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Extracting information on CKM phases, electroweak penguin diagrams, and new physics
from B˜VV decays
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We derive constraints forB→V1V2 modes (V1,25vector meson! that allow a model-independent quantita-
tive assessment of the contributions from electroweak penguin diagrams and/or new physics. The interplay of
direct CP with oscillation studies then may lead to the extraction of the anglea, usingB→K* v(r) andB
→rv(f). Any reservation one may have can be explicitly verified in a model-independent way by assuming
only isospin conservation. We also briefly mention how the method can be used to extractg via Bs decays:

Bs→K* r, K̄* K* . @S0556-2821~98!05323-5#

PACS number~s!: 12.15.Hh, 11.30.Er, 12.60.2i, 13.25.Hw
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I. INTRODUCTION

Recent evidence from CLEO@1# indicates that the long
sought after penguin decays occur at the appreciable ra
about 1025. In both theb→s and b→d transition interfer-
ence between the tree and the strong penguin diagram
expected to lead toCP violation effects. Two of the mos
important applications of these rare hadronic decays are~1!
determining the phases of the unitarity triangle@2#, and ~2!
testing the presence of nonstandard physics. In this pape
will show that among suchB decays those involving two
vector mesons in the final state can be very useful for att
ing these goals.

Following Gronau and London@3#, a general strategy fo
extracting Cabibbo-Kobayashi-Maskawa~CKM! angles
from modes that result from the interference between
and penguin diagrams is to exploit the fact that the stro
penguin and the tree diagrams have different isospin tra
formation properties. For example, the strong penguin d
gram b→d has DI 51/2 whereas the interfering tree (b

→uūd) has bothDI 51/2 and 3/2.
In general, the virtual gluon produced by the penguin d

gram contributes a net isospin of 0. By a suitable choice
combinations of various exclusive final states that res
from the quark level transition, a separation of the pureDI
53/2 piece becomes possible yielding the anglea @4#.

If there is a substantial contribution from electrowe
penguin~EWP! diagrams, which produce a virtualZ boson
or photon, this method fails because theZ boson and the
photon, unlike the gluon, can carry the isospin (I 51) com-
ponent yet it has the same weak phase as the strong pen
@5#. In the b→d transition then, both the tree and the EW
diagrams will generateDI 51/2 andDI 53/2. Thus in the
standard model, from isospin considerations alone, it is
possible to isolate EWP diagrams from the tree amplitud

In this paper we suggest what might be the next b
thing. We consider the decayB→V1V2 ~i.e., two-vector par-
ticles! and, taking advantage of the information present
the decay distributions of the vector particles@6#, we derive a
0556-2821/98/59~1!/013007~8!/$15.00 59 0130
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set of three ratios$R1 , R2 , R3% which monitor EWP con-
tamination. In particular ifRiÞ1 then it is implied that an
EWP diagram process@or non-standard-model~SM! physics#
makes a significant contribution. Decays where EWP d
grams are small may thus be identified as candidates for
extraction of CKM phases~in particulara). In these cases
as we will show, the value of the CKM phase can be det
mined by combining information from directCP violation
with that from oscillation studies.

We focus on four particular examples where this meth
may be applied to determinea. In the case ofb→s transi-
tions: K* 1v andK* 1r, while in the case ofb→d transi-
tions: r1v and r1f. Even if it turns out that every cas
has significant contamination, important information abo
the magnitude of these EWP diagrams may still be obtai
in these reactions which should be valuable in its own rig
For instance, if the contaminating effects are much lar
than anticipated, they may represent evidence for phy
beyond the SM.

The outline of the rest of this paper is as follows. In Se
II we describe the crux of our analysis where we determ
the phase difference between each of the meson decays
the corresponding tree amplitude. As a byproduct of t
analysis we obtain a condition which is sensitive to the eff
of EWP amplitudes. In Sec. III we describe the extraction
the necessary information to perform this analysis from
experiment. Then the method for determining the CK
phasea by combining information from oscillation experi
ments is discussed. In Sec. IV we consider various spe
examples:B→K* v, K* r, rv, andrf, and in Sec. V we
present conclusions and briefly mention how the meth
may also be used to extractg from Bs→K* r and K̄* K* .

II. GENERAL FORMALISM

We first discuss the general mathematical framework t
we will use to find the phase between the meson transiti
and the quark-level tree diagram. The cases we will cons
here consist of two amplitudes which are related in so
©1998 The American Physical Society07-1



s
al

-

-

n
e
m
te

e

of
th

th

-

th
le
n

co

o
h

os

co

on

a

d

ript

-
e,

des
ation

pli-

rin-
ay,

bu-

is

le

e
ne

r-
ree

lar
ar-
he
e-

q.

s
hat

ri-

and
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way by isospin, in particular aB2 decay which we denote a
u1

h and aB̄0 decayu2
h . We denote the corresponding fin

states of the two decays asf 1 and f 2 . Here, the superscripth
indicates the helicity of the vector particles, that isui

h is the
amplitude for the decay with the final statef i

h

5(V1
hV2

h) i , h521, 0, 11. In addition, one has the conju

gate amplitudesū1
h and ū2

h for B1 and B0 decays respec
tively.

In order to proceed, we need to construct, in the abse
of EWP diagrams, a combination of the two amplitud
which receive a contribution only from the tree. Such a co
ponent can be isolated since only the tree contributes a
to the effective Hamiltonian withDI 51 ~for b→s) or DI
53/2 ~for b→d). In contrast, for these two transitions, th
strong penguin diagram contributes toHeff pieces withDI
50 andDI 51/2, respectively. Therefore, a combination
the amplitudes which has isospin properties as that of
pure tree diagram will contain only the weak phase of
tree diagram. We denote such a combinationc1u1

h1c2u2
h .

This amplitude and itsCP conjugate will be related as fol
lows:

~c1u1
h1c2u2

h!e2 idT5~c1ū1
2h1c2ū2

2h!e1 idT, ~1!

wheredT is the weak phase of the tree diagram. Indeed
value ofdT will depend on the phase convention for partic
versus antiparticle decays. The physical observables will
depend on this convention, though. In practice the same
vention will also enter the phase ofBB̄ oscillation and in
combination this dependence will cancel.

Constructing such a relation is straightforward if one
the final particles is an isoscalar. More generally, suc
relation can be constructed if and only if~1! at least two
amplitudes related by isospin are involved, and~2! the strong
penguin effective Hamiltonian can contribute only one is
pin amplitude to the final state.

For example, suppose we have a system of decays
sisting ofn1 different states fromB2 decays andn2 different
states fromB̄0 decays where all of the decays in questi
B2→ f 1

i , i 51,2 . . .n1 andB̄0→ f 2
i , i 51,2 . . .n2 are related

by the isospin~for instance, all the various charge combin
tions of K* r). If this is a case which satisfies~1! and ~2!,
then there will be only one strong penguin amplitude,UP , in
the above system. Therefore, one can write the amplitu
for these decays as

u~B2→ f 1
1!5r 1

1UP1T1
1 , ~2!

u~B2→ f 1
2!5r 1

2UP1T1
2 ,

. . .

u~B̄0→ f 2
1!5r 2

1UP1T2
1

u~B̄0→ f 2
2!5r 2

2UP1T2
2

. . . ,
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whereUP is the strong penguin amplitude,Tj
i are the various

tree contributions to these amplitudes where the subsc
( j 51,2) specifies the initialB state, and the superscript (i
51,2 . . . ) designates the final state. Herer j

i are coefficients
derived from SU~2! of isospin~i.e., Clebsch-Gordon coeffi
cients!. If we now take any two amplitudes, for instanc
u(B2→ f 1

1) and u(B̄0→ f 2
1), we can write a relation of the

type:

r 2
1u~B2→ f 1

1!2r 1
1u~B̄0→ f 2

1!5r 2
1T1

12r 1
1T2

1 , ~3!

where now the right-hand side only contains tree amplitu
and so has the weak phase of the tree. This leads to a rel
of the form of Eq.~1! where

c15r 2
1 ,

c252r 1
1 . ~4!

Let us now survey decays of the typeB→V1V2 . In the
case ofb→s transitions the penguin amplitude isDI 50 and
therefore in all cases there will be only one penguin am
tude. In particular, this will be true forK* v andK* r. In the
latter case there are four related final states. Since, in p
ciple, we only need two final states for our analysis, we m
therefore, choose that pair of final states to enter into Eq.~1!
which we expect to be the least effected by EWP contri
tions, as will be discussed in Sec. IV.

In the case ofb→d transitions, the penguin amplitude
DI 51/2. In principle, this can transform theB isodoublet
into a I 50 or I 51 final state; thus there are two possib
penguin amplitudes. IfV1 is an isovector andV2 is an isos-
calar~e.g.,B→rv) then there is only anI 51 final state and
a relation of the form Eq.~1! may be constructed. On th
other hand,B→vv does not work because there is only o
amplitude involved whileB→ra1 fails since there are two
penguin amplitudes leading toI 50 andI 51 final states.

If Eq. ~1! can be established, then the extraction of info
mation about phases in the CKM matrix proceeds in th
steps.

~1! First, as discussed in Sec. III, the study of the angu
distributions of the decay products of the two-vector p
ticles in each reaction will give us the magnitudes of t
helicity amplitudesuui

hu and the phases between pairs of h
licity amplitudes that lead to a common final state~and thus
interfere!.

~2! Secondly, as we will describe below, we will use E
~1! to obtain the phase difference betweenu1

h and u2
h ~and

likewise betweenū1
h and ū2

h). At this stage three condition
allow us to check the consistency of the assumption t
EWP contamination is not significant.

~3! Finally, as we discuss in Sec. III, ifu2 is the decay
amplitude to a self-conjugate mode, an oscillation expe
ment fixes the phase betweenu2 and ū2 so that now the
phase between all pairs of amplitudes becomes known
information aboutdT ~in combination with theBB̄ oscilla-
tion phase! may then be recovered.
7-2
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EXTRACTING INFORMATION ON CKM PHASES . . . PHYSICAL REVIEW D 59 013007
In order to carry out the third step of this program, t
neutral B decay must be to a self-conjugate state. In
amples such asB→fr this requirement is met since th
statefr0 is self-conjugate. On the other hand, when one
the final-state particles is aK0* , for exampleB→K* v, this
requirement is only met for theK* decays into aCP eigen-
state, that isK0*→KSp0.

In the case ofB→K* r we can only perform an oscilla
tion experiment on the final stateB̄0→K̄* 0r0. We will ar-
gue, however, that the amplitude forB̄0→K* 2r1 is more
likely to be free of EWP effects. So, in Sec. IV, we w
invoke additional isospin relations based on the assump
that the EW Hamiltonian has noDI 52 piece in order to
interpret the oscillation experiment forB̄0→K̄* 0r0 to obtain
the desired weak phase of the quark level transition. T
more complicated strategy is necessitated by the realiza
that the decayB̄0→K̄* 0r0 is more susceptible to EWP con
tamination than modes containing the chargedr. Should this
not be the case then we may proceed more directly appl
our method to this final state~i.e., K̄* 0r0) together with any
one of the otherK* r modes.

Let us now discuss how to use Eq.~1! in order to extract
the phases between the helicity amplitudesu1

h and u2
h . To

start with, for each specific final state the angular distrib
tions of the vector decays will give the magnitudesuui

hu as
well as the relative phases between two amplitudes of dif
ing helicities for the same final state~i.e., the phase betwee
ui

h1 andui
h2). One may obtain this information by fitting th

experimental data to the distribution given in the next sect
@see Eq.~11!#. We will denote the relative phases betwe
the two helicity states (h1 andh2) of the same final state (f i

for i 51,2) by f i(h1 ,h2)5arg(ui
h1u

i

h2* ); f̄ i(h1 ,h2)
01300
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5arg(ūi
h1ū

i

h2* ). This information together with Eq.~1! gives
us the system of equations we must solve for the rela
phases of the amplitudes.

Before proceeding to solve this system, it is useful
factor out the tree weak phasedT and rewrite the equations in
terms of the quantitiesv i

h . We thus definev i5e2 idTui ; v̄ i

5e1 idTūi . The system then becomes

~c1v1
h1c2v2

h!5~c1v̄1
2h1c2v̄2

2h!, ~5!

whereuv i
hu5uui

hu andf i(h1 ,h2)5arg(v i
h1v i

h2* ) ~and likewise
for the conjugate case! are quantities that may be determine
experimentally.

It is convenient to express the above in terms of pa
eigenstates, which we denotevk, wherek50, P or S. This
basis is defined asvS5(v111v21)/A2, vP5(v11

2v21)/A2 andv0 is common to both bases. The system
equations~5! thus becomes

~c1v1
0,S,P1c2v2

0,S,P!56~c1v̄1
0,S,P1c2v̄2

0,S,P!, ~6!

where 651 for the 0 andS cases and652 for the P
case.

Experimental data gives us the phase betweenv i
k1 andv i

k2

for a given final statef i wherek1 ,k2P$0,P,S% and likewise
for v̄. Thus, all we need to know is the phase ofv1

0 , v2
0 , v̄1

0 ,

and v̄2
0 to fix all of the phases ofv i .

Let us denote these phases for the 0-helicity amplitu
by c i5arg(v i

0) and c̄ i5arg(v̄ i
0) ~where i 51,2). Clearly,

then the system of equations~6! becomes a series of linea
conditions on$eic i, ei c̄ i%. The solution is given by consid
ering the determinant:
D5U x1 x2 x̄1 x̄2

c1uv1
0u c2uv2

0u 2c1uv̄1
0u 2c2uv̄2

0u

c1uv1
Sueif1~S,0! c2uv2

Sueif2~S,0! 2c1uv̄1
Suei f̄1~S,0! 2c2uv̄2

Suei f̄2~S,0!

c1uv1
Pueif1~P,0! c2uv2

Pueif2~P,0! c1uv̄1
Puei f̄1~P,0! c2uv̄2

Puei f̄2~P,0!

U ~7!
er-
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where a solution exists if and only if the three ratios

R15u]D/]x1u/u]D/] x̄1u,

R25u]D/]x2u/u]D/] x̄2u,

R35u]D/]x1u/u]D/] x̄2u, ~8!

satisfy

R15R25R351. ~9!

If this condition holds, the required phases are then
c i5j01arg~]D/]xi !; c̄ i5j01arg~]D/] x̄i ! ~10!

wherej0 is an overall strong phase which cannot be det
mined ~and does not enter into any of the physics discus
here!. Clearly Eq.~9! may also be regarded as a test for t
presence of EWP diagrams or new physics effects. If ther
a contribution from new physics or EWP diagrams, the se
three equations@i.e., Eq. ~9!# implies that for each helicity
the new contribution satisfies one equation. Unless the n
contribution has the same weak phase and also the s
isospin transformation properties as the tree, this is ra
improbable. Thus, Eq.~9! provides a good test for the pres
7-3
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DAVID ATWOOD AND AMRJIT SONI PHYSICAL REVIEW D 59 013007
ence of EWP diagrams and/or new physics. We must a
emphasize that this test of EWP diagrams is comple
model independent since it only assumes isospin conse
tion.

The phases ofv i
k are physically meaningful modulo th

overall strong phasej0 above. For instance, in the case
B→K* v, we can interpret arg(v1

k) and arg(v2
k) as the

phases between the quark levelb→sūu transition and the
meson decaysB2→K* 2v andB̄0→K̄* 0v, respectively, in
the helicity combination indicated by (k). Likewise arg(v̄1

k)

and arg(v̄2
k) are the phases betweenb̄→ s̄ūu and B1

→K* 1v andB0→K* 0v.
Although at this point we know the phases of all thev i

k

andv̄ i
k ( i 51,2, kP$0,P,S%) we still do not know the phase

differences betweenui
k and ūi

k since we do not knowdT .
Indeed in the context of the standard model it isdT which we
wish to know since it is derived from the CKM matrix. Sinc
dT cannot be obtained from the experimental informat
which we have included so far, one needs some additio
data which depends, in particular, on the phase differe
between a particle and antiparticle decay.

In the examples we consider, the decay from the neutrB
meson provides an opportunity to do this, since in that
stance, oscillation effects allow the interference ofB0 andB̄0

decay amplitudes. Thus, we are able to interfere with
amplitudesu2

k andū2
k if the final statef 2 is aCP eigenstate,

for instance,B0, B̄0→fr0. In the following section we
show that from observing the decay ofB0 andB̄0 as a func-
tion of time, it is possible to extract the quantity sin„z

22(b̂1dT)… where the anglez is a function only ofv i
k

which can be determined as described above andb̂ is the
phase from the CKM matrix inherent in neutralB oscillations
~using the same convention in whichdT is defined!. If z is
determined then the quark-level quantityb̂1dT (b̂1dT5b
1g5p2a in the examples we consider in the standard c
vention of@7#!, which depends only on the CKM matrix@4#,
may thus be extracted up to the ambiguity of the sine fu
e

c

ie
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tion. Specifically, if we adopt the CKM phase convention
@7#, then in the standard modelb̂5b anddT5g.

In summary, the extraction ofb̂1dT proceeds as follows
First we must determine from the angular distributions of
decays the magnitudes ofuv i

(0,P,S)u and uv̄ i
(0,P,S)u as well as

the phasesf i(V,0), f i(A,0), f̄ i(V,0), and f̄ i(A,0). We
then check that there is no EWP contamination via Eq.~9!. If
this is satisfied, then for any value ofi, we can obtain the
phases ofv i and v̄ i from Eq. ~10! from which we can calcu-
late z as we will describe below. Observing oscillation e
fects in the neutralB decay will then allow us to obtainb̂
1dT which yields the phasea of the unitarity triangle.

III. EXPERIMENTAL PROCEDURE

Let us now discuss the experimental observables wh
are needed to perform the above analysis. The basic ingr
ent will be the study of correlations between the decay d
tributions of the two-vector mesons or, equivalently, the c
relation of their polarizations.

First, let us consider the case where the vector mesoV
decays to two pseudoscalarsV→P1P2 ; for instance,r
→pp, f→KK̄ andK*→Kp. Then the polarization vecto
EV in the rest frame ofV can be taken to be parallel to th
momentum of one of the pseudoscalars,EWV}PW P1

. We are not

concerned about the sign ofEWV since it will not enter into the
analysis below. The case ofv decaying to 3p is similarly
self-analyzing since ifv→p1p2p0, the polarization is re-
lated to the momenta of the pions byEWv}(pW p13pW p2), in the
rest frame of thev.

In the Vi rest frame, denote the angle betweenEW i and
2PW B ~the three momentum of theB meson! by u i . Let us
defineF to be the azimuthal angle fromEW1 to EW2 in the rest
frame of theB aboutPW V1

such that sinF}(EW13PW V1
)•EW2 . If

we defineyi5sinui and zi5cosui then the angular distribu
tion of the decays in terms of$u1 , u2 , F% is
d3G/~dz1dz2dF!5uu0u2z1
2z2

21y1
2y2

2~ uuSu2cos2F1uuPu2sin2F!12Re„u0~uS!* …y1y2z1z2cosF

22Im„~u0!* uP
…y1y2z1z2sinF12Im„uS~uP!* …y1

2y2
2sinFcosF. ~11!
ase

g

y.
From an experimental study of the distribution of the d
cays, one can extract the quantitiesuu0u, uuSu, uuPu as well
as cosf(0,S), sinf(P,0), and sinf(S,P); the latter three cor-
respond to interference terms of the typeu(0)u(S)* . Note that
there is a twofold ambiguity in the determination of the a
tual phase differences since either$f(0,S), f(P,0),
f(S,P)% or $2f(0,S), p2f(P,0), p2f(S,P)% will ex-
plain a given set of data. When the data for all the helicit
and for the decays of the neutral and chargedB to specific
modes is considered together, however, Eq.~9! should only
-

-

s

work for one of the two cases. Note also that these ph
angles satisfy the condition,f(0,V)1f(A,0)1f(V,A)
[0 mod 2p, which is a useful constraint on interpretin
the experimental data.

In the above distribution,CP violation will be manifest
by the difference betweend3G(z1 ,z2 ,F) for a B̄0 or B2

meson andd3G(z1 ,z2 ,2F) for the conjugate meson deca
The two manifestlyP-odd interference terms}uP represent
CP-violating effects which areP oddC even. Further, these
terms are odd under ‘‘naive time reversal (TN), ’’ defined as
7-4
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EXTRACTING INFORMATION ON CKM PHASES . . . PHYSICAL REVIEW D 59 013007
the inversion of momenta and spins without the intercha
of initial and final states required underT. Such effects are
present even if there are no absorptive phases. In cont
the other fourCP-violating terms are even underTN and so
only present if there are absorptive phases. Two poss
sources for such phases are~1! the result of rescattering a
short distances@8# or ~2! at long distances@9,10#.

Let us now discuss the problem of extracting the CK

phase (b̂1dT) through the observation of oscillations effec
in the decay of neutralB mesons assuming that, through t
use of Eq.~9!, it has been demonstrated that EWP contrib
tions are negligible. As indicated above, we assume thau2

represents the decay from the neutralB meson, i.e.,B̄0

→V1V2 while ū2 the decayB0→V̄1V̄2 . In such an oscilla-
tion experiment, we will assume that at a point in tim
which we define to bet50, the flavor of the neutralB meson

is known to be eitherB̄0 or B0 due to some tagging event. A
an e1e2 machine, sitting at theY(4S), this tagging event
would be the decay of the associated meson to a final sta
unambiguous flavor. For instance, if the partner decaye

e1neD
2 at t50 then the meson in question must be aB̄0 at

t50. At a hadron collider, the tagging event would genera
occur at the moment of creation. For example, ifp1p

→B1B̄01X at t50 then the flavor of the neutralB meson is
unambiguously fixed at that point in time. In the followin
therefore, negative values oft are allowed ine1e2 experi-
ments while only positive values will apply to hadronic co
lisions.

Below we will consider only the total decay rate as
function of timet. The generalization to decay distribution
as a function of time is straightforward but it is probab
much more difficult experimentally to use such informatio
In any case the extraction of phases of the CKM angle can
made from the inclusive time-dependent rate.

Let us denoteGB to be the total width of the neutralB
meson andg(t)5dG(B̄0(t)→V1V2)/dt to mean the differ-
ential rate that a meson, identified as aB̄0 at t50, decays to
V1V2 at time t. Likewise we denoteḡ(t)5dG(B0(t)

→V̄1V̄2)/dt. At t50 let us defineĝGB5rg(0) and ḡ̂GB

5rḡ(0), where,r 51 in cases when onlyt>0 ~i.e., hadronic
colliders! is allowed andr 52 when both signs oft are

present~i.e., e1e2 colliders!. Here ĝ and ḡ̂ are the decay
rates that would be present in the absence of oscillatio
These may also be obtained in self-tagging situations wh
apply to some cases as discussed below.

Clearly, interference is only possible if the statesV1V2

and V̄1V̄2 eventually cascade down to the same final sta
The simplest situation where this applies, and the case
shall consider here is whenV1V2 is an eigenstate ofC
~charge conjugation! with eigenvaluel561.

From the analysis of Sec. II we know the phase of each
the meson decay amplitudes with respect to the tree gr
Using this information we can now write the following ex
pression for the total decay rate to the final state under c
sideration as a function of time:
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@g~ t !1ḡ~ t !#/25~ ĝ1 ḡ̂!GBe2GButu/2,

@g~ t !2ḡ~ t !#/25~ ĝ1 ḡ̂!GBe2GButu@Tccos~Dmt!

1Tssin~Dmt!#/2, ~12!

whereDm is theB0B̄0 mass difference and

Tc5(
k

~ uv2
ku22uv̄2

ku2!/V;

Ts52lImFe22~ b̂1dT!(
k

v̄2
kv2

k* /VG , ~13!

where, again,k can be taken to be 0,S, P with V
5(k(uv2

ku21uv̄2
ku2). If we denoteRexp(iz)5(kv̄2

kv2
k* then the

above expression forTs may be rewritten

Ts52l~R/V!sin„z22~ b̂1dT!…, ~14!

where the values ofR andz may be obtained once the phas
of v i

k are determined from Eq.~10!. Thus, from the experi-
mental determination ofTs , one obtains, up to a fourfold
ambiguity, the value ofb̂1dT . The additional solutions
which produce identical results to a given value ofb̂1dT are

$p1b̂1dT , 6p/21z2b̂2dT%. The latter two possible so
lutions which involvez could be eliminated if a differen
mode with a different value ofz were considered. The othe
spurious solution requires that the quadrant ofb̂1dT be
separately known and cannot be eliminated via this kind
oscillation experiment since the angle enters as 2(b̂1dT).

IV. SPECIFIC EXAMPLES

Consider now the application of this method to a fe
cases relevant tob→s and b→d penguin transitions. The
first example isB→vK* . Here the underlying process is
b→suū or b→sdd̄ transition. The strong penguin diagra
is DI 50 and the tree diagramb→suū has bothDI 50, 1.
Define u15M(B2→K* 2v) and u25M(B̄→K̄* 0v).
From isospin considerations we obtainc152c251 since
(u12u2) is proportional to theDI 51 amplitude only and so
must have only the weak phase of the tree diagram. In
casedT5g, so that b̂1dT5b1g5p2a, in the above.
Thus, if the contamination of EWP diagram is small, t
anglea may be extracted following the procedure outlin
above. The degree to which such contamination is pres
may be gauged by checking the condition in Eq.~9!.

One feature of the neutralB meson in this case is that on
may control whether oscillation effects are present or not
selecting the decay mode of theK0* ; thus if B̄0→vK̄* 0

@→Ksp
0# the final state is an eigenstate ofC so this mode

may be used to extractTs . If, on the other hand,B̄0

→vK̄* 0@→K2p1# then clearly the flavor of the initial stat
is determined from the final state and oscillation effects
absent allowing the direct determination ofuv2

ku. Unfortu-
7-5
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nately, it is not quite clear that the EWP diagrams are sm
some estimates@5# of color allowed EWP diagrams to suc
final states indicate that the contamination may beO(10%).

It may, however be possible to select final meson sta
where EWP effects are likely to be small based on the
sumption that color suppression tends to render them un
portant. With that in mind, observe that the contribution
K* v by the EWP diagram is color allowed when both t
quarks that result from the virtualZ or g form thev. How-
ever, note that for this unsuppressed contribution, the E
diagram hasDI 50 since theZ or g are then converting to an
I 50 object~i.e., v). The failure of the condition in Eq.~9!
and the problem of extractinga which these diagrams caus
comes only from theirDI 51 component. Therefore, thi
manifestation of the color-allowed EWP diagram does
effect the determination ofa given that~as is the case in the
SM! the electroweak and strong penguins diagrams have
same weak phase. The effects which result from theDI 51
component arise from hadronization where one of the qua
from the Z, g goes with thev and the other with theK* .
Such diagrams are color suppressed and so their contam
tion on the ability to determinea are expected to be onl
O(1%). However, since our understanding of color suppr
sion is not reliable it would be very useful to quantitative
ascertain the EWP diagram through the use of Eq.~9!. Thus,
based on all that we know so far it seems very likely th
K* v would be a very good mode for the extraction ofa.
The mild reservation regarding the presence of EWP d
grams can and should be verified through Eq.~9!.

Another example where color suppression may reduce
effect of EWP diagrams is in the class of decaysB→K* r.
First, consider the case when there were no EWP diagra
Then each helicity combination, 0,S, andP behaves like the
analogousKp system which is discussed in@10,12#. Further-
more, the cases where EWP diagrams would be color s
pressed are those which containr6. Thus, if we denote,u1

5M(B2→K* 2r0), u25M(B2→K̄* 0r2), u35M(B̄0

→K* 2r1), andu45M(B̄0→K̄* 0r0), the assumption tha
electroweak penguin diagrams are color suppressed and
negligible is equivalent to saying thatu2 andu3 are free of
EWP diagrams.

In this case the application of the isospin is somew
more complicated than in the previous case where one o
final-state mesons was an isosinglet. We can, however
struct a relationship of the desired form between the t
amplitudes,u2 andu3 , by noting that if onlyDI 50 contri-
butions were present,u21u350. This means that more gen
erally u21u3 is proportional to theDI 51 transition ampli-
tude and will have the weak phase of the tree graph altho
it will be a combination of the amplitude going to aI 51/2
and I 53/2 final state. It thus follows that

v2
h1v3

h5 v̄2
2h1 v̄3

2h , ~15!

which is a relation of the form of Eq.~5!, and so one obtains
all the results that follow from it; in particular, the test fo
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EWP contamination Eq.~9!, and the determination of the
phases of the amplitudes Eq.~10!. The phases ofv2,3 andv̄2,3
may thus be determined.

If EWP contamination were absent from all ofB→K* r
amplitudes then one would also have a similar express
involving v1 and v4 and could obtain these phases in t
same way. In particular, we need to know the phase ofv4 to
obtain a through an oscillation experiment sinceK̄* 0r0 is
the only case where the final state may be aCP eigenstate~if
the neutralK* decays toKs , for instance!. Fortunately, we
may obtain an isospin relation which gives us the requi
phase in terms ofv2 andv3 independent of the possibility o
EWP contamination since the magnitudesuv1,4

h u and uv̄1,4
2hu

are known and even in the presence of EWP contaminat
v1 andv4 are related tov2 andv3 through

v4
h2v1

h5~v2
h2v3

h!/A2; v̄4
2h2 v̄1

2h5~ v̄2
2h2 v̄3

2h!/A2.
~16!

These relations follow since the left and the right side
each is proportional to theDI 50 component of the transi
tion, assuming that there is noDI 52 transition. This latter
assumption would be valid in the SM~to the extent that
isospin is conserved and we are working up to the low
order in weak interactions! and in most of its extensions. I
follows that in the SM these apply even with an arbitra
amount of electroweak penguin contamination tov1 andv4 .
Note also that unlike@10,12#, the measured phases betwe
the helicity amplitudes are essential to fix the phases of
amplitudesv2

h andv3
h because with the EWP contaminatio

to v1,4 only the relation~15! betweenv2 and v3 can be
formed. Relation~15! betweenv2 andv3 forms the basis for
finding their relative phase and Eq.~16! allows us then to
find the relative phases of thev1,4 independent of EWP con
tamination to these amplitudes.

Since the magnitude and phase of the right-hand side
each of these Eqs.~16! is known, one can solve for the
phases ofv1,4

h and v̄1,4
2h up to a twofold ambiguity. The ob-

served relative phases between the various helicities in
v1 and v4 channels eliminates this ambiguity. We can th
use the phase differences betweenv4

h andv̄4
h and finda from

the oscillation data forB̄0→K̄0* r0 as previously described
Once again we stress that for this analysis fora, through
B→K* r modes, to work, we must assume only that EW
diagrams are small in the color-suppressed instances, w
are states containingr6 ~i.e.,u2 , u3). This is clearly highly
plausible, but in any case is verifiable through Eq.~9!. No
corresponding assumption regardingr0 modes (u1 and u4)
is required.

In the case where the EWP diagrams are negligible, i
interesting to compare the information that may be learn
from the B→VV decays where there are three helicity a
plitudes with that fromB→PP and B→VP decays where
there is only one. Cases of the latter type would includeB
→Kh(h8) or B→Kv, for instance.

For B→Kv, we define u15M(B2→K2v) and u2

5M(B̄→K̄0v) but here there is no helicity dependence a
7-6
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all angular distributions are isotropic so one only knows
magnitudes of the amplitudes but not their phases. In
absence of EWP diagrams,v12v25 v̄12 v̄2 , which still
leaves free one degree~aside from an overall strong phas!
of freedom, the magnitudef 5uv12v2u.

We can, however, infer some inequalities which will a
ply in these cases. The equation among the complex am
tudes:v12v25 v̄12 v̄2 implies that

uv1u<uv2u1uv̄1u1uv̄2u, ~17!

where the four amplitudes may be permuted. If these
equalities are not satisfied, then it would mean that ther
significant contamination from EWP diagrams or from so
source of new physics.

In decays to scalars with more complicated structure,
instanceB→Kp, it is also possible to detect the presence
EWP diagrams using the equation@10#:

2um1u22um2u22um3u212um4u2

52um̄1u22um̄2u22um̄3u212um̄4u2. ~18!

where m1 , etc., are the amplitudes of the fourKp modes
@10#. If with this relation the EWP diagrams are confirmed
be negligible, it will then be possible to extracta as de-
scribed in@12,10#.

Returning to the case ofB→K* r, we can construct simi-
lar identities for each helicity:

2uu1
hu22uu2

hu22uu3
hu212uu4

hu2

52uū1
2hu22uū2

2hu22uū3
2hu212uū4

2hu2. ~19!

Again, it is worth noting that these relations@Eqs. ~17!–
~19!# are completely model independent, they assume o
isospin conservation. It may, for instance, be of particu
interest to consider the case involvingu11 and ū21 since
these would require the final-states quark to be right handed
and so may be suppressed in the SM. On the other h
effects from new physics which couple to right-handed f
mions may be enhanced in this channel and so in that
Eq. ~19! may be sensitive to such contributions.

Note that Eq.~19! also applies ifh represents one of th
parity eigenstates 0,V or A. If one of these cases has a sm
EWP contribution,a may be extracted from that case al
using the same method as in theB→Kp system~with a sign
change for barred amplitudes in theA case!.

We can also consider the analogous case where there
b→d transition, for example,B→rv. Now, the strong pen-
guin diagram isDI 51/2 and the tree process (b→duū) con-
tains bothDI 51/2 andDI 53/2 components. Likewise, pos
sible electroweak penguin processes areDI 51/2, I 53/2.

Here againdT5g so that the CKM phase we may hope
recover through our method is stilla. If we define u1

5M(B2→r2v) and u25M(B̄→r0v), isospin givesc1
52c251. Now, the color-allowed EWP contribution~i.e.
Z→v) will not cause any problem for themDI 51/2 as in
the case of the strong penguin diagram. However, the o
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color-allowed EWP diagram~i.e., Z→r0) will be problem-
atic. ThusB→rv can only become a viable method fo
extractinga, if it can be shown, through Eq.~9!, that EWP
contamination is small.

It has been suggested@9,10# that rescattering effects in
exclusive states of the type that we are considering may
large due to the presence of many intermediate states w
rescatter to such a final state. If this is true, the quark con
in the final state may differ from that initially present in th
weak decay. For instance, the tree-level transitionb→duū
could lead to decays likeB→rf on the meson level. Here
the EWP contamination fromb→dss̄ will, again, not be a
problem since it has the same isospin properties as the st
penguin diagram. The contamination that might cause
problem will come from rescattering of the EWP modesb

→duū and b→ddd̄ to b→dss̄. This is expected to be ex
tremely tiny as it originates from Zweig suppressed conv
sion of the EWP amplitude.

In this example the strong penguin diagrams and thb

→dss̄ EWP diagrams areDI 51/2, while the tree proces
has DI 51/2 and DI 53/2. If we define u15M(B2

→r2f) and u25M(B̄→r0f), the isospin structure is
clearly the same asrv; so c152c251. Again dT5g so
that the analysis will givea. Thus final-state rescattering o
tree amplitudes in exclusive channels has a nice applica
here as it leads to a clean method for obtaininga.

V. CONCLUSIONS

To summarize, in this work we have provided a syste
atic, model-independent technique for quantitatively asse
ing the importance of electroweak penguin diagrams and
new physics by studyingB decays to two-vector particle
resulting from penguin and tree interferences. Our tests o
assume isospin conservation; note also that these tests
no assumption about rescattering contributions. The mo
that do not exhibit such effects can then be used for extr
ing the angles of the unitarity triangle.B→K* v(r), rv(f)
can all be used for extractinga.

We close with the following two brief remarks.
~1! Our first comment concerns the expected branch

ratio. In this regard, we note a weak indication for two r
lated modes@13#:

B~B1→vK1!5~1.520.6
10.760.2!31025, ~20!

B~B→fK* !5~1.120.5
10.660.2!31025,

~21!

in which the penguin contribution is expected to be dom
nant. Based on these results we should also expect

B~B→vK* !.B~B→rK* !.131025, ~22!

which is also quite close to theB(B→Kp) found by CLEO
@1#.

For B1→r1v we expect the tree graph to dominat
CLEO @14# reports weak~'2s! signal in thepp modes with
the upper bound@15#:

B~B1→p1p0!,1.631025. ~23!
7-7
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Therefore, it is quite likely thatB(B→rv) is also in the
same ballpark~i.e., ;1025). On the other hand,B→rf
results from final-state rescattering effects. Most likely t
branching ratio of this mode will, therefore, be smaller th
1025, by factors of order~3–10!.

~2! Our second comment deals with the application of o
method for extracting the CKM phaseg. Since in the stan-
dard phase convention@7# dT5g and theBs-B̄s oscillation
phaseb̂Bs-B̄s

50, it is therefore clear that to determineg

through the use of ourVV method will require the study o
Bs decays. As in the case ofB decays reported in this work
an interplay of direct and mixing-inducedCP ~throughBs

2B̄s oscillations! will have to be involved. By inspection o
the tree processb→uūs, which donatesdT , one immedi-
ately arrives at two examples:
h,

M

ci

01300
e

r

~1!Bs→K* r,

~2!Bs→K̄* K* , ~24!

which can be used. We hope to return to these in a fut
publication.
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