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Analysis of B\fK decays in QCD factorization
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We analyze the decayB→fK within the framework of QCD-improved factorization. We find that although
the twist-3 kaon distribution amplitude dominates the spectator interactions, it will suppress the decay rates
slightly. The weak annihilation diagrams induced by (S2P)(S1P) penguin operators, which are formally
power suppressed by order (LQCD/mb)2, are chirally and logarithmically enhanced. Therefore, these annihi-
lation contributions are not subject to helicity suppression and can be sizable. The predicted branching ratio of
B2→fK2 is (3.860.6)31026 in the absence of annihilation contributions, and it becomes (4.321.4

13.0)
31026 when annihilation effects are taken into account. The prediction is consistent with the experimental
data.
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I. INTRODUCTION

Previously CLEO put an upper limit on the decay mo
B→fK @1#:

B~B6→fK6!,5.931026. ~1.1!

However, CLEO@2#, BELLE @3# and BaBar@4# recently re-
ported the results

B~B6→fK6!

5H ~5.521.8
12.160.6!31026 CLEO

~7.721.4
11.660.8!31026 BaBar

~10.621.9
12.162.2!31026 BELLE

~1.2!

and

B~B0→fK0!

5H ~5.422.7
13.760.7!31026,12.331026 CLEO

~8.122.5
13.160.8!31026 BaBar

~8.723.0
13.861.5!31026 BELLE.

~1.3!

It is known that the neutral modeB0→fK0 is a pure pen-
guin process, while the charged modefK2 receives an ad-
ditional ~though very small! contribution from the tree dia
gram. The predicted branching ratio is very sensitive to
nonfactorizable effects which are sometimes parametrize
terms of the effective number of colorsNc

eff ; it falls into a
broad range (13–0.4)31026 for Nc

eff52;` @5#. Therefore,
a theory calculation of the nonfactorizable corrections is
gently needed in order to have a reliable prediction wh
can be used to compare with experiment.

A calculation ofB→fK within the framework of QCD-
improved factorization was carried out recently in Ref.@6#.
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However, the analysis of Ref.@6# is limited to the leading
order in 1/mb , and hence the potentially important annihil
tion contributions which are power suppressed in the he
quark limit are not included.

In the present paper we will analyze the decayB→fK
within the framework of QCD-improved factorization. W
will study the important twist-3 effects on spectator intera
tions and also focus on the annihilation diagrams which
customarily assumed to be negligible based on the heli
suppression argument. However, weak annihilations indu
by the (S2P)(S1P) penguin operators are no longer su
ject to helicity suppression, and hence can be sizable. Th
indeed what we found in this work.

II. GENERALIZED FACTORIZATION

The effective Hamiltonian relevant forB→fK has the
form

Heff~DB51!

5
GF

A2
H VubVus* @c1~m!O1~m!1c2~m!O2~m!#

2VtbVts* S (
i 53

10

ci~m!Oi~m!1cg~m!Og~m!D J 1H.c.,

~2.1!

where

O15~ ūb!
V2A

~ s̄u!
V2A

, O25~ ūabb!
V2A

~ s̄bua!
V2A

,

O3(5)5~ s̄b!
V2A(

q8
~ q̄8q8!V2A~V1A! ,

O4(6)5~ s̄abb!
V2A(

q8
~ q̄b8qa8 !V2A~V1A! , ~2.2!
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O7(9)5
3

2
~ s̄b!

V2A(
q8

eq8~ q̄8q8!V1A~V2A! ,

O8(10)5
3

2
~ s̄abb!

V2A(
q8

eq8~ q̄b8qa8 !V1A~V2A! ,

Og5
gs

8p2 mbs̄smnGmn
a la

2
~11g5!b,

with (q̄1q2)
V6A

[q̄1gm(16g5)q2 , O3–O6 being the QCD

penguin operators,O7–O10 the electroweak penguin opera
tors, andOg the chromomagnetic dipole operator.

In the generalized factorization approach for hadro
weak decays, the decay amplitudes ofB→fK read~in units
of GF /A2) @7,8#

A~B2→K2f!

52VtbVts* H Fa31a41a52
1

2
~a71a91a10!GX(B2K2,f)

1Fa41a1022~a61a8!
mB2

2

~ms1mu!~mb1mu!
G

3X(B2,fK2)J 1VubVus* a1X(B2,fK2), ~2.3!

A~B̄0→K̄0f!

52VtbVts* H Fa31a41a52
1

2
~a71a91a10!G

3X(B̄0K̄0,f)1Fa42
1

2
a102~2a62a8!

3
mB̄0

2

~ms1md!~mb1md!
GX(B̄0,fK̄0)J ,

where the factorized terms

X(BK,f)[^fu~ s̄s!
V2A

u0&^Ku~ q̄b!
V2A

uB̄&

52 f fmfF1
BK~mf

2 !~«* •p
B
!,

X(B,Kf)[^fKu~ s̄q!
V2A

u0&^0u~ q̄b!
V2A

uB&

52 f BmfA0
fK~mB

2 !~«* •p
B
! ~2.4!

can be expressed in terms of the form factorsF1
BK andA0

fK

~for a definition of the form factors, see Ref.@9#! and the
decay constantsf f and f B , and the nonfactorized contribu
tions parametrized in terms ofx i are lumped into the effec
tive number of colorsNc

eff :

S 1

Nc
effD

i

[
1

Nc
1x i ; ~2.5!
07400
c

thus the effective parametersai appearing in Eq.~2.3! read

a2i5c2i1
1

~Nc
eff!2i

c2i 21 , a2i 215c2i 211
1

~Nc
eff!2i 21

c2i .

~2.6!

It is known that the parametersa3 anda5 depend strongly on
Nc

eff , while a4 is Nc
eff stable~see, for example, Refs.@7,8#!.

Therefore, the prediction ofB→fK rates is sensitive toNc
eff ,

and hence to the nonfactorizable termsx i ; it varies from
1331026 to 0.431026 for Nc

eff ranging from 2 tò @5#.
Owing to the unknown form factorA0

fK(mB
2) at largeq2,

it is conventional to neglect the annihilation contributio
based on the argument of helicity suppression, wh
amounts to having a vanishing form factorA0

fK(mB
2). How-

ever, this argument is valid only for (V2A)(V2A) interac-
tions but not for (S2P)(S1P) ones. This explains the larg
enhancement factor ofmB

2/(mbms) for the penguin contribu-
tions @see Eq.~2.3!#. Therefore, it is conceivable that th
annihilation contribution could be sizable and significant.

III. NONFACTORIZBALE EFFECTS IN PENGUIN
AMPLITUDES

We next proceed to compute the nonfactorizable effect
the QCD-improved factorization approach. For simplicity w
will neglect the light quark masses. In the chiral limit, th
kaon is massless, but thef meson has a finite mass. W
consider the vertex corrections and hard spectator inte
tions depicted in Fig. 1 as well as the annihilation diagra
shown in Fig. 2. Recently we analyzedB→J/cK decays
within the framework of QCD factorization@10#. The study
of B→fK is quite similar to theJ/cK mode, except for the
absence of weak annihilations in the latter. The reade
referred to Ref.@10# for details. The resultant amplitudes a

FIG. 1. Vertex and spectator corrections toB→fK.
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A~B2→K2f!

52VtbVts* H Fa31a41a52
1

2
~a71a91a10!GX(B2K2,f)

1F ~c31c9!A n f
1 1~c51c7!A n f

2 1S c61c8

1
1

3
~c51c7! DAf G J 1VubVus* c2A n f

1 , ~3.1!

A~B̄0→K̄0f!

52VtbVts* H Fa31a41a52
1

2
~a71a91a10!G

3X(B̄0K̄0,f)1F S c32
1

2
c9DA n f

1 1S c52
1

2
c7DA n f

2 1S c6

1
1

3
c52

1

2
c82

1

6
c7DAf G J ,

where

a35c31
c4

Nc
1

as

4p

CF

Nc
c4F2S 18

14D 212 ln
m

mb
1 f I1 f II G ,

a45c41
c3

Nc
1

as

4p

CF

Nc
H c3F2S 18

14D 212 ln
m

mb
1 f I1 f II G

1S c32
c9

2 D ~G~ss!1G~sb!!2c1S lu

l t
G~su!

1
lc

l t
G~sc! D1 (

q5u,d,s,c,b
S c41c6

1
3

2
eq~c81c10! DG~sq!1cgGgJ ,

FIG. 2. Annihilation diagrams forB→fK decays.
07400
a55c51
c6

Nc
2

as

4p

CF

Nc
c6F2S 6

18D 212 ln
m

mb
1 f I1 f II G ,

~3.2!

a75c71
c8

Nc
2

as

4p

CF

Nc
c8F2S 6

18D 212 ln
m

mb
1 f I1 f II G

2
a

9p
NcCe ,

a95c91
c10

Nc
1

as

4p

CF

Nc
c10F2S 18

14D 212 ln
m

mb
1 f I1 f II G

2
a

9p
NcCe ,

a105c101
c9

Nc
1

as

4p

CF

Nc
c9F2S 18

14D 212 ln
m

mb
1 f I1 f II G

2
a

9p
Ce .

In Eq. ~3.2!, the upper entry of the matrix is evaluated in th
naive dimensional regularization~NDR! scheme forg5 and
the lower entry in the ’t Hooft–Veltman~HV! renormaliza-
tion scheme,CF5(Nc

221)/(2Nc), and sq5mq
2/mb

2 , lq8
5Vq8bVq8s

* , anda is the electromagnetic fine-structure co
pling constant. The other terms in Eqs.~3.2! are

G~s!5
2

3
2

4

3
ln

m

mb
14E

0

1

djFf~j!E
0

1

duu~12u!

3 ln@s2u~12u!~12j!#,

Gg52E
0

1

djFf~j!
2

12j
, ~3.3!

Ce5S lu

l t
G~su!1

lc

l t
G~sc! D S c21

c1

Nc
D ,

where Ff(j) is the light-cone distribution amplitude
~LCDA! of the f meson, which will be discussed shortl
B→fK do not receive factorizable contributions froma6
anda8 except for the annihilation topologies. The nonfacto
izable annihilation contributionsA n f

1,2 and the factorizable
annihilation amplitudeAf will also be elucidated below.

Note that the effective parametersai appearing in Eqs.
~3.2! are renormalization scale andg5-scheme independen
Since only one gluon exchange is considered in the ann
lation diagrams~see Fig. 2!, one may wonder the scale an
scheme dependence of the annihilation amplitude given
Eq. ~3.1!. Fortunately, as we shall see below, the annihilat
contribution is predominated by penguin effects charac
ized by the parametersa65c61 1

3 c5 anda85c81 1
3 c7 mul-

tiplied by mx . It turns out that the scale dependence ofa6
and a8 is canceled by the corresponding dependence inmx
4-3
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owing to the running quark masses. Consequently, the a
hilation amplitude is essentially scale independent.

The hard scattering kernelf I appearing in Eq.~3.2! reads

f I5E
0

1

djFf~j!H 3~122j!

12j
ln j23ip1

2z~12j!

12zj

13 ln~12z!1S 12j

~12zj!2 2
j

@12z~12x!#2D z2j ln zj

1
z2j2@ ln~12z!2 ip#

@12z~12j!#2 J , ~3.4!

wherez[mf
2 /mB

2 . For completeness, we have included t
f mass corrections to1 f I , though such corrections are ve
small. In themf→0 limit, f I has the same expression as th
in B→pp decay@11#, as it should be. The hard scatterin
kernel f II arises from the hard spectator diagrams@Figs. 1~e!
and 1~f!#, and has the form@10#

f II 5
as~mh!

as~m!

4p2

Nc

f K f B

F1
BK~mf

2 !mB
2

1

12z

3E
0

1dr̄

r̄
F1

B~ r̄ !E
0

1dj

j
Ff~j!E

0

1dh̄

h̄

3S FK~ h̄ !1
2mx~mh!

mB

1

~12z!2

Fs
K~ h̄ !

6h̄
D , ~3.5!

where

2mx~m!5
2mK

2

ms~m!1mu~m!
5

24^q̄q&

f K
2

~3.6!

is proportional to the quark condensate; theB meson wave
function F1

B is defined by@11#

^0uq̄a~x!bb~0!uB̄~p!&ux15x'50

52
i f B

4
@~p”1mB!g5#bgE

0

1

dr̄e2 i r̄p1x2

3@F1
B~ r̄ !1n”2F2

B~ r̄ !#ga , ~3.7!

with n25(1,0,0,21), andFs
K is a twist-3 kaon LCDA de-

fined in the tensor matrix element@13#:

1Equation~3.4! can be obtained from Eq.~19! of Ref. @12# or from
Eqs.~2.22! and~2.23! of Ref. @10# by neglecting thej2 terms aris-
ing from the transverse wave functionF'

f and applying the relation
F0

BK(mf
2 )/F1

BK(mf
2 )5(mB

22mf
2 )/mB

2 for form factors.
07400
i-

t

^K2~P!us̄~0!smng5u~x!u0&

52
i

6

f KmK
2

ms1mu
F12S ms1mu

mK
D 2G

3~Pmxn2Pnxm!E
0

1

dh̄ei h̄P•xFs
K~ h̄ !.

~3.8!

Since, asymptotically,Fs
K(h̄)56h̄(12h̄), the logarithmic

divergence of theh̄ integral in Eq. ~3.5! implies that the
spectator interaction is dominated by soft gluon exchan
between the spectator quark and the strange or antistr
quark off. Hence QCD factorization breaks down at twist
order. Note that the hard gluon exchange in the spect
diagrams is not as hard as in the vertex diagrams. Since
virtual gluon’s momentum squared there isk25(2 r̄pB

1h̄pK)2'2 r̄h̄mB
2;2mhmb , where mh is the hadronic

scale;500 MeV, we will setas'as(Amhmb) in the spec-
tator diagrams. For the second term in Eq.~3.5!, due to the
end point divergence, the scale may correspond to a so
scalems . However, sinceasmx is weakly scale dependen
we can treat it at theAmhmb scale. The corresponding Wil
son coefficients in the spectator diagrams are also evalu
at themh scale.

The infrared divergence is manifested in the integ
*0

1dh̄/h̄. However, it is known that the collinear expansio
cannot be correct in the end point region owing to the tra
verse momentum̂kT& of the quark, which is, on average
about 300 MeV, the order of the meson’s size. Thus the lo
limit of *0

1dh̄/h̄ should be approximately proportional t

2^kT&/mb ; or, equivalently,*0
1dh̄/h̄ can be approximately

replaced by*0
1dh̄/(h̄1^2kT&/mb). A consistent treatment o

kT in the calculation is still an issue sincekT itself is a higher
twist effect in the QCD factorization approach. Thus we w
treat the divergent integral as an unknown ‘‘model’’ para
eter, and write

Y[E
0

1dh̄

h̄
5 lnS mB

mh
D ~11rH!, ~3.9!

with rH being a complex number whose phase may
caused by soft rescattering@14#. We see that although th
scattering kernel induced by the twist-3 LCDA of the kaon
formally power suppressed in the heavy quark limit, it
chirally enhanced by a factor of (2mx /LQCD);O(10), and
logarithmically enhanced by the infrared logarithms.

Finally, we wish to remark that the leading-twist LCDA
of the f meson are given by@15#

^f~P,l!us̄~x!gms~0!u0&

5 f fmf

«* (l)
•x

P•x
PmE

0

1

djei jP•xF i
f~j!,
4-4
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^f~P,l!us̄~x!smns~0!u0&

52 i f f
T~«m*

(l)Pn2«n*
(l)Pm!E

0

1

djei jP•xF'
f~j!, ~3.10!

where«* is the polarization vector off, j is the light-cone
momentum fraction of the strange quark inf, and f f and f f

T

are vector and tensor decay constants, respectively, the
of which is scale dependent. AlthoughF i

f andF'
f have the

same asymptotic form, it is found that the transverse dis
bution amplitude~DA! does not contribute tof I and f II if the
light quarks are massless. The contribution ofF'

f to vertex
corrections is suppressed by a factor ofmf /mB , and hence
can be neglected.

IV. ANNIHILATION AMPLITUDES

As shown in Ref.@11#, the annihilation amplitude is for
mally power suppressed by orderLQCD/mb . Nevertheless, it
was stressed in the PQCD approach that annihilation co
butions in hadronic charmlessB decays are not negligible
@16#. There are four weak annihilation diagrams depicted
Fig. 2. We first consider the annihilation amplitudes induc
by (V2A)(V2A) operators. The first two diagrams,@Figs.
2~a! and 2~b!#, are factorizable diagrams, and their contrib
tions are of ordermf

2 /mB
2 and hence can be neglected. I

deed, the factorizable annihilation amplitude should van
in mf→0 limit owing to current conservation. It is easil
seen that onlyOodd operators contribute to the nonfactori
able annihilation diagrams@Figs. 2~c! and 2~d!#. It turns out
that the nonfactorizable annihilations are dominated by F
2~d! owing to an endpoint contribution. Explicit calculation
yield @see Eq.~3.1!#

A n f
1 522HH E

0

1

dr̄dj̄dh
F1

B~ r̄ !Ff~ j̄ !FK~h!

~ r̄2 j̄ !j̄h

1E
0

1

drdj̄dh
F1

B~r!Ff~ j̄ !FK~h!

h@~r2 j̄ !~r2h!21#
J

>2HH 6~Y821!E
0

1

dh
FK~h!

h

2E
0

1

dj̄dh
Ff~j̄ !FK~h!

h~ j̄h2 j̄2h!
J , ~4.1!

where

H5
as

4p

CF

Nc

4p2

Nc

f Bf K f fmf

mB
2 ~«* •p

B
!, ~4.2!

and we have applied the approximationr'1 and r̄512r
'0. In Eq. ~4.1! the first term in brackets comes from Fi
2~d!, and the second term from Fig. 2~c!. Since the soft phase
of annihilation diagrams is not necessarily the same as
of the spectator diagram, we write
07400
ter

i-

ri-

n
d

-

h

.

at

Y8[E
0

1dh̄

h̄
5 lnS mB

mh
D ~11rA!, ~4.3!

where the phase is characterized by the complex param
rA .

For (V2A)(V1A) operatorsO52O8, the twist-2 kaon
DA makes no contribution. Therefore, we need to consi
the twist-3 kaon LCDA’sFp

K andFs
K , with the former being

defined in the pseudoscalar matrix element@13#

^K2~P!us̄~0!ig5u~x!u0&5
f KmK

2

ms1mu
E

0

1

dh̄ei h̄P•xFp
K~ h̄ !.

~4.4!

The factorizable annihilation amplitude has the expressio

Af54NcHS 2mx

mB
D E

0

1

dj̄E
0

1

dhFf~j̄ !FFp
K~h!S 1

j̄2
2

1

2j̄
D 1

h

1Fs
K~h!

1

4j̄h2G
524NcHS 2mx

mB
DY8S Y82

1

2D , ~4.5!

where we have applied the LCDA’sFf( j̄)56j̄(12 j̄),
Fp

K(h)51, andFs
K(h)56h(12h). Likewise, the nonfac-

torizable annihilations induced by the penguin operatorsO5
andO7 read

A n f
2 52HS 2mx

mB
D H 6Y8~Y821!

1E
0

1

dj̄E
LQCD/mb

1

dhFf~j̄ !Fp
K~h!

22h

j̄h~ j̄h2 j̄2h!
J ,

~4.6!

where the dominating first term in brackets stems from F
2~d!. Note that we have introduced a cutoffLQCD/mb to
regulate the infrared divergence that occurs in the sec
term.

Although the annihilation amplitudesAf andA n f
2 are for-

mally of order (LQCD/mb)2, they receive two large enhance
ments: one from the chiral enhancement (2mx /LQCD)
;O(10) and the other from the logarithmic end point dive
gence of the infrared divergent integralY8. Consequently,
the annihilation effects can be sizable. Physically, this is
cause the penguin-induced annihilation contributions are
subject to helicity suppression.

V. RESULTS AND DISCUSSIONS

To proceed for numerical calculations, we employ the m
son LCDA’s as follows:

FK~ h̄,m2!56h̄~12h̄ !S 11 (
n51

`

a2n
K ~m2!C2n

3/2~2h̄21!D ,
4-5
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F1
B~ r̄ !5NBr̄2~12 r̄ !2expF2

1

2
S r̄mB

vB
D 2G , ~5.1!

Ff~ j̄ !5F i
f~ j̄ !56j̄~12 j̄ !,

whereCn
3/2 are Gegenbauer polynomials, and the values

the Gegenbauer momentsan
K are available in Ref.@13#, vB

50.25 GeV, andNB is a normalization constant. We use th
decay constantsf K50.16 GeV, f B50.19 GeV, and f f
50.237 GeV, and the running quark massesmb(mb)54.40
GeV, ms(mb)590 MeV, md(mb)54.6 MeV, andmu(mb)
52.3 MeV. The next-to-leading-order Wilson coefficien
ci(m) in NDR and HV g5 schemes are taken from Tab
XXII of Ref. @17#; they are evaluated atm5mb(mb)54.40
GeV and LMS̄

(5)
5225 MeV. For form factors we use

F1
BK(mf

2 )50.38 as a benchmarked value. Note th
F1

BK(mf
2 )50.407 in the Bauer-Stech-Wirbel model@9#,

while it is 0.37 in a QCD sum rule calculation@18#.
For the parametersrH in Eq. ~3.9! andrA in Eq. ~4.3!, in

principle they may be complex due to final-state soft resc
tering. We find that the decay rate is much more sensitiv
rA than torH . Presumably, some information on the para
eterr can be extracted from the study ofB→Kp modes. It
was shown recently in Ref.@14# that increasing the paramete
urAu from 1 to 2 would increase the corresponding error
the Kp branching ratios, in which case it would require
considerable fine tuning of the strong interaction phase ofY8
in annihilation diagrams to reproduce the experimental va
of the branching ratio. Hence it is reasonable to assume
the model parameters are in the rangeuru<1. Writing rA
5urAuexp(id), the branching ratio ofB→fK vs the phased
is plotted in Fig. 3. We obtain

B~B2→fK2!5~4.321.4
13.0!31026,

~5.2!
B~B0→fK0!5~4.021.4

12.9!31026,

where the central value corresponds to the default va
rA5rH50 and the errors come from the variation ofurHu
and urAu from 0 to 1; that is, the theoretical uncertainti
come from power corrections of twist-3 spectator inter

FIG. 3. Branching ratio ofB2→fK2 vs the phase of the com
plex parameterrA @see Eq.~4.3!#, where the dark~horizontal! and
light bands correspond tourAu50, 1, respectively, with a variation
of urHu from 0 to 1.
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tions and annihilation contributions. Therefore, the predic
branching ratio is consistent with the experimental data@see
Eq. ~1.2! and~1.3!#. The corresponding absolute ratio of th
annihilation to penguin amplitudes depends on the annih
tion phase, and is at most of order 0.25. In the absenc
annihilation effects, the branching ratios are given by

B~B6→fK6!5S F1
BK~mf

2 !

0.38 D ~3.860.6!31026,

~5.3!

B~B0→fK0!5S F1
BK~mf

2 !

0.38 D ~3.660.6!31026,

here the error arises from the variation ofrH from 0 to 1.
Needless to say, the major theoretical uncertainty ste

from the unknown model parametersrH and rA . It should
be stressed that the infrared divergence here is always o
logarithmic type, and other possible linear divergence t
occur in annihilation diagrams with twist-3 wave function
are explicitly canceled out. As stressed in passing, the in
red divergence stems from a misuse of the collinear exp
sion in the end point region where the effect of the quar
transverse momentum is important. SincekT is a higher-twist
effect in QCD factorization, at present we treat the infrar
divergent integral in a model manner.

Several remarks are in order.~i! The calculations are
rather insensitive to the unitarity angleg as the Cabibbo-
Kobayashi-Maskawa matrix elementVubVus* is considerably
suppressed.~ii ! The scattering kernelf II is dominated by the
twist-3 effect. However, since the Wilson coefficientsc2i and
c2i 21 have opposite signs, it turns out that the magnitudes
a3210 @see Eq.~3.2!# are slightly reduced by the twist-3
terms, and therefore the branching ratio is suppressed
about 10% in the presence of twist-3 effects in specta
interactions.~iii ! In the QCD factorization approach, th
strong phase of annihilation amplitude is of orderas

2 since it
comes from the annihilation diagrams in which the glu
line is inset with an enclosed quark loop, resembling
vacuum-polarization bubble. Consequently, the phase of
annihilation contribution is likely dominated by the soft co
tribution induced by soft scattering as characterized by
parameterrA . This is in contrast to the perturbative QC
approach where the annihilation contributions have la
strong phases@16#.

VI. CONCLUSIONS

We have analyzed the decayB→fK within the frame-
work of QCD-improved factorization, and taken into accou
some power-suppressed corrections. Our conclusions ar
following:

~1! Although the twist-3 kaon distribution amplitud
dominates the spectator interactions, it will suppress the
cay rates ofB→fK slightly by about 10%. In the absence o
annihilation contributions, the branching ratio is (3.860.6)
31026 for fK2 and (3.660.6)31026 for fK0.

~2! The weak annihilation diagrams induced by (S
2P)(S1P) penguin operators, which are formally pow
4-6
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suppressed by order (LQCD/mb)2, are chirally and logarith-
mically enhanced. Therefore, these annihilation contributi
are not subject to helicity suppression, and in principle c
be sizable.

~3! The branching ratio is predicted to be (4.321.4
13.0)

31026 for B2→fK2 and (4.021.4
12.9)31026 for B0→fK0,

where theoretical uncertainties come from power correcti
of twist-3 spectator interactions and annihilation contrib
tions. The corresponding absolute ratio of annihilation
a
cs

ev

07400
s
n

s
-
o

penguin amplitudes depends on the annihilation phase an
at most 25%.
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