state, follows from isospin alone. Only theDI 53/2
part of the Hamiltonian contributes to these amplitud
Comparing the tree-level~4! and EWP~5! Hamiltonians, one
observes that theirDI 53/2 parts are simply related by

H DI 53/2
EW 52

3

2

l t
(d)

lu
(d)

c91c10

c11c2
H DI 53/2

tree . ~25!

Therefore isospin symmetry alone suffices to relate their m
trix elements. A similar relation holds for EWP contributio
in Bs→(K̄p) I 53/2:
1-5
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PEW~Bs→K2p1!1A2PEW~Bs→K̄0p0!

5
3

2

c91c10

c11c2
~T1C!. ~26!

IV. GRAPHICAL REPRESENTATION FOR EWP

The numerical values of the two ratios of Wilson coef
cients appearing in the previous section are very close
each other:

c91c10

c11c2
521.139a,

c92c10

c12c2
521.107a. ~27!

We used here the leading logarithmic values of the Wils
coefficients atmb @14#:

c151.144, c2520.308, c9521.280a, c1050.328a,
~28!

with a51/129. The two values in Eq.~27! differ by less that
3%. Therefore, they can be taken as having a common v
to a very good approximation:1

c91c10

c11c2
5

c92c10

c12c2
5k, ~29!

wherek.21.123a. As a consequence of this approxima
equality, all EWP reduced matrix elements~14! are propor-
tional to the corresponding tree amplitudes~9! with a com-
mon proportionality constant

b152ka1 , b252ka2 , b3523ka3 ,

b45ka4 , b55ka5 . ~30!

These equalities suggest introducing the following
EWP amplitudes, analogous to the ones used to parame
tree-level decay amplitudes:

Pi
EW5k i , i 5T,C,A,E,Pu ,PAu . ~31!

These amplitudes have a direct graphic interpretation
terms of quark diagrams with one insertion of an electrow
penguin operator. Furthermore, the simple proportionality
lation ~31! guarantees that thePi

EW amplitudes will satisfy
the same hierarchy of sizes as the tree-level amplitudes@3,9#.

Inserting relations~30! into Eq. ~8! one may express th
parametersbi in terms of Pi

EW . Using Eqs.~13!, ~19! and
~23!, EWP contributions to any given decay can be written
a linear combination of thePi

EW amplitudes. The results ar
given in Table I forDS50 transitions and in Table II for
uDSu51 decays.

1This approximate equality has been used previously in a diffe
context in@20#.
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The results in Tables I and II agree with a previous ana
sis of the EWP contributions in quark diagram language@9#.
The relation between the EWP amplitudes of@9# and our
parametersPi

EW is given by

PEW52
3

2
l t

(d)PT
EW, PEW

C 52
3

2
l t

(d)PC
EW ,

PEW8 52
3

2
l t

(s)PT
EW , PEW8C 52

3

2
l t

(s)PC
EW .

~32!

The improvement over@9# is that these parameters can
simply expressed through Eq.~31! in terms of tree-level
graphical amplitudes. Also, we include here all possi
quark diagram topologies for the EWP contributions in a
dition to PT

EW and PC
EW which were kept in@9#. Thus, the

effects of EWP contributions can be included to a good
proximation in a model-independent way without encount
ing any new hadronic amplitudes. One of the consequen
of this simplification is that color suppression of certa
EWP amplitudes is identical to the corresponding suppr
sion of tree amplitudes, and does not require further assu
tions about hadronic matrix elements of EWP operators.

nt

TABLE I. EW penguin contributions toDS50 transitions in
terms of the graphical amplitudesPi

EW .

Decay mode PT
EW PC

EW PA
EW PE

EW PPu

EW PPAu

EW

B1→p1p0 3/2A2 3/2A2 0 0 0 0

K1K̄0 0 1/2 0 21 1/2 0

B0→ p1p2 0 1 1/2 21/2 21/2 21/2
p0p0 3/2A2 1/2A2 21/2A2 1/2A2 1/2A2 1/2A2
K1K2 0 0 1/2 0 0 21/2

K0K̄0 0 1/2 1 1/2 1/2 1/2

Bs→ K2p1 0 1 0 21/2 21/2 0

K̄0p0 3/2A2 1/2A2 0 1/2A2 1/2A2 0

TABLE II. EW penguin contributions touDSu51 transitions in
terms of the graphical amplitudesPi

EW .

Decay mode PT
EW PC

EW PA
EW PE

EW PPu

EW PPAu

EW

B1→K0p1 0 1/2 0 21 1/2 0
K1p0 3/2A2 1/A2 0 1/A2 21/2A2 0
h8K1 A3/2A2 A2/3 0 21/A6 1/2A6 0

B0→ K1p2 0 1 0 21/2 21/2 0
K0p0 3/2A2 1/2A2 0 1/2A2 1/2A2 0
h8K0 A3/2A2 1/2A6 0 1/2A6 1/2A6 0

Bs→ p1p2 0 0 1/2 0 0 21/2
p0p0 0 0 21/2A2 0 0 1/2A2
K1K2 0 1 1/2 21/2 21/2 21/2

K0K̄0 0 1/2 1 1/2 1/2 1/2

p0h8 A3/2 0 2A3/2 0 0 0
1-6



c
or

W
t

de

l
D

l
th

tw

P

ar

of

of

m-

e

e
he

r of
ne-
of

of
an-

n

be
-

-

MODEL-INDEPENDENT ELECTROWEAK PENGUIN . . . PHYSICAL REVIEW D60 034021
V. APPLICATIONS

A. Determination of a from B˜pp decays

It has been proposed in@5# to determine the weak anglea
from a combined measurement of the time-dependent de
rateB0(t)→p1p2 and time-integrated branching ratios f
B1→p1p0, B0→p1p2, B0→p0p0 and their
CP-conjugated modes. As noted in@8–10#, this method is
affected by uncertainties arising from the presence of E
contributions. We will show in the following how their effec
can be taken into account in a model-independent way@16#.

The anglea is measured through the time-dependent
cay rateB0(t)→p1p2 which contains a term of the form

u^p1p2uB0~ t !&u25•••1uA~B0→p1p2!u

3uA~B̄0→p1p2!ue2Gtsin~2a1u!

3sin~Dmt!, ~33!

Dm being the mass difference between the two neutraB
mass eigenstates. The angleu is due to the presence of QC
penguins in theB0→p1p2 amplitude and is defined asu
5Arg@Ã(B̄0→p1p2)/A(B0→p1p2)# @with Ã(B̄→ f̄ )
[e2igA(B̄→ f̄ )#.

The idea of@5# is to measureu through a geometrica
construction. An essential ingredient of the method is
equality of the following two decay amplitudes:

A~B1→p0p1!5Ã~B2→p0p2!, ~34!

which can be therefore taken as the common base of
isospin triangles for the decaysB1→p1p0, B0→p1p2,
B0→p0p0 and their CP-conjugate modes. The angleu is
obtained from this construction asu5Arg@Ã(B̄0

→p1p2)/A(B0→p1p2)#.
The equality~34! is spoiled in the presence of the EW

terms, in which case one has

A2A~B1→p0p1!52lu
(d)~T1C!1l t

(d) 3

2

c91c10

c11c2
~T1C!.

~35!

We made use of the isospin relation~24! for the EWP con-
tribution to this decay.

The amplitude~35! and its CP conjugate are shown in
Fig. 1, from which two conclusions are immediately app

FIG. 1. EW penguin effects in the decay amplitudeA(B1

→p0p1) and its charge conjugateÃ(B2→p0p2)[e2igA(B2

→p0p2).
03402
ay
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ent: ~a! the equality between the decay rates forB1

→p0p1 and itsCP conjugate holds also in the presence
the EWP amplitudes;~b! the value of the angle 2j between
A(B1→p0p1) andÃ(B2→p0p2) is a calculable function
of a alone. A simple calculation gives

tanj5
xsina

11xcosa
, x[

3

2

c91c10

c11c2
Ul t

(d)

lu
(d)U520.013Ul t

(d)

lu
(d)U ,
~36!

where ul t
(d)/lu

(d)u5uVtbVtd /VubVudu'uVtd /Vubu. Note that
the anglej depends only ona and on the parameterx which
involves some uncertainty in its CKM factor, but is free
any hadronic uncertainty.

Therefore, the method proposed in@5# can be adapted to
include the effects of the EWP by defining the modified a
plitudes Ã8(B̄→ f̄ )5e2i jÃ(B̄→ f̄ ) in terms of which the
equality~34! is restored. The geometrical construction of@5#
can be carried through as before andu is extracted as

u5Arg
Ã8~B̄0→p1p2!

A~B0→p1p2!
72j~a!. ~37!

The upper~lower! sign in this formula corresponds to th
case when the two triangles are drawn on the same~on op-
posite! side of the common amplitude~34!. As in the original
version of this method, there is a fourfold ambiguity in th
value ofa, arising from the above-mentioned freedom in t
geometric construction and from having to extracta from
sin(2a1u).

Numerically the shift in the angleDu52j induced by
EWP contributions is seen to be rather small, of the orde
1.5°. Therefore, in practice these contributions can be
glected and the results of this analysis are not likely to be
immediate relevance for an extraction ofa. However, we use
this example to demonstrate that, in principle, the effects
EWP terms can be eliminated in a model-independent m
ner to allow a determination of the weak phase.

B. Constraints on g from B˜Kp decays

Recently the SU~3! relation ~17! between EWP contribu-
tions in B1→K0p1 andB1→K1p0 was obtained by Neu-
bert and Rosner@11#, and was used to derive information o
g from theCP-averaged ratio

R
*
215

2@B~B1→K1p0!1B~B2→K2p0!#

B~B1→K0p1!1B~B2→K̄0p2!
. ~38!

Further constraints on the weak phase were shown to
provided by separateB1 and B2 branching ratio measure
ments if rescattering effects can be neglected@12#. In the
present section we will review the arguments of@11#, and
then apply Eq.~17!, the second relation between EWP am
plitudes inB→Kp, to the ratio@17#
1-7
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R5
B~B0→K1p2!1B~B̄0→K2p1!

B~B1→K0p1!1B~B2→K̄0p2!
. ~39!

Our purpose here is to possibly eliminate uncertainties iR
due to EWP contributions in a model-independent mann
These contributions were argued in@9,18# to be color sup-
pressed and were calculated in specific model calculat
@17,19# to be very small. Assuming that they can be n
glected, and that the same applies to certain rescatterin
fects, one obtains the bound@17# R>sin2g which can be
useful provided thatR,1. Furthermore, measuring theCP
asymmetry inB→K6p7 would constraing even if R>1
@18#. Here we will attempt to obtain a model-independe
generalization of the boundR>sin2g including EWP effects
@20#. The role of rescattering effects@21# and the possible
limits on such effects@18,22# were discussed elsewhere.

The amplitudes of the two decay processes appearin
R

*
21 are given by@3,9#

A2A~B1→K1p0!

52lu
(s)~T1C1Puc1A!

2l t
(s)@Pct2A2PEW~B1→K1p0!#,

A~B1→K0p1!

5lu
(s)~Puc1A!1l t

(s)@Pct1PEW~B1→K0p1!#.

~40!
03402
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ef-
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The contribution of the QCD penguin amplitude with an i
ternal charm quark was included inPuc5Pu2Pc and Pct
5Pt2Pc by making use of the unitarity of the CKM matrix
Using Eq.~17!, the first amplitude can be written as

A2A~B1→K1p0!52ulu
(s)u~T1C!S 11

3

2
k D ~eig2dEW!

1lu
(s)@~Pct1PEW!2~Puc1A!#

1VcbS 12
l2

2 D ~Pct1PEW!,

~41!

wherePEW[PEW(B1→K0p1) and

dEW52
3

2

k

11
3

2
k

12l2/2

l2Rb

, k[
c91c10

c11c2
. ~42!

The parameterRb.0.4160.07 @24# is defined by Rb

[1/luVub /Vcbu; we used l t
(s)52Vcb$(12l2/2)

1l2Rbeig% as required by the unitarity of the CKM matrix
Therefore,
R
*
215

ueeifT~eig2dEW!2eAeifAeig2eifPu21ueeifT~e2 ig2dEW!2eAeifAe2 ig2eifPu2

ueAeifAeig1eifPu21ueAeifAe2 ig1eifPu2
, ~43!

where we denote

eeifT5S 11
3

2
k D l2Rb

12
l2

2

T1C

uPct1PEWu
, eAeifA5

l2Rb

12l2/2
S eifP2

A1Puc

uPct1PEWu
D , ~44!

andfP5Arg(Pct1PEW). To first order in the rescattering parametereA and in the small parametere.0.24 @11#, obtained
through@6#

e5A2
Vus

Vud

f K

f p

uA~B1→p0p1!u

uA~B1→K0p1!u
, ~45!

the ratioR
*
21 is independent ofeA and is given by

R
*
215122ecosD f~cosg2dEW!1O~e2!1O~eeA!1O~eA

2 !, Df5fT2fP . ~46!

This then implies the bound@11#

ucosg2dEWu>
u12R

*
21u

2e
, ~47!

which can set new constraints ong if R* Þ1. The central value of a recent measurement@23#, R* 50.4760.24, lies two
standard deviations away from 1.

We now proceed to study the ratioR. Applying relation~18! to the corresponding EWP contributions, we find
1-8
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A~B0→K1p2!52lu
(s)~T1Puc!2l t

(s)~Pct1PEW!1
3

4
l t

(s)Fc92c10

c12c2
~2T1C1A2E!2

c91c10

c11c2
~2T2C1A1E!G

52ulu
(s)u~T1Puc!~eig2dEW8 !1lu

(s)F ~Pct1PEW!2
3

2
k~C2E!G1VcbS 12

l2

2 D ~Pct1PEW!, ~48!

wherePEW is defined as in Eq.~41!, anddEW8 ~containing the EWP contribution! is defined by

dEW8 52
3

4

12l2/2

l2Rb
Fc92c10

c12c2

2T1C1A2E

T1Puc
2

c91c10

c11c2

2T2C1A1E

T1Puc
G.2

3

2

12
l2

2

l2Rb

k
C2E

T1Puc
. ~49!

We made use here of the approximate equality~29!.
The ratioR Eq. ~39!, can then be written as

R5
ue8eifT8~eig2dEW8 !2eCEeifCEeig2eifPu21ue8eifT8~e2 ig2dEW8 !2eCEeifCEe2 ig2eifPu2

ueAeifAeig2eifPu21ueAeifAe2 ig2eifPu2
, ~50!
r
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e
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where

e8eifT85
l2Rb

12l2/2

T1Puc

uPct1PEWu
,

eCEeifCE5
l2Rb

12l2/2
S eifP2

3

2
k

C2E

uPct1PEWu
D . ~51!

Expanding again in powers ofe8 and keeping only the linea
terms, we obtain

R5122e8cos~Df81df!ucosg2dEW8 u1O~eA!1O~eCE!

1O~e82!, ~52!

whereDf85fT82fP , df5Arg(cosg2dEW8 ).
Let us compare the structure of the two ratiosR, Eq. ~52!,

and R
*
21 , Eq. ~46!, to first order in the small parametere8

'e. ~These two parameters are equal up to corrections
order uC/Tu.0.2 and uPuc /Tu.) First, we note thatR de-
pends on final state rescattering (eA) to lowest order wherea
R

*
21 is unaffected by such effects to this order. This feat

was already noted in@11#. The corrections ofO(eCE) are
very small (eCE.0.02) and can be neglected. The depe
dence of these ratios on EWP contributions is encoded in
parametersdEW8 and dEW . WhereasdEW , Eq. ~42!, is real
and is given in terms of known Wilson coefficients a
CKM factors,dEW8 Eq. ~49! is in general complex and con
tains also the ratio (C2E)/(T1Puc) depending on tree
level hadronic matrix elements. One usually assumes
this ratio is smaller than 1, given roughly by the colo
suppression factor measured inB→D̄p @25#. Thus

udEW8 /dEWu.uC/Tu.0.2. ~53!
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Namely, EWP effects inR are smaller than inR
*
21 by a

factor of about 5, in accordance with@9,18#. A much smaller
value than Eq.~53! was obtained in a model-dependent c
culation @17#.

A certain insight into the size of the ratio of hadron
amplitudes in Eq.~49! parametrizing EWP effects inR can
be obtained from the related ratiou(C2E)/(T1C)u, from
which it differs by corrections of orderuC/Tu,uPuc /Tu. A
model-independent bound on this ratio is given in terms
charge-averaged branching ratios

UC2E

T1CU<A B~B0→p0p0!

B~B6→p6p0!
1

1

A2
A B~B0→K0K̄0!

B~B6→p6p0!
,

~54!

where the triangle inequalityuC2Eu<u2C1P1E1PAu
1uP1PAu is used.

Neglecting rescattering effects inB1→K0p1 @21,22#,
Eq. ~52! implies the bound

ucosg2dEW8 u>
u12Ru

2e8
, ~55!

quite similar to Eq.~47! ~see also@16#!. dEW8 has a very small
magnitude, udEW8 u.0.2dEW50.13, where we useddEW

50.63 @11#. Therefore, in spite of the uncertainty in th
phase ofdEW8 , this constraint ong can potentially become
useful provided that a value forR is measured which isdif-
ferent from 1 ~not necessarily smaller than 1 as required
@17#!. For a given value ofudEW8 u, the allowed region for
cosg is given by the constraint

ucosgu.
u12Ru

2e8
2udEW8 u, ~56!

provided that
1-9
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11udEW8 u>
u12Ru

2e8
>udEW8 u. ~57!

Equations~56! and ~57! exclude a region around cosg50.
For e8.0.24, udEW8 u50.13, this requires 0.06<u12Ru
<0.54. The presently measured value ofR, R51.060.4
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@23#, largely overlaps with this region. We note that fixin
the strong phase ofdEW8 by theoretical arguments can furthe
sharpen these bounds.

The bound~56! on g from R assumes that the rescatterin
corrections@of order O(eA)# can be neglected. The size o
these corrections can be estimated in the SU~3! limit from a
measurement of the ratioRK of charge-averaged rates
RK5
B~B6→K6K0!

B~B6→K0p6!
5S 12l2/2

l D 2
eA

21
l4

~12l2/2!4
22eA

l2

~12l2/2!2
cos~fA2fP!cosg

11eA
212eAcos~fA2fP!cosg

. ~58!
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Present global analyses of the unitarity triangle suggest
the value of the weak angleg is around 90°. Therefore, th
ratio RK is expected to be insensitive to a good approxim
tion to the strong phase differencefA2fP . Taking g
590° one obtains the following estimate for the rescatter
parametereA :

eA
2.

l2S RK2
l2

~12l2/2!2D
~12l2/2!22l2RK

. ~59!

The resulting value ofeA is smaller than 0.18 throughout th
regionRK<0.7 allowed by present CLEO data@23#. We note
that the estimate~59! is more restrictive than existing bound
on this parameter@22,20#, which treatg as completely arbi-
trary.

It is possible to improve this constraint ong by combin-
ing the data onR with a measurement of the pseud
asymmetryA0 @18,20#:

A05
B~B0→K1p2!2B~B̄0→K2p1!

B~B1→K0p1!1B~B2→K̄0p2!
. ~60!

One finds, to first order ine8,

A052e8sing sinDf81O~e82!1O~eA!. ~61!

For dEW8 50 and for givene8, R, Eq. ~52!, andA0, Eq. ~61!,
determineg up to a fourfold ambiguity@18#. In reality, since
udEW8 u.0.13 is very small, the solutions forg are given by
narrow bands corresponding to the uncertainty in the str
phase ofdEW8 .

VI. CONCLUSIONS

Electroweak penguin amplitudes play an important role
various attempts to determine CKM phases from rate m
surements. InDS51B decays their contribution is compa
rable to that arising from the current-current terms in
weak Hamiltonian. It is therefore important to have an ac
rate theoretical control over their effect. Based on flav
at

-

g

g

n
a-

e
-
r

SU~3! and dominance ofQ9 and Q10 EWP operators, we
presented a general method for relating the EWP contr
tions to current-current amplitudes inB decays to a pair of
charmless mesons. This reduces in a model-independent
the number of hadronic amplitudes parametrizingB decays.
SU~3! breaking effects on these relations were studied
some cases in a model-dependent way and were found t
small @11#.

We applied these relations to three cases, a determina
of a from B→pp and two ways of constrainingg from B
→Kp decays. In the first case~where only isospin was used!
and when studying the ratioR

*
21 in B6 decays@11# @where

SU~3! flavor was employed#, constraints were obtaine
which were free of hadronic uncertainties. On the other ha
a study ofg through the ratioR in B0,6→Kp6 depends on
the knowledge of the ratio of certain current-current amp
tudes. Neglecting rescattering effects, we used the small
of this ratio to argue that useful constraints ong can be
obtained fromR provided thatR is different from 1.
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APPENDIX: FOUR-QUARK OPERATORS
WITH WELL-DEFINED SU „3… TRANSFORMATION

PROPERTIES

We give in this appendix the four-quark operators appe
ing in the weak Hamiltonian forb decays. They are define
as @in notationq̄1q̄3q2.(b̄q1)(q̄2q3))

DS511 operators

15I 5152
1

2
~ ūs̄u1 s̄ūu!1

1

2
~ d̄s̄d1 s̄d̄d! ~A1!
1-10
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15̄I 5052
1

2A2
~ ūs̄u1 s̄ūu!2

1

2A2
~ d̄s̄d1 s̄d̄d!

1
1

A2
s̄s̄s ~A2!

6I 5152
1

2
~ ūs̄u2 s̄ūu!1

1

2
~ d̄s̄d2 s̄d̄d! ~A3!

3I 50
(a) 52

1

2
~ ūs̄u2 s̄ūu!2

1

2
~ d̄s̄d2 s̄d̄d! ~A4!

3I 50
(s) 5

1

2A2
~ ūs̄u1 s̄ūu!1

1

2A2
~ d̄s̄d1 s̄d̄d!

1
1

A2
s̄s̄s. ~A5!

DS50 operators

15I 53/252
1

A3
~ ūd̄u1d̄ūu!1

1

A3
d̄d̄d ~A6!

15I 51/252
1

2A6
~ ūd̄u1d̄ūu!1

1

2
A3

2
~ s̄d̄s

1d̄s̄s!2
1

A6
d̄d̄d ~A7!
i-
rri

s.

r,

03402
6I 51/25
1

2
~ d̄s̄s2 s̄d̄s!1

1

2
~ ūd̄u2d̄ūu! ~A8!

3I 51/2
(a) 52

1

2
~ ūd̄u2d̄ūu!1

1

2
~ d̄s̄s2 s̄d̄s!

~A9!

3I 51/2
(s) 5

1

2A2
~ ūd̄u1d̄ūu!1

1

2A2
~ d̄s̄s1 s̄d̄s!

1
1

A2
d̄d̄d. ~A10!

We also list the relative normalization between SU~3! re-
duced matrix elements used in this paper and in@3#:

a152
1

A3
$1% , a2522A2

3
$81%,

a352
2

A3
$82%, a45

4

A5
$83%,

a553A6

5
$27% . ~A11!
od.
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