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We discuss the role of electroweak penguin diagrams in B decays to two light pseudoscalar mesons.
We confirm that the extraction of the weak phase a through the isospin analysis involving B + mvr

decays is largely unafFected by such operators. However, the methods proposed to obtain weak and
strong phases by relating B —+ 7rvr, B ~ vrK, and B ~ KK decays through flavor SU(3) will be
invalidated if electroweak penguin diagrams are large. We show that, although the introduction of
electroweak penguin contributions introduces no new amplitudes of Qavor SU(3), there are a number
of ways to experimentally measure the size of such effects. Finally, using SU(3) amplitude relations
we present a new way of measuring the weak angle p which holds even in the presence of electroweak
penguin diagrams.

PACS number(s): 13.25.Hw, 11.30.Er, 12.15.Hh, 12.15.Lk

I. INTRODUCTION

The B system is the ideal place to measure the phases
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The
weak phases n, P, and p can be measured in numerous
ways through asymmetries and rate measurements of var-
ious B decays [1]. Ultimately it will be possible to verify
the relation n = vr —P —p, predicted within the standard
model.

The conventional method for obtaining the angle o.
is through the measurement of the time-dependent rate
asymmetry between the process B ~ sr+~ and its CP
conjugate. This assumes that the decay is dominated by
one weak amplitude the tree diagram. However, there
is also a penguin contribution to the decay, which has
a diferent weak phase than the tree diagram. This in-
troduces a theoretical uncertainty into the extraction of
o.. Fortunately, this uncertainty can be removed by the
use of isospin [2]. The two final-state pions can be in
a state with I = 2 or I = 0. But the penguin dia-
gram, which is mediated by gluon exchange, contributes
only to the I = 0 final state. Thus, by isolating the
I = 2 component, one can isolate the tree contribution,
thereby removing the uncertainty due to the penguin di-
agrams. This can be done through the use of an isospin
triangle relation among the amplitudes for B+ ~ sr+sr
B ~ sr+sr, and B + m m . By measuring the rates
for these processes, as well as their CP-conjugate coun-
terparts, it is possible to isolate the I = 2 component
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and obtain o. with no theoretical uncertainty. The cru-
cial factor in this method is that the I = 2 amplitude is
pure tree and hence has a well-defined CKM phase.

Recently, it was proposed that the phases of the CKM
matrix could be determined through the measurement of
various decay rates of B mesons to pairs of light pseu-
doscalars [3—5]. This was based on two assumptions: (i) a
Havor SU(3) symmetry [6—8] relating B +arear, B +-mK, -
and B ~ KK decays, and (ii) the neglect of exchange-
and annihilation-type diagrams, which are expected to
be small for dynamical reasons. For example, it was sug-
gested that the weak phase p [equal to arg(V„'&) in the
Wolfenstein parametrization [9],could be found by mea-
suring rates for the decays B+ ~ m K+, B+ ~ vr+K,
B+ ~ n+vr, and their charge-conjugate processes [4].
The vrK final states have both I = 1/2 and I = 3/2 com-
ponents. The key observation is that the gluon-mediated
penguin diagram contributes only to the I = 1/2 final
state. Thus, a linear combination of the B+ ~ m K+
and B+ ~ m+K amplitudes, corresponding to I = 3/2
in the 7rK system, could be related via flavor SU(3) to
the purely I = 2 amplitude in B+ ~ vr+7r, permitting
the construction of an amplitude triangle. The difFer-

ence in the phase of the B+ ~ sr+sr side and that of
the corresponding triangle for B decays was found to
be 2p. Taking SU(3) breaking into account, the analy-
sis is unchanged, except that one must include a factor
f~/f in relating B ~ 7rm decays to the B +vrK de--
cays [10]. The weak phase p can also be extracted in
an independent way, along with the CKM phase o. and
all the strong final-state phases, by measuring the rates
for another set of seven decays, along with the rates for
the charge-conjugate decays [5]. [SU(3)-breaking efFects
are discussed in [10].] This method also relies on the
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SU(3) relation between the I = 3/2vrK amplitude and
the I = 2 urer amplitude.

The crucial ingredient in the above analyses is that the
penguin diagram is mediated by gluon exchange. How-
ever, there are also electroweak contributions to the pro-
cesses b ~ 8qq and b —+ dqq, consisting of p and Z pen-
guin and box diagrams [ll]. (From here on, we gener-
ically refer to all of these as "electroweak penguin dia-
grams. ") Since none of the electroweak gauge bosons is
an isosinglet, these diagrams can affect the above argu-
ments. For the B —+ mvr isospin analysis, the result is that
the I = 2 state will no longer have a well-defined weak
CKM phase. For the B ~ 7rvr/mK analyses, in the pres-
ence of electroweak penguin diagrams there are no longer
triangle relations among the B —+ vrK and B ~ vrvr am-
plitudes. Theoretical estimates [12] have indicated that
electroweak penguin diagrams are expected to be rela-
tively unimportant for mvr. However, they are expected
to play a significant role in the vrK case, introducing con-
siderable uncertainties in the extraction of p as described
above.

The purpose of the present paper is to examine the role
of electroweak penguin diagrams in all B ~ PP decays,
where P denotes a light pseudoscalar meson. We wish to
address the following questions: (1) To what B decays
do electroweak penguin diagrams contribute? (2) Can
one obtain information on their magnitude directly from
the data? (3) Can one extract weak CKM phases in the
presence of electroweak penguin diagrams?

We answer the first question by including the elec-
troweak penguin contributions in a general graphical de-
scription of all B ~ PP amplitudes, which was shown to
be a useful representation of ffavor SU(3) amplitudes [3].

The second question is answered in the aKrmative. An
explicit calculation of electroweak penguin diagrams [13]
suggests that they could dominate in decays of the form
B, ~ (P or g) + (vr or p). We find that there are ad-
ditional measurements which are indirectly sensitive to
such contributions.

As to the third question, we find that it is indeed
possible to obtain information about the CKM angle p,
even in the presence of electroweak penguin diagrams.
While the method proposed makes use of a considerably
larger number of measurements than the original simple
set proposed in [3—5], there is no difficulty in principle
in obtaining the necessary information from experiment
alone. Whether these measurements are feasible in prac-
tice in the near term is another story, which we shall
address as well. The four amplitudes for different charge
states in B ~ vrK decays satisfy a quadrangle relation
dictated entirely by isospin. When sides are chosen in
an appropriate order, we find that one diagonal of the
quadrangle is related to the rate for B, —+ a g, so that
(up to discrete ambiguities) the quadrangle is of well-
defined shape. The difference between the other diago-
nal and the corresponding quantity for charge-conjugate
processes, when combined with the rate for B+ —+ sr+sr,
provides information on sing.

We discuss general aspects of electroweak penguin di-
agrams in Sec. II, with particular emphasis on estimates
of the size of such effects. In Sec. III we examine the elec-

troweak penguin contributions to B + PP decays. The
quadrangle for B + mK decays is treated in Sec. IV. Ex-
perimental prospects are noted in Sec. V, while Sec. VI
summarizes.

II. ELECTROWEAK PENGUIN DIAGRAMS:
GENERAL CONSIDERATIONS

Our approach is intended to rely to the greatest possi-
ble degree on model-independent ffavor SU(3) arguments
rather than on specific a priori calculations of ampli-
tudes. Thus the estimates to be presented in the present
section are intended primarily to indicate which contribu-
tions should be retained in an SU(3) analysis, and which
may be safely neglected.

A. How big are electroweak penguin diagrams?

The standard. penguin diagram involves a charge-
preserving, fIavor-changing transition of a heavy quark
to a lighter one by means of a loop d.iagram involving a
virtual R' and. quarks, and emission of one or more glu-
ons. The penguin diagrams involving b ~ d transitions
change isospin by 1/2 unit, while b -+ s transitions leave
isospin invariant.

Penguin diagrams in which the b —+ q system is coupled
to other quarks through the photon or Z (or through box
diagrams involving W's) instead of through gluons have
more complicated isospin properties. There will be con-
tributions in which the additional quark pair is isoscalar
(as in the conventional penguin graphs), but others in
which it is isovector.

The importance of electroweak penguin (EWP) dia-
grams was realized in the calculation of the parameter
e /e describing direct CP violation in KL, -+ arm [14].
That parameter requires an imaginary part of the ra-
tio A2/Ap, where the subscript denotes the isospin I
of the xx system. The EWP can provide an I = 2
contribution, whereas the conventional penguin diagram
cannot. The numerical importance of the EWP diagram
involving Z exchange is enhanced by a factor of m~2/M&

[»]
A similar circumstance was realized by Deshpande and

He [12] to apply to two cases: (a) An isospin triangle for
B ~ mar decays, while continuing to hold, receives small
contributions &om electroweak penguin diagrams. This
can in principle affect the analysis proposed in [2] for ex-
tracting the weak phase n. (b) The validity of the SU(3)
triangle proposed in [3—5], involving the comparison of
B + mvr and B ~ vrK decays, is also affected.

The dominant electroweak penguin contribution arises
from Z exchange. There are two such diagrams, shown
in Fig. 1. The distinction between the two is that the di-
agram of Fig. 1(a) is color allowed, while that of Fig. 1(b)
is color suppressed. We refer to these as PE~ and PE~,
respectively. Thus EWP effects will be most important
when the PE~ diagram is involved, that is, when there is
a nonstrange neutral particle in the final state, such as vr,
g, p, or P. All-charged final states will be less affected
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FIG. 1. (a) Color-allowed Z-penguin diagram, (b)
color-suppressed Z-penguin diagram.

by the presence of electroweak penguin diagrams, since in
this case only the PE~ diagram can arise. EWP diagrams
which involve the annihilation of the quarks in the initial
B meson are suppressed by a factor of f~/m~ --5%. As
we will see &om the hierarchy of diagrams discussed in
the next section, this means that we will always be able
to ignore annihilation-type EWP d.iagrams.

The ratio of a PE~ electroweak penguin to a gluonic
penguin contribution P in b quark decays contains a fac-
tor of a2/n, (1/30)/0. 2 1/6, where we have evalu-
ated both couplings at mb. The electroweak penguin di-
agram for Z exchange contains a factor of (mq/Mz) = 4
in contrast with a logarithm in(m, /m, ) = 9 in the glu-
onic penguin diagram. Thus the overall electroweak pen-
guin diagram's amplitude should be 10% that of the
gluonic penguin, modulo group-theoretic factors. This is
in qualitative accord with the result of [11,12].

A more quantitative calculation of the ratio PEvv/P
will necessarily involve hadronic physics. In particular,
the matrix elements for PE~ and P are almost certainly
diferent, since the two diagrams clearly have di6'erent dy-
namical structures. Such model-dependent calculations
are fraught with uncertainties [16]. (For example, al-
though it might be argued that factorization applies to
the PEw diagram, it is considerably more doubtful for P.)
Thus theoretical calculations of PEw/P [11,12] should be
viewed with a certain amount of skepticism. Still, the
magnitude of this ratio is very important. As we will see
in the following sections, the methods presented in [3—5]
for the extraction of weak and strong phases will be in-
validated if EWP's are too large, say PEw/P & 20%. For
these reasons it is important to try to obtain information
about electroweak penguin diagrams &om the data.

B. Diagrams and hierarchies

There are, of course, other diagrams which contribute
to B —+ PP decays, and it is equally important to es-
timate the size of electroweak penguin diagrams relative
to these other contributions.

Excluding electroweak penguin diagrams, there are six
distinct diagrams which contribute to B decays: (1)
a (color-favored) "tree" amplitude T, T', (2) a "color-
suppressed" amplitude C, C'; (3) a "penguin" amplitude
P, P', (4) an "exchange" amplitude E, E', (5) an "anni-

hilation" amplitude A, A', (6) a "penguin annihilation"
amplitude PA, PA'. (We refer the reader to Ref. [3] or
[10] for a more complete discussion of the diagrams. ) For
T, C, E, and A, the unprimed and primed amplitudes
contribute to the decays b + uud and b —+ uu8, respec-
tively, and the primed amplitudes are related to their un-
primed counterparts by a factor of ~V„,/V„z~ A = 0.22.
For P and PA the unprimed and primed amplitudes con-
tribute to the decays b ~ d and b ~ s, respectively. In
this case, the primed amplitudes are actually larger than
the unprimed amplitudes by a factor of ~Vi, /Vq~, which
is of order 1/A.

In Ref. [10] we estimated the relative sizes of these di-
agrams in B —+ PP decays. Here we include electroweak
penguin diagrams, justifying our estimates of their mag-
nitudes after presenting the expected hierarchies.

(1) b -+ uud and b -+ d transitions. The dominant
diagram is T. Relative to the dominant contribution, we

expect

1:fT[,
O(A): ~C~, ~P~,

O(A'): IEI IAI IPEWI

O(A ): IPAl IPk~wl .

(2) b ~ uus and b -+ s transitions. Here the dominant
diagram is P'. Relative to this, we estimate

O(A): IT'I IPEW I

O(A'): IC'I IPA'I IPE~wl

O(A'): IE' (2)

The use of the parameter A = 0.22 here is unrelated to
CKM matrix elements it is simply used as a measure
of the approximate relative sizes of the various contribu-
tions. For instance, ~C/T~ A is due to color suppres-
sion, while E and A are suppressed relative to T by the
factor f~/m~ = 0.05 A . Similarly, PA/P f~/m~
Although it is fairly certain that P' dominates the sec-
ond class of decays, the value of the ratio ~T'/P'~ is less
clear. Our value of A for this ratio is probably a rea-
sonable estimate. Finally as discussed in Ref. [10], we

expect the SU(3) corrections to a diagram to be roughly
20% ( A) of that particular diagram. We shall discuss
SU(3)-breaking efFects in the cases of several specific pro-
cesses of interest in Secs. III and IV.

Note that both of the above hierarchies are educated
guesses —it is important not to take them too literally.
Since A is not that small a number, a modest enhance-
ment or suppression (due to hadronic matrix elements,
for example) can turn an effect of O(A ) into an efFect of
O(A + ). Ultimately experiment will tell us exactly how

large the various diagrams are.
Some combination of the decays B ~ zr+m and

B -+ K+rr has been observed [17]. The most likely
branching ratios for these two modes are both about 10
(though all that can be conclusively said is that their sum
is about 2 x 10 ). One then concludes that the T and P'
amplitudes are about the same size. In this case, the es-
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timated hierarchies in Eqs. (1) and (2) can be combined.
The above estimated hierarchies can be used to judge

how large electroweak penguin effects should be. Our
naive estimate of PEw/P was 10%. Allowing for some
variation in either direction, we have PEw/P O(A)—
O(A ). Thus, for b ~ uud/b -+ d decays, EWP's are
at most O(A2) of the dominant T contribution. For this
reason it is unlikely that electroweak penguin diagrams
will significantly affect B + 7r7r decays. On the other
hand, for b -+ uua/b ~ a decays, EWP contributions
can be as much as O(A) of the dominant P' diagrams,
which is why they may be important in B -+ mK decays.

As discussed in the previous section the color-
suppressed. electroweak penguin diagram PE+~ should be
smaller than its color-allowed counterpart PE~ by ap-
proximately a factor of A. Thus this contribution is prob-
ably completely negligible in b + uud/b + d decays, and
is at most a 5% effect in b -+ uua/b + a decays relative
to the dominant P' contribution.

III. B —+ PP DECAYS
A. Decomposition in terms of SU(3) amplitudes

We review briefly the SU(3) discussion of [3]. The
weak Hamiltonian operators associated with the transi-
tions b ~ quu and b ~ q (q = d or a) transform as a
3*, 6, or 15* of SU(3). These combine with the triplet
light quark in the B meson and couple to a symmetric
product of two octets (the pseudoscalar mesons) in the fi-

nal state, leading to decays characterized by one singlet,
three octets, and one 27-piet amplitude. Separate am-
plitudes apply to the cases of strangeness-preserving and
strangeness-changing transitions. The diagrams T—PA
are a useful representation of flavor SU(3) amplitudes.
Although there are six types of diagrain (excluding elec-
troweak penguin diagrams), they only appear in five lin-
ear combinations in B —+ PP decays, in accord with the
group theory result.

The inclusion of electroweak penguin diagrams does
not affect this picture. The ratio of transitions b —+ quu,
b —+ qdd, and b ~ qss is altered, but the b + qdd
and b -+ qaa terms remain equal. [This is obvious for
the p and Z penguin diagrams. For the box diagrams,
this equality is ensured by the Glashow-Iliopoulos-Maiani
(GIM) mechanism. There are contributions &om the
boxes which break this equality, but they are much sup-
pressed relative to the dominant term. ] The weak Hamil-
tonian thus continues to contain terms transforming as
a 3*, 6, or 15' of SU(3), but in difFerent proportions.
Thus, even if one includes electroweak penguin graphs,
there must continue to be five independent amplitudes
describing LS = 0 decays and five other amplitudes de-
scribing ~AS~ = 1 decays. However, some of the corre-
spondence between b, S = 0 and ~AS~ = 1 decays present
in the previous description will be altered. In this sec-
tion we extend the decomposition of B —+ PP decays in
terms of the diagrams T—PA to include the electroweak
penguin diagrams of Fig. 1. In this way we see explic-
itly how B ~ arm and B' ~ mK decays are affected by
electroweak penguin diagrams.

In [3] it was argued that the diagrams E, A, and PA

P:uu+ dd+ ss,
c 2 1

PEw) PEw . —uu ——(dd+ as) .'3 3 (3)

TABLE I. Decomposition of B ~ PP amplitudes for
= AS = 0 transitions in terms of graphical contribu-

tions of Refs. [3,10] and Fig. 1. For completeness we include
color-suppressed PEw contributions even when they are esti-
mated to be negligible.

Final
state

a+ -+ ~+~'
K+K

T, C, P
contributions

(T+ C)/~2—
P+A

Electroweak
penguin diagrams

[PEw + PEw]/K2—
——,PEw]. C

a' -+ ~+~-
aroma

KOKO

B, —+ vr+K
~OK'

(T+ P+E)—
—(C —P —E)/v 2

P

(T+P)—
—(C —P) /+2

2 ~C
3~EW

[PEW + 3PEw]/V 2
]. ~C
3~EW

3 PEW2

[PEw + 3PEw]/~2—

(and their primed counterparts) are negligible since they
are suppressed by a factor of f~/m~ = O(A ) and hence
are unlikely to be important in many cases. However,
there are processes such as B + vr 7r, B+ ~ K+K,
and B, ~ n K which are dominated by the O(A) terms
C and/or P. In these cases diagrams suppressed by
O(A ) with respect to the dominant T contributions, such
as E, A, and PE~, can cause a significant change in the
rate. There are situations, which we will soon discuss,
when one cannot neglect such seemingly small diagrams.
These are precisely the cases where EWP's are impor-
tant.

We continue to use the approximation of ignoring
E, A, and PA-type diagrams when considering elec-
troweak penguin effects as long as their efFects are O(A2)
with respect to the dominant contribution to a process.
Annihilation-type electroweak penguin amplitudes will
always be subdominant by at least O(A ) in all the pro-
cesses we will consider and hence we can ignore them.
In ES = 0 decays (Table I), the E contribution to
B + m+vr can. really be ignored; we include it only
to make evident the isospin triangle relation among the

Bo ~ sr+sr —
~

and Bo ~ vro~o amplitudes.
Similarly, in ~AS = 1~ decays (Table II), the C' contribu-
tion should really be dropped, since it is expected to be
of the same order as the PA' diagram, which has been
neglected. Nevertheless, we continue to keep track of the
C' contribution in such decays since it is related to the
non-negligible C diagram in AS = 0 decays. (Obviously
our results should not, and do not, depend on keeping or
ignoring the C' contribution. )

The distinction between the gluonic penguin P and
the electroweak penguin diagram PE~ is the coupling
to the light quarks. In P, the quarks u, d, and s have
equal couplings to the gluon. In PE~, however, the u
and d/a quarks are treated differently. Schematically, we
can represent the couplings of the strong and electroweak
penguin diagrams as follows:
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TABLE II. Decoecomposition of B —+ PP p
ransitions in terms of rg p

C and the color-su rI
an ig. 1. For corn letp e eness we include

or-suppressed PEw contributio
th t' t dt be o e negligible.

Final

state

B+ -+ ~+K'
~'K+

B' ~ ~-K+

B, -+ K+K

K K

P', T', C'

contributions

Pl

(P'+—T'+ C')/+2

(P'+—T')

(P' —C') /~2

(P'+ —T')

p/

Electroweak

penguin diagrams

3 PEW

[PEw + s PEw]/+2

IC—-,'PEW

[PEw —+ PEw]/—Q2

3 PEW
IC

3 PEW

A(B zz) I+C
I

I

rowea penguin diagrams.
A(B ) d fi de ne as exp(2ip A B +

ilar definition f P d PEw and PEw

0

EW+PEW

Here the electroweak penguin dia ram is
1 t th h f har e o t e quarks as it w

o on exc ange; an resid
subsumed unde th

y resi ual effect may be
er e much lar er lu

bution.
e g g uonic penguin contri-

In Tables I and II we present the d of h
ecays in terms of thee various diagrams, for

SU(3)-breaking c
or . e warn the reader thatr a non-negligible

g corrections can lead to
certain decays that a

a o differences in

For example, accordin to
a appear equal in the abe a ove tables.

K will have the same rate;
breaking effect t dec s in ro uce a rate difference h

e ra e; However, SU(3)-

f. [ ]for more details. We sh
ever, correctly includ SU~3~

e shall, how-

cussing specific 1

u e ~3~-breakin effg effects when dis-
c examples in the folioowing sections. Note

sion o e ectroweak en uision o p guin diagrams leads
wing rep acement in the correwm corresponding tables

C+PEw) T + T+PEW

B. Effects on CP analyses

There are several interestin as ec
h

BM7r
Table I. The decay B+ +
has an electroweak . ou

—+ sr+sr, which is ur
ea penguin component. If ou

contribution to B'+ ~ m+7r

small. It is even small th d
7r is very

onl
ma er in the decay B M m+7r s'

on y the color-suppressed EWP can c
the other hand el

can contribute here. On
r an, e ectroweak pen uin d'

more signifi t ' Bcan in B ~ 7r 7r deca s sine
g in diagrams can be

suppression.
The size of E~VE~VP s is relevant to the ext

o. via the analys
o e extraction of

ysis proposed in ~2~. Le
e ai. is analysis requires me

(tame-integrated) rat f +
measuring the

eir -conjugate counterparts, and

observin the tig ime-dependence of B t +
amplitudes of these

7r . The
ese six processes form tw

shown in Fig. 2 in, in w ich the CP-con u
two triangles, as

p ase o. is measured from t
EW

om e time-dependent
M 7r 7r wh ic involves a term

A(ao -+ ~+~-)
(

sm(2e + 0) sm(Amt),

where Am is the neutral B mass differe g
e as s own in Fig. 2.

The effect of the EWP
and correspondingl fi

amplitudes on dete ermining 0

b
g y xing o. is rather clearl re re

y the small vectors at the ri ht b
Fig. 2. Th

rs a e right bottom corner of the
ese terms, given by P
have un nown phases relative to t

mina es B —+ vr+7r

conjugate. This lead
7r and its charge

relative orient t'
is ea s to a very small ununcertainty in the

~ n+n ).] The uncertaint in
0 d tl dy in etermining n, is given by

EW + PEW
C'

2 T+C
We thherefore conclude that the effect
tudes on th e measurement of o. are a

a e e ects of EWP ampli-
o. are at most of order A

ince a i erent conclusion has been

f th t of Bo(t) +-a e error in determ

tl th ff t ofth
~sr m islar e. T

ready noted in [19]. They have no
e g uonic pen uin dia

this effect is.
mp i u es. Figure 2 showows clearly how small

decays in Table II. I th
diagrams one c

n e absence of ellectroweak penguin
, one can write two triangle relation

amplitudes in both the AS = 0 ae S = 0 and ~AS~ = 1 sectors:
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~2A(B m vr K ) + A(B -+ m. K+)
= ~~~A(B+ ~ ~+~')

—(C' —P') —(P' + T') = —A(T + C),
+2A(B+ w ~ K+) + A(B+ -+ x+Ko)

(6)

= A~2A(B+ -+ sr+sr )

(T'—+ C'+ P') + (P') = —A(T+ C) . (7)

—A[T+ C+ Ppw + PFw] .

Despite their similarity, these two expressions are not
equal since the relation between nonpenguin contribu-
tions (T'/T = C'/C = A) does not hold for the elec-
troweak p~~g~i~ diag»ms: IPHw/Pawl = IV~ /V«I
1/A.

From our previous discussion, we estimate that
~PF'w/T'~ may be as much as 1. Eventually, it will
be up to experiment to determine the size of electroweak
penguin diagrams. However, in a realistic scenario, with
hierarchies such as those discussed in Sec. IIB, EWP's
lead to large uncertainties in the extraction of weak
CKM angles and strong phases through the analyses of
Refs. [4,5]. In Sec. IV we extend the SU(3) triangle analy-
sis of Ref. [4] to a quadrangle relation, using more decay
rate measurements to exhibit a new way of measuring
the weak angle p which holds even in the presence of
electroweak penguins.

C. Experimental signals

As discussed above, the fate of the analyses of
Refs. [4,5] for extracting weak CKM phase information
depends crucially on the size of electroweak penguins.
Rather than relying on theoretical calculations, which
inevitably have uncertainties due to hadronic matrix ele-
ments, it would be preferable to obtain this information
from experiment.

Electroweak penguins are expected to dominate decays
of the form B, -+ (P or g) + (vr or p) [13]. This is easy
to understand in terms of diagrams:

A[B, m (P or rj) y (~ or p)] - —C'+ E' —P~w . (10)

We have already argued that the E' diagram is small, so,

SU(3) breaking can be taken into account by including
a factor of f~/f on the right-hand side [10]. In Eq. (7)
above, SU(3) relates the I = 3/2mK amplitude to the
I = 2m' amplitude. By measuring the three rates in-
volved in the triangle relation, as well as their CP con-
jugates, the weak CKM angle p = arg(V„*&), which is the
weak phase of A(B+ -+ 7r+mo), can be extracted [4]. By
using both Eqs. (6) and (7), strong final-state phases and
the sizes of the different diagrams can also be extracted
[5]

When electr oweak penguin diagrams are included,
however, these two triangle relations no longer hold. For
example, the left-hand side of Eq. (7) is now equal to

[T' + C'—p PKw + PF.w]

while the right-hand side is

from Eq. (2) and the discussion following it, we see that
the dominant contribution is PE~.

Unfortunately, even though these decays are domi-
nated by electroweak penguins, their branching ratios
are all small, less than 10 . Furthermore, they all
involve the decays of B, mesons, which are not as acces-
sible experimentally. This leads to the obvious question:
are there signals for electroweak penguin diagrams which
involve decays of B+ or B mesons, and which have large
branching ratios? Indeed there are. Consider the decays
B+ ~ x K+ and B —+ m K+. From Table II, we have

~2A(B+ m vr K+) [T'+—P'+ PHw],

A(B -+ vr K+) [T' +—P'],

where we have dropped the (much smaller) terms C' and
PE~. Both of these decays should have branching ratios
of 10 as a result of the dominant P' contribution.
A difference in the ratio 2B(B+ -+ vroK+)/B(Bo

K+) from 1 would most likely signify the presence
of electroweak penguin diagrams (although it could also
indicate the importance of the omitted C' term, or other
terms such as A' which we expect to be even smaller).
Though indirect, this is very likely to be the first ex-
perimental test of such effects. Similarly, the most likely
source of a difference in the ratio 2B(B ~ a K )/B+ +
m+K from 1 will be the contribution of electroweak pen-
guin diagrams.

IV. AMPLITUDE QUADRANGLES

A. SU(3)-invariant analysis for B -+ nK

A(B+ m ~+K ) + y 2A(B+ -+ 7roK+)

= ~2A(B -+ vr K ) + A(B m vr K+) = As(2 .

(12)

With the phase conventions adopted in [3], the quad-
rangle has the shape shown in Fig. 3, with two short
diagonals. These diagonals are

Di = —[T'+ C'+ PKw+ PKw]

D, = —c"—PE'~ —A' . (13)

The first of these diagonals, Di, is just the amplitude
A3/2 ~ The key point is that A(B, -+ 7r q) = —[C' +
PHw —E']/~3, for an octet q. Thus, ignoring the very
small E' and A' diagrams, the second diagonal D2 is in

The decays B ~ xK involve a weak Hamiltonian with
both I = 0 and I = 1 terms. The I = 0 piece can
lead only to a vrK final state with I = 1/2, while the
I = 1 piece can lead to both I = 1/2 and I = 3/2 final
states. Thus there are two decay amplitudes leading to
I ~ = 1/2 and one leading to I ~ = 3/2. Since there
are four amplitudes for B + mK decays, they satisfy a
quadrangle, which we may write as [20,21]
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for B ~ vrK decays introduced in [20] and refined in
[21] assumed the presence of a single weak phase in the
amplitude A3y2, and no longer is valid in the presence of
electroweak penguin diagrams.

B. SU(3)-breaking efFects in B ~ mK

FIG. 3. Amplitude quadrangle for B ~ mK decays.
(a) A(B+ ~ ++K ); (b) ~2A(B+ ~ vr K+); (c)
~2A(B —+ m K ); (d) A(B -+ m K+); (e) the diagonal
Dq ——~3A(B, ~ m q); (f) the diagonal Di ——A3/2 corre-
sponding to the I = 3/2 amplitude.

fact equal to ~3A(B, -+ 7r rj). Therefore the shape of
the quadrangle is uniquely determined, up to possible
discrete ambiguities. The case of octet-singlet mixtures
in the rI simply requires us to replace the v 3 by the
appropriate coefficient [22], since one can show that the
singlet piece of g does not contr:bute appreciably here.

The quadrangle has been written in such a way as to
illustrate the fact, noted in Refs. [3—5], that the B+ -+
vr+K amplitude receives only penguin contributions in
the absence of O(f~/m~) corrections. The weak phases
of both gluonic and electroweak 6 ~ s penguins, which
are dominated by a top quark in the loop, are expected
to be vr. We have oriented the quadrangle to subtract
out the corresponding strong phase.

The I = 3/2 amplitude is composed of two parts:

A, /, = ]A (e' e' —[A (14)

where we have explicitly exhibited electroweak and final-
state phases, and the tildes denote differences with re-
spect to the strong phase shift in the B+ + ++K am-
plitude. The corresponding charge-conjugate quadrangle
has one diagonal equal to

A = [AT
(

i~ iBT (AEwp[ ibswp

so that one can take the difference to eliminate the elec-
troweak penguin contribution:

A

A3/2 A3/2 —~A Ir~2i singe' (16)

Thus we can extract not only sing, but also a strong
phase shift difFerence bT, by comparing (16) and (17).
Of course, if such a strong phase shift difference exists,
the B and B' quadrangles will necessarily have different
shapes, and t P violation in the B system will already
have been demonstrated.

We should remark that the quadrangle construction

In diagrammatic language, the quantity ~A Ic] is just
~T'+ t '~. But this can be related to the I = 2vrm am-
plitude in order to obtain sing. Specifically, if we neglect
electroweak penguin effects in B+ -+ m+vr (a good ap-
proximation, as noted in Sec. III B), we find that

The analysis presented above relies on the equality of
two small amplitudes the diagonal D2 of the zK quad-
rangle and the decay amplitude ~3A(B2 ~ 7r rl). Thus
one might worry that small effects, which we have ig-
nored up to now, might break this equality. We address
this question here.

First, we have ignored E' and A' diagrams in equating
these two amplitudes. This should not cause any prob-
lems. We expect that PE~ is roughly of the same size
as T'. But E' and A' are suppressed by f~/m~ 5%
relative to T'. Thus their neglect introduces at most a
small error into our analysis.

The second possibility involves SU(3) breaking. The
effects of SU(3) breaking in two-body decays of B mesons
have been analyzed by us in more detail in a longer paper
[10]. The largest terms in the present case involve the ef-
fect of SU(3) breaking on the dominant gluonic penguin
term (P') in B -+ Kvr. These terms are of the same
strength in all the B ~ Kvr amplitudes illustrated in
Fig. 3, and hence cancel in the construction of the two
diagonals. The next most important term involves SU(3)
breaking in the ratio of the ~AS~ = 1 and AS = 0 non-
penguin amplitudes. However, this is expected to be well
approximated by the ratio fIc/f [10] (see also [3,24]), as
in Eq. (17). The critical terin turns out to be the effect
of SU(3) breaking on the electroweak penguin diagram.
Specifically, the B, + vr g decay involves a spectator
s quark, whereas the spectator quark in the B ~ vrK
decays is u or d. Thus the SU(3) breaking corresponds
here to a difference in the form factors for the two types
of decays. Although we expect SU(3)-breaking eff'ects
to be typically of order 25% (i.e., the diff'erence between
f and flc), here they are expected to be smaller, since
the mass ratio m~/mls is much closer to unity than is
mls/m . Still, this SU(3) breaking does introduce some
theoretical uncertainty into this method for obtaining p.

C. The processes B —+ mK' and B ~ pK

We have carried out a similar analysis for the decays
B —+ vrK*. Clearly it is still possible to write an am-
plitude quadrangle for these processes; the question is
simply the interpretation of the diagonals.

There are more SU(3) amplitudes in B m PV decays
since the final-state particles do not belong to the same
octet. Nevertheless, one can still use a graphical analysis
in the spirit of Ref. [3]—there are just more diagrams.
For example, instead of one T diagram, there are two (TI
and Tv.), corresponding to the cases where the spectator
quark hadronizes into the P or V meson in the final state.

Carrying out such a graphical analysis, we find that
the diagonals of the vrK* quadrangle are
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D*, = [—Tp+ Cp+ PEw, v + PEw, v]

PEw, v

where the subscripts P and V represent the spectator
quark hadronizing into the vr and K', respectively. (In
the above we have ignored annihilation-type contribu-
tions. ) Remarkably, the diagonal D2 [labeled by (e) in
Fig. 3] corresponds to ~2A(B, ~ vroP). Again, the shape
of the quadrangle can be specified by experimental mea-
surements. The other diagonal Dz contains both an elec-
troweak penguin piece (which we can eliminate in the
manner noted in Sec. IV A above), and a nonpenguin
piece (Tp +—Cp). This latter piece is closely related to
the amplitude for the decay B+ ~ vr p+:

v 2A(B+ a vr p+) = —[Tp + Cp —Pp+ Pv + PEW, V] .

(»)
If the penguin diagrams are unimportant in this decay,
or if the two types of penguin contributions P~ and Pv
cancel (the EWP is expected to be quite small here), the
analysis can be carried through exactly as in Sec. IVA.
In this case, the precision on the measurement of p is
roughly of order

~
(Pp —Pv ) /(Tp + Cp)

~

.
Another quadrangle relation holds for the amplitudes

of B ~ pK. They are obtained from the amplitudes
of B ~ vr K* by replacing TI, CI PEw, v etc. , by
Tv, Cv, PEw &, etc. Here one of the diagonals of the
quadrangle is given by ~3A(B, -+ gpo). The other
diagonal [obtained from Di by substituting P ++ V in
(18)] contains (Tv + Cv)—and an electroweak penguin
term. When the latter is eliminated as in Sec. IV A, the
remaining (Tv + Cv) —term is approximately equal to
i/2A(B+ -+ sr+ p').

V. DATA: STATUS AND PROSPECTS

The measurements proposed here are not all easy. The
B —+ vrK decays should be characterized by branching ra-
tios of order 10 for charged pions and about half that
for neutral pions if the B + vr K+ decay really has been
observed at the 10 5 level [17] and if the gluonic penguin
amplitude is dominant. The amplitudes in Fig. 3 are
drawn to scale using the calculations of Ref. [12], ne-
glecting strong final-state phase differences, and assum-
ing p = vr/2. The effects of electroweak penguin diagrams
can be seen not only in the rotation of the phase of A3/2
from its nonpenguin value, but in substantial differences
in the lengths of the sides of the quadrangle. It may
well be that electroweak penguin effects make their first
appearance in such rate differences, as mentioned at the
end of Sec. III.

The B, —+ vr g decay will be very difricult to measure.
The calculations of Ref. [12] indicate a branching ratio of
a couple of parts in 10 . One has to distinguish a B, &om
a B,. In order to observe the m g decay at a hadron ma-
chine, where the displaced vertex of the B, would seem
to be a prerequisite, one would have to observe the g in
a mode involving charged particles.

Somewhat more hope is offered in the corresponding
B ~ mK* case, if we can trust the very small branching
ratio for B, -+ m P of a couple of parts in 10 predicted in
Ref. [13]. (See also [25].) The corresponding electroweak
penguin effects [characterizing the diagonal (e) in Fig. 3]
are expected to be smaller here, whereas it is quite likely
that the basic B ~ vrK* decays can be observed soon.

The possibility of degeneracies in lengths of the sides of
the quadrangles can lead to a large amplification of errors
in the amplitudes (e) when used to predict the length of
side (f). For example, imagine that (e) were really zero
and (a) = (c), (b) = (d). The length of (f) then would
be indeterminate. On the other hand, if the diagonal
(e) of the quadrangle is sufficiently small, the quadrangle
reduces to two nearly degenerate triangles in which the
effects of electroweak penguin diagrams are negligible. In
this case, the second diagonal is given to a good approx-
imation by ~2A(B+ ~ vrop+) [assuming some cancel-
lation between the Pp and Pv terms of Eq. (19)], and
the relative phase between this amplitude and its charge
conjugate measures 2p. Indeed, the very small value of
B(B, ~ vr P) calculated in Ref. [13] suggests that this
may be happening for the decays B ~ mK*.

VI. CONCLUSIONS

We have found the following results.
(a) Electroweak penguin diagrams (EWP's) are not ex-

pected to substantially affect the discussion in Ref. [2]
regarding B ~ mvr decays.

(b) EWP's are more likely to be important in the
comparisons [3—5] of B -+ 7rK and B ~ vrvr decays,
though such conclusions are dependent on the evaluation
of hadronic matrix elements of operators.

(c) EWP's do not introduce new amplitudes of flavor
SU(3), so that one cannot detect their presence merely
by modification of flavor-SU(3) amplitude relations.

(d) A deviation of the rate ratios 2I'(B+
7roK+)/I'(Bo -+ a K+) and 2I'(Bo -+ vroKO)/I'(B+ m
vr+Ko) from unity indicates the presence of EWP's or the
importance of color-suppressed or annihilation contribu-
tions above anticipated levels. Since the corresponding
branching ratios are expected to be 10, these are
likely to be the first (indirect) experimental signals of
EWP's. Electroweak penguin diagrams are expected to
dominate decays of the form B, ~ (P or g)+ (m or p) [13],
but the branching ratios for these processes are expected
to be significantly smaller.

(e) A quadrangle analysis has been presented for such
decays as B ~ mK, B ~ aK*, and B + pK. One di-
agonal of the quadrangle is related to the amplitude for
a physical process such as B, -+ mop or B, m vrog, so
that one can perform a construction to obtain the other
diagonal. Prom the magnitude and phase of this ampli-
tude, one can obtain sing, where p = arg(V*&). A related
construction [23] makes use of a triangle relation satisfied
by the amplitudes for B+ ~ (vroK+, vr K+, gK+).

(f) The B + mK* processes hold out hope for a
small electroweak penguin contribution, if the B, + grog
branching ratio is as small as cited in Ref. [13]. In such a
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case, the quadrangle will degenerate into two nearly iden-
tical triangles, so that the original analysis of Ref. [4],
suitably modified to take account of the presence of one
vector and one pseudoscalar meson, may be more trust-
worthy. We have presented the ingredients of such an
analysis in Sec. IVC.

[Note added. After this paper was submitted for pub-
lication a work appeared [23] in which the amplitude
for B+ ~ gsK+ is employed instead of our quadran-
gle construction in order to specify the phase between
the amplitudes for B+ ~ vr+K and B+ —+ vr K+. Here
gs denotes an octet member. In our phase convention,
~6A(B+ +rlsK-+) = [T' +—O' —P' + PEw + s PEw],
so that

v 2A(B+ m m K+) + 2A(B+ m m.+K )

This relation, which follows immediately &om Table II
of Ref. [3], is not affected by EWP diagrams since these
diagrams introduce no new SU(3) amplitudes. One
then finds that the amplitude y 6A(B+ ~ rlsK+)—
~6A(B —+ rlsK ) connecting the vertices of the two
triangles is just Eq. (16), and the subsequent analysis

proceeds as above. Since the physical q is an octet-
singlet mixture with mixing angle of around 20 [22],
A(B+ + rlsK+) must be extracted from measurements
of B+ + gK+ and B+ ~ g'K+ with the help of an
assumption about relative phases. ]
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