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CharmlessB\VP decays using flavor SU„3… symmetry
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The decays ofB mesons to a charmless vector (V) and pseudoscalar (P) meson are analyzed within a
framework of flavor SU~3! in which symmetry breaking is taken into account through ratios of decay constants
in tree (T) amplitudes but exact SU~3! is assumed for color-suppressed and penguin amplitudes. The magni-
tudes and relative phases of tree and penguin amplitudes are extracted from data, the symmetry assumption is
tested, and predictions are made for rates andCP asymmetries in as-yet-unseen decay modes. A key assump-
tion for which we perform some tests and suggest others is a relation between penguin amplitudes in which the
spectator quark is incorporated into either a pseudoscalar meson or a vector meson. Values ofg slightly
restricting the range currently allowed by fits to other data are favored, but outside this range there remain
acceptable solutions which cannot be excluded solely on the basis of presentB→VP experiments.
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I. INTRODUCTION
B meson decays are a rich source of information on f

damental phases of weak charge-changing couplings, as
coded in the Cabibbo-Kobayashi-Maskawa~CKM! matrix.
Decays to charmless final states, many of which occu
branching ratios exceeding 1025, are particularly useful,
since many of them involve more than one significant qu
subprocess and thus have the potential for displaying di
CP asymmetries. To interpret such data one must dis
tangle information on CKM~weak! phases from strong
interaction final-state phases.

In B→PP decays, whereP is a charmless pseudoscal
meson, flavor SU~3! symmetries have been employed@1–5#
to extract weak phases in such decays asB0→p1p2 and
various charge states ofB→Kp ~see, e.g., the recent review
of @6# and a recent analysis@7# of B→Kp). The decaysB
→VP, whereV is a charmless vector meson, involve mo
invariant amplitudes, since one cannot use Bose statistic
simplify the decays, in contrast to the case of two spinl
final pseudoscalars in the same meson multiplet@1–3,8#.
Nonetheless, after the first report of a charmlessB→VP de-
cay@9#, it became possible to perform such analyses by us
rates andCP asymmetries in some decays to predict oth
@8,10–12#.

In the present paper, following upon our recent analysis
B→PP decays@13#, we analyzeB→VP decays within fla-
vor SU~3!, incorporating symmetry breaking through rati
of meson decay constants in tree (T) amplitudes. For sim-
plicity we assume exact SU~3! for color-suppressed (C) and
penguin (P) amplitudes. The magnitudes and relative pha
of invariant amplitudes are extracted from data; the symm
try assumption is tested; and predictions are made for r
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andCP asymmetries in as-yet-unseen decay modes.
Our approach differs from ones involvinga priori calcu-

lations ofB→VP decay rates andCP asymmetries involv-
ing QCD and factorization. Factorization was applied
these decays in Refs.@14–17#. The QCD factorization meth-
ods of Refs.@18,19# were considered forB→VP decays in
Refs.@19–24#. Many of these authors were able to fit som
data but could not reproduce those processes dominate
strangeness-changing penguin amplitudes, which others
argued should be enhanced@25–28#. Our method, by con-
trast, relies on assumptions of isospin and SU~3! flavor sym-
metry, provides tests of these assumptions, and is capab
extracting strong final-state phases from data rather t
needing to predict them. It is similar to the analysis ofB
→r6p7 andB→r7K6 in Ref. @29# and ofB→K* 6p7 in
Ref. @30# ~which uses extensive data onB→r6p7), but we
are concerned with a wider set ofB→VP decays.

The present analysis has considerable sensitivity to
CKM phaseg. This is driven in part by the pattern of tree
penguin interference in a wide variety ofB→VP decays,
and in part by the incorporation of time-dependent inform
tion on B→rp, as has also been noted in Ref.@24#.

We review notation and conventions for amplitudes
Sec. II. We average currently known experimental rates
CP asymmetries from the CLEO, BaBar, and Belle Collab
rations and use these averages to obtain magnitudes of
plitudes in Sec. III. We then show how to extract invaria
amplitudes~identified with specific flavor topologies! in Sec.
IV by fitting the experimental amplitudes andCP asymme-
tries. The simplest fit assumes a relation between peng
amplitudes@31# in which the spectator quark is incorporate
into either a pseudoscalar meson or a vector meson. We
gest specific tests of this assumption in Sec. V. It is relaxe
Sec. VI to see if the quality of the overall fit improves, an
predictions for rates andCP asymmetries for observed an
as-yet-unseenB→VP modes are discussed. Relations amo
amplitudes based on the U-spin subgroup of SU~3! are pre-
sented in Sec. VII, while Sec. VIII concludes. An Append
discussesB→r7p6 rates and asymmetries.
©2004 The American Physical Society01-1
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II. NOTATION

We use the following quark content and phase conv
tions:

~a! Bottom mesons: B05db̄, B̄05bd̄, B15ub̄, B2

52bū, Bs5sb̄, B̄s5bs̄;
~b! Charmed mesons: D052cū, D̄05uc̄, D15cd̄,

D25dc̄, Ds
15cs̄, Ds

25sc̄;

~c! Pseudoscalar mesons: p15ud̄, p05(dd̄2uū)/A2,
p252dū, K15us̄, K05ds̄, K̄05sd̄, K252sū, h5(ss̄

2uū2dd̄)/A3, h85(uū1dd̄12ss̄)/A6;
~d! Vector mesons: r15ud̄, r05(dd̄2uū)/A2, r2

52dū, v5(uū1dd̄)/A2, K* 15us̄, K* 05ds̄, K̄* 0

5sd̄, K* 252sū, f5ss̄.
In the present approximation there are four types of in

pendent amplitudes: a ‘‘tree’’ contributiont; a ‘‘color-
suppressed’’ contributionc; a ‘‘penguin’’ contributionp; and
a ‘‘singlet penguin’’ contributions, in which a color-singlet
qq̄ pair produced by two or more gluons or by aZ or g
forms an SU~3! singlet state. We neglect smaller contrib
tions from an ‘‘exchange’’ amplitudee, an ‘‘annihilation’’
amplitude a, and a ‘‘penguin annihilation’’ amplitudepa.
The amplitudes we retain contain both the leading-order
electroweak penguin contributions:

t[T1PEW
C , c[C1PEW,

p[P2
1

3
PEW

C , s[S2
1

3
PEW, ~1!

where the capital letters denote the leading-order contr
tions @4,5,32,33# while PEW andPEW

C are respectively color-
favored and color-suppressed electroweak penguin~EWP!
amplitudes @5#. We shall denoteDS50 transitions by
unprimed quantities anduDSu51 transitions by primed
quantities. ForVP decay modes, the subscriptV or P denotes
the final-state meson~vector or pseudoscalar! incorporating
the spectator quark. Thus, for example, a color-favoredDS
50 tree amplitude in which the spectator quark is incorp
rated into a pseudoscalar meson will be denotedtP . Al-
though someB→VV decay processes have been seen,
shall not discuss them further here.

For theb̄→d̄ and b̄→ūud̄ transitions, an educated gue
of the hierarchies among the amplitudes is given in Re
@5,12,13#. For uDSu51 transitions, c8 contains an elec-
troweak penguin amplitude at the next order. Therefore,
put c8 together witht8 at the same order. Similarly, sinc
part of the singlet amplitude is the electroweak penguin a
plitude,s8 is at least of orderPEW8 .

The partial decay width of two-bodyB decays is

G~B→M1M2!5
pc

8pmB
2

uA~B→M1M2!u2, ~2!

wherepc is the momentum of the final state meson in the r
frame ofB, mB is theB meson mass, andM1 andM2 can be
either pseudoscalar or vector mesons. Using Eq.~2!, one can
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extract the magnitude of the invariant amplitude of each
cay mode from its experimentally measured branching ra
To relate partial widths to branching ratios, we use t
world-average lifetimest15(1.65360.014) ps andt0

5(1.53460.013) ps computed by the LEPBOSC group@34#.
Unless otherwise indicated, for each branching ratio quo
we imply the average of a process and itsCP-conjugate.

Two phase conventions are in current use for the peng
amplitudes, depending on whether one considers them t
dominated by the CKM factorsVtb* Vtq (q5s,d), or inte-
grates out thet quark, uses the unitarity relationVtb* Vtq

52Vcb* Vcq2Vub* Vuq , and absorbs theVub* Vuq term into a
redefined tree amplitude. Here we adopt the latter conv
tion. For a discussion of the relation between the two s
e.g., Ref. @35#. Thus both the strangeness-changing a
strangeness-preserving penguin amplitudes will be take
have real weak phases in this discussion.

III. EXPERIMENTAL DATA AND AMPLITUDE
DECOMPOSITIONS

The experimental branching ratios andCP asymmetries
from the CLEO, BaBar, and Belle Collaborations are su
marized and averaged in Tables I~for DS50 transitions! and
II ~for uDSu51 transitions!. Data are current up to and in
cluding the 2003 Lepton-Photon Symposium at Fermil
We use the Particle Data Group method@36# for performing
averages, including a scale factorS[@x2/(N21)#1/2 when
the x2 for an average ofN data points exceedsN21. ~The
Heavy Flavor Averaging Group@37# does not use this scal
factor. In other respects our averages agree with theirs w
inputs are the same.! The corresponding experimental amp
tudes, extracted from partial decay rates using Eq.~2!, are
shown in Tables III and IV. In these tables we also give t
theoretical expressions for these amplitudes~see also Refs.
@8,10,12#! and, anticipating the results of the next section,
magnitudes of contributions to the observed amplitude of
invariant amplitudesuT_u anduPu or uT8u anduP8u in one fit to
the data. These contributions include Clebsch-Gordan c
ficients.CP asymmetries are defined as

ACP~B→ f ![
G~B̄→ f̄ !2G~B→ f !

G~B̄→ f̄ !1G~B→ f !
. ~3!

By comparing the magnitudes of individual contributio
with experimental amplitudes, one can tell whether one c
tribution dominates or whether constructive or destruct
interference between two contributions is favored.

IV. EXTRACTING AMPLITUDES

In the present section we show how a global fit to dec
rates andCP asymmetries can determine many~though not
all! of the invariant amplitudes governingB→VP decays.
We shall be able to determine from experimental data th
magnitudes and relative strong phases and the weak phag.
We shall assume a universal ratiopV8 /pP8 52ceif, initially
assumingc51 andf50 in accord with Ref.@31#, present-
ing also results with arbitraryc andf. We interpretf as a
1-2
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TABLE I. Experimental branching ratios of selectedDS50 decays ofB mesons.CP-averaged branching ratios are quoted in units
1026. Numbers in parentheses are upper bounds at 90 % C.L. References are given in square brackets. Additional line, if any, givCP
asymmetryACP . The error in the average includes the scale factorS when this number is shown in parentheses.

Mode CLEO BaBar Belle Avg.

B1→ K̄* 0K1 0.020.020.0
11.310.6 (,5.3) @38# ,5.3

r0p1 10.423.4
13.362.1 @38# 9.361.060.8 @39# 8.022.0

12.360.7 @40# 9.161.1
20.1760.1160.02 @39# 20.1760.11

r1p0 ,43 @38# 11.061.961.9 @39# 11.062.7
0.2360.1660.06 @39# 0.2360.17

r1h 4.823.8
15.2 (,15) @41# 10.522.8

13.161.3 @42# ,6.2 @43# 8.962.7
0.0660.2960.02 @42# 0.0660.29

r1h8 11.227.0
111.9 (,33) @41# 14.024.6

15.161.9 @42# 13.364.5
vp1 11.322.9

13.361.4 @38# 5.461.060.5 @44# 5.721.3
11.460.6 @45# 5.961.1 (S51.23)

20.3460.2560.02 @46# 0.0460.1760.01 @44# 0.4820.20
10.2360.02 @45# 0.1060.21 (S51.84)

fp1 ,5 @9# ,0.41 @47# ,0.41

B0→ r7p6 27.627.4
18.464.2 @38# 22.661.862.2 @48# 29.124.9

15.064.0 @49# 24.062.5
20.1160.0660.03 @50# 20.3820.2120.05

10.1910.04 @49# 20.1460.08 (S51.31)
r2p1 9.562.0a 10.262.0b

20.5220.19
10.1760.07 @50# 20.5460.19b

r1p2 13.162.3a 13.862.2b

20.1860.1360.05 @50# 20.1660.15b

r0p0 1.621.4
12.060.8 (,5.5) @38# 0.960.760.5 (,2.5) @39# 6.022.3

12.961.2 @49# ,2.5
r0h 2.622.6

13.2 (,10) @41# ,5.5 @51# ,5.5
r0h8 0.020.0

15.8 (,12) @41# ,14 @43# ,12
vp0 0.820.820.8

11.911.0 (,5.5) @38# 20.361.160.3 (,3) @52# ,1.9 @45# ,1.9
vh ,12 @9# ,12
vh8 ,60 @9# ,60
fp0 ,5 @9# ,5
fh ,9 @9# ,9
fh8 ,31 @9# ,1.0 @53# ,1.0

aBased on asymmetries quoted in Ref.@50# and BaBar value ofB(B0→r7p6).
bBased on asymmetries quoted in Ref.@50# and world averages forB andACP for B0→r7p6.
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relative strong phase betweenpV8 and 2pP8 , so that it does
not change sign underCP conjugation. We now explain in
some detail the inputs and fit parameters.

We base the present fit on the following processes~see
Tables III and IV!:

~a! The B1→K* 0p1 amplitude involvesupP8 u alone. The
decay rate provides one data point. NoCP asymmetry is
expected or seen.

~b! The decaysB0→r2p1 andB̄0→r1p2 ~equivalently,
their CP-averaged branching ratio andCP asymmetry
quoted in Table I! involve tV and pV . These processes thu
provide two data points.

~c! The decaysB0→r1p2 and B̄0→r2p1 involve tP
andpP and provide two data points.

~d! In the time-dependent study of (B0,B̄0)→r7p6, the
asymmetry parametersS12 and S21 , to be defined at the
end of this section, provide two more data points.~Other
time-dependent parameters are related to those alread
cluded.!

~e! The decaysB0→r2K1 and B̄0→r1K2 involve tV8
andpV8 and provide two data points, since theCP-averaged
03400
in-

decay rate andCP asymmetry have been presented.

~f! The decaysB0→K* 1p2 andB̄0→K* 2p1 involve tP8
andpP8 and similarly provide two data points.

~g! The decaysB→K* h ~for both charge states! play an
important role in constraining the phasef of 2pV8 /pP8 , since
this phase must be small in order thatpP8 andpV8 contribute
constructively to the large decay rate, as anticipated in R
@31#. We include two decay rates and twoCP asymmetries,
adding a total of four data points. Since our scheme pred
a very smallCP asymmetry forB0→K* 0h, the parameters
of the fit will not be affected by this observable.

~h! The rate andCP asymmetry forB1→r0p1 andB1

→vp1 have been measured. The two decay rates are do
nated bytV but provide some information about the magn
tude of the amplitudecP , about which we shall have more t
say below. These processes thus add four more data poin
our fits.

~i! The rate andCP asymmetry forB1→r1p0 have been
measured, adding two data points.

~j! The decay rates forB→fK ~both charge states! have
been measured. The corresponding decay widths are
1-3
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TABLE II. Same as Table I foruDSu51 decays ofB mesons.

Mode CLEO BaBar Belle Avg.

B1→ K* 0p1 7.623.0
13.561.6 (,16) @38# 15.561.824.0

11.5 @54# 8.560.920.720.5
10.810.8 @55# 9.061.4 (S51.11)

K* 1p0 7.127.1
111.461.0 (,31) @38# ,31

K* 1h 26.428.2
19.663.3 @41# 25.723.6

13.861.8 @42# 26.527.0
17.863.0 @56# 25.963.4

0.1560.1460.02 @42# 20.0520.30
10.2560.01 @57# 0.1060.12

K* 1h8 11.128.0
112.7 (,35) @41# 6.123.2

13.961.2 (,12) @42# ,90 @43# ,12
rK1 8.423.4

14.061.8 (,17) @38# 3.961.223.5
11.3 (,6.2) @54# 3.960.620.320.2

10.410.7 @55# 4.160.8
r1K0 ,48 @58# ,48
vK1 3.221.9

12.460.8 (,7.9) @38# 5.061.060.4 @44# 6.721.2
11.360.6 @45# 5.460.8

20.0560.1660.01 @44# 0.0620.18
10.2060.01 @45# 0.0060.12

fK1 5.521.8
12.160.6 @59# 10.020.8

10.960.5 @47# 8.660.820.620.3
10.610.0 @55# 9.060.9 (S51.39)

0.03960.08660.011@47# 0.0160.1260.05 @60# 0.0360.07

B0→ K* 1p2 1625
1662 @61# 14.824.421.020.9

14.611.512.4 @62# 15.363.8
0.2620.3420.08

10.3310.10 @63# 0.2660.35
K* 0p0 0.020.020.0

11.310.5 (,3.6) @38# 0.4221.74
11.8560.06 (,3.5) @62# 0.461.8a (,3.5)

K* 0h 13.824.6
15.561.6 @41# 19.022.1

12.261.3 @42# 16.524.2
14.661.2 @56# 17.862.0

0.0360.1160.02 @42# 0.1720.25
10.2860.01 @57# 0.0560.10

K* 0h8 7.825.7
17.7 (,24) @41# 3.221.6

11.860.9 (,6.4) @42# ,20 @43# ,6.4
r2K1 16.026.4

17.662.8 (,32) @38# 7.321.2
11.361.3 @48# 15.123.321.522.1

13.411.412.0 @62# 9.062.3 (S51.41)
0.1860.1260.08 @50# 0.2220.2320.02

10.2210.06 @62# 0.1960.12
r0K0 ,39 @58# ,12.4 @56# ,12.4
vK0 10.024.2

15.461.4 (,21) @38# 5.321.2
11.460.5 @44# 4.021.6

11.960.5 @45# 5.261.1
fK0 5.422.7

13.760.7 (,12.3) @59# 7.621.2
11.360.5 @47# 9.021.8

12.260.7 @60# 7.861.1

aValue utilized in order to stabilize fits. See text.
h

ex
e

w

ue
n

ri
n
s
-

uld

lobal

-
ts

er-

ver-

d

ious
nt.

ng

of
pected to be equal. They are measured to be within 7% w
one takes into account the difference in lifetimes of theB1

and B0 mesons.@Note added: The branching ratioB(B0

→fK0) quoted in Table II has been updated@47#. The cen-
tral values of the world-averaged decay widths now are
actly equal.# We include theB→fK decay rates as two mor
data points. Since both the amplitudespP8 andsP8 contribut-
ing to these processes are expected to have the same
phase, we predict zeroCP asymmetry in anyB→fK decay.
This is certainly true for the charged mode, whoseCP asym-
metry we include as another data point.

~k! Taking the average of BaBar and Belle values@64#, we
find the time-dependent parameters inB0→fKS to beSfKS

520.14760.697 (S52.11) and AfKS
50.04660.256 (S

51.08), whereas we predict the standard model val
(sin2b,0). The average of BaBar and Belle determinatio
via the subprocessb̄→ c̄cs̄ is sin2b50.73660.049@64#. The
parameterAfKS

is equivalent to the directCP asymmetry

ACP(B0→fKS). ~The corresponding asymmetry forB1

→fK1 is seen in Table II to be very small.! These observ-
ables thus contributeDx25(1.61,0.03) to our fit, without
affecting the fit parameters. We include them in ourx2 total,
adding two more data points. In view of the largeS factor,
contributing to a considerable amplification of the expe
mental error inSfKS

, it is premature to regard the deviatio
of this observable from its standard model expectation a
signal of new physics. In Ref.@65# we discussed some sce
03400
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narios which could give rise to such a deviation. One sho
add a penguin amplitude~e.g., for b̄→ s̄ss̄) with arbitrary
magnitude and weak and strong phases to the present g
fit to see if one can describe all theB→VP data with any
greater success.

~l! Both a decay rate and aCP asymmetry have been
presented forB1→vK1, while we are aware only of a de
cay rate forB0→vK0. We thus add three more data poin
for these processes.

~m! The BaBar Collaboration has recently reported obs
vation of the decay modesB1→r1h and B1→r1h8 @42#
at levels indicating a significant role for theCV amplitude.
We include the branching ratios for these processes as a
ages between the BaBar and older CLEO@41# values. In
addition we include the new BaBar value ofACP(B1

→r1h).
~n! The decay rate forB1→r0K1 was recently measure

by the Belle Collaboration with high significance@55#. We
include the average between the Belle result and the prev
measurements by BaBar and CLEO as another data poi

~o! Although only an upper limit exists so far forB(B0

→K* 0p0), we use the Belle central value and error@62# in
order to enforce this upper limit in the fits.

The grand total of fitted data points is thus 34, includi
some quantities such asACP(B1→fK1), SfKS

and AfKS

which do not affect our fit. We now count the parameters
the fit.
1-4
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TABLE III. Summary of predicted contributions toDS50 decays ofB mesons to one vector and one pseudoscalar meson. Ampl
magnitudesuAexpu extracted from experiments are quoted in units of eV. The results are based on a fit withpV852pP8 andg.65° ~see Table
V!.

Mode Amplitudes uT ua uPua pc ~GeV! uAexpub ACP

B1→ K̄*0K1 pP 0 7.5 2.539 ,24.1

K* 1K̄0 pV 0 7.5 2.539

r0p1 2
1

A2
~ tV1cP1pV2pP! 25.1 10.6 2.582 31.461.9 20.1760.11

r1p0 2
1

A2
~ tP1cV1pP2pV! 39.7 14.4 2.582 34.564.2 0.2360.17

r1h 2
1

A3
~ tP1cV1pP1pV1sV! 32.4 2.1c 2.554 31.264.7 0.0660.29

r1h8
1

A6
~ tP1cV1pP1pV14sV! 22.9 0.7c 2.493 38.766.6

vp1 1

A2
~ tV1cP1pP1pV12sP! 25.1 0.006d 2.580 25.362.3 0.1160.21

fp1 sP 0 0.009d 2.539 ,6.7

B0→ K̄* 0K0 pP 0 7.5 2.539

K* 0K̄0 pV 0 7.5 2.539

r2p1 2~ tV1pV! 30.3 7.5 2.582 34.463.4e 20.5460.19
r1p2 2~ tP1pP! 43.1 7.5 2.582 40.163.2e 20.1660.15

r0p0 1

2
~2cP2cV1pP1pV! 9.2f 2.7 2.582 ,17.1

r0h
1

A6
~cP2cV2pP2pV2sV! 3.2f 1.5c 2.554 ,25.4 -

r0h8
1

2A3
~cV2cP1pP1pV14sV! 2.3f 0.5c 2.493 ,38.0

vp0 1

2
~cP2cV1pP1pV12sP! 4.0f 2.7d 2.580 ,14.9

vh 2
1

A6
~cP1cV1pP1pV12sP1sV! 7.5f 1.5c,d 2.552 ,37.6

vh8
1

2A3
~cP1cV1pP1pV12sP14sV! 5.3f 0.5c,d 2.491 ,85.1

fp0 1

A2
sP

0 0.006d 2.539 ,24.3

fh 2
1

A3
sP

0 0.005d 2.511 ,32.8

fh8
1

A6
sP

0 0.004d 2.447 ,11.1

aT is the sum of all tree and color-suppressed amplitudes that contribute to a process.P is the sum of all penguin amplitudes, includin
electroweak ones.
buAexpu is defined by Eq.~2! as an amplitude related to aCP-averaged branching ratio quoted in Table I.
cNo SV contribution included.
dNo SP contribution included.
eBased onCP-averaged branching ratios quoted in Table I.
fTakes account of the relative phase betweenCP andCV amplitudes.
by

it

ing
~a! The amplitudepP8 is taken to have a strong phase ofp
by definition. Its weak phase, since it is dominated
2Vcb* Vcs ~see the discussion at the end of Sec. II!, also isp,
so we will havepP8 real and positive. This choice will be
seen in our favored solution to entail tree amplitudes w
03400
h

positive real and small imaginary parts~when their weak
phases are neglected!, in accord with expectations from QCD
factorization@24#. The corresponding strangeness-preserv
amplitudepP is determined bypP5(Vcd /Vcs)pP8 52l̄pP8 ,

wherel̄[l/(12l2/2)50.230 andl50.224@66#. Thus the
1-5
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TABLE IV. Same as Table III foruDSu51 decays ofB mesons.

Mode Amplitudes uT8u uP8u pc ~GeV! uAexpu ACP

B1→ K*0p1 pP8 0 32.6 2.561 31.262.4

K* 1p0 2
1

A2
~ tP8 1cV81pP8 ! 9.4 39.7 2.562 ,58.1

K* 1h 2
1

A3
~ tP8 1cV81pP8 2pV81sV8 ! 7.7 46.7a 2.534 53.463.5 0.1060.12

K* 1h8
1

A6
~ tP8 1cV81pP8 12pV814sV8 ! 5.4 16.5a 2.472 ,62.8

r0K1 2
1

A2
~ tV81cP8 1pV8 ! 6.9 22.9 2.559 21.262.1

r1K0 pV8 0 32.6 2.559 ,72.3

vK1 1

A2
~ tV81cP8 1pV812sP8 ! 6.9 23.0b 2.557 24.361.8 20.00360.122

fK1 pP8 1sP8 0 32.5b 2.516 31.661.6 0.03060.072

B0→ K* 1p2 2~ tP8 1pP8 ! 10.3 32.6 2.562 42.465.2 0.2660.35

K* 0p0 2
1

A2
~cV82pP8 ! 2.1 6.3 2.562 ,20.3

K* 0h 2
1

A3
~cV81pP8 2pV81sV8 ! 1.7 46.7a 2.534 46.062.6 0.0560.10

K* 0h8
1

A6
~cV81pP8 12pV814sV8 ! 1.2 16.5a 2.471 ,39.8

r2K1 2~ tV81pV8 ! 8.5 32.6 2.560 32.464.2 0.1960.12

r0K0 1

A2
~pV82cP8 ! 0.9 23.1 2.559 ,38.2

vK0 1

A2
~cP8 1pV812sP8 ! 0.9 23.0b 2.557 24.662.6

fK0 pP8 1sP8 0 32.5b 2.516 30.562.1

aNo SV8 contribution included.
bNo SP8 contribution included.
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weak phase ofpP in the present convention is zero, while i
strong phase isp. When we assume thatpV8 /pP8 5pV /pP

521, as suggested in Ref.@31# and as done in Refs.@10#
and @12#, we will have one free parameterupP8 u. More gen-
erally, we shall consider fits with this ratio real or comple
adding one or two new parametersc and f defined by
pV8 /pP8 5pV /pP52c or pV8 /pP8 5pV /pP52ceif. We do not
introduce SU~3! breaking in penguin amplitudes, since we
not assume factorization for them in the sense of repres
ing them by one or more local 4-quark operators. Our m
trust of factorization for penguin amplitudes is based on
likelihood that they receive important long-distance con
butions from c̄qq̄8c intermediate states. Tests for our a
sumption of flavor SU~3! for these amplitudes~e.g., in B

→K* K̄ andB→KK̄* decays! will be mentioned in Sec. VI
C.

~b! The magnitudesutP,Vu of the tree amplitudes an
strong relative phasesdP,V between them and the corre
sponding penguin amplitudespP,V are free parameters: fou
in all. We relate strangeness-changing tree amplitude
those for DS50 using ratios of decay constants:tV8

5l̄( f K / f p)tV.0.281tV and tP8 5l̄( f K* / f r)tP.0.240tP .
03400
,

t-
-
e
-
-

to

We thus assume the same relative strong phases betwee
and penguin amplitudes inDS50 and uDSu51 processes.
We use the decay constants@12,36# f p5130.7 MeV, f K

5159.8 MeV, f r5208 MeV, f K* 5217 MeV. Since we do
not assume factorization for color-suppressed (C) ampli-
tudes, we do not apply a corresponding SU~3!-breaking fac-
tor for them.

~c! The weak phaseg of tV andtP is a free parameter. We
assume it to be the same for both tree amplitudes.

~d! We take the electroweak penguin amplitudePEW,P8 to
have the same strong and weak phases aspP8 . Then the elec-
troweak penguin contribution tosP8 ,2 1

3 PEW,P8 , interferes
destructively withpP8 , as was anticipated by explicit calcu
lations@67#. Thus2sP8 /pP8 is one real positive parameter. W
ignore any contribution from the singlet penguin amplitu
SP8 , which we expect to involve gluonic coupling to SU~3!
flavor-singlet components of vector mesons and thus to
suppressed by the Okubo-Zweig-Iizuka~OZI! rule. We did
not find a stable fit if we allowed the strong phase of t
EWP contribution to sP8 to vary. The contribution
2 1

3 PEW,P8 appearing insP8 then implies a corresponding con
tribution 1PEW,P8 in cP8 .
1-6
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~e! The termcP appears to play a key role in accountin
for the deviation of theB1→r0p1 and B1→vp1 decay
rates from the predictions based ontV alone. It contains two
terms: a termCP which we choose to have the same we
and strong phases astV , and a small EWP contribution
PEW,P52l̄PEW,P8 associated with the term taken insP8
above. ThusCP /tV will be one additional real paramete
which will turn out to be positive in all our fits.

~f! We include a contribution from the amplitudeCV ,
motivated by the largeB1→r1h andB1→r1h8 branching
ratios. We chooseCV to have the same strong and we
phases astP . We do not introduce SU~3! breaking inCP and
CV amplitudes and assumeCP8 5l̄CP , CV85l̄CV .

~g! We take the electroweak penguin contribution tosV8 ,
2 1

3 PEW,V8 , to have the same strong and weak phases aspV8 .
This contribution then implies corresponding contributio
1PEW,V8 in cV8 and1PEW,V52l̄PEW,V8 in cV . The apparent
suppression of the decayB0→K* 0p0 ~see Sec. VI! suggests
that PEW,V8 and pP8 are interfering destructively in this pro
cess, implying constructive interference in both charge st
of B→K* h. We ignore any contribution from the single
penguin amplitudeSV8 in the absence of information about i
magnitude and phase.

There are thus ten, eleven, or twelve parameters to fi
data points, depending on the assumption for thepV8 /pP8 ratio:
21, real, or complex. In fact, not all partial decay rates
independent, as we must have the following equalities
tween rate differences@68#:

G~B0→r2p1!2G~B̄0→r1p2!

5~ f p / f K!@G~B̄0→r1K2!2G~B0→r2K1!#,

~4!

G~B0→r1p2!2G~B̄0→r2p1!

5~ f r / f K* !@G~B̄0→K* 2p1!2G~B0→K* 1p2!#.

~5!

When transcribed into relations among branching rat
these read, respectively,

~11.163.8!310265
?

~2.861.9!31026, ~6!

~4.464.1!310265
?

~7.6610.4!31026. ~7!

The first of these is violated at the 2s level. One reaps little
gain in relaxing the assumptionpV852pP8 since these rela
tions are expected to hold regardless ofpV8 /pP8 .

When we assumepV852pP8 , the specific expressions en
tering our fits include

A~B1→K* 0p1!5upP8 u ~8!

A~B0→r2p1!52l̄upP8 u2utVuei (dV1g) ~9!
03400
es

4

e
e-

s,

A~B0→r2K1!5upP8 u2l̄
f K

f p
utVuei (dV1g) ~10!

A~B0→r1p2!5l̄upP8 u1utPuei (dP1g) ~11!

A~B0→K* 1p2!52upP8 u1l̄
f K*
f r

utPuei (dP1g). ~12!

The phase convention is such thatdV,P50 corresponds to
tP,V having a phase ofg with respect topP,V . Amplitudes
associated with the charge-conjugate modes can be obta
by flipping the sign ofg in the above expressions. The e
pressions lead to the rate relations~4! and~5! if one squares
them and takes appropriate differences.

We now discuss two additional parameters in (B0,B̄0)
→r6p7 which provide further constraints. These are me
sured in a time-dependent study by the BaBar Collabora
@50#:

Srp520.1360.1860.04, ~13!

DSrp50.3360.1860.03, ~14!

which are related to the parametersS12 andS21 by

Srp5~S121S21!/2, ~15!

DSrp5~S122S21!/2, ~16!

where

S12[
2Iml12

11ul12u2
, ~17!

S21[
2Iml21

11ul21u2
, ~18!

l12[
q

p

A~B̄0→r1p2!

A~B0→r1p2!
, ~19!

l21[
q

p

A~B̄0→r2p1!

A~B0→r2p1!
~20!

and q/p5e22ib with b523.7°. Since our fits predict the
phases and magnitudes of all the relevant decay amplitu
it is a simple matter to calculate theS’s. They provide crucial
information on the relative strong phases oftV and tP ,
among other things. As mentioned, other observab
Crp , DCrp , andArp as defined in Refs.@29# and @48# are
related to information we already use in our fits and need
be considered separately.~See the Appendix.!

To see explicitly the constraints provided bySrp and
DSrp it is helpful to calculate them in the limit in which th
small penguin contributions to theB→rp amplitudes can be
neglected. Definingr[utV /tPu andd[Arg(tV /tP), one finds
S6752rsin(2a6d)/(11r2) and

Srp5
2r

11r 2
sin2acosd, DSrp5

2r

11r 2
cos2asind. ~21!
1-7
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Both these quantities are small experimentally, consis
with solutions in whicha5p2b2g is nearp/2 while d is
near zero orp. The non-zero central value ofDSrp , in our
favored solution to be discussed below, combines with
value of cos2a near 21 and other constraints to favor
small negative value ofd.

V. TESTS OF THE pV8ÄÀpP8 ASSUMPTION

In this section, we note that the relationpV852pP8 , pro-
posed in Ref.@31# and used in previous discussions@10,12#,
can be tested experimentally, and discuss the status of
tests.

As described before, information onupP8 u is directly ob-
tained from theB1→K* 0p1 decay rate, which is predicte
to be equal to that of itsCP conjugate.~The absence of aCP
asymmetry in this mode is one test of the present picture.! In
principle, one can also extractupV8 u directly from the B1

→r1K0 rate ~for which one also expects a vanishingCP
asymmetry!. Currently, only the CLEO group has reported
upper bound on the averaged branching ratio,B̄(r1K0)
,4831026 based on a sample of 2.6 millionBB̄ pairs. The
present BaBar and Belle sample of approximately 100 tim
as much data would enable this mode to be observed a
predicted branching ratio ofB̄(r1K0).12.631026 with
good significance.

An indirect way to testpP8 52pV8 is to compare thevK0

and fK0 modes. Using cP8 5CP8 1PEW,P8 and sP8 5SP8
2PEW,P8 /3 @Eq. ~1!# and the facts thatCP8 is smaller than
PEW,P8 by a factor of about 0.22~see Table I in Ref.@12#! and
that SP8 is OZI-suppressed, we can safely neglect them
have

A~vK0!5
1

A2
S pV81

1

3
PEW,P8 D , ~22!

A~fK0!5pP8 2
1

3
PEW,P8 . ~23!

Therefore, the amplitude magnitudes are related by a fa
of A2 if pP8 52pV8 . Current data, using the average forB1

→fK1 and B0→fK0 amplitudes~expected to be equa
within our approximations! show that A2uA(B0

→vK0)/A(B→fK)u51.1360.13, consistent with 1.@Note
added: The updated branching ratioB(B0→fK0) @47# re-
sults in a slightly smaller ratio of amplitudes:A2uA(B0

→vK0)/A(B→fK)u51.1160.13.#
Observation of ther6K0 mode and more precise determ

nation ofvK0 andfK0 modes thus will be very helpful in
justifying the assumption ofpP8 52pV8 . However, we find in
the next section that global fits to data in which this assum
tion is relaxed are not very different from those in whi
pP8 52pV8 is assumed.

VI. DISCUSSION OF PREDICTIONS

Plots ofx2 as a function ofg for three fits are shown in
Fig. 1. Three local minima are found, aroundg526°, 63°,
03400
nt
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ch

s
he

d

or

-

and 162°. The fit withpV8 /pP8 real gives ax2 very similar to
that with pV8 /pP8 521 for g.26° and to that withpV8 /pP8
complex for the other two minima, so we shall not consid
it further. The magnitudes of individual amplitudes and t
strong phases determined in the fits withpV8 /pP8 521 and
pV8 /pP8 complex are compared with one another for the th
local minima in Table V. The corresponding predictions
these fits are compared with one another and with exp
ment in Tables VI and VII.

In the absence of information onSrp and DSrp , Fig. 1
would be symmetric underg→p2g, since all other observ-
ables would be unchanged under a simultaneous chang
strong phases dP,V→p2dP,V , f→2f. The time-
dependentCP asymmetries inB→r7p6 break this symme-
try. Nonetheless, considerable ambiguity remains, and
necessary to appeal both to theory and to other experim
to resolve it.

We shall concentrate upon solutions consistent withg in
the range allowed by fits@69# to other observables, 39°<g
<80° at the 95% confidence level~shown by the vertical
short-dashed linees in Fig. 1!. Solutions outside this rang
not only conflict with these fits, but have large final-sta
phases~mod p) which are unlikely in QCD factorization
@24#. Also, the solution withg.162° is inconsistent with
b523.7° and the constrainta1b1g5p. We shall point
out ways in which a distinction among solutions can be ma
experimentally. Magnitudes and phases of the dominant
variant amplitudes in the solution withg.63° and complex
pV8 /pP8 are shown in Fig. 2. Using this figure and Tables
and IV one can see whether a given process involves c
structive or destructive tree-penguin interference.

Errors for all solutions with complexpV8 /pP8 have been
estimated using a Monte Carlo method in which parame

FIG. 1. (x2)min , obtained by minimizing over all remaining fi
parameters, as a function of the weak phaseg. Dashed curve:
pV8 /pP8 521 ~24 DOF!; dash-dotted curve:pV8 /pP8 real ~23 DOF!;
solid curve:pV8 /pP8 complex~22 DOF!. The range 39°<g<80° al-
lowed by fits to other observables@69# is given by the two vertical
short-dashed lines.
1-8
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TABLE V. Comparison of parameters extracted in fits to branching ratios andCP asymmetries under various assumptions. Values of
topological amplitudes are quoted in units of eV. Probabilities are those forx2 to exceed the value shown for the indicated number of deg
of freedom.

Value in fit
Quantity u← pV8 /pP8 521 →u u← pV8 /pP8 52ceif →u

g (2465)° (6566)° (16465)° (2665)° (6366)° (16226
15)°

f 0 ~input! 0 ~input! 0 ~input! (35221
112)° (2618)° (220223

131)°
upP8 u 32.421.5

11.4 32.661.5 32.421.5
11.4 32.521.6

11.7 32.221.5
11.4 32.061.6

upV8 u 32.421.5
11.4 32.661.5 32.421.5

11.4 31.323.0
13.6 37.122.4

12.3 35.323.6
13.4

usP8 u a 0.961.3 0.061.3 0.561.3 1.721.6
11.8 1.161.3 1.121.5

11.7

usV8 u a 6.222.1
12.2 7.922.3

12.4 6.922.2
12.3 8.523.5

12.8 5.822.1
12.4 6.122.9

13.8

utPu 46.723.4
13.1 43.123.4

13.2 46.123.4
13.2 46.223.4

13.2 43.323.4
13.2 47.023.4

13.1

utVu 32.523.9
13.6 30.323.7

13.4 31.924.0
13.6 33.824.1

13.7 29.623.7
13.4 30.924.7

14.2

dP (184612)° (18168)° (36613)° (199614)° (182614)° (16223
120)°

dV (287611)° (21828
17)° (2100212

110)° (2102214
119)° (220210

19 )° (2105226
119)°

uCPu 6.024.1
14.3 5.324.0

14.3 5.724.1
14.4 6.824.2

14.5 5.624.0
14.2 6.024.1

14.4

uCVu 16.825.7
15.5 13.126.0

15.7 15.025.8
15.6 17.325.8

15.6 13.126.0
15.7 14.925.8

15.6

Fit properties:
x2/DOF 23.9/24 25.5/24 22.1/24 20.6/22 20.5/22 18.9/22
% C.L. 47% 38% 57% 55% 55% 65%

Derived quantities:
upV8 /pP8 u 1 ~input! 1 ~input! 1 ~input! 0.9620.10

10.12 1.1560.07 1.1060.12
2sP8 /pP8 0.0360.04 0.0060.04 0.0220.05

10.04 0.0520.05
10.06 0.0360.04 0.0460.05

sV8 /pV8 0.1920.07
10.08 0.2420.08

10.09 0.2120.07
10.08 0.2720.12

10.13 0.1620.06
10.08 0.1720.09

10.14

utV /tPu 0.7060.10 0.7060.10 0.6920.10
10.11 0.7360.10 0.6860.10 0.6660.11

Arg(tV /tP) (291610)° (21969)° (43211
112)° (287610)° (220610)° (38211

112)°
CP /tV 0.1920.13

10.17 0.1720.14
10.18 0.1820.14

10.18 0.2020.13
10.17 0.1920.14

10.19 0.1920.14
10.19

CV /tP 0.3620.13
10.15 0.3020.15

10.16 0.3320.14
10.15 0.3820.14

10.15 0.3020.15
10.16 0.3220.13

10.14

upPu50.230upP8 u 7.460.3 7.560.3 7.460.3 7.560.4 7.460.3 7.460.4
upVu50.230upV8 u 7.460.3 7.560.3 7.460.3 7.220.7

10.8 8.520.6
10.5 8.160.8

usPu50.230usP8 u 0.260.3 0.060.3 0.160.3 0.460.4 0.360.3 0.320.3
10.4

usVu50.230usV8 u 1.460.5 1.820.5
10.6 1.660.5 2.020.8

10.6 1.320.5
10.6 1.420.7

10.9

utV8 u50.281utVu 9.121.1
11.0 8.561.0 9.021.1

11.0 9.521.2
11.0 8.361.0 8.721.3

11.2

utP8 u50.240utPu 11.220.8
10.7 10.360.8 11.060.8 11.160.8 10.460.8 11.320.8

10.7

uCP8 u50.230uCPu 1.420.9
11.0 1.220.9

11.0 1.320.9
11.0 1.661.0 1.320.9

11.0 1.420.9
11.0

uCV8 u50.230uCVu 3.861.3 3.021.4
11.3 3.461.3 4.061.3 3.021.4

11.3 3.461.3

aEWP contribution only.
it
tu
th
th

s.
d

of
for

tly
sets were generated leading tox2 values no more than 1 un
above the minimum, and the spread in predictions was s
ied. For any prediction depending on a single parameter,
error in that parameter was used to obtain the error in
prediction.

Within the range 39°<g<80° @69#, the present fits
specify g to within a few degrees at the 1s level.
Values corresponding toDx2<1 above the minimum for
pV8 /pP8 521 and complex areg5(6566)° and (6366)°,
respectively. Ranges forDx2<3.84 above the minimum
~95% C.L. limits! are 54° –75° and 51° –73° in the two fit

The local minima found atg.(26,162)° are associate
with larger CV8 and PEW,V8 , leading to larger predicted
branching ratios B(B1→K* 1p0)5(22.125.1

14.2,18.224.1
15.0)
03400
d-
e
e

31026 versus the 15.022.8
13.3 prediction forg.63°. These pre-

dictions do not conflict with the present CLEO@38# bound of
3131026 and are not too far below it. The branching ratio
this decay should be measurable very soon. The solution
g.162° also predicts a largerCP asymmetry for B1

→r1p0, closer to the present central value which is sligh
disfavored in the fits with g.63°. The fits with g
.(26,162)° predict larger branching ratios andCP asymme-
tries for the color-suppressed all-neutral decay modesB0

→r0(h,h8) andB0→vp0 than do the fits withg.63°.
Several observables provide the main contributions tox2.

These are summarized in Table VIII. The largeCP asymme-
try in B0→r2p1 provides the largestDx2 in all three
cases. The only other contributions withDx2>1 occur for
1-9
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TABLE VI. Comparison of predicted and experimental branching ratios andCP asymmetriesACP for someDS50 decays ofB mesons.
References are given in Table I. Predictions are shown only for the fit withpV8 /pP8 complex.

u← B ~units of 1026) →u u← ACP →u
Mode Prediction Expt. Prediction Expt.

g526° g563° g5162° g526° g563° g5162°

B1→ K̄* 0K1 0.5120.05
10.06 0.5060.05 0.4960.05 ,5.3 0 0 0

K* 1K̄0 0.4720.09
10.12 0.6660.08 0.6060.12 0 0 0

r0p1 8.720.4
10.3 9.060.4 9.220.6

10.5 9.161.1 20.2460.04 20.1660.04 20.1560.03 20.1760.11
r1p0 10.121.7

11.6 11.821.8
11.6 10.221.7

11.6 11.062.7 0.0320.10
10.08 20.0160.06 0.1620.05

10.04 0.2360.17
r1h a 11.121.5

11.3 9.521.5
11.3 10.721.5

11.4 8.962.7 20.0520.02
10.03 20.0160.07 20.0160.03 0.0660.29

r1h8 a 6.420.8
10.7 4.960.7 5.820.8

10.7 13.364.5 20.0620.03
10.04 20.0160.08 20.0360.04

vp1b 6.260.5 5.960.4 5.660.7 5.961.1 0.0120.03
10.04 20.0320.13

10.10 20.0320.06
10.02 0.1060.21

fp1b 0.00120.001
10.005 0.00120.001

10.002 0.00120.001
10.003 ,0.41 0 0 0

B0→ K̄* 0K0 0.4760.05 0.4660.04 0.4660.05 0 0 0

K* 0K̄0 0.4420.08
10.11 0.6160.08 0.5560.11 0 0 0

r2p1 9.561.9 10.062.0 9.921.8
11.7 10.262.0 20.1960.04 20.1360.06 20.1360.03 20.5460.19

r1p2 13.862.2 14.062.2 14.062.1 13.862.2 20.0620.04
10.05 20.0160.08 0.0420.05

10.04 20.1660.15
r0p0 0.6320.23

10.35 0.6020.32
10.45 0.7420.34

10.48 ,2.5 0.4320.16
10.09 0.0920.31

10.33 0.2120.13
10.09

r0h a 0.4320.20
10.27 0.0820.08

10.17 0.1320.09
10.17 ,5.5 20.2020.08

10.11 20.0960.46 20.1420.14
10.22

r0h8 a 0.3520.14
10.17 0.0720.05

10.10 0.1320.07
10.11 ,12 20.1020.05

10.09 0.0820.30
10.36 20.1120.07

10.16

vp0 b 0.3620.23
10.36 0.1120.06

10.21 0.1420.12
10.26 ,1.9 0.3520.35

10.26 20.2620.60
10.71 0.4120.66

10.56

vh a,b 0.3020.19
10.26 0.4420.25

10.33 0.4020.22
10.30 ,12 20.1320.09

10.13 20.0060.22 20.0220.11
10.08

vh8 a,b 0.2620.13
10.17 0.2720.14

10.18 0.2720.14
10.18 ,60 20.2320.09

10.13 20.0460.22 20.1120.10
10.11

fp0 b 0.00120.001
10.002 0.00020.000

10.001 0.00020.000
10.002 ,5 0 0 0

fh b ,0.001 ,0.001 ,0.001 ,9 0 0 0
fh8 b ,0.001 ,0.001 ,0.001 ,1.0 0 0 0

Srp 20.1920.07
10.06 20.1820.17

10.21 20.1720.14
10.18 20.1360.18

DSrp 0.2220.17
10.18 0.2820.05

10.04 0.3820.08
10.05 0.3360.18

aNo SV contribution included.
bNo SP contribution included.
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g5162°, with Dx2@ACP(B1→K* 1h)#51.3, and for g
526°, with Dx2@B(B0→vK0)#51.3.

We comment on several predictions of the fits withg
.63° which appear to be of general nature, not depend
on specific assumptions aboutpV8 /pP8 or symmetry breaking.

All fits predict utVu,utPu. In a factorization picturetV in-
volves the production of ap6 ( f p5130.7 MeV! by the
weak current, whereastP involves production of ar6 ( f r

5208 MeV!. This inequality is therefore not so surprisin
One hasutV /tPu.0.68 while f p / f r.0.63, suggesting within
factorization that theB→r andB→p form factors are simi-
lar. The values ofutVu we find are comparable to that ofutu,
the tree amplitude inB→PP, which was found in@13# to be
utu527.163.9 eV. One also findsutP /tu. f r / f p , as expected
from factorization when ther –p mass difference is ne
glected.

All fits predict pV8.2pP8 , even if this equality is not en
forced. This is largely due to the need for constructive int
ference betweenpV8 and 2pP8 in the decaysB→K* h, as
proposed in Ref.@31#. We findupP8 /p8u.0.7, wherep8 is the
strangeness-changing penguin amplitude inB→PP decays,
with magnitude@13# up8u545.761.7 eV determined prima
03400
g

-

rily by the decayB1→K0p1.
The ratio2sP8 /pP8 , corresponding to the electroweak pe

guin contribution tosP8 , is found to be 0.0360.04 for the
g.63° fit, somewhat smaller than expectations@67#. The
central value of the ratioCP /tV is about 0.2. These ampli
tudes interfere constructively in such processes asB1

→r0p1 andB1→vp1. The corresponding ratio forCV /tP
is slightly larger, about 0.3, helping to enhance the predic
rates forB1→r1(p0,h,h8). A similar constructive interfer-
ence betweenC and T terms appears to account for an e
hancement of theB1→p1p0 decay~see, e.g.,@18#!.

Small strong phases~mod p) are favored, implying that
the relative strong phase betweentV and tP is small. This is
consistent with the prediction of QCD factorization metho
@24#.

The pattern of strong and weak phases obtained her
such that there is a small amount of constructive tr
penguin interference in theCP-averaged branching ratios fo
B0→r2p1 and B0→K* 1p2, and a small amount of de
structive interference inB0→r1p2 and B0→r2K1. The
preference of the fits for large values ofg ~small values of
cosg), when final-state phases are small modp, is due in
1-10
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TABLE VII. Same as Table VI foruDSu51 decays ofB mesons.

u← B ~units of 1026) →u u← ACP →u
Mode Prediction Expt. Prediction Expt.

g526° g563° g5162° g526° g563° g5162°

B1→ K* 0p1 9.720.9
11.1 9.560.9 9.461.0 9.061.4 0 0 0

K* 1p0 22.125.1
14.2 15.022.8

13.3 18.224.1
15.0 ,31 0.0160.03 0.0160.05 20.0420.02

10.03

K* 1h a 25.120.9
12.0 23.421.2

11.4 25.120.9
12.3 25.963.4 20.0060.02 0.0060.02 20.0460.02 0.1060.12

K* 1h8 a 2.220.7
12.1 2.820.3

11.2 2.420.6
13.1 ,12 0.2620.16

10.04 0.0160.16 0.2020.14
10.02

r0K1 4.820.3
11.6 4.420.6

10.8 4.520.3
11.5 4.160.8 0.2460.04 0.2160.10 0.1920.05

10.04

r1K0 9.021.6
12.2 12.661.6 11.422.2

12.3 ,48 0 0 0
vK1b 5.320.3

11.5 5.020.4
10.8 5.120.3

11.4 5.460.8 0.2460.04 0.1960.08 0.1820.05
10.04 20.00360.122

fK1b 8.660.3 8.760.4 8.620.3
10.2 9.060.9 0 0 0 0.03060.072

B0→ K* 1p2 15.321.1
11.3 12.460.9 15.521.1

11.2 15.363.8 0.0660.04 0.0160.10 20.0320.04
10.05 0.2660.35

K* 0p0 1.320.7
11.3 0.820.6

11.0 0.720.3
11.0 ,3.5 20.1920.05

10.06 20.0320.29
10.22 20.0320.10

10.13

K* 0h a 18.420.7
11.7 19.121.1

11.2 18.520.9
11.9 17.862.0 20.00120.006

10.008 0.00160.006 20.01220.003
10.004 0.0560.10

K* 0h8 a 2.820.5
12.1 3.020.3

11.2 2.920.5
12.8 ,6.4 0.0520.04

10.02 0.0060.03 0.0420.03
10.02

r2K1 10.120.9
12.7 10.021.3

11.4 9.921.1
12.5 9.062.3 0.2120.03

10.04 0.1620.07
10.06 0.1520.04

10.03 0.1960.12
r0K0 5.321.5

11.8 7.221.9
12.1 6.421.8

11.6 ,12.4 20.0460.03 20.0260.01 20.0260.02
vK0 b 3.920.6

11.1 5.320.4
10.8 4.920.8

11.1 5.261.1 0.0460.03 0.0260.02 0.0260.02
fK0 b 7.920.3

10.2 8.160.3 8.020.3
10.2 7.861.1 0 0 0

aNo SV8 contribution included.
bNo SP8 contribution included.
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part to the fact that these interference effects are relativ
small.

We shall comment below on details which depend on s
cific assumptions. First we discuss some specific de
modes for which predictions are fairly stable over the ran
of assumptions.

A. DSÄ0 decays

The decayB1→K̄* 0K1 is predicted to be dominated b
the pP amplitude and thus to have zeroCP asymmetry. Its
branching ratio is expected to be about 0.531026, consider-
ably below present upper limits. Any deviations from the
predictions could indicate the importance of an annihilat
amplitude or, equivalently, important rescattering effec
One expects a similar or slightly larger prediction forB1

→K* 1K̄0.
A nonzero negativeCP asymmetry is predicted forB1

→r0p1, as a result of the interference of the amplitud
tV1cP and pV2pP . In our favored solution~with g.63°)
this arises as the result of a small but non-negligible rela
final-state phasedV . The same phase contributes aCP
asymmetry of opposite sign toB1→r0K1 andB1→vK1,
as we shall see below. It appears to be generated in our fi
the appreciableCP asymmetry inB0→r2p1, and also
leads to a nonzero prediction forDSrp .

The decayB1→r1p0 is expected to have a branchin
ratio of about 1231026, consistent with the recently re
ported level@39#.

The decayB1→fp1, dominated by an amplitude com
ing from the electroweak penguin amplitude insP , is in-
cluded for completeness. We do not expect it to be obser
03400
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any time soon. The corresponding predicted rates forB0

→f(p0,h,h8) are factors of~2,3,6! smaller, respectively.
The branching ratio for the newly observed decayB1

→r1h @42# is well reproduced, in part because of the e

FIG. 2. Magnitudes and phases of dominant invariant am
tudes in solution withg.63° and complexpV8 /pP8 . Other ampli-
tudes are given by p(P,V)520.230p(P,V)8 , PEW,(P,V)

520.230PEW,(P,V)8 , tP8 50.240tP , tV850.281tV , C(P,V)8
50.230C(P,V) .
1-11
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hancement associated with the constructive interference
tween tP and CV . The large value ofCV is driven by the
attempt to fit an even larger branching ratio forB1→r1h8
reported in the same experiment. The penguin contributi
are expected to cancel ifpV52pP , so both of these decay
are expected to have zero or very smallCP asymmetries.
This stands in contrast to the large asymmetries expecte
B1→p1h andB1→p1h8 @13#. In B1→r1h (8), the QCD
penguin contributions associated with theuū anddd̄ compo-
nents of theh (8) nearly cancel one another ifpV.2pP ,
while in B1→p1h (8), these contributions reinforce one a
other.

We predictB(B1→r1h8)/B(B1→r1h).1/2, whereas
the observed ratio exceeds 1. This may reflect a shortcom
of our description of theh8 wave function, which has bee
argued in Ref.@19# to contain important symmetry-breakin
effects.

We are unable to accommodate the large central valu
the CP asymmetry inB0→r2p1. This will be true of any
formalism which respects the rate difference relation~4!,
which is seen in Eq.~6! to be poorly obeyed by centra
values.

B. zDSzÄ1 decays

The decayB1→K* 0p1, dominated bypP8 , is the main
source of information on that amplitude. It is expected
have zeroCP asymmetry. Better measurement of its branc
ing ratio would reduce the errors onupP8 u.

Electroweak penguin contributions play an important r
in the large predicted valueB(B1→K* 1p0).1531026.
As mentioned, one may expect detection of this mode in
near future, and it may help to choose among various lo
x2 minima in Fig. 1.

The predictions forB1→K* 1h and B1→K* 1h8 in-
clude a small tree contribution whereas no such contribu
is expected for the corresponding decaysB0→K* 0h and
B0→K* 0h8. This leads us to expect a slight enhancemen
B(B1→K* 1h) with respect toB(B0→K* 0h), as sug-
gested by the data. The successful prediction of the rate
B→K* h (8) is due in large part to the inclusion of the EW
contribution, interfering constructively in each case with t
main QCD penguin term. SmallCP asymmetries are pre
dicted in B1→K* 1h and B0→K* 0h. The considerable
suppression of the decays involvingh8 reflects the destruc

TABLE VIII. Observables providingx2>1.5 in at least one of
the three fits with complexpP8 /pV8 .

Observable g526° g563° g5162°

ACP(B1→r1p0) 1.4 2.0 0.2
B(B1→r1h8) 2.4 3.5 2.8
ACP(B0→r2p1) 3.7 4.9 5.0
ACP(B0→r1p2) 0.4 1.0 1.7
ACP(B1→vK1) 4.0 2.6 2.4
SfKS

1.6 1.6 1.6

Sum: 13.5 15.6 13.7
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tive interference of thepP8 and pV8 contributions@31#. The
predictions are presented in the absence of a singlet pen
(SV8 ) contribution, which would primarily affect theB
→K* h8 processes. For quantitative predictions as a funct
of uSV8 /pP8 u see Ref.@12#.

In the absence of electroweak penguin contributions
would expect theB1→r0K1 andB1→vK1 decay rates to
be equal@70#. In fact, B(B1→vK1)/B(B1→r0K1)51.3
60.3, consistent with 1. This implies that additional ele
troweak penguin contributions in the form of the 2sP8 term in
A(B1→vK1) ~see Table IV! do not considerably affect the
branching ratio of this decay. A small but non-negligib
positive CP asymmetry of about 0.2 is expected in bo
these processes through interference of thepV8 and tV81cP8
terms.

The processB1→r1K0, as mentioned, is expected to b
governed solely by thepV8 term. Measurement of its branch
ing ratio would provide valued information onupV8 u. As
noted, the only upper limit on the branching ratio,B(B1

→r1K0),4831026, comes from the CLEO Collaboration
so it should be improved~or the decay discovered! very
soon.

The rate difference sum rule~5! involving B0→K* 1p2

is seen in Eq.~7! to be satisfied, though with large errors. W
predict small values forACP(B0→K* 1p2) and ACP(B0

→r1p2).
We predict a branching ratio forB0→K* 0p0 of only

about 1026, below the present experimental upper bound
3.531026. The electroweak penguin component of thecV8
amplitude is responsible for interfering destructively with t
pP8 component in this process. We expect a correspond
enhancementin B(B1→K* 1p0), since the relative signs o
cV8 and the dominant penguin amplitudepP8 are opposite in
the two processes. One expects the sum rule~analogous to
one discussed recently in@7#!

B~B1→K* 1p0!1
t1

t0
B~B0→K* 0p0!

5
1

2 FB~B1→K* 0p1!1
t1

t0
B~B0→K* 1p2!G ~24!

to hold to first order inutP8 /pP8 u and ucV8 /pP8 u. The right-hand
side is (12.762.2)31026. The sum rule is only approxi-
mately obeyed by the predicted branching ratios since q
dratic terms inutP8 /pP8 u and ucV8 /pP8 u are non-negligible.

The branching ratio andCP asymmetry forB0→r2K1

are reproduced satisfactorily. Since these quantities enter
the rate difference relation~4!, which is poorly obeyed@see
Eq. ~6!#, one suspects that it is the experimentalCP asym-
metryACP(B0→r2p1)520.5460.19 which is slightly out
of line, as mentioned earlier.

The decayB0→r0K0 is predicted to have a branchin
ratio of about 731026, not far below its experimental uppe
limit of 1231026. The CP asymmetry is expected to b
very small.
1-12
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We already noted the comparison ofB0→vK0 and B
→fK amplitudes in Sec. V as one test forpV852pP8 . Zero
CP asymmetry is expected. We predictAfKS

50, consistent
with observation, but, as mentioned@65#, are unable to ac-
count forSfKS

520.1560.70 (S52.11), predicting instead

the value sin(2b)50.73660.049.

C. Processes sensitive to assumptions

Most parameters of the fits appear to be relatively sta
This stability is due in part to the inclusion ofSrp and
DSrp , which are the only quantities in which the interfe
ence betweentV and tP is probed directly. Small changes i
relative strong phases occur when we relax the assump
that pV8 /pP8 521. The changes in predicted branching rat
andCP asymmetries appear to be so small that they will
be detected in the near future.

The least stable aspect of the fits is associated with
amplitudesCV ~color-suppressed tree! andPEW,V8 , contribut-
ing to sV8 andcV8 . The need for aCV amplitude is associate
with the large branching ratios forB1→r1(p0,h,h8), but
we still cannot fit the large branching ratio for the last pr
cess. Thex2 minima at g.(26,162)° are associated wit
larger values ofCV andPEW,V8 , which lead to the predictions
B(B1→K* 1p0)5(22.125.1

14.2,18.224.1
15.0)31026.

We have assumed no SU~3! symmetry breaking in relat
ing the DS50 penguin amplitudesupP,Vu to the uDSu51
amplitudesupP,V8 u. This assumption will be checked in th

future when the appropriateB→K* K̄ or B→K̄* K decay
rates are compared with the predictions in Table VI. T
corresponding assumptionuP/P8u5uVcd /Vcsu50.230 is
close to being checked inB1→K1K̄0 decays, where it en
tails the predictionB(B1→K1K̄0)5(0.7560.11)31026

@13#, to be compared with the experimental upper limit
2.231026 @71#. We have also assumed exact SU~3! in relat-
ing theuDSu51 color-suppressed amplitudes (CP,V8 ) to those
with DS50. Tests of this assumption will require data
significantly better quality since there are no processes do
nated by these amplitudes.

We have assumed nonet symmetry and a particular f
of octet-singlet mixing in describing the decaysB→K* h.
When an independent measurement of thepV8 amplitude be-
comes available through the decayB1→r1K0, this assump-
tion will receive an independent check.

As mentioned earlier, we assumed that the strong phas
the electroweak penguin contributionPEW,P8 to sP8 andcP8 is
the same as that ofpP8 , and that thePEW,V8 contribution
differs in phase by 180° with respect topV8 . It may be nec-
essary to relax these assumptions in future fits once m
data become available involving these contributions.

VII. U-SPIN RELATIONS

In the previous sections we have employed the comp
flavor SU(3) symmetry group, neglecting sma
annihilation-type amplitudes. A best fit was performed in
der to calculate magnitudes and phases ofSU(3) amplitudes.
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In the present section we will rely only on U-spin@72,73#, an
important subgroup ofSU(3), introducing U-spin breaking
in terms of ratios of decay constants. U-spin will be shown
imply two quadrangle relations amonguDSu51 amplitudes
and two quadrangle relations amongDS50 amplitudes. This
exhausts all sixteenB1→VP decays given in Tables III and
IV. Relations will also be presented among penguin am
tudes in strangeness changing and strangeness conse
decays, and among tree amplitudes in these decays.
relations may be used with branching ratio measurement
constrain tree amplitudes inuDSu51 decays and penguin
amplitudes inDS50 decays. This could give an indicatio
about potentialCP asymmetries in certain modes. Expre
sions and values for decay amplitudes calculated in prev
sections, where assumptions stronger than U-spin and U-
breaking were made, must obey the quadrangle relation
well as these constraints.

The U-spin subgroup ofSU(3) is the same as the I-spi
~isospin! except that the doublets withU51/2,U3561/2 are

quarks: FU12 1

2L
U12 2

1

2LG5F ud&

us&
G , ~25!

antiquarks: FU12 1

2L
U12 2

1

2LG5F us̄ &

2ud̄ &
G . ~26!

B1 is a U-spin singlet, whilep1(r1) andK1(K* 1) belong
to a U-spin doublet,

u0 0&5uB1&5uub̄&, ~27!

F U12 1

2L
U12 2

1

2LG5F uus̄&5uK1~K1* !&

2uud̄ &52up1~r1!&
G . ~28!

Nonstrange neutral mesons belong either to a U-spin tri
or a U-spin singlet. The U-spin triplet residing in the pse
doscalar meson octet is

F u1 1&

u1 0&

u121&
G5F uK0&5uds̄&

A3

2
uh8&2

1

2
up0&5

1

A2
uss̄2dd̄ &

2uK̄0&52usd̄&

G ,

~29!

and the corresponding singlet is

u0 0&5
1

2
uh8&1

A3

2
up0&5

1

A6
uss̄1dd̄22uū&. ~30!
1-13
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In addition theh1 is, of course, a U-spin singlet. We tak
h8[(2ss̄2uū2dd̄)/A6 and h1[(uū1dd̄1ss̄)/A3.
The physicalh andh8 are mixtures of the octet and single

h5
2A2

3
h82

1

3
h1 , h85

2A2

3
h11

1

3
h8 . ~31!

The U-spin triplet in the vector meson octet is

F u1 1&

u1 0&

u121&
G5F uK* 0&5uds̄&

1

A2
uf&2

1

2
ur0&2

1

2
uv&5

1

A2
uss̄2dd̄&

2uK̄* 0&52usd̄&

G ,

~32!

and the corresponding singlet is

u0 0&85
1

A6
uf&1

A3

2
ur0&2

1

2A3
uv&

5
1

A6
uss̄1dd̄22uū&. ~33!

The SU~3! singlet vector meson is u0 0&15(uf&
1A2uv&)/A3.

TheDC50, DS51 effective Hamiltonian transforms like
a s̄;u 1

2
1
2 & component (DU35 1

2 ) of a U-spin doublet, while
the DC50, DS50 Hamiltonian transforms like ad̄;2u 1

2

2 1
2 & component (DU352 1

2 ) of another U-spin doublet
Since the initialB1 meson is a U-spin singlet, the final stat
are U-spin doublets. TheVP states can be formed from
K* 1 or a r1 belonging to a U-spin doublet~28!, while the
pseudoscalar meson belongs to the two U-spin singlets,
~30! andh1, and to the U-spin triplet~29!. TheseVP states
resemble the correspondingPP states studied within U-spin
in Ref. @13#, the only difference being that theK1 and p1

are now replaced byK* 1 and r1. Alternatively, one may
choose the pseudoscalar (K1 or p1) in a U-spin doublet,
while the vector meson resides in the two U-spin singl
~33! and u0 0&1 and in the triplet~32!.

One finds four cases in each of which four physical a
plitudes are expressed in terms of three U-spin amplitud
corresponding to final states in which one of the final mes
is a member of a U-spin doublet while the other belongs
the two U-spin singlets and the U-spin triplet. This impli
two quadrangle relations amongDS51 amplitudes and two
quadrangle relations amongDS50 amplitudes:

2A2A~K* 1h!1A~K* 1h8!

5A6A~r1K0!1A3A~K* 1p0!,

~34!

2A2A~r1h!1A~r1h8!5A3A~r1p0!2A6A~K* 1K̄0!,
~35!
03400
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A~r0K1!1A~vK1!5A2A~fK1!2A2A~K* 0p1!,
~36!

A~r0p1!1A~vp1!5A2A~fp1!1A2A~K̄* 0K1!.
~37!

The first two relations are straightforward generalizations
corresponding relations obtained forB→PP @13#. The last
quadrangle is expected to be squashed, since the two t
on the right-hand-side contain no tree amplitude and are
pected to be smaller than each of the two terms on the
hand-side.~See expressions and values in Table III.! All four
relations among complex amplitudes hold separately forB1

andB2 decays.
One may decompose theDS51 and DS50 effective

Hamiltonians into members ofthe sametwo U-spin doublets
multiplying given CKM factors@73#,

Heff
b̄→ s̄5Vub* VusOs

u1Vcb* VcsOs
c , ~38!

Heff
b̄→d̄5Vub* VudOd

u1Vcb* VcdOd
c . ~39!

Hadronic matrix elements of the two U-spin doublet ope
tors, Od,s

u andOd,s
c , will be denotedAu andAc and will be

referred to as tree and penguin amplitudes, where the la
include electroweak penguin contributions. Note that th
amplitudes multiply different CKM factors inuDSu51 and
DS50 processes. The expressions~38! and~39! imply rela-
tions among penguin amplitudesAc in strangeness changin
and strangeness preserving processes and identical rela
among corresponding tree amplitudesAu.

Starting with processes involvingh andh8, one may sim-
ply transcribe results obtained forB→PP @13#, replacing
p1 andK1 by r1 andK* 1. Thus, one finds expressions fo
DS50 penguin amplitudes in terms of sums of twouDSu
51 penguin amplitudes which are expected to domin
these processes@13#,

Ac~r1h!5Ac~K* 1h!2
2

A3
Ac~r1K0!, ~40!

Ac~r1h8!5Ac~K* 1h8!2
1

A6
Ac~r1K0!. ~41!

Since all amplitudes involve unknown strong phases, th
are in general triangle relations. Assuming that the two p
guin amplitudes on the right-hand sides of each of Eqs.~40!
and~41! dominate the respective processes, the rates of th
processes may be used to obtain constraints on the pen
amplitudes on the left hand sides. For this purpose one wo
need to measureB(B1→r1K0) and improve the uppe
bound onB(B1→K* 1h8).

Similarly, one obtains expressions forDS51 tree ampli-
tudes in terms of sums of twoDS50 tree amplitudes,

Au~K* 1h!5Au~r1h!1
2

A3
Au~K* 1K̄0!, ~42!
1-14
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Au~K* 1h8!5Au~r1h8!1
1

A6
Au~K* 1K̄0!. ~43!

The second terms on the right-hand-sides vanish in the
proximation of neglecting annihilation amplitudes. This pr
vides two equalities between tree amplitudes inB1

→K* 1h (h8) and B1→r1h (h8). ~In Tables III and IV
these amplitudes are given bytP8 and tP , respectively.! The
observed amplitudeA(B1→r1h)531.264.7 eV~see Table
III ! then implies, via Eq.~42!, that the tree contribution in
B1→K* 1h is (31.264.7)3l̄( f K* / f r).(861) eV. This is
approximately the value calculated in Table IV.

Another set of U-spin relations, applying separately
penguin and tree amplitudes, can be derived for decay
plitudes involvingr0, v and f. Physical amplitudes, con
sisting of penguin and tree contributions, may be deco
posed into U-spin amplitudes,

3A~vp1!52A0
d23A1

d1A2B0
d , ~44!

3A~fp1!5A2A0
d13A2A1

d1B0
d , ~45!

3A~vK1!52A0
s13A1

s1A2B0
s , ~46!

3A~fK1!5A2A0
s23A2A1

s1B0
s , ~47!

A~r0p1!5A0
d2A1

d , ~48!

A~K̄* 0K1!522A2A1
d , ~49!

A~r0K1!5A0
s1A1

s , ~50!

A~K* 0p1!522A2A1
s , ~51!

whereA0 , A1 andB0 correspond to final states with vecto
mesons in U-spin singlet and triplet in the octet and in
SU~3! singlet, respectively. The superscriptsd and s denote
strangeness conserving and strangeness changing a
tudes, respectively.

This decomposition implies several relations for peng
amplitudes,

Ac~r0p1!5Ac~r0K1!1Ac~K* 0p1!/A2, ~52!

Ac~vp1!5Ac~vK1!1Ac~K* 0p1!/A2, ~53!

Ac~fp1!5Ac~fK1!2Ac~K* 0p1!, ~54!

Ac~K̄* 0K1!5Ac~K* 0p1!. ~55!

The penguin amplitudes on the right-hand sides domin
the corresponding processes. AssumingpP8 52pV8 , the two
terms on the right-hand side of Eq.~52!, 2pV8 /A21pP8 /A2
add up constructively, while the two terms in Eq.~53!, (pV8
12sP8 )/A21pP8 /A2, add up destructively. Destructive inte
ference occurs also in Eq.~54!, where the right-hand side i
(pP8 1sP8 )2pP8 . Consequently, one expects large tre
penguin interference inB1→r0p1, and small interference
03400
p-
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in decays tovp1 and fp1. No CP asymmetries are ex
pected in the two processes of Eq.~55! which are pure pen-
guin in our approximation.

Similarly, one obtains U-spin relations for tree amp
tudes,

Au~r0K1!5Au~r0p1!2Au~K̄* 0K1!/A2, ~56!

Au~vK1!5Au~vp1!2Au~K̄* 0K1!/A2,
~57!

Au~fK1!5Au~fp1!1Au~K̄* 0K1!, ~58!

Au~K* 0p1!5Au~K̄* 0K1!. ~59!

In the approximation of neglecting annihilation amplitud
the second terms in Eqs.~56!–~58! vanish. Thus, tree ampli
tudes within each of the three pairs ofDS50 anduDSu51
processes involving aK1 and ap1 are equal. Assuming tha
the tree amplitude dominatesB1→vp1, where the penguin
amplitudespP and pV interfere destructively, Eq.~57! im-
plies a sizable tree amplitude inB1→vK1, '23 eV
3l̄( f K / f p).7 eV. This value, calculated earlier in Tab
IV, permits a sizable tree-penguin interference in this dec
Table IV shows equal tree amplitudes inB1→vK1 and
B1→r0K1. This result is beyond U-spin. All the tree am
plitudes in Eqs.~58! and ~59! vanish in our approximation.

VIII. CONCLUSIONS

We have analyzed the decays ofB mesons to a charmles
vector (V) and pseudoscalar (P) meson in the framework o
flavor SU~3!. The relative magnitudes of tree and colo
suppressed amplitudes extracted from data appear cons
with the factorization hypothesis. For example, the ratio
the tree amplitude in which the current produces a vec
meson to that in which it produces a pseudoscalar is appr
mately f r / f p , and the ratio of color-suppressed to tree a
plitudes is approximately that inB→PP data.

Penguin amplitudes are also extracted from data. Here
are not aware of successfula priori predictions of their mag-
nitudes. For solutions compatible with other determinatio
of g @69#, we find a fairly stable pattern of small final-sta
phases~modp), implying smallCP asymmetries in all pro-
cesses. In particular, we do not expect a largeCP asymmetry
in B0→r2p1. We find a small relative strong phase b
tweentV andtP . There exist also solutions forg outside the
expected range; these have larger final-state phases but
not be excluded by present experiments. Our preferreg
.63° fit favors a weak phaseg within the range 57° –69° a
the 1s level, and 51° –73° at 95% C.L. if one restricts a
tention to the range 39° –80° allowed in fits to other da
@69#.

Predictions have been made for rates andCP asymme-
tries in as-yet-unseen decay modes. Some of these mo
such asB1→r1K0, B0→r0K0, and B1→K* 1p0 should
be seen soon.

A key assumption for which we have performed som
tests and suggested others is the relation@31# pV8 /pP8 .21
1-15
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between penguin amplitudes in which the spectator quar
incorporated into either a pseudoscalar meson or a ve
meson. This relation is quite well satisfied, with the quest
of a small relative strong phase betweenpV8 and 2pP8 still
open. Within the framework of Ref.@24#, although the space
time properties of the short-distance operators leading topP8
and pV8 are quite different, the currently favored scena
~‘‘S4’’ ! of these authors yields effective magnitudes of th
amplitudes rather close to one another and having oppo
signs. The amplitudepV8 contains in addition to a term simi
lar to one in pP8 a contribution of opposite sign which i
formally 1/mb suppressed but is chirally enhanced. The
sult, pV8.2pP8 , demonstrates the importance of the seco
contribution. The mutual interference of the two pengu
contributions to the decaysB→K* h (8) obeys the same pat
tern as in our treatment and Ref.@31#.
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APPENDIX: B\rÂpÁ RATES AND ASYMMETRIES

In Table I theCP-averaged branching ratioB rp
67 quoted

for the decayB0→r7p6 is the sum of theCP-averaged
e

e

1,

pr
0
l-
c

03400
is
or
n

e
ite

-
d

r-
-

s

branching ratios forB0→r2p1 and B0→r1p2. The CP
asymmetryACP(r7p6)520.1460.08[Arp is

Arp5
B~r1p2!2B~r2p1!

B~r1p2!1B~r2p1!
, ~A1!

where

B~r6p7![B~B0→r6p7!1B~B̄0→r6p7!. ~A2!

These quantities are related to the individualCP-averaged
branching ratios andCP asymmetries by@29,50#

1

2
@B~B0→r6p7!1B~B̄0→r7p6!#

5
1

2
~16DC6ArpC!B rp

67 , ~A3!

whereC50.3560.1360.05 andDC50.2060.1360.05 are
measured in time-dependent decays@48,50#. The individual
CP asymmetries are

ACP~B0→r2p1!5
Arp2C2ArpDC

12DC2ArpC
, ~A4!

ACP~B0→r1p2!52
Arp1C1ArpDC

11DC1ArpC
. ~A5!

In calculating the entries in Table I for the individual branc
ing ratios and asymmetries we have used the correlat
among the input variables@48# to evaluate the experimenta
errors.
ys.
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