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B decays to charmlessVP final states
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The CLEO Collaboration has now observed the decaysB1→vp1 andB→vK1 with branching ratios of
(1.120.5

10.660.2)31025 and (1.520.6
10.760.3)31025, respectively. These are the first reported decays to charmless

final states involving a vector~V! and a pseudoscalar~P! meson. The implications of these decays for others of
B mesons to charmlessVP final states are explored. In a model-independent approach, using only flavor SU~3!
symmetry, several tests are proposed for an anticipated hierarchy among different contributions to decay
amplitudes.@S0556-2821~98!00905-9#

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

The CLEO Collaboration@1# has now observed the de
cays B1→vp1 and B→vK1 with branching ratios of
(1.120.5

10.660.2)31025 ~2.9s) and (1.520.6
10.760.3)31025

~4.3s), respectively. These are the first reported decays oB
mesons to charmless final states involving a vector (V) and a
pseudoscalar (P) meson.VP final states may be crucial in
studies of CP violation inB decays@2#.

We have previously applied flavor SU~3! symmetry@3–5#
to decays of the formB→PP @6–13#, and made some pre
liminary remarks aboutVP decays in Refs.@8# and @13#. In
the latter paper relations are defined between SU~3! ampli-
tudes and quark diagrams forVP decays. The observation o
the vp1 and vK1 modes and the existence of limits o
otherVP modes at levels close to those expected@14# make
an updated analysis relevant at this time. The 2.9s level of
the vp1 signal requires that we regard it as preliminary.

We decompose amplitudes forB→VP decays into linear
combinations of reduced matrix elements in Sec. II. App
cations of the relations implied by these decompositio
suggesting a variety of tests for an anticipated hierar
among different contributions, are discussed in Sec. III. O
results are compared with attempts to calculate decay m
a priori with the help of specific models in Sec. IV. W
conclude~with a brief summary of experimental prospec!
in Sec. V.

II. SU„3… DECOMPOSITION

In Tables I and II we list theVP modes of nonstrangeB
mesons for strangeness-preserving and strangeness-cha
decays, respectively. Our notation is as follows:
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~1! As a language equivalent to flavor SU~3!, we employ
an overcomplete set of quark diagrams@5#, which we denote
by T ~tree!, C ~color suppressed!, P ~QCD penguin!, S @ad-
ditional penguin contribution involving flavor-SU~3!-singlet
mesons, calledP1 in Ref. @10##, E ~exchange!, A ~annihila-
tion! and PA ~penguin annihilation!. The last three ampli-
tudes, in which the spectator quark enters into the de
Hamiltonian, are expected to be suppressed byf B /mB ( f B
'180 MeV) and may be neglected to a good approximati
The presence of higher-order electroweak penguin contr
tions @15# introduces no new SU~3! amplitudes, and in terms
of quark graphs merely leads to a substitution@8,10#

T→t[T1PEW
C , C→c[C1PEW ,

P→p[P2
1

3
PEW

C , S→s[S2
1

3
PEW , ~1!

wherePEW andPEW
C are color-favored and color-suppress

electroweak penguin amplitudes.
~2! We use the phase conventions of Ref.@6# for pseudo-

scalar mesons, the mixing assumptionh5(s s̄2u ū

2d d̄)/A3 and h85(u ū1d d̄12s s̄)/A6, and the corre-
sponding phase conventions for vector mesons withv

5(u ū1d d̄)/A2 andf5s s̄.
~3! We denote strangeness-preserving (DS50) ampli-

tudes by unprimed letters and strangeness-chan
(uDSu51) amplitudes by primed letters.

~4! The suffix on each amplitude denotes whether
spectator quark is included in a pseudoscalar (P) or vector
(V) meson.

~5! Each decay amplitude involves positive or negat
integer coefficients multiplying the indicated reduced amp
tudes and divided by a common denominator factor.
ti-
1783 © 1998 The American Physical Society
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TABLE I. DS50 B→VP decays. Coefficients of amplitudes are to be divided by the denominator fa

Denominator tP tV cP cV pP pV sP sV

B1→r1p0 2A2 1 1 1 21
r0p1 2A2 1 1 21 1
vp1 A2 1 1 1 1 2
fp1 1 1
r1h 2A3 1 1 1 1 1
r1h8 A6 1 1 1 1 4

K* 1K̄0 1 1

K̄* 0K1 1 1

B0→r2p1 21 1 1
r1p2 21 1 1
r0p0 2 21 21 1 1
vp0 2 1 21 1 1 2
fp0 A2 1
r0h 2A6 21 1 1 1 1
r0h8 2A3 21 1 1 1 4
vh 2A6 1 1 1 1 2 1
vh8 2A3 1 1 1 1 2 4
fh 2A3 1
fh8 A6 1

K* 0K̄0 1 1

K̄* 0K0 1 1
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III. APPLICATIONS

A. Hierarchies of amplitudes

One can immediately identify certain amplitudes likely
be most important inB→VP decays. In the correspondin
PP decays~which may be denoted by similar amplitude
without the subscripts!, the amplitudes are expected to ob
an approximate hierarchy@6–8,12,16#. The process
B0→K1p2 is observed with a branching ratio somewhat
excess of 1025, while B0→p1p2 is expected to have a
branching ratio not vastly different from this. Thus we d
duced in previous work thatutu.up8u, while up/tu.ut8/p8u
.l, wherel[Vus.0.22. We do not have an estimate f
uc/tu or uc8/t8u. We expectuc/tu to be small on the basis o
color-suppression arguments. However,uc8/t8u may be
larger due to the electroweak penguin term inc8 @see Eq.
~1!#. The large branching ratios forB1→K1h8 ~about
731025) andB0→K0h8 ~about 531025) @17# indicate the
importance of thes8 amplitude at a level comparable to th
of p8 @12,18#.

A similar hierarchy appears to apply to theVP decays.
The fact that theB1→vp1 andB1→vK1 branching ratios
are comparable to one another and each of order 1025 indi-
cates that the dominant contribution tovp1 is most likely
tV , while the dominant contribution tovK1 is most likely
pV8 . We expect thesP8 contribution to be relatively unimpor
tant; this contribution would involve a coupling of thev and
f which violated the Okubo-Zweig-Iizuka~OZI! rule favor-
ing connected quark diagrams. Such couplings are prob
much more important forh andh8 than for vector mesons
Specifically, the penguin amplitudesV8 , coupling to the flavor
SU~3! singlet component of theh and andh8, can be as
-

ly

large as or even larger thanpV8 . A similar situation seems to
hold in decays to two light pseudoscalar mesons@12#.

B. Tests for smallness of amplitudes

How can one learn more about whichVP amplitudes are
important? One way of using the tables is to comp
chargedB decays and neutralB decays to each other. Thi
can teach us something about the magnitudes of some o
amplitudes. Consider, for instance, the eight pairs ofuDSu
51 processes listed in Table II. The following approxima
amplitude equalities test the smallness of certain contri
tions. The relations betweenB1 andB0 amplitudes are inde-
pendent of SU~3! breaking. In each case we list only the fin
state.

~1! Smallness ofcP,V8 :

r1K0'A2~r0K0!, A2~r0K1!'r2K1,

K* 0p1'A2~K* 0p0!, A2~K* 1p0!'K* 1p2. ~2!

The cP,V8 amplitudes contain color-favored electroweak pe
guin terms which may not be negligible@see Eq.~1! and Ref.
@15##, and indeed provide important contributions ina priori
calculations to be discussed in Sec. IV.

~2! Smallness oftP,V8 :

vK1'vK0, K* 1h'K* 0h, K* 1h8'K* 0h8. ~3!

~3! Smallness ofsP8 :

2r0K1'vK1, K* 0p1'fK1. ~4!
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TABLE II. uDSu51 B→VP decays. Coefficients of amplitudes are to be divided by the denomin
factor.

Denominator tP8 tV8 cP8 cV8 pP8 pV8 sP8 sV8

B1→r1K0 1 1
r0K1 2A2 1 1 1
K* 0p1 1 1
K* 1p0 2A2 1 1 1
vK1 A2 1 1 1 2
fK1 1 1 1
K* 1h 2A3 1 1 1 21 1
K* 1h8 A6 1 1 1 2 4

B0→r2K1 21 1 1
r0K0 A2 21 1
K* 1p2 21 1 1
K* 0p0 A2 21 1
vK0 A2 1 1 2
fK0 1 1 1
K* 0h 2A3 1 1 21 1
K* 0h8 A6 1 1 2 4
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The first relation is sensitive to any breakdown of nonet sy
metry ~unequal decay constants forr and v mesons!. The
second relation is sensitive to SU~3!-breaking effects since i
involves comparing an amplitude with nonstrange quark p
production to one with strange quark pair production;
form factors are also likely to differ@13#.

In addition, a number of approximate triangle relatio
hold, such as

A2~r1K0!'r0K01vK0, ~5!

all of whose sides have apV8 contribution, and so the deca
rates may be significant. The shape of the amplitude trian
may tell us about the relative magnitudes and phases ocP8
and pV8 . Since we expectcP8 to be smaller thanpV8 , this
triangle will be a ‘‘squashed’’ one.

~4! The last relation among the eight pairs of amplitud
fK15fK0, follows from isospin. This equality neglects fi
nal state rescattering from intermediate states such asrK,
vK, andK*p

Assuming that bothsP8 and cP8 are small, one also find
r0K0'vK0. Lipkin @18# has pointed out that ifsP8 is small
@as checked, for example, by relations such as Eq.~4!#, but if
theB0→r0K0 andB0→vK0 rates areunequal, then bothpV8
and cP8 amplitudes must be present, and they are cl
enough in amplitude for interference to be observ
Whether this enhances the possibility of observing direct
violation @18# remains an open question. The most like
source of a contribution tocP8 is an electroweak pengui
amplitude with the same weak phase aspV8 , and so a direct
CP asymmetry is unlikely in the neutral decays. In the m
readily observed charged decaysB1→(r0,v)K1, one
would need interference betweentP8 and pV8 to see a CP
asymmetry. In our approach one cannot infer anything ab
tV8 from cP8 .

The DS50 amplitudes do not exhibit simple isospin r
lations which test the smallness of some amplitudes. S
one can make the following observations about large
small amplitudes:
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~1! The largest amplitudes are expected to betP , tV .
Therefore, the following 7 processes are expected to have
largest rates:r1p0, r0p1, vp1, r1h, r1h8, r2p1, and
r1p2.

~2! Smaller decay rates~equal inB1 andB0 decays! mea-
sure different kinds of penguin amplitudes:

pP is measured inK̄* 0K15K̄* 0K0.

pV is measured inK* 1K̄05K* 0K̄0.
sP is measured in fp15A2(fp0)52A3(fh)

5A6(fh8).
sV is measured by the combinationsA6(r1h8)

1A3(r1h), 2A3(r0h8)1A6(r0h), and 2A3(vh8)
1A6(vh), implying rate relations ifsV is small.

C. Relations testing for presence or absence ofsV8

Whereas the amplitudepV8 can be measured directly i
B1→r1K0, it is much more difficult to determine the am
plitude sV8 contributing only to decays involving theh and
h8. We recall that the presence of the corresponding siza
amplitudes8 in B→PP decays was manifested by the pa
ticularly largeB→Kh8 decay rate@12#.

Several tests for the presence of the singlet amplitudesV8
can be constructed.sV8 is less likely to be small thansP8 ,
since the axial anomaly can affecth and h8 flavor-singlet
couplings@19#. A large corresponding singlet amplitude
uDSu51 B→PP decays was found to be needed to expla
the observedB→Kh8 rate @12#.

In the event thatsV8 is negligible, several triangle relation
hold among the amplitudes forB1→r0K1 and B1

→K* 1(p0,h,h8), and among the amplitudes forB0

→K* 0(h,h8) andB0→r1K0. If we are willing, moreover,
to neglectcV8 in comparison with other amplitudes, a set
triangle relations analogous to the above, but with the dec
B0→K* 0(h,h8) replacing B1→K* 1(h,h8) and with
K* 0p1 replacing2A2(K* 1p0), should hold.
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Under some circumstances, interference terms betw
contributions of different amplitudes to rates will canc
when suitable sums of rates are constructed. Thus, one
that if sV8 can be neglected, the triangle relations mention
above imply

B~B1→K* 1p0!1B~B1→r1K0!

5B~B1→K* 1h!1B~B1→K* 1h8!. ~6!

Similarly, with cV8 small in addition, one finds

B~B1→K* 0p1!/21B~B1→r1K0!

5B~B0→K* 0h!1B~B0→K* 0h8!. ~7!

~Here and later we neglect phase space effects.! Both sides of
these two relations contain contributions from thepV8 ampli-
tude, which we expect to be significant. The failure of eith
of the above two equations to hold would indicate a sign
cantsV8 contribution. In that case, we may proceed to det
mine sV8 as follows.

When the amplitudesV8 is not neglected, the triangle rela
tions for B1 decays discussed above are replaced by

2A2~K* 1p0!2~r1K0!1sV852A3~K* 1h!, ~8!

2A2~K* 1p0!12~r1K0!14sV85A6~K* 1h8!. ~9!

Moreover, ifcV8 can be neglected, one can write

~K* 0p1!2~r1K0!1sV852A3~K* 0h!, ~10!

~K* 0p1!12~r1K0!14sV85A6~K* 0h8!. ~11!

In the complex plane, let (r1K0)5(1,0) @so that all the am-
plitudes and phases in these relations are measured in
of (r1K0)#. Since onlypV8 contributes to (r1K0), all the
amplitudes will henceforth be given in terms ofpV8 as the
unit.

Let 2A2(K* 1p0)5(a,b), (K* 0p1)5(c,d), and sV8
5(e, f ). Then, squaring the above four equations to obt
four rate relations, and constraininga21b2 andc21d2 using
the rates for the decaysB1→K* 1p0 andB1→K* 0p1, we
have six equations in the six unknownsa,b,c,d,e, f . One is
required to measure seven different decay rates, but a
them involvepV8 , so none of them should be very small.

D. Where does the spectator quark end up?

The distinction between amplitudesaP or aP8 (a[t, c, p,
s) ~in which the spectator quark is incorporated into a ps
doscalar meson! and aV or aV8 ~in which the spectator end
up in a vector meson! is responsible for the large number
reduced amplitudes in theVP case, as compared to the sim
pler PP decays. Some hint that these amplitudes may
have equal magnitudes is provided by the upper bound@1#
B(B1→fK1),0.5331025, as compared withB(B1

→vK1)5(1.520.6
10.760.3)31025, implying B(B1

→fK1)/B(B1→vK1),1. The fK1 amplitude is domi-
nantlypP8 , while thevK1 amplitude is mainlypV8 /A2. If the
pP8 andpV8 amplitudes were equal, we should have expec
en
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B(B1→fK1)52B(B1→vK1). The amplitudepV8 can be
measured directly inB1→r1K0 and, neglectingcP8 , in B0

→r0K0. To confirm that indeedupV8 u.upP8 u, it would be use-
ful to comparepV8 measured in this way withpP8 measured in
B1→K* 0p1.

The assumption of equal and oppositepP8 and pV8 ampli-
tudes lies behind a prediction by Lipkin@18# that one expects
constructive interference between the nonstrange and str
components of theh, and destructive interference in theh8,
for the decaysB1→K* 1(h,h8). This is valid if the penguin
transition b̄→ s̄ leads to an intermediates̄u final state ac-
companied by any number of gluons, as long as there is
some fundamental asymmetry in the wave function betw
the s̄ and theu. If the final lightq q̄ pair is then produced in
a flavor-SU~3! invariant manner, thepP8 and pV8 amplitudes
will be equal and opposite.~Gluons must be present; othe
wise one could rotate away anyb̄→ s̄ transition by a redefi-
nition of quark fields@20#.!

The full generality of Lipkin’s argument is less obviou
The transitionb̄→ s̄1 ~meson! has different Lorentz struc
ture when the meson is a pseudoscalar~our pV8 amplitude!
than when it is a vector~our pP8 amplitude!. The pV8 andpP8
amplitudes indeed fail to be equal and opposite in sev
explicit calculations to be discussed in Sec. IV.

One might ask whether there isany evidence so far for

amplitudes of theaP
(8) type. In Table III we collect a numbe

of decay modes which can shed light on this question.
list the mode, the amplitude expected to dominate, and

TABLE III. Some B decay modes capable of distinguishin

betweenaP
(8)-type andaV

(8)-type amplitudes.

Decay Dominant Signal Expected B upper
mode amplitude events background limit31026

B1→r1p0 tP 8 5.561.2 77
r0p1 tV 4 2.360.3 43
vp1 tV 8.8 a

fp1 sP 0 5.6
r1K0 pV8 0 0 48
r0K1 pV8 1 3.860.2 19
vK1 pV8 12 a

fK1 pP8 0 5.3
K* 0p1 pP8 2 1.060.6 41
K* 1p0 pP8 4 1.960.7 99

B0→r2p1 tV
b b c

r1p2 tP
b b c

fp0 sP 0 6.5
r2K1 pV8 2 2.060.4 35
r0K0 pV8 0 0 39
fK0 pP8 2 42
K* 1p2 pP8 3 0.760.2 72
K* 0p0 pP8 0 1.160.3 28

aSignal observed~see text!.
bSum of channels has 7 events above expected background o
60.7.
cUpper limit on average branching ratio is 8831026.
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number of signal events, expected backgrounds, and u
limits on the branching ratios in units of 1026 reported by
CLEO II @14#. We do not list the coefficients of the domina
amplitudes, which may be found in Tables I and II.

None of the upper limits shown in Table III conflicts wit
the expectation that thetV amplitude has already been se
in B1→vp1 and thepV8 amplitude has already been seen
B1→vK1. If these are the dominant amplitudes, one e
pects

B~B0→r2p1!52B~B1→r0p1!52B~B1→vp1!
~12!

and

B~B1→r1K0!5B~B0→r2K1!52B~B1→r0K1!

52B~B0→r0K0!52B~B1→vK1!.

~13!

The case ofB0→r6p7 is particularly interesting since th
excess of signal over expected background is the larges
any in Table III, but the process requires flavor tagging
order to separate thetV-dominated decayB0→r2p1 from
the tP-dominated decayB0→r1p2. Interesting statement
about the relative magnitudes of amplitudes will requ
about a factor of 3 more data than those on which Table
was based.

E. Relations betweenDS50 and zDSz51 decays

Comparison of decay rates betweenDS50 anduDSu51
processes can help in determining ratios of magnitude
CKM elements. For example, one expects

B~B1→K* 0p1!

B~B1→K̄* 0K1!
5
B~B1→r1K0!

B~B1→K* 1K̄0!
5uVts /Vtdu2,

~14!

assuming that the top quark dominates the penguin am
tudes in these sets of processes. In certain ratios S~3!
breaking form factor effects cancel out.~See Ref.@13# for a
more complete discussion.!

Once the dominant amplitudes~such astV and pV8 , for
which we already have evidence! have been mapped out, on
can use flavor SU~3! to anticipate the smaller amplitude
~like tV8 andpV). Taking account of SU~3! breaking, we have

tV8 /tV5tP8 /tP5l~ f K / f p!. ~15!

For penguin amplitudes in the flavor-SU~3! limit,

pV /pV85pP /pP8 5sV /sV85sP /sP8 5Vtd /Vts ~16!

~assuming top-quark dominance of the penguin amplitud!.
One can then, in the manner of Ref.@12#, search for pro-
cesses in which two amplitudes with two different we
phases contribute with comparable strength. If these am
tudes have different strong phases as well, there is a po
bility of a large CP asymmetry in comparing the rate for
process with its charge conjugate.
er
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IV. PREDICTIONS OF SPECIFIC MODELS

Calculations ofB→(PP,VP,VV) decay rates over the
past ten years, involving assumptions about factorization
using specificB–to–light-meson form factors, include thos
of Refs.@5,21–27#. For the most part, these works have su
cessfully anticipated thoseB→PP decays observed at
branching ratio level of 1025 or greater, such as
B0→K1p2. The decayB0→p1p2 is expected to corre-
spond to a branching ratio not much below 1025.

A common feature of all the calculations is their expec
tion thatB(B1→vK1)/B(B1→fK1)!1, in disagreement
with the CLEO results@1#. In our language, these calcula
tions predictupV8 /pP8 u!1; in the work of Ref.@22#, the con-
tribution of pV8 is vanishingly small in certain decays. This
a result of the specifically chosen form factors used to c
culate hadronic matrix elements of penguin operators.

The authors of Ref.@27# propose a new source of pengu
terms, associated with charmed quarks in the loop rather
top quarks as is conventionally assumed~see also Ref.@28#!.
Their prediction of theB1→vK1/fK1 ratio of rates none-
theless remains too small, withB(B1→vK1)/B(B1

→fK1)'1/6 to 0.6 in contradiction to experiment. Th
assumption implies weak phases of Arg (Vcb* Vcd)5p and
Arg(Vcb* Vcs)50 for DS50 and uDSu51 penguin ampli-
tudes, respectively. If the top quark were dominant inste
one would have weak phases of Arg(Vtb* Vtd)52b and Arg
(Vtb* Vts)5p. One cannot distinguish between a weak pha
of p and one of zero in theuDSu51 transitions, but it should
be possible to tell the difference between the weak phas
zero and2b for theDS50 amplitudes. That distinction lies
beyond the scope of the present work.

The relative signs of contributions frompP8 andpV8 in the
model of Ref.@5# are such that one expectsB(B→K* h)
.B(B→K* h8) ~see also Ref.@18#!. For the corresponding
decays with K replacing K* , the prediction @5,18# is
B(B→Kh),B(B→Kh8), as observed for chargedB’s @17#.

The authors of Ref.@5# do not include thesV8 terms, which
may be important. For the correspondingPP decays, numer-
ous authors@12,18,19# have noted that the singlet amplitud
s8 is required to understand the largeB→Kh8 rate. There is
some question as to the origin of this singlet amplitude
most likely originates as a result of the gluonic anomaly
the axial U~1! current, but may be manifested in variou
ways, e.g., through an admixture ofc c̄ pairs or gluon pairs
in the h8 ~and, to a lesser extent,h) wave function. The
absence of a meaningful constraint on the strange-quark
tent of the h8 ~achievable by measuring the rate f
f→h8g) @29# leaves some room for such admixtures.
direct coupling of singlet pseudoscalar mesons throu
penguin-type diagrams introduced in Ref.@9# is another pos-
sibility.

The models do seem to predict roughly the right mag
tude fortV , which we expect to dominate the observed dec
B1→vp1. An expectation of Ref.@5# common to other
models is thatutPu.utVu. In that case, one should expe
B(B1→r1p0).B(B1→r0p1) and B(B0→r1p2)
.B(B0→r2p1). As one sees in Table III, there is no ev
dence yet for or against this hierarchy.

We find that many of our Eqs.~2!–~4! are not satisfied by
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1788 57DIGHE, GRONAU, AND ROSNER
the models of Chauet al. @5# and Ciuchiniet al. @27#. The
sources of the violations are of some interest.

In Ref. @5#, the annihilation amplitude seems to have
large effect. We have noted that thefK1 and fK0 ampli-
tudes should be equal by isospin when we neglect annih
tion. Chauet al.find ~including annihilation! that the branch-
ing ratios of these processes are 1431026 and 931026,
respectively. This means that the ratio of the annihilat
amplitude topP8 must be at least 0.25~which is surprisingly
large! if pP8 and annihilation interfere constructively infK1.
Otherwise, annihilation is even larger. Note that in the c
culation of Ref.@5# ~as in the others! pP8 ~rather thanpV8 ) is
the dominant amplitude inuDSu51 decays. Thus, the effect
of annihilation in other processes~dominated by the smalle
pV8 ) are even larger. For instance, these authors
B(B1→r1K0)50.3431026 and 2B(B0→r0K0)5
0.7031026, while these numbers should be approximat
equal by our Eq.~2! if cP8 is negligible.

In the calculation by Ciuchiniet al. the last two rates
come out to be quite different as a result of a signific
electroweak penguin contribution to thecP8 amplitude. The
authors find B(B1→r1K0)52731026 and 2B(B0

→r0K0)58.831026. The enhancement relative to the r
sults of Ref.@5# comes from the ‘‘charming penguin’’ terms
This illustrates the large spread of model predictions.

In Table IV we compare some other results from Ref.@5#
~see also Ref.@26#! and Ref. @27#, where again rates ar
enhanced by ‘‘charming penguins.’’ The first authors n
glected sP8 . In our treatment, the branching ratios for th
processes in the first and second rows should be app
mately equal, and so should those for the processes in
third and fourth rows. The differences in Ciuchiniet al.show
the effect ofsP8 and involve some nonet-symmetry and SU~3!
breaking effects. The combined effect, resulting in amplitu
differences at a level of 25–30%, is not unexpected. On
other hand, the rate difference between the first two p
cesses in Chauet al., arising from nonet-symmetry breakin
alone, seems quite large for such effects.

V. CONCLUSIONS

The decaysB1→vp1 ~still requiring confirmation! and
vK1 seen at branching ratio levels of about 1025 by the
CLEO Collaboration@1# can be used, with the help of flavo
SU~3!, to anticipate the observability of other charmle
B→VP decays in the near future. We have indicated wh

TABLE IV. Branching ratios for penguin-dominatedB decays
in two models, in units of 1026.

Decay Chauet al. Ciuchini et al.

B1→r0K1 0.6 3.9
B1→vK1 1.4 6.0

B1→K* 0p1 8.8 9.2
B1→fK1 14 15
a-
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e
-
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amplitudes in the flavor-SU~3! decomposition are likely to
be large as a result of present evidence. These consist
strangeness-preserving ‘‘tree’’ amplitudetV and a
strangeness-changing penguin amplitudepV8 . In both cases
the subscript indicates that the spectator quark is incor
rated into a vector (V) meson.

Other decays depending on the amplitudetV are
B1→r0p1 andB0→r2p1. If tV is the dominant amplitude
in these processes, we expectG(B1→r0p1)
5G(B1→vp1) and G(B0→r2p1)52G(B1→vp1).
Furthermore, model calculations predictingutPu.utVu imply
that decays expected to be dominated bytP , such as
B1→r1p0 andB0→r1p2, will also have branching ratios
in excess of 1025.

An appreciable value for the amplitudepV8 , somewhat of
a surprise in conventional models, implies thatB→rK de-
cays should be observable at branching ratio levels in ex
of 1025. The smallness of the ratio B(B1→
fK1)/B(B1→vK1) indicates thatupP8 u,upV8 u. The ampli-
tudepP8 should dominate not onlyB→fK but alsoB→K* p
decays. Evidence for any of these would then tell us
magnitude ofpP8 . The relative phase ofpP8 andpV8 is probed
by B→K* (h,h8) decays.

We have argued that singlet amplitudess,s8, correspond-
ing to disconnected quark diagrams, are more likely to
appreciable when pseudoscalar mesonsh,h8 are discon-
nected from the rest of the diagram than when vector mes
v,f are disconnected. Thus, we expectusV8 u.usP8 u and usVu
.usPu. ~Recall that the subscript refers to the meson in wh
thespectatorquark is incorporated.! We have suggested sev
eral tests for non-zero singlet amplitudes, including a num
of triangle and rate relations, and have outlined a progr
for determining the magnitude and phase ofsV8 .

Once the dominantt, p8, and sV8 amplitudes have been
determined, flavor SU~3! predicts the amplitudest8, p, and
sV . One can then~cf. Ref. @12#! determine which processe
are likely to exhibit noticeable interferences between two
more amplitudes, thereby having the potential for display
direct CP-violating asymmetries.

The CLEO Collaboration@1# has also reported the obse
vation of the decayB→fK* , with a branching ratio of
(1.320.6

10.760.2)31025 when charged and neutral modes a
combined.~Isospin invariance implies equal rates for th
two.! Decays of the formB→VV are more complicated tha
B→PP or B→VP decays because of the three possible p
tial waves in the final state. Once these are separated ou
example using decay angular distributions@30#, an analysis
similar to the one presented here becomes possible
B→VV decays as well.
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