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Tree-penguin interference and tests for cosgË0 in rare B\PP, PV, and VV decays
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Recent rareB→PP, PV decay data suggest that factorization holds well if, contrary to current fits, one has
cosg,0 whereg[arg(Vub* ). We update previous results with light cone sum rule form factors, which seem to
work better. We then discuss variousB→VV modes as well as theK* h modes. Finding the pattern of
r1v0,r1r0, K* 1r2,0.K* 0r1, K* 1v0.K* 0v0 and K* 1h.K* 0h would strengthen the support for
cosg,0. The electroweak penguin amplitude enhances~suppresses! theK* 1r0 (K* 0r0) rate by a factor of 2,
and findingK* 1r0.K* 1r2 would be strong evidence for the electroweak penguin amplitude.

PACS number~s!: 12.15.Hh, 12.15.Mm, 13.25.Hw
y
i-

e
o
ss

-

er
th
m
m
ec

r
d

as

y

h

r

re T

as
-

tive
m
ule

on-
I. INTRODUCTION

Experimentally, a number of hadronic rareB decay modes
have been observed@1–3# in the last two years. They ma
allow us access@4–7# to unitarity angles of the Kobayash
Maskawa~KM ! matrix such asg @[arg(Vub* ) in standard
phase convention#, by exploiting interference between tre
and penguin amplitudes in these modes. The presently
served decay processes can be catalogued into two cla
The first class, e.g.,B→rp, is dominated by tree~T! level
b→u transitions, but may have sizable penguin~P! contri-
butions. The second class, e.g.,B→Kh8, Kp, and the
newly observedK* 1p2 mode, are penguin dominant pro
cesses which may have sizable T/P.

Two-body decays ofB mesons are usually studied und
the factorization hypothesis. Based on this hypothesis,
decay amplitude is given in terms of a weak transition a
plitude and the decay constant of a factorized final state
son. Nonfactorizable contributions are lumped into the eff
tive number of colorsNeff which may deviate fromNc53.
The current fits of KM parameters giveg in the range of
60°270° @8#, which heavily relies on the lower limitDmBs

.12.4 ps21 from combining CERNe1e2 Collider LEP,
Collidier Detector at Fermilab~CDF! and SLAC Large De-
tector ~SLD! data. With a little loosened limitDmBs

.10.2 ps21 @9# at 95% C.L., some room is allowed fo
negative cosg. If one adopts, however, the currently favore
g.60°270°, it is difficult to explain present data such
K1p2 ; K0p1 ; K1p0;1.531025, p1p2, 0.8431025,
and the strength of the newly observedr0p1;1.531025

and K* 1p2;2.231025 @3#. All the data so far therefore
seem to prefer cosg,0 if factorization holds@7#, except the
size ofK1v0;1.531025 @2# which cannot be explained b
factorization @see Note added#. However, all modes with
branching ratios~Br! of order 1025 or more will likely be
updated or measured soon by CLEO and theB factories. It is
thus of interest to explore any additional modes that can s
further light ong. In this paper we extend Ref.@7# and study
0556-2821/2000/61~7!/073014~8!/$15.00 61 0730
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additional channels@10# for which the g range can be
probed.

We update theB→PP and PV modes (P, V stand for
pseudoscalar and vector mesons! with form factors from
light-cone~LC! sum rules@11#, which seem to give a bette
fit to data than using Bauer-Stech-Wirbel~BSW! form fac-
tors @12#. We find further that someVV modes and theK* h
modes are promising. Processes that are basically pu
~e.g. r1r0) or pure P~e.g. K (* )f) depend only weakly on
g, and thus offer direct tests of factorization. If largeCP
asymmetries (aCP) are observed in theK (* )f modes, it
could be a signal for new physics. The paper is organized
follows. In Sec. II a brief review of the theoretical frame
work is given. We then sketch how sensitivity tog angle
emerges. In Sec. III we discuss in detail the hints of nega
cosg from existing data. We show that the form factors fro
LC sum rules are preferred by data. Adopting LC sum r
form factors, in Sec. IV we study theVV modes as well as
some other modes that can offer further tests for cosg,0 or
the factorization hypothesis. Finally, the discussion and c
clusion are presented in Sec. V.

II. THEORETICAL FRAMEWORK

The standard starting point is the effectiveDB51 weak
Hamiltonian

Heff5
GF

A2
H Vuq* Vub@c1~m!O1

u~m!1c2~m!O2
u~m!#

1Vcq* Vcb@c1~m!O1
c~m!1c2~m!O2

c~m!#

2Vtq* Vtb(
i 53

10

ci~m!Oi~m!J 1H.c., ~2.1!

whereq5d,s, and

O1
u5~ q̄u!V2A~ ūb!V2A , O2

u5~ q̄bua!V2A~ ūabb!V2A ,
©2000 The American Physical Society14-1
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FIG. 1. Penguin coefficients
a4 , a6 and a9 vs g, where the
solid ~dashed! curves are forb

→dq̄q (b̄→d̄q̄q) and the upper
~lower! curves correspond to
Re(ai)@ Im(ai)#.
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O1
c5~ q̄c!V2A~ c̄b!V2A , O2

c5~ q̄bca!V2A~ c̄abb!V2A ,
~2.2!

O3(5)5(
q8

~ q̄8q8!V2A(V1A)~ q̄b!V2A ,

O4(6)5(
q8

~ q̄b8qa8 !V2A(V1A)~ q̄abb!V2A ,

O7(9)5
3

2 (
q8

eq8~ q̄8q8!V1A(V2A)~ q̄b!V2A ,

O8(10)5
3

2 (
q8

eq8~ q̄b8qa8 !V1A(V2A)~ q̄abb!V2A ,

with O326 , O7210 the QCD, electroweak penguin operato
and (q̄1q2)V6A[q̄1gm(16g5)q2. The decay amplitude is
computed by evaluating the hadronic matrix elements
Heff , i.e.

ci~m!^Oi~m!&5ci~m!gi j ~m!^Oj& fac[cj
eff^Oj& fac,

~2.3!

where them-dep. of^Oi(m)& has been taken out through th
matrix gi j (m) which cancels them-dep. of ci(m) to give
cj

eff , which should not depend on the theoretical scale par
eterm. The matrix elementŝOj& fac are evaluated at the fac
torization scalem f by equating it to products of matrix ele
ments of quark bilinears, the evaluation of which is done
form factor models. It can be shown that theci

effs arem,
scheme and gauge independent@13#, but it should be at the
same scalem f where one evaluateŝOj& fac. Whether, or
how, factorization actually works, however, is not well u
derstood.

The decay amplitudes derived from the factorization
proach are given in terms of effective parametersai

eff , where
a2 j

eff5c2 j
eff1(1/Nc)c2 j 21

eff and a2 j 21
eff 5c2 j 21

eff 1(1/Nc)c2 j
eff ( j

51, . . . ,5). In what follows, we adopt the values ofai
eff

given in Ref.@14# which are evaluated atm f5mb , useNc
53, and ignore final state interactions~FSI!. Since the pres-
ently observed modes are largely color allowed, most res
07301
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here are insensitive toNeffÞNc . The influence ofNeffÞ3
will be briefly discussed. For detailed formulas we refer
Refs.@14# and @15#. We will takeq25mb

2/2 @16# in penguin
coefficients to generate favorable absorptive parts via s
distance rescattering. Smallerq2 values would lead to much
smalleraCPs. Thus, theCP asymmetries that we present a
for sake of showing the trend only. As an indication of po
sible sensitivity to factorization scalem f , we list ai

eff for
m f5mb andmb/2 in Table I.

As we are interested in studyingg dependence of deca
amplitudes, it is important to check theg dependence of
short distance coefficients. Although theai ’s for b→s pen-
guins are basicallyg-independent becauseVus* Vub is much
smaller thanVts* Vtb.2Vcs* Vcb , it is not the case forb→d
penguin coefficients since all three KM factors are on
same footing inVud* Vub1Vcd* Vcb1Vtd* Vtb50. Thus, forb
→d penguin coefficients,a3210 will also exhibit g depen-
dence. In Fig. 1 we show theg dependence ofa4 , a6, and
a9 for both b→dq̄q and b̄→d̄q̄q. These are the dominan
gluonic and electroweak penguin coefficients. We see
for g550°2150°, Rea4 and Rea6 are within 3% of
20.0383 and20.0437, respectively, while Rea9 is con-
stant. These values are basically the same asb→s penguin
coefficients. Variations of Im(a4,6) are more sizable but the
are less significant than Re(a4,6) in contributing to average
rates. Thus, given the present experimental uncertaintie
well as underlying uncertainties associated with the fac
ization assumption, to first approximation theg-dependence
of b→d penguin coefficients can be safely ignored. In t
following numeric results, however,g-dep. ofb→d penguin
coefficients have been taken into account.

Let us see how tree-penguin interference gives us a b
ing on cosg. Using the standard phase convention@9# of
putting CP phase inVub5uVubue2 ig, the tree amplitudes
(O1 and O2) for b→uūd and b→uūs processes have th
KM factors

Vud* Vub>uVubue2 ig and Vus* Vub>luVubue2 ig,
~2.4!

respectively, wherel[uVusu>0.22. The penguin amplitude
(O3210), on the other hand, are governed by the KM facto
TABLE I. Values for ai
eff for b→sq̄q processes forNc53, evaluated atm f5mb ~first row! andmb/2, wherem f is the ‘‘factorization

scale’’ (a3-10
eff are in units of 1024). We takeq25mb

2/2 in determining the imaginary parts.

a1 a2 a3 a4 a5 a6 a7 a8 a9 a10

1.046 10.024 72 23832121i 227 24352121i 20.922.7i 3.320.9i 293.922.7i 0.320.9i
1.059 20.048 96 23962120i 254 25142120i 20.522.7i 4.020.9i 293.222.7i 3.620.9i
4-2
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TABLE II. Form factors at zero momentum transfer in the BSW model@12# and in the LC sum rule
calculations@11#. The values given in the square brackets are obtained in the LC sum rule analysis.

Decay F15F0 V A1 A2 A0

B→p 0.333@0.305#
B→K 0.379@0.341#
B→r 0.329@0.338# 0.283@0.261# 0.283@0.223# 0.281@0.372#

B→K* 0.369@0.458# 0.328@0.337# 0.331@0.203# 0.321@0.470#
d
.

.
er
g

t

o
r
i

e
at

e
c-

t

k
s

st

-

lor
ri-

up-
if

f
o

a

nt

c-
t

e
ns-
e

d to

he
if

ly

of
er-

re
e

asis
Vtd* Vtb52~Vcd* Vcb1Vud* Vub!>1~luVcbu2uVubue2 ig!,
~2.5!

Vts* Vtb52~Vcs* Vcb1Vus* Vub!>2~ uVcbu1luVubue2 ig!

>2uVcbu, ~2.6!

where KM unitarity, implicit in Eq.~2.1!, has been used, an
the last step forVts* Vtb>2uVcbu is accurate to less than 2%
Since uVub /Vcbu.0.08, one findsl2uVub /Vcbucosg.0 al-
ways hence the real parts ofVtd* Vtb andVts* Vtb are opposite

in sign. Thus,not only T-P interference for b→uūd and b

→uūs processes depend on the sign ofcosg, the interfer-
ence effect is opposite between the two type of processes, e.g.
when constructive inK1p2,0 for cosg,0, it is destructive in
p1p2, which is precisely what is needed to explain data

Such phenomena are of fundamental nature, and off
window on the phase angleg, but it can be obscured by lon
distance effects such asp1p2→p0p0 @7,14# rescattering.
However, the nonobservation ofB→KK̄ mode indicates tha
inelastic rescattering is not sizable, while absence ofp0p0

mode suggests that the smallness ofp1p2 is not due to
p1p2→p0p0 rescattering@see Note added#. As discussed
in Ref. @5# for Kp modes, a rescattering phase of 60°
more is needed before appreciable deviations from our
sults would set in. The only exception against factorization
B1→K1v0;1.531025 @2#, which we can only wait for
experimental confirmation@see Note added#. In the mean
time, we note that factorizaton is more likely to work in th
NC insensitive modes such as the ones studied here. Th
a 20–30 % change in 1/NC should have little impact. We
note in passing that some recent work in applications of p
turbative QCD toB decays are beginning to reveal how fa
torization works@17#.

III. COMPARISON OF B\PP, PV MODES WITH DATA

It wasB→PP, PV data thatinspiredthe observation tha
factorization does work and hinted at cosg,0 in Nature. The
starting point was theKp modes. Ignoring the electrowea
penguin ~EWP! amplitude, one typically expect
K1p0/K1p2'(1/A2)2, where the factor of 1/A2 comes
from the p0 isospin wave function, and the ratio is almo
independent ofg. The data, however, suggest thatK1p0 is
as large asK1p2 @1,3#, which imply that EWP may be
important@5,6#. Choosing largerms to suppress strong pen
guin a6 contribution, andg in the range of90°2130° to
enhance K1p2 and K1p0 with respect toK0p1, it was
07301
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shown@5# that the three observedKp modes can be suitably
close to each other and the data are thus accommodated@see
Note added#.

The p1p2 mode then presents a challenge. It is co
allowed and should beT-dominant, and easier to see expe
mentally than the recently measuredB1→r0p1 and B0

→r6p7 modes@3#. However, it is not yet observed@see
Note added#. Without resorting to a smallNeff;1 or large
final state rescattering phases, it was pointed out that s
pression of thep1p2 mode can be elegantly achieved
cosg,0, which would enhance ther0p1 mode ~and even
more so ifmu1md is on the lighter side! and suppressr6p7

@7#. If the A0
B→r(q25mp

2 ) form factor is larger than in BSW
model @12#, it could further help explain the strength o
r0p1;1.531025 and the smallness of the rati
r6p7/r0p152.361.3 @3#.

The newly measuredK* 1p2 mode is also color allowed
and insensitive toNeff , while theF1

B→p(mK*
2 ) form factor is

constrained byB→Kp, K1f0, pp and the semileptonic
B→p(r) ln data. The factorization approach gives too low
value ofK* 1p2,0.731025 @7# for g;60°270°. Choos-
ing a largerg such as;120°, however,K* 1p2 can easily
reach 1.231025 or more @7# and becomes more consiste
with data.

The above observations are largely insensitive toNeff . In
Ref. @7# BSW form factors were used. In fact, the form fa
tors from light-cone sum rules@11# seem to give a better fi
to B→PP, PV data, since theA0 form factor is larger while
F0,1 form factors are slightly lower than in BSW model. W
list the relevant form factor values at zero momentum tra
fer for both BSW model and LC sum rules in Table II. Th
q2 dependence of the LC sum rule results can be referre
@11#. Note that hadronic charmlessB→PP and VP are in-
sensitive to theq2 dependence of form factors because of t
smallness ofq2 in the factorization approach. However,
F1

B→P(q2) has dipoleq2 dependence, theK* 1p2 rate can
be enhanced by 12% becauseq25mK*

2 is no longer negli-
gible.

At this point we caution that form factor models typical
do not have good reference to the factorization scalem f that
entersai

eff . Thus, until one has a more complete model
how factorization works, one should bear in mind the unc
tainties in ai

eff that may follow from changingm f5mb to
mb/2, as reflected in Table I. In the complete theory, the
should again be nom f dependence. We note that som
progress has been made recently in providing a QCD b
for why and how factorization works@17#.
4-3
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The results using BSW form factors have been given
@7#. Here, for comparison we use LC sum rule~LCSR! form
factors and plot the results versusg in Figs. 2, 3 and 4. The
Kp and pp modes fit data rather well, exceptK1p2

.K1p0 is expected@see Note added# if one picks ms

;100 MeV. As emphasized in@7#, a larger value ofA0
Br

~which is realized in the LCSR approach!, would pull up the
r0p1 and v0p1 rates. Havingr0p1.v0p1 which is
hinted by data would still preferg*90°. Because of a lowe
F1

BK , the Br of f0K1 drops to 0.531025, which again fits
better the experimental upper limit of 0.5931025 @3#. The
r6p7 rate is now lower becauseB0→r1p2 amplitude de-
pends onF1

Bp only, while B0→r2p1 is enhanced by a
larger A0

Br analogous tor0p1. For g5120°2150° and
lighter md1mu , r6p7;331025 and r0p1, K* 1p2;1
31025. These values are lower than but within range
recent CLEO observations@3#.

Because the form factors from LC sum rule calculatio
fit data better, we adopt the LCSR form factors in subsequ
analysis of further modes. We stress that this is only
numerical expedience. One should not take LC sum r
form factors as more secure since it is based just on ano
dynamical computation.

FIG. 2. ~a! Solid, dash, dotdash and dots forB→K1p2, K0p1,
K1p0 and K0p0, for ms5105 ~upper curves! and 200 MeV;~b!
solid, dash and dots forB→p1p2, p1p0 and p0p0 for md

52mu53 and 6.4 MeV, where the lower~upper! curves atg
5180° for p1p2 (p0p0) are for lowermu1md . In all figures
uVub /Vcbu50.08, Brs are in units of 1025, and light cone sum rule
form factors are used.

FIG. 3. Formd52mu53 and 6.4 MeV,~a! solid, dash, dotdash
and dots forv0p1, r0p1, f0K1 and v0K1; ~b! solid, short-
dotdash, long-dotdash, dash and dots forB→r1p2, r1p0, r2p1,
r0p1 andr0p0. The upper curves atg5180° are for lowermd and
mu .
07301
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IV. ANALYSIS OF g-DEPENDENCE OF FURTHER
MODES

A. B\rr and rv modes

B→VV amplitudes are independent of light qua
masses. The modesr1r2, r1r0, andr1v0 are all of order
1025 with r1r2 being the largest. One expec
r1r2/r1v0'(1/A2)2 where 1/A2 comes from thev0 iso-
spin wave function. Theg-dependence ofr1r2 andr1v0

rates is dominated by the interference te
}Re(Vud* Vuba1)3Re(Vtd* Vtba4). In contrast, the r1r0

mode is far less sensitive tog sincea4 is replaced by 3a9/2
wherea9 is ;4 times smaller thana4. In any case, all three
modes get suppressed for cosg,0, as shown in Fig. 5. For
the currently favored value ofg;60°270° @8#, one expects
r1r2:r1r0:r1v0.3.1:1.7:1.7~roughly 31025), but if g
is larger than 90°, say;120°, it becomes 2.5:1.6:1.2
reaching down to 2.3:1.5:1.0 atg;180°. Thus, finding
r1v0,r1r0 would support cosg,0, similar to v0p1

,r0p1. The branching ratios imply that these modes co
be observed soon. However,r1r2→p1p0p2p0 has two
p0’s in the final state and would be harder to detect than
other two modes, whiler1v0 is expected to have the lea
background.

To study model dependence, we have also used form
tor values from BSW model@12# as input parameters. W
find that the ratios do not change much, but the overall sc
can become smaller by 40%.

The aCPs are dominated by Im(Vud* Vub)a1 Re(Vtd* Vtb)
times Im(a4), 2 Im(a4) and Im(3a9/2) terms for r1r2,
r1v0 andr1r0, respectively. As seen from Fig. 5, theaCPs
for r1r2, r1v0 could be as large as27%, 216%, re-
spectively, for g590°2130°, while for r1r0 it is very
small since the strong P contribution is forbidden by isosp
The aCPs are smaller forg;60°270°.

B. B\K* r modes and the electroweak penguin amplitude

Tree-penguin interference forK* 1r andr1r modes dif-
fer in sign because the KM factors Re(Vtd* Vtb)>Al3(1
2r) and Re(Vts* Vtb)>2Al2 have opposite sign, quite
analogous to the case ofK1p2,0 vs p1p2 @7#. Thus, while
r1r2 andr1v0 are suppressed for cosg,0, K* 1r modes
are enhanced. Furthermore, the impact of EWP onK* r0

modes is more prominent than on theKp0 @5# andK* p0 @7#
modes which have similar amplitude structure.

Let us show how the latter comes about. F
K1p0/K1p2, we have

K1p0

K1p2
'

1

2U11r 0

lU Vub

Vcb
Ue2 iga21

3

2
a9

lU Vub

Vcb
Ue2 iga11a41a6R4

U 2

'H 0.65, ms5105 MeV

O~1!, ms large,
~4.1!

where the factor of 1/2 is from thep0 isospin wave function,
4-4
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r 05 f pF0
BK/ f KF0

Bp.0.9 in both LCSR and BSW models
and light quark masses enter throughR452mK

2 /(mb

2mu)(ms1mu). Although at present@1# K1p0/K1p2'1
seems to favor@5# largems to suppress the penguina6 term,
for more sensiblems,200 MeV values,K1p0 is always
visibly less thanK1p2 @7#, as can be seen in Fig. 2~a!.

For K* 1p0/K* 1p2, the a6 term is absent, but thea2
and EWP a9 terms are modulated by the factorr 1

5 f pA0
BK* / f K* F1

Bp50.9 (0.6) in LCSR~BSW! model, and

K* 1p0

K* 1p2
'

1

2U11r 1

lU Vub

Vcb
Ue2 iga21

3

2
a9

lU Vub

Vcb
Ue2 iga11a4

U 2

'0.7 ~0.6! in LCSR~BSW!, ~4.2!

as can be seen from Fig. 4~a!.
For K* 1r0/K* 1r2, r 1 is replaced by a more compli

cated ratio ofr and K* decay constants andB→V form
factors, and

K* 1r0

K* 1r2
'

1

2U11r 2

lU Vub

Vcb
Ue2 iga21

3

2
a9

lU Vub

Vcb
Ue2 iga11a4

U 2

'1, ~4.3!

sincer 2.1.2 (.1.1 for BSW form factors! turns out to be
larger thanr 1. Again, absolute rates are sensitive to fo
factor models, but ratios in general are not.

FIG. 4. ~a! Solid, dash, dotdash and dots forB→K* 1p2,
K* 0p1, K* 1p0 and K* 0p0, which are insensitive toms . ~b!
Solid, dash, dotdash and dots forr2K1, r1K0, r0K1 andr0K0,
for ms5105 and 200 MeV. The upper~lower! curves for
rK0 (rK1) at g5180° are for lowerms .

FIG. 5. Brs andaCPs vs g where solid, dash and dots are fo
r1r2, r1r0 andr1v0, respectively.
07301
Thus, the EWP effect is most prominent in the K* r0

modes, which enhances the ratioK* 1r0/K* 1r2 to be close
to 1. It also suppresses theK* 0r0 mode. To illustrate this we
show in Fig. 6 both the cases of keepinga9 and witha9 set
to 0. Thus, we see thatthe EWP effect is able to enhance th
K* 1r0 rate by a factor of 2!In comparison, the EWP effec
in K1p0 is diluted by the additional strong penguin cont
bution froma6, while for K* 1p0/K* 1p2, it is subdued by
the form factor ratior 1. If r 1 is even larger than LCSR case
thenK* 1p0/K* 1p2 could be closer to 1. We note that th
rate difference betweenK* r0 andK* v0 ~which we discuss
below! modes is also mainly due to the EWP contribution

We find that, forg;60°270° one hasK* 0r1*K* 1r0

'K* 1r2@K* 0r0, but for cosg,0 it becomesK* 1r2

*K* 1r0.K* 0r1@K* 0r0. The aCPs of K* 1r2 and
K* 1r0 modes are sizable and have opposite sign tor1r2

andr1v0 modes. Forg;65° they could be as large as 30%
and 18% respectively, but are of order 15% or 10% forg
;120°.

C. B\K* v and K* f modes

The sign of T–P interference inK* 1v0 and K* 1r0

modes are rather similar under factorization. Thus,
K* 1v0 rates are also enhanced in the region of cosg,0, as
can be seen in Fig. 7. TheK* 0v0 rate is insensitive tog
because its tree contribution is color suppressed. Thus,
K* 1v0 rate can be 1.5–2.5 times larger thanK* 0v0 for
cosg,0, while K* 1v0&K* 0v0 for g;60° –70°. Since
T/P is of order 20–30 %, directaCP for K* 1v0 could reach
40% for g;60° –70°, and could still be 20% even forg
;120°.

FIG. 6. Brs andaCPs vsg where solid, dash, dotdash and do
are forK* 1r2, K* 1r0, K* 0r1 andK* 0r0, respectively. Setting
the EWP terma950 lowers ~raises! the K* 1r0 (K* 0r0) rate,
while the upperaCP curve for K* 1r0 becomes very close to th
K* 1r2 case.

FIG. 7. Brs andaCPs vsg where solid, dash, dotdash and do
are for K* 1v0, K* 0v0, K* 1f0 and K* 0f0, respectively. The
aCPs of K* f, not shown here, are consistent with zero.
4-5
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The K* f0 modes arise from the pure penguinb→ss̄s
process and have very weakg dependence~Fig. 7!. Though
not useful for extractingg, they give a more direct test of th
factorization hypothesis. In the standard model theaCPs are
practically zero and any measurement>10% would likely
be an indication for new physics@18#.

D. B\K* h modes

As pointed out in Ref.@7#, having cosg,0 could explain
the observed splitting ofK1h8.K0h8, although theKh8
modes seem to have a large singlet contribution, such
coming from the anomaly@19#. Even assumingNeff(LL)
52ÞNeff(LR)55 @14# and lowms values, the rates fall 30–
40 % short of observed, while forNeff53 one can only ac-
count for less than half the observed rate. Since we do
know how to take the anomaly effect into proper account
exclusive modes, we shall not plot the results here.

The K* h modes, however, should be less susceptible
the anomaly effect, and with T/P structure similar toK* p0

@7#. Ignoring the extra anomaly term and omitting an over
factor of A2GFmK* eK* •pB , one has

M K* 0h(8)>Vus* Vubf
h(8)
u

A0a22Vts* VtbF ~ f K* F11 f
h(8)
s

A0!a4

2~ f
h(8)
u

2 f
h(8)
s

!A0S a6Q(8)2
1

2
a9D G ,

M K* 1h(8)>M K* 0h(8)1Vus* Vubf K* F1a1 , ~4.4!

where Q(8)52m
h(8)
2

/(mb1ms)ms , F15F1
Bh(8)

(mK*
2 ), A0

5A0
BK* (m

h(8)
2

) and we have dropped terms that are mu

smaller than those shown. Numerically we usef h
u , f h

s

578, 2112 MeV, andf h8
u , f h8

s
563, 137 MeV@14#. Theg

dependence forK* 0h mode is weak because the tree con
bution is color suppressed. ForK* 1h one has constructive
T–P interference for cosg,0 henceK* 1h.K* 0h while
K* 1h&K* 0h for g;60°270°. As shown in Fig. 8, the
rates depend strongly onms , the strange quark mass. W
find K* 1h/K* 0h'1.5 for ms5105 MeV, but may be en-
hanced to 2.2 forms5200 MeV. The rates could be large

FIG. 8. Brs andaCPs vsg where solid and dash are forK* 1h
andK* 0h, respectively, forms5105 and 200 MeV. Upper curve
for Brs are forms5105 MeV while foraCPs the sharper curve is
for ms5200 MeV.
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by 50% or more sinceA0
BV seems to be larger@7# thanF1

BP ,
as indicated by the strength of ther0p1 mode.

E. Various suppressed modes

The r0r0, r0v0, andv0v0 modes are color suppresse
and dominated by penguin contributions which have op
site sign compared tor1r2,0 andr1v0 case. The rates ar
enhanced for cosg,0 but are, however, only of order 1027.
The r0f0, r1f0 and v0f0 modes are pure penguin pro
cesses with amplitudes}Vtd* Vtb@a31a52(a71a9)/2#.
Their rates are too small (;1028) to be measurable soon
and theiraCPs are practically zero.

The K* h8 modes are suppressed becausef h8
s

.0, as can
be seen from Eq.~4.4!. Likewise, Kh modes are also sup
pressed. TheBrs are given in Fig. 9. We see thatK* h8
&1.531026, and for cosg,0 the K1h rate is suppressed
leading to K1h&K0h&1026. These suppressed mode
should be compared with theKh8 modes, which are alread
observed and are the largest exclusive rare hadronic dec
and theK* h modes, which have some chance of being o
served in the near future.

The K1v0 mode is reported at the rather sizable level
1.531025 @2#, in strong conflict with the rather suppresse
factorization expectation@see Note added#. This is also illus-
trated in Fig. 9 together withK0v0, which has lower recon-
struction efficiency. TheKv0 rates are also very sensitive t
ms , but we do not see any way to enhance them wit
factorization approach.

In general, when modes are suppressed because of ca
lation of different contributions such as the modes shown
Fig. 9, one is not only sensitive to form factors and lo
distance effects, but also sensitive to actual values of s
distance coefficients.

V. DISCUSSION AND CONCLUSION

The B→VV decay rates are quite sensitive to the chos
form factor model, but the relative sizes ofBrs andaCPs are
not. We find that BSW model form factors lead to 40% or
smaller Brs compared to using LC sum rule form factor
But all Brs could easily be larger than shown here by 50%
more if B→V form factors are in general larger@7# thanB
→P form factors, as indicated by the strength of ther0p1

FIG. 9. Brs vsg where~a! solid, dash, dotdash and dots are f
K1h, K0h, K* 1h8 and K* 0h8, respectively;~b! solid and dash
are forK0v0 andK1v0, respectively. The upper~lower! curves for
Kh andK0v0 at g5180° are forms5105 (200) MeV, while for
K* h8 andK1v0 it is the reverse.
4-6
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mode @3#. We of course have not exhausted variations
form factor models. Furthermore, the need for form fac
models arises under factorization. A more fundamental
proach for calculating hadronic matrix elements should
principle bypass the issue of form factors. Our main res
are insensitive toNeffÞ3. ForNeff,3, ther1r0 andr1v0

modes are enhanced and become closer tor1r2. For Neff
52, ther0r0 and v0v0 modes become one order of ma
nitude larger, but still below 1026.

Subsequent to Ref.@7#, the observation ofr6p7 and
K* 1p2 modes@3# were reported, which offer further sup
port for the factorization and cosg,0 hypotheses. We be
lieve that thep1p2, p1p0, r1p0, v0p1, K* 1p0 and
K* 0p1 modes, all discussed in Ref.@7#, would likely
emerge with full CLEO II and II.V datasets@see Note
added#. The K (* )0p0 modes are borderline, therK modes
unlikely, while p0p0 and r0p0 modes should not be see
soon if factorization is correct. But what are the modes d
cussed here that are promising for detection in the near
ture? As mentioned in Ref.@7#, the theoretical computation
of VV and h (8) modes are less trustworthy even under fa
torization assumption, as they depend on vector form fac
or h (8) decay constants. We give a discussion neverthele

Since helicity angle methods~boostedp1, K1 or p0

along parentr1,0 or K* 1,0 momentum! seem promising
from observedr6p7 reconstruction@3#, the modesK* 1r0

and r1r0 with r0→p1p2 can probably be reconstructe
above background. It is less clear whether this is the case
r1r2 and K* 1r2. The K* 0r1 mode is at best borderlin
even without considering background, whileK* 0r0;1026

is unlikely to be observed soon.
The reconstruction of two body modes containing anv0

has been shown@2# to be of low background and with effi
ciency better thanh8 modes. Assuming that theB→V form
factorsA1,2 and V are similarly enhanced asA0, the r1v0

and perhaps theK* 1v0 modes could be observed soo
while K* 0v0 is at best borderline. The fourK (* )f0 modes
should also suffer little from background. TheK* f0 modes
could be split aboveKf0 modes ifB→K* form factors are
enhanced overB→K. At the 0.531025 level, theK1f0 and
K* 1f0 modes are likely to appear soon, whileK0f0 and
K* 0f0 modes suffer from detection efficiency and may

borderline. TheK* 1h mode could emerge ifA0
BK* is large,

but K* 0h is probably borderline. These modes should ag
have low background.

All the suppressed modes mentioned in Sec. IV E sho
not appear. The nonobservation ofKK̄ modes so far sugges
inelastic final state rescattering effects are small. Howe
the observation ofKv, Kr or any of the suppressed mod
under factorization may indicate the size of final state res
O
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tering, hence the level of breakdown of factorization. W
cannot account for the observed largeK1v0;1.531025 in
factorization approach, and await further updates with f
CLEO II and II.V datasets@see Note added#.

In conclusion, we have studied theg dependence of had
ronic rare B decays to PP, PV, VV andK* h modes within
the factorization approach. We find that light cone sum r
form factors give better fit toB→PP, PV data. Ther1v0,
r1r0, K* 1r0 and K (* )1f0, and perhaps theK* 1v0 and
K* 1h modes, should be observable with the full CLEO
and II.V datasets. Whether the sizabler1r2 and K* 1r2

modes can be observed depends crucially on the backgro
level, while the clean modes ofK (* )0f0 are probably bor-
derline because of statistics. TheK* 0r0, K* 0v0 andK* 0h
modes are likely too low to be seen with 107 BB̄s. Finding
r1v0,r1r0, K* 1r2,0.K* 0r1, K* 1v0.K* 0v0 and
K* 1h.K* 0h would support cosg,0. The EWP effect
should be most prominent inK* 1r0 mode as compared to
K (* )1p0, leading to a factor of two enhancement in ra
and observation ofK* 1r0.K* 1r2 would give strong evi-
dence for the electroweak penguin amplitude. The wea
g-dependent pure penguin processesK (* )f0 can be used as
a direct test of the factorization hypothesis. If largeaCP is
measured inK (* )1f0 modes, then new physics would b
implied.

The rareB→VV modes should also be studied with vigo
Note added. Upon completion of this paper, CLEO an

nounced@20# new results at the summer conferences. T
long sought-afterp1p2 mode is found at (0.4720.15

10.18

60.13)31025. The vK1 mode has disappeared under t
90% upper limit of,0.831025, in strong contrast to the
published value of (1.520.6

10.760.2)31025 @2#. At the same
time, the previously unmeasuredvp1 mode is now mea-
sured at (1.160.360.1)31025. The K1p2 mode is also
updated to (1.8820.26

10.2860.06)31025 and now larger than

K1p0, while the surprising strength of theK̄0p0 mode sug-
gest thatms could be even lighter. All these new results a
in better agreement with the discussions presented in
paper. There is no indication of breakdown of factorizati
in rare B decays so far, so long as one takes cosg,0. We
note that the rather small value forp1p2 mode, together
with the strength ofrp modes, make other explanations su
as a smalleruVubu implausible.
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