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New data from the BaBar, Belle, and CLEO Collaborations onB decays to two-body charmless final states
are analyzed, with the following consequences.~1! The penguin amplitude which dominates the decayB1

→p1K* 0 has a magnitude similar to that dominatingB1→p1K0. ~2! The decayB1→p1h, a good candi-
date for observing directCP violation, should be detectable at present levels of sensitivity.~3! The decays
B1→h8K1 and B1→hK* 1 are sufficiently similar in rate to the corresponding decaysB0→h8K0 and B0

→hK* 0, respectively, that one cannot yet infer the need for ‘‘tree’’ amplitudest8 contributing to theB1 but
not theB0 decays. Statistical requirements for observing this and other examples of tree-penguin interference
are given.~4! Whereas theB1→h8K1 andB0→h8K0 rates cannot be accounted for by the penguin amplitude
p8 alone but require an additional flavor-singlet penguin contributions8, no such flavor-singlet penguin con-
tribution is yet called for in the decaysB1→hK* 1 or B0→hK* 0. Predictions for the rates forB1

→h8K* 1 andB0→h8K* 0 are given which would allow one to gauge the importance of these flavor-singlet
penguin amplitudes.

DOI: 10.1103/PhysRevD.65.074035 PACS number~s!: 13.25.Hw, 11.30.Er, 11.30.Hv, 14.40.Nd
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I. INTRODUCTION

The decays ofB mesons are rich sources of informatio
on fundamental aspects of weak couplings as describe
the Cabibbo-Kobayashi-Maskawa~CKM! matrix, and on po-
tential effects of physics beyond the standard model. Es
cially useful information can be obtained fromB decays to
pairs of light charmless mesons, both pseudoscalar~P! and
vector (V). A number of questions can now be address
more incisively in the light of recent data from the CLEO
BaBar, and Belle detectors. In the present paper we s
discuss several of these, showing that progress is being m
and setting goals of data samples for more definitive
swers. We limit our discussion to a few topics.

~1! Recent measurements of the branching ratio forB1

→p1K* 0 indicate that the penguin amplitude dominati
this decay has a magnitude not too much smaller than tha
the penguin amplitude dominatingB1→p1K0. We use this
information, as well as new information on the decaysB
→K(r,v,f), to discuss several open questions associa
with penguin contributions toB→PV decays. These includ
a conjectured relation between two types of penguin am
tudes calledpP8 and pV8 in Ref. @1# in which the spectator
quark is incorporated into a pseudoscalar or a vector me
respectively. Arguments first proposed by Lipkin@2# suggest
that such amplitudes would be equal and opposite. The c
tribution of electroweak penguin diagrams in suppressing
decaysB→K(v,f) is also noted.

~2! In Refs.@3# and@4#, the decaysB1→p1(h,h8) were

*Email address: chengwei@hep.uchicago.edu
†Email address: rosner@hep.uchicago.edu
0556-2821/2002/65~7!/074035~9!/$20.00 65 0740
by

e-

d

all
de
-

of

d

i-

n,

n-
e

proposed as good candidates for detecting directCP viola-
tion. Present data samples are approaching the sensitivit
observing these modes, whose branching ratios are expe
to be a few parts in 106. We update estimates for the branc
ing ratio for these decays and indicate the possible rang
likely direct CP asymmetries.

~3! It has been suggested by several sets of authors~see,
e.g., Refs.@1,5–7#! that the decaysB1→h8K1 and B1

→hK* 1 might be enhanced with respect to the correspo
ing decaysB0→h8K0 and B0→hK* 0, respectively, as a
consequence of constructive interference between tree
penguin amplitudes. We review this suggestion in light of t
latest data and find that this conclusion is not yet warran
We indicate the statistical precision that is likely to b
needed in order to establish tree-penguin interference in
and other processes reliably. ForB1,0 decays to charmles
nonstrange final states such interference involves the pro
cosa cosd, while for decays to charmless strange final sta
it involves cosg cosd, wherea andg are weak phases of th
unitarity triangle, whiled is a relative strong phase betwee
tree and penguin amplitudes.

~4! Lipkin @2# has argued for the enhancement of the d
caysB→h8K andB→hK* as a result of constructive inter
ference between nonstrange and strange quark compon
of the h8 or h, and for the suppression of the decaysB
→hK andB→h8K* because of correspondingly destructi
interference. However, an additional amplitude associa
with the flavor-singlet part of theh andh8 is both allowed
@4# and required for the proper description of theB→h8K
decay rates@8#. The status of this amplitude, calleds8, is
reviewed. It is pointed out that it does not need to be as la
as the penguin amplitudep8 in order to explain the data if it
interferes constructively withp8. At present, while no such
singlet contribution is needed to explain the data onB
©2002 The American Physical Society35-1
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CHENG-WEI CHIANG AND JONATHAN L. ROSNER PHYSICAL REVIEW D65 074035
→hK* , the flavor-singlet component ofh is small. A much
more incisive test would be available once the decaysB
→h8K* ~both charged and neutral! are available, since the
penguin contributions of nonstrange and strange quark
the h8 partially cancel one another, while the flavor-sing
component of theh8 is dominant. Predictions for these rat
are given.

We discuss our notation in Sec. II. Experimental da
their averages, and the corresponding inputs to our dete
nation of amplitudes are treated in Sec. III. We then disc
the above four questions in turn: penguin contributions
B→PV decays ~Sec. IV!, direct CP violation in B
→p1(h,h8) ~Sec. V!, tree-penguin interference~Sec. VI!,
and the role of the flavor-singlet amplitude~Sec. VII!. We
summarize in Sec. VIII. An Appendix contains details
decay constant calculations.

II. NOTATION

We use the following quark content and phase conv
tions:

Bottom mesons: B05db̄, B̄05bd̄, B15ub̄, B252bū,
Bs5sb̄, B̄s5bs̄.

Charmed mesons: D052cū, D̄05uc̄, D15cd̄, D2

5dc̄, Ds
15cs̄, Ds

25sc̄.

Pseudoscalar mesons: p15ud̄, p05(dd̄2uū)/A2, p2

52dū, K15us̄, K05ds̄, K̄05sd̄, K252sū, h5(ss̄

2uū2dd̄)/A3, h85(uū1dd̄12ss̄)/A6.
Vector mesons: r15ud̄, r05(dd̄2uū)/A2, r252dū,

v5(uū1dd̄)/A2, K* 15us̄, K* 05ds̄, K̄* 05sd̄, K* 25

2sū, f5ss̄.
In the present approximation there are seven types o

dependent amplitudes: a ‘‘tree’’ contributiont; a ‘‘color-
suppressed’’ contributionc; a ‘‘penguin’’ contribution p; a
‘‘singlet penguin’’ contributions, in which a color-singletqq̄
pair produced by two or more gluons or by aZ or g forms an
SU~3! singlet state; an ‘‘exchange’’ contributione, an ‘‘anni-
hilation’’ contribution a, and a ‘‘penguin annihilation’’ con-
tribution pa. These amplitudes contain both the leadin
order and electroweak penguin contributions:

t[T1PEW
C , c[C1PEW ,

p[P2 1
3 PEW

C , s[S2 1
3 PEW , ~1!

a[A, e1pa[E1PA,

where the capital letters denote the leading-order contr
tions @4,9,10# while PEW and PEW

c are, respectively, color
favored and color-suppressed electroweak penguin am
tudes@10#. We shall neglect smaller terms@11,12# PEW

E and
PEW

A @(g,Z)-exchange and (g,Z)-direct-channel elec-
troweak penguin amplitudes#. We shall denoteDS50 tran-
sitions by unprimed quantities anduDSu51 transitions by
primed quantities. ForPV decay modes, the subscriptP or V
denotes the final-state meson~pseudoscalar or vector! incor-
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porating the spectator quark. Although oneB→VV decay
(B0→fK* 0) has been seen, we shall not discuss such p
cesses further here.

For theb̄→d̄ and b̄→ūud̄ transitions, an educated gue
of the hierarchies among the amplitudes@10# is given in
Table I. One notices that foruDSu51 transitions,c8 contains
an electroweak penguin amplitude at the next order. The
fore, we putc8 together witht8 at the same order. Similarly
since part of the singlet amplitude is the electroweak p
guin, s8 is at least of orderPEW8 .

III. AMPLITUDE DECOMPOSITIONS AND
EXPERIMENTAL RATES

We list theoretical predictions and averaged experime
data for interesting charmlessB decays involvingDS50
transitions in Table II and those involvinguDSu51 transi-
tions in Table III. Amplitudes of orderl2 and smaller in
Table I are omitted unless dominant. Detailed experimen
values are listed in Tables IV and V. We will assume@1#
pV52pP andpV852pP8 . The averaged rates are obtained
combining the data recently reported from CLEO, BaB
and Belle groups@13–32#. In this section we shall commen
on some of the methods used to determine the invariant
plitudes, deferring discussions of others to subsequent
tions.

In Table II the values ofutu.uTu52.760.6 andupu.uPu
50.7260.14 for thep1p2 decay mode are based on th
detailed analysis in Ref.@33#. Here amplitudes are define
such that their squares giveB0 branching ratios in units of
1026. In estimatingB(B1→p1p0) from T, we take into
account the lifetime difference betweenB1 and B0,
tB1 /tB051.06860.016 @34#, and assume a constructive
interfering amplitudec.0.1t. The branching ratio thus com
puted is.4.731026, consistent with the averaged data. T
penguin contribution toB(B1→K1K̄0) is then about 0.55
31026.

The magnitude ofup8u2 can be directly obtained from th
p1K0 decay mode to have a central value;17.2. This result
is used to computeupu2 using the relation up/p8u2
5uVtd /Vtsu2.0.032, giving the number quoted above fro
Ref. @33#. Here the bounds 0.66<uVtd /lVtsu5u12r2 ihu
<0.96 on parameters of the CKM matrix are taken from t
analysis of Ref.@35#.

The contributions ofut8u2 are estimated using the relatio
ut8/tu25uVus /Vudu2u f K / f pu2.0.076. We use @36# f p

5130.7 MeV, f K5159.8 MeV, Vus50.2205, andVud.1

TABLE I. Hierarchies among magnitudes of flavor-SU(3) am
plitudes in powers of a parameterl[uVusu.0.22.

O(1) O(l) O(l2) O(l3) O(l4)

DS50 T C,P E,A,PEW PA,PEW
C PAEW

t c,p e,a,s pa

uDSu51 P8 T8,PEW8 C8,PA8,PEW8C E8,A8,PAEW8

p8 t8,c8,s8 pa8 e8,a8
5-2
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TABLE II. Summary of predicted contributions to selectedDS50 decays ofB mesons. Branching ratios (B) are quoted in units of 1026.
Numbers in italics are assumed inputs. Experimental values are averaged over results in Refs.@13–32#.

Mode Amplitudes ut(1c)u2 upu2 usu2 a usu2 b Expt.

B1→p1p0
2

1

A2
~ t1c! 4.7 0 0 0 5.761.5

K1K̄0 p 0 0.55 0 0 ,2.4

p1h 2
1

A3
~ t1c12p1s! 3.1 0.73 0.04 0.18 ,5.7

p1h8
1

A6
~ t1c12p14s! 1.6 0.37 0.35 1.4 ,7

p1r0
2

1

A2
~ tV1cP1pV2pP! 7.9 0.78 0 0 12.863.6

p1v
1

A2
~ tV1cP1pP1pV12sP! 7.9c .0 ;0.01d – 7.961.8

p1f sP 0 0 0.02 – ,1.4

B0→p1p2 2(t1p) 7.3 0.51 0 0 4.460.9

p0p0
2

1

A2
~c2p! 0.04 0.26 0 0 ,5.7

K1K2 2(e1pa) 0 0 0 0 ,1.9
p6r7 2(t (V,P)1p(V,P)) 14.7e 0.36f 0 0 25.864.5g

p0v 1
2 (cP2cV1pP1pV12sP) – .0 ,0.01d – ,3

aAssuming constructive interference betweens8 andp8 in B→h8K ~Table III!.
bAssuming no interference betweens8 andp8 in B→h8K ~Table III!.
cNeglecting other contributions to decay rate.
d(cP12sP)/A2 contributes a term1

3 PEWP/A2 to amplitude.
eutVu2514.763.3 contribution toB(B0→p1r2) estimated fromB1→p1v, neglectingcP andsP , leavingutPu2511.165.6 contributing to
B(B0→p2r1).
fupPu2 contribution toB(B0→p2r1) and upVu2 contribution toB(B0→p1r2).
gCombined branching ratio forp1r2 andp2r1.
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2 /2. It should be noted that the lifetime difference has

be taken into account when going fromB0 to B1 decays. For
uDSu51 decays, the presence of a substantial electrow
penguin contribution inc8 means that one cannot simp
take c8/t850.1 as in theDS50 decays, but must conside
the relative magnitude and weak phase of the electrow
penguin and tree terms, as in Refs.@12,37#. Predictions of the
branching ratios forpK modes other thanp1K0 depend on
both CKM phases and on final-state phases, which are
yet measured but are likely to be small@38#. Extraction of
CKM phases from thepK modes is a rich area which we d
not address in the present paper.

Two new measurements of thep1r0 and p6r7 decay
modes are reported in Ref.@19#. The measurement in th
latter mode does not distinguish between the two final sta
while the former contains a possible penguin contribution
we assumepV52pP , then A(B1→p1r0).2(1/A2)(tV

1cP22pP), while A(B1→p1v).(1/A2)(tV1cP12sP).
Thus, neglecting thesP andcP contributions as in Ref.@1#,
we may useB(B1→p1v) to estimate theutVu2 contribution,
obtaining (7.961.8)31026. @If we had neglected the pen
07403
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guin contribution inB1→p1r0 and averaged its branchin
ratio with that ofB1→p1v we would have obtained instea
(8.861.6)31026, not very different.# We shall return to the
possibility of a measurable difference between thep1r0 and
p1v modes in Sec. VI.

The inferred utVu2 contribution to B(B0→p1r2) ~ne-
glectingcP) is (14.763.3)31026, or approximately half of
B(B0→p6r7)5(25.864.5)31026. This leaves a contribu-
tion of B(B0→p2r1)5(11.165.6)31026 to be supplied
by utPu2, if we neglect penguin contributions. A value ofutPu2
comparable toutVu2, but with large errors, thus is allowed b
present data. A better measurement ofB(B0→p6r7) is
needed to reduce the uncertainty. The magnitude oftP is of
particular interest because of the possibility that the sma
uDSu51 amplitudetP8 , related totP by flavor SU~3!, could
contribute to a rate difference betweenB1→hK* 1 andB0

→hK* 0 ~Sec. VI!.
We take into account SU~3! breaking in estimatingtV,P8 by

noting the meson to which the current gives rise: pseu
scalar in tV8 and vector in tP8 . Thus, we haveutV8 /tVu2

5uVus /Vudu2u f K / f pu2 and utP8 /tPu25uVus /Vudu2u f K* / f ru2.
5-3
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TABLE III. Same as Table II foruDSu51 decays ofB mesons.

Mode Amplitudes ut8u2 up8u2 us8u2 a us8u2 b Expt.

B1→p1K0 p8 0 17.2 0 0 17.262.6

p0K1
2

1

A2
~p81t81c8! 0.30 8.6 0 0 12.061.6

hK1
2

1

A3
~ t81c81s8! 0.20 0 1.4 5.6 ,6.9

h8K1 1

A6
~3p81t81c814s8! 0.10 25.9 10.9 44.4 7567

p1K* 0 pP8 0 12.2 0 0 12.262.4

hK* 1
2

1

A3
~pP8 2pV81tP8 1cV81sV8 ! 0.22 16.2 – – 24.567.1

h8K* 1 1

A6
~pP8 12pV81tP8 1cV814sV8 ! 0.11 2.0 – – ,35

K1v
1

A2
~pV81tV81cP8 12sP8 ! 0.60 6.1 0.24c – ,4

K1f pP8 1sP8 0 12.2 0.48 – 7.761.2

B0→p2K1 2(p81t8) 0.56 16.1 0 0 17.361.5

p0K0 1

A2
~p82c8! 0 8.1 0 0 10.462.6

hK0
2

1

A3
~c81s8! 0 0 1.3 5.2 ,9.3

h8K0 1

A6
~3p81c814s8! 0 24.2 10.2 41.6 5669

p2K* 1 2(pP8 1tP8 ) 0.62 11.4 0 0 23.866.1

hK* 0
2

1

A3
~pP8 2pV81cV81sV8 ! 0 15.2 – – 18.063.2

h8K* 0 1

A6
~pP8 12pV81cV814sV8 ! 0 1.9 – – ,24

K1r2 2(pV81tV8 ) 1.13 11.4 0 0 15.964.4

K0v
1

A2
~pV81cP8 12sP8 ! 0 5.7 0.23c – ,13

K0f pP8 1sP8 0 11.4 0.45 – 7.561.8

aMaximal interference betweenp8 ands8 amplitudes assumed: constructive forhK andh8K; destructive forKf.
bNo interference betweenp8 ands8 amplitudes assumed.
c(cP8 12sP8 )/A2 contributes a term1

3 PEWP8 /A2.20.20pV8 /A2 to amplitude.
c

on

t.
in-

o

We estimatef K* / f r51.0460.02 using standard kinemati
factors~see the Appendix! and branching ratios fort→rnt
andt→K* nt quoted in Ref.@36#.

IV. PENGUIN AND ELECTROWEAK PENGUIN
AMPLITUDES

A. B\h8K decays

The decaysB1→h8K1 andB0→h8K0 have quite large
branching ratios. A large fraction of the amplitudes are c
07403
-

tributed by penguin (p8) terms, but these are not sufficien
One must include also singlet penguin contributions, as
troduced in Refs.@4# and @8#.

Neglectingt8 contributions~to be discussed below!, the
branching ratios ofh8K1 and h8K0 modes should have a
ratio roughly equal to the lifetime ratio. Averaging these tw
sets of data, we obtainB(B0→h8K0).(65.865.2)31026,
whose central value implies (8/3)us8u2.10.2 for constructive
interference and 41.6 for no interference betweenp8 ands8.
The corresponding average numbers forB1→h8K1 can
5-4
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TABLE IV. Experimental branching ratios of selectedDS50 decays ofB mesons. Branching ratios are quoted in units of 1026. Numbers
in parentheses are upper bounds at 90% C.L. References are given in square brackets.

Mode CLEO BaBar Belle

B1→p1p0 5.622.3
12.661.7 (,12.7) @14# 5.121.8

12.060.8 (,9.6) @22# 7.823.221.2
13.810.8 (,13.4) @27#

K1K̄0 ,5.1 @14# 21.321.0
11.460.7 (,2.4) @22# ,5.0 @27#

p1h 1.221.2
12.8 (,5.7) @15# – –

p1h8 1.021.0
15.8 (,12) @15# 5.422.6

13.560.8 (,12) @24# ,7 @29#

p1r0 10.423.4
13.362.1 @16# 246863 @20# ,14.5 @31#

p1v 11.322.9
13.361.4 @16# 6.621.8

12.160.7 @24# ,9.4 @28#

p1f – 0.2120.21
10.4960.05 (,1.4) @21# –

B0→p1p2 4.321.4
11.660.5 @14# 4.161.060.7 @22# 5.622.020.5

12.310.4 @27#

p0p0 2.221.320.7
11.710.7 (,5.7) @18# – –

K1K2 ,1.9 @14# 0.8520.66
10.8160.37 (,2.5) @22# ,2.7 @27#

p6r7 27.627.4
18.464.2 @16# 28.965.464.3 @26# 20.226.6

18.363.3 (,35.7) @28#

p0v 0.820.820.8
11.911.0 (,5.5) @16# 20.361.160.3 (,3) @24# –
c-
e

-

d of

n

thus be obtained by the lifetime ratio: e.g.,B(B1→h8K1)
.(70.365.5)31026. When s8 and p8 interfere construc-
tively, one needs a relatively small value ofs8.0.49p8 to
obtain the observed branching ratios.

B. B\Kf decays

The branching ratiosB(B1→K1f) and B(B0→K0f),
when compared with thepP8 contributions, suggest a destru
tively interfering sP8 . We associate its contribution with th
electroweak penguin component rather than theSP8 ampli-
tude, which would involve a violation of the Okubo-Iizuka
Zweig rule unusual forv andf mesons.
07403
The average of the charged and neutralB→Kf modes
B(B1→K1f)5(7.861.0)31026 and B(B0→K0f)5(7.3
60.9)31026 are used to extractsP8 . The result issP8 /pP8 5
20.2060.11, consistent with the result found in Ref.@1#
~see Table III there! and with the predictions of Ref.@39#.
However, better measurements of these decay modes an
the modeB1→p1K* 0 providing upP8 u would be worthwhile
to confirm the result.

C. B\Kv decays

Electroweak penguin terms arise inB→Kv from cP8 and
sP8 amplitudes, leading to an overall contributio
TABLE V. Same as Table IV foruDSu51 decays ofB mesons.

Mode CLEO BaBar Belle

B1→p1K0 18.224.0
14.661.6 @14# 18.223.0

13.362.0 @22# 13.724.821.8
15.711.9 @27#

p0K1 11.622.721.3
13.011.4 @14# 10.821.9

12.161.0 @22# 16.323.321.8
13.511.6 @27#

hK1 2.222.2
12.8 (,6.9) @15# – –

h8K1 8029
11067 @15# 706865 @24# 79211

11269 @29#

p1K* 0 7.623.0
13.561.6 (,16) @16# 15.563.461.8 @25# 16.723.422.125.9

13.712.113.0 @31#

hK* 1 26.428.2
19.663.3 @15# 22.129.2

111.163.3 (,33.9) @23# ,49.9 @32#

h8K* 1 11.128.0
112.7 (,35) @15# – –

K1v 3.221.9
12.460.8 (,7.9) @16# 1.421.0

11.360.3 (,4) @24# ,10.5 @28#

K1f 5.521.8
12.160.6 @17# 7.721.4

11.660.8 @21# 11.222.0
12.261.4 @30#

B0→p2K1 17.222.4
12.561.2 @14# 16.761.661.3 @22# 19.323.220.6

13.411.5 @27#

p0K0 14.625.123.3
15.912.4 @14# 8.222.7

13.161.2 @22# 16.025.922.7
17.212.5 @27#

hK0 0.020.0
13.2 (,9.3) @15# – –

h8K0 89216
11869 @15# 42211

11364 @24# 55216
11968 @29#

p2K* 1 222625
1814 @13# – 26.068.363.5 @31#

hK* 0 13.824.6
15.561.6 @15# 19.825.6

16.561.7 @23# 21.224.7
15.462.0 @30,32#

h8K* 0 7.825.7
17.7 (,24) @15# – –

K1r2 16.026.4
17.662.8 (,32) @16# – 15.824.623.0

15.111.7 @31#

K0v 10.024.2
15.461.4 (,21) @16# 6.422.8

13.660.8 (,13) @24# –
K0f 5.422.7

13.760.7 (,12.3) @17# 8.122.5
13.160.8 @21# 8.922.7

13.461.0 @30#
5-5
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1 1
3 PEWP8 /A2.20.20pV8 /A2 to each amplitude. Thus, as

B→Kf decays, the electroweak penguin amplitude redu
the contribution of the dominant penguin amplitude to t
rate by about 30%, and one has the predictions

B~B1→K1v!.
1

2
B~B1→K1f!

5~3.960.5!31026, ~2!

B~B0→K0v!5
1

2
B~B0→K0f!

5~3.760.5!31026. ~3!

The former result could be significantly modified by tre
penguin interference, as noted in Ref.@1# and as we shall se
in Sec. VI.

V. RATES AND CP ASYMMETRIES IN B¿\p¿
„h,h8…

The decaysB1→p1h andB1→p1h8 could be detect-
able at present levels of sensitivity. Measurements of
branching ratios andCP asymmetries of these modes c
provide information on strong and weak phases and on
relative importance of singlet amplitude contributions, whi
are estimated usings8 in the h8K1 mode as discusse
above.

We shall give an illustrative example of the possibiliti
for large rates andCP asymmetries inB1→p1h and B1

→p1h8 decays. We shall assume that the singlet amplit
s interferes constructively withp. Their electroweak phase
are likely to be the same, and a quite modests8 interfering
constructively withp8 in the decaysB→h8K can account
for the observed rate. We thus takes/p5s8/p850.49, lead-
ing to the entries on column~a! of Table II.

Using flavor SU~3! to estimatep from the dominant am-
plitude p8 in B1→p1K0 and t1c as mentioned earlier, we
then reconstruct theB1→p1(h,h8) amplitudes as follows:

A~B1→p1h!52~1.77eig11.06e2 ibeid!,

A~B2→p2h!52~1.77e2 ig11.06eibeid!,
~4!

A~B1→p1h8!51.25eig11.19e2 ibeid,

A~B2→p2h8!51.25e2 ig11.19eibeid,

whereb andg are CKM phases,d is a relative strong phas
between the penguin and tree amplitudes, and amplitude
defined such that their squares give branching ratios in u
of 1026.

The CP rate asymmetries

A~ f ![
B~B2→ f̄ !2B~B1→ f !

B~B2→ f̄ !1B~B1→ f !
~5!

and theCP-averaged branching ratios
07403
s

e

e

e

are
its

B̄~ f ![
B~B2→ f̄ !1B~B1→ f !

2
~6!

then are found to be

A~p1h!5
20.88 sind sina

120.88 sind sina
,

~7!

A~p1h8!5
2sind sina

12sind sina
,

B̄~p1h!5~4.331026!~120.88 cosd cosa!,
~8!

B̄~p1h8!5~3.031026!~12cosd cosa!.

Measurement of bothCP asymmetries and branching ratio
would allow one to obtain values ofd and a5p2b2g,
given our assumption abouts/p.

VI. TREE-PENGUIN INTERFERENCE

A. B\h8K decays

The central values of the measured rates forB1→h8K1

andB0→h8K0 are roughly 1.5s away from each other. One
can attribute part of this difference to a contribution the tr
amplitude in the former mode, if the tree and penguin a
plitudes happen to interfere constructively. We estimate
ut8u2 term to contribute an amount 0.1031026 to the branch-
ing ratio ~see Table III!, which by itself would be insignifi-
cant. However, with fully constructive interference with th
p8 ands8.0.49p8 terms, we would have

B~B1→h8K1!5@70.210.1012A~70.2!~0.10!#31026

575.731026. ~9!

Thus, in order to demonstrate such interference, one ha
conclusively establish the (B1→h8K1) branching ratio
with an error of less than a couple of parts in 106. At present
the errors on the branching ratios are still too large to giv
conclusive answer to whethert8 plays an important role here

B. B\hK* decays

The results for B(B1→p1K* 0) give upP8 u2.12.2
31026, implying B(B1→hK* 1)516.231026 and B(B0

→hK* 0)515.231026. Both experimental values are a b
more than 1s above these predictions. The question w
raised in Ref.@1# whether tree-penguin interference could
responsible for the slightly higherhK* 1 branching ratio.
The tP8 contribution here is related totP inferred from B0

→p2r1 by the ratio uVus /Vudu2u f K* / f ru2tB1 /tB0.0.059.
With maximal constructive interference we could have
modest enhancement:

B~B1→hK* 1!5@16.210.2212A~16.2!~0.22!#31026

520.231026. ~10!
5-6
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To see such an effect, as forB→h8K decays, it would be
necessary to achieve an error on branching ratios of a co
of parts in 106.

Ignoring the contribution fromtP8 , charged and neutra
modes are predicted to have the same rates. Taking the
age of the current data, we obtainB(B1→hK* 1).(20.3
63.1)31026 and B(B0→hK* 0).(19.062.9)31026.
Therefore, at the present level of sensitivity there is no in
cation of significant effects due to the interference of thetP8
amplitude with the dominant penguin contribution. The
data would favor a slightly larger penguin contribution th
extracted from thep1K* 0 mode.

C. B\vK decays

We mentioned above the possibility of tree-penguin int
ference inB1→vK1. To give one example of such effect
let us recall the assumptionpV852pP8 but assume the sign
of tP8 and tV8 are the same. Then if one has constructive
terference inB1→hK* 1 as suggested above, one wou
havedestructiveinterference inB1→vK1. ThetV8 contribu-
tion here is related totV in B1→vp1 by utV8 /tVu2

5uVus /Vudu2u f K / f pu2.0.076. In the case of maximal de
structive interference one would have

B~B1→vK1!5@3.910.622A~3.9!~0.6!#31026

51.431026, ~11!

a significant effect.

D. B0\pÀK* ¿ and B0\K¿rÀ decays

The signs of tree-penguin interference terms in the dec
B0→p2K* 1 and B0→K1r2 are correlated with those in
B1→K1v. If the interference is destructive inB1→K1v,
it will also be destructive inB0→K1r2, since both pro-
cesses involve the combinationpV81tV8 . If tP8 andtV8 have the
same sign~as is likely!, but if pP8 and pV8 are equal and
opposite~as has been proposed!, one then expects construc
tive tree-penguin interference inB0→p2K* 1. This pattern
was noted in Refs.@1# and @40#.

In the cases of maximal interference in the directions s
gested, one would then have

B~B0→p2K* 1!5@11.410.612A~11.4!~0.6!#31026

517.331026, ~12!

consistent with the experimental branching ratio of (23
66.1)31026, but also

B~B0→K1r2!5@11.411.122A~11.4!~1.1!#31026

55.431026, ~13!

which is well below the experimental branching ratio
(15.964.4)31026. In each case the deviation from pu
penguin dominance amounts to 631026, so measurement o
each of these branching ratios with an error of no more t
07403
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231026 should be enough to see whether the interfere
terms form a consistent pattern, or indeed are present a

E. B¿\p¿r0 and B¿\p¿v decays

More precise measurements for theB1→p1r0 and B1

→p1v modes could help to determine whether there is
difference between their branching ratios, which would
ascribed to contributions of thepP and/orsP amplitudes. The
chance of a detectablesP contribution to B1→p1f, for
which BaBar has presented an upper bound@21#, is remote,
as one sees from the predicted branching ratio of abou
31028 in Table II. Consequently, one would most like
ascribe a difference to constructive tree-penguin interferen
which would be consistent with the pattern mentioned ear
@1,40#, leading to a prediction

B~B1→p1r0!5@7.910.812A~7.9!~0.8!#31026

513.631026 . ~14!

As in previous cases, the effects of maximal interferen
amount to a change in the predicted branching ratio of a
parts in 106.

VII. FURTHER SINGLET AMPLITUDE CONTRIBUTIONS

We have already noted in Sec. IV the importance of
singlet contributions8 in the decaysB→h8K. However, no
such contribution is yet called for inB→PV decays. Here
we show how to demonstrate its presence.

A contribution from the singlet amplitudesV8 has to come
from the comparison between thehK* andh8K* modes. If
we neglecttP8 , as suggested from the above analysis, andcV8 ,
as suggested by the hierarchy in the amplitudes, we can
sumesV85rpP8 and get

FIG. 1. The branching ratios ofB→h8K* for varyingsV8 related
to pP8 by the parameter21<r<1.5.
5-7
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B~B1→h8K* 1!.B~B0→h8K* 0!
tB0

tB1

5
1

6
~124r !2pP8

2 , ~15!

wherepP8 is the penguin amplitude for the charged mod
Figure 1 shows the branching ratio ofB→h8K* as a para-
bolic function ofr with a minimum atr 51/4. To avoid con-
fusion, we only plot the one forB→h8K* 1 as the difference
is tiny in the range of the plot. The dashed and dash-do
lines give the current upper bounds on the branching ra
of the h8K* 1 andh8K* 0 modes, respectively. Observatio
of these modes with branching ratios significantly differe
from ;231026 would provide conclusive evidence for th
singlet contributionsV8 . We note thatB(B1→h8K* 1) by
itself is unable to distinguish betweenr and r 8[ 1

2 2r , so if
this branching ratio is consistent with;231026, that does
not yet rule out the possibility of a singlet term withsV8 /pP8
.1/2. This is just the value ofs8/p8 which would accom-
modate the decaysB→h8K.

VIII. SUMMARY

New data onB decays to pairs of light mesons are she
ding light on a number of interesting questions. We ha
shown that the penguin contribution in the decayB1

→p1K* 0 is only a bit smaller than that contributing toB
→pK decays. Although a similar penguin contribution o
curs in B→Kf decays, it is partially cancelled by an ele
troweak penguin contribution, leading to a 30% reduction
rate in accord with predictions@39#. A similar cancellation is
expected in the decaysB→Kv.

The prospects for observingB1→p1h andB1→p1h8,
suggested as promising modes for directCP rate asymme-
tries @3,4#, are excellent. Branching ratios of a few parts
106 are expected. By studying both rates andCP asymme-
tries, one can determine both the relative strong phase
penguin and tree amplitudes and the weak phasea.

Tree-penguin interference can be studied by compa
B1 and B0 branching ratios for processes such asB
07403
.

d
s

t
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→h8K, B→hK* , and B→Kv. Anticipated differences in
branching ratios in these three cases could be as larg
several parts in 106, but are unlikely to be more. Other pro
cesses which can be examined for this interference incl
the decaysB0→p2K* 1,B0→K1r2, and a comparison o
B1→p1v and B1→p1r0. Present data are not yet at th
required level of accuracy, but will be so soon, providi
valuable information on the products cosg cosd (uDSu51 de-
cays! and cosa cosd (DS50 decays!.

Although a flavor-singlet penguin contribution is need
in describingB→h8K, no such amplitude is called for yet i
B→h8K* . We have shown that significant deviations of t
branching ratio for this process~for both charged and neutra
B’s! from 231026 would provide evidence for such a term
However, a branching ratio equal to this value does not
rule out a singlet term.
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APPENDIX: DECAY CONSTANT CALCULATIONS

We define the decay constant of a vector mesonV

(5uq̄) through the matrix element between one particle a
vacuum of the vector current Vm : ^0uVmuV(p)&
5mVf Vem(p). The partial width of thet lepton intoVnt is
then

G~t→Vnt!5
~GFf Vp* uVuqu!2

4p
mtS 11

2mV
2

mt
2 D , ~A1!

where p* 5(mt
22mV

2)/(2mt) is the magnitude of the c.m
three-momentum of either final particle, anduVuqu5uVudu for
rnt or uVusu for K* nt . Using @36# tt5(290.661.1) fs,
B(t→rnt)5(25.160.3)%, and B(t→K* nt)5(1.29
60.05)%, we find f r5208 MeV, f K* 5217 MeV, and
f K* / f r51.0460.02.
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