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Perturbative QCD analysis of B\fK* decays

Chuan-Hung Chen*
Institute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China

Yong-Yeon Keum†

Department of Physics, Graduate School of Science, Nagoya University, Nagoya 464-8602, Japan

Hsiang-nan Li‡

Institute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China
and Department of Physics, National Cheng-Kung University, Tainan, Taiwan 701, Republic of China

~Received 17 April 2002; published 26 September 2002!

We study the first observed charmlessB→VV modes, theB→fK* decays, in perturbative QCD formalism.
The obtained branching ratiosB(B→fK* );1531026 are larger than;931026 from QCD factorization.
The comparison of the predicted magnitudes and phases of the different helicity amplitudes, and branching
ratios with experimental data can test the power counting rules, the evaluation of annihilation contributions,
and the mechanism of dynamical penguin enhancement in perturbative QCD, respectively.
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The branching ratios of the penguin-dominatedB→Kp
decays, about 3–4 times larger than those of the t
dominatedB→pp decays, indicate that penguin contrib
tions must be enhanced. This enhancement can be ach
either by large Wilson coefficientsC4,6 associated with the
penguin operators in perturbative QCD~PQCD! @1–3#, or by
a large chiral symmetry breaking scalem0 associated with
the kaon in QCD factorization~QCDF! @4,5#. The latter
mechanism, called chiral enhancement, corresponds
characteristic scale ofO(mb), at which we havem0(mb)
;3 GeV and the smaller Wilson coefficientsC4,6(mb). The
former mechanism, called dynamical enhancement, co

sponds to a characteristic scale ofO(AL̄mb), L̄5MB2mb
being theB meson andb quark mass difference, at which w

have m0(AL̄mb);1.5 GeV and the larger Wilson coeffi

cients C4,6(AL̄mb);1.5C4,6(mb). Recently, we have pro
posed theB→fK decays as the appropriate modes to clar
the above issue@6,7#. These modes are not chirally enhanc
becausef is a vector meson, and they are insensitive to
variation of the unitarity anglef3 because they are pur
penguin processes. If the data of the branching ratiosB(B
→fK) are settled down at values around 1031026 @7,8#
instead of 431026 @9,10#, the dynamical enhancement o
penguin contributions to charmless nonleptonicB meson de-
cays will gain strong support.

Here we argue why the characteristic scale involved

two-bodyB meson decays must be ofO(AL̄MB) in PQCD
from two points of view. Consider a two-body nonlepton
decay, in which the two final-state light mesons move ba
to-back with large momenta. The lowest-order diagram
its amplitude contains a hard gluon attaching the spect
quark. Intuitively, the spectator quark in theB meson, form-
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ing a soft cloud around the heavyb quark, carries momentum

of order L̄. The spectator quark on the light-meson si
carries momentum ofO(MB) in order to form the fast-
moving light meson with theu quark produced in theb quark
decay. Note that the end-point singularities from the sm
spectator momentum on the light-meson side do not exis
a self-consistent PQCD formalism, because of Sudakov s
pression fromkT and threshold resummations@11,12#. Based
on the above argument, the hard gluon is off-shell by or
of L̄MB . This scale characterizes the corresponding qua
level hard amplitude, which involves the four-fermion dec
vertex. Theoretically, the hard scaleL̄MB is essential for
constructing a gauge invariantB meson wave function. This
wave function, though being a nonlocal matrix element,
gauge invariant in the presence of the path-ordered Wil
line integral. A careful investigation@13,14# shows that the
O(as

2) diagram with the second gluon attaching the ha
gluon contributes to this line integral. That is, this diagra
contains the soft divergence, which is factorized into theB
meson wave function. This is possible only when the h
gluon is off shell by the intermediate scaleL̄MB rather than
by MB

2 .
In this work we shall perform a PQCD analysis of the fir

observed charmlessB→VV modes, theB→fK* decays,
which are similar toB→fK, also appropriate for distin-
guishing the different penguin enhancing mechanism.
sides, theB→VV modes reveal dynamics of exclusiveB
meson decays more than theB→PP andVP modes through
the measurement of the magnitudes and the phases of va
helicity amplitudes. According to the power counting rul
defined in@7#, the longitudinal amplitude is leading, and th
other two amplitudes are down by a power ofMf /MB or of
MK* /MB , Mf andMK* being thef andK* meson masses
respectively. Since theB→fK* decays are insensitive to th
unitarity angle, the relative phases among the helicity am
tudes mainly arise from strong interaction. The annihilati
contributions, which can be evaluated unambiguously in
©2002 The American Physical Society13-1
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approach, generate the strong phases. Therefore, comp
the predicted magnitudes and relative phases among the
ferent helicity amplitudes, and the predicted branching ra
with experimental data, we test the power counting rules,
evaluation of annihilation contributions, and the mechani
of dynamical penguin enhancement in PQCD, respective

The idea of the PQCD factorization theorem for two-bo
nonleptonicB meson decays has been reviewed in@1,15,16#,
which is subject to corrections ofO(as

2) andO(L̄/MB). In
this formalism decay amplitudes are expressed as the co
lutions of the corresponding hard parts with universal me
distribution amplitudes@13,14#, which are regarded as th
nonperturbative inputs. Because of the Sudakov effects f
kT and threshold resummations, the end-point singulari
do not exist as stated above. Therefore, PQCD involves
puts less than in QCDF, for which form factors, meson d
tribution amplitudes, and infrared cutoffs for regulating t
end-point singularities are all independent parameters@4,5#.
Strictly speaking, the infrared cutoffs, signifying importa
soft contributions to the nonfactorizable and annihilation a
plitudes, imply that the factorization formulas in QCDF a
not self-consistent.

We work in the frame with theB meson at rest, i.e., with
theB meson momentumP15(MB /A2)(1,1,0T) in the light-
cone coordinates. Assume that thef(K* ) meson moves in
the plus~minus! z direction carrying the momentumP2(P3)
and the polarization vectorse2(e3). The B→fK* decay
rates are written as

G5
GF

2 Pc

16pMB
2 (

s5L,T
M (s)†M (s), ~1!

where Pc[uP2zu5uP3zu is the momentum of either of th
outgoing vector mesons, and the superscripts denotes the
helicity states of the two vector mesons withL(T) standing
for the longitudinal~transverse! component. The amplitude
M (s) is decomposed into

M (s)5e2m* ~s!e3n* ~s!Fagmn1
b

MfMK*
P1

mP1
n

1 i
c

MfMK*
emnabP2aP3bG ,

[MB
2ML1MB

2MNe2* ~s5T!•e3* ~s5T!

1 iM Teabgre2a* ~s!e3b* ~s!P2gP3r , ~2!

with the convention1 e012351 and the definitions

MB
2 ML5a e2* ~L !•e3* ~L !1

b

MfMK*
e2* ~L !•P1e3* ~L !•P1 ,

1This convention corresponds to tr(g5a”b”c”d” )5
24i eabgraabbcgdr .
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MB
2 MN5a e2* ~T!•e3* ~T!, ~3!

MT5
c

MfMK*
.

We define the helicity amplitudes

A052jMB
2ML ,

Ai5jA2MB
2MN , ~4!

A'5jMfMK*A2~r 221!MT ,

with the normalization factorj5AGF
2 Pc /(16pMB

2G) and
the ratio r 5P2•P3 /(MfMK* ). These helicity amplitudes
satisfy the relation

uA0u21uAiu21uA'u251, ~5!

following the helicity summation in Eq.~1!. We also intro-
duce another equivalent set of helicity amplitudes,

H05MB
2ML ,

H65MB
2MN7MfMK*Ar 221MT , ~6!

with the helicity summation,

(
s

M (s)†M (s)5uH0u21uH1u21uH2u2. ~7!

The B→fK* decays involve the emission and annihil
tion topologies, both of which are classified into factorizab
diagrams, where hard gluons attach the valence quarks in
same meson, and nonfactorizable diagrams, where hard
ons attach the valence quarks in different mesons. The
plitudes are written as

MH5 f fVt* FHe
(s)1Vt* M He

(s)1 f BVt* FHa
(d)1Vt* M Ha

(d) , ~8!

MH5 f fVt* FHe
(s)1Vt* M He

(s)1 f BVt* FHa
(u)1Vt* M Ha

(u)

2 f BVu* FHa2Vu* MHa , ~9!

for the Bd
0→fK* 0 and B1→fK* 1 modes, respectively

where the subscriptH5L,N,T denotes the different helicity
amplitudes,e(a) denotes the emission~annihilation! topol-
ogy, and Vq5Vqs* Vqb are the products of the Cabibbo
Kobayashi-Maskawa~CKM! matrix elements. The hard part
for the factorizable amplitudesF and for the nonfactorizable
amplitudesM are derived by contracting the followin
structures to the lowest-order one-gluon-exchange diagra

1

A2Nc

~P” 11MB!g5F~x,b!, ~10!

1

A2Nc

@Mfe” 2~L !Ff~x!1e” 2~L !P” 2Ff
t ~x!1MfIFf

s ~x!#,

~11!
3-2
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1

A2Nc
FMfe” 2~T!Ff

v ~x!1e” 2~T!P” 2Ff
T~x!

1
Mf

P2•n2
i emnrsg5gme2

n~T!P2
rn2

s Ff
a ~x!G , ~12!

1

A2Nc

@MK* e” 3~L !FK* ~x!1e” 3~L !P” 3FK*
t

~x!

1MK* IFK*
s

~x!#, ~13!

1

A2Nc
FMK* e” 3~T!FK*

v
~x!1e” 3~T!P” 3FK*

T
~x!

1
MK*

P3•n1
i emnrsg5gme3

n~T!P3
rn1

s FK*
a

~x!G , ~14!

where n15(1,0,0T) and n25(0,1,0T) are dimensionless
vectors on the light cone. Equations~11! and ~12! are asso-
ciated with the longitudinally and transversely polarizedf
mesons, respectively. The structures associated with theK*
meson are similar as shown above.

To extract the contributions to the helicity amplitudeML ,
the following parametrization for the longitudinal polariz
tion vectors is useful:

e2~L !5
P2

Mf
2

Mf

P2•n2
n2 ,

e3~L !5
P3

MK*
2

MK*
P3•n1

n1 , ~15!

which satisfy the normalizatione2
2(L)5e3

2(L)521 and the
orthogonalitye2(L)•P25e3(L)•P350 for the on-shell con-
ditionsP2

25Mf
2 andP3

25MK*
2 . We first keep the full depen

dence on the light meson massesMf and MK* in the mo-
mentaP2 andP3. After deriving the factorization formulas
which are well defined in the limitMf ,MK* →0, we drop
the terms proportional tor f

2 ,r K*
2 ;0.04, with the ratiosr f

5Mf /MB and r K* 5MK* /MB . Under this approximation
the expressions of thef andK* meson momenta are then a
simple as

P25
MB

A2
~1,0,0T!, P35

MB

A2
~0,1,0T!. ~16!

For the extraction of the helicity amplitudesMN andMT ,
Eq. ~16! and the transverse polarization vectors,

e2~T!5~0,0,1T!, e3~T!5~0,0,1T!, ~17!

can be adopted directly. The explicit factorization formu
are collected in the Appendix.

The power counting rules in PQCD@7# tell that the fac-
torizable amplitudeFLe ~corresponding to theB→K* tran-
sition form factor! is leading, and the other factorizable am
plitudes are at least down by a power ofr f or r K* . The
05401
s

nonfactorizable amplitudesM are suppressed by a power
L̄/MB . Hence, the formalism presented in this work is co
plete at O(Mf,K* /MB), and subject to corrections o
O(L̄/MB). Equation~4! then implies that the helicity ampli
tudeA0 is leading in the heavy-quark limit, andAi andA'

are next to leading. The factorizable annihilation amplitud
FHa , being suppressed only byMf,K* /MB and almost
imaginary, are the major source of the strong phases
PQCD. Since theB→fK* decays are the pure penguin pr
cesses with a weak dependence on the unitarity anglef3,
these strong phases determine the relative phases amon
helicity amplitudesA0 ,Ai andA' .

For theB meson wave function, we employ the model@1#,

FB~x,b!5NBx2~12x!2

3expF2
1

2 S xMB

vB
D 2

2
vB

2b2

2 G , ~18!

where the shape parametervB50.4 GeV has been adopte
in all our previous analyses of exclusiveB meson decays
The normalization constantNB591.784 GeV is related to
the decay constantf B5190 MeV ~in the convention f p

5130 MeV). It is known that there are twoB meson wave
functionsFB andF̄B , which are related to the three-parto
B meson wave functions through a set of equations of mo
@17–20#. Because of the unknown three-parton wave fun
tions, the equations of motion in fact do not impose a
constraint on the functional form ofFB andF̄B . Our simple
choice of the model wave functions corresponds toFB in Eq.
~18! and F̄B50. This choice is legitimate, since the contr
bution fromF̄B is suppressed by a power ofL̄/MB @11#, and
negligible within the accuracy of the current formalism.

The f andK* meson distribution amplitudes up to twis
3 are given by@21#

Ff~x!5
3 f f

A2Nc

x~12x!, ~19!

Ff
t ~x!5

f f
T

2A2Nc
H 3~122x!211.68C4

1/2~122x!

10.69F11~122x!ln
x

12xG J , ~20!

Ff
s ~x!5

f f
T

4A2Nc
F3~122x!~4.5211.2x111.2x2!

11.38ln
x

12xG , ~21!

Ff
T~x!5

3 f f
T

A2Nc

x~12x!@110.2C2
3/2~122x!#,

~22!
3-3
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Ff
v ~x!5

f f

2A2Nc
H 3

4
@11~122x!2#10.24

3@3~122x!221#10.96C4
1/2~122x!J , ~23!

Ff
a ~x!5

3 f f

4A2Nc

~122x!@110.93~10x2210x11!#,

~24!

FK* ~x!5
3 f K*

A2Nc

x~12x!@110.57~122x!

10.07C2
3/2~122x!#, ~25!

FK*
t

~x!5
f K*

T

2A2Nc

$0.3~122x!@3~122x!2

110~122x!21#11.68C4
1/2~122x!

10.06~122x!2@5~122x!223#

10.36$122~122x!@11 ln~12x!#%%, ~26!

FK*
s

~x!5
f K*

T

2A2Nc

$3~122x!@110.2~122x!

10.6~10x2210x11!#20.12x~12x!

10.36@126x22ln~12x!#%, ~27!

FK*
T

~x!5
3 f K*

T

A2Nc

x~12x!@110.6~122x!10.04C2
3/2

3~122x!#, ~28!

FK*
v

~x!5
f K*

2A2Nc
H 3

4
@11~122x!210.44~122x!3#

10.4C2
1/2~122x!10.88C4

1/2~122x!

10.48@2x1 ln~12x!#J , ~29!

FK*
a

~x!5
f K*

4A2Nc

$3~122x!@110.19~122x!

10.81~10x2210x11!#21.14x~12x!

10.48@126x22ln~12x!#%, ~30!

with the Gegenbauer polynomials,

C2
1/2~j!5

1

2
~3j221!,
05401
C4
1/2~j!5

1

8
~35j4230j213!,

C2
3/2~j!5

3

2
~5j221!. ~31!

We employGF51.1663931025 GeV22, the Wolfenstein
parametersl50.2196,A50.819, andRb50.38, the unitar-
ity angle f3590°, the masses MB55.28 GeV,Mf
51.02 GeV andMK* 50.89 GeV, the decay constantsf f

5237 MeV, f f
T5220 MeV, f K* 5200 MeV, and f K*

T

5160 MeV, and the Bd
0(B1) meson lifetime tB0

51.55 ps(tB151.65 ps) @22#. We have confirmed that the
above distribution amplitudes and decay constants lead to
B→K* transition form factors@23# in agreement with those
from light-cone QCD sum rules@24#. We have also con-
firmed that the averaged values of the running hard scat
defined by Eqs.~A20! and~A21! in the Appendix are indeed

aboutAL̄MB;1.6 GeV. Note that theB→fK* branching
ratios are insensitive to the variation off3. The results for
the helicity amplitudesA0 , Ai andA' , including their rela-
tive phasesf i[Arg(Ai /A0) andf'[Arg(A' /A0), are dis-
played in Table I. The contributions to theB→fK* branch-
ing ratios mainly arise from the longitudinal polarizationsA0
because of the relationuA0u2@uAiu2;uA'u2, which is ex-
pected from the power counting rules. It is easy to obse
that the ratiosuH2 /H0u2 and uH1 /H0u2 obtained in PQCD
are close to those in QCDF@25#. The annihilation contribu-
tions are the major source of the strong phases, and the
factorizable contributions are the minor one. The values
f i andf' in the rows~I!–~III ! of Table II indicate that the
phases from the former are about 4–5 times those from
latter ~but opposite in sign!. Without these sources, we hav
f i5f'5p. Note that the relative phases among the diff
ent helicity amplitudes cannot be predicted unambiguou

TABLE I. Helicity amplitudes and relative phases.

Mode BR(1026) uA0u2 uAiu2 uA'u2 f i(rad) f'(rad)

fK* 0 14.86 0.750 0.135 0.115 2.55 2.54
fK* 1 15.96 0.748 0.133 0.111 2.55 2.54

TABLE II. Helicity amplitudes and relative phases:~I! without
annihilation and nonfactorizable contributions,~II ! without annihi-
lation contributions, and~III ! without nonfactorizable contributions

Mode BR(1026) uA0u2 uAiu2 uA'u2 f i(rad) f'(rad)

fK* 0~I! 14.48 0.923 0.040 0.035 p p
~II ! 13.25 0.860 0.072 0.063 3.30 3.33
~III ! 16.80 0.833 0.089 0.078 2.37 2.34
fK* 1~I! 15.45 0.923 0.040 0.035 p p
~II ! 14.17 0.860 0.072 0.063 3.30 3.33
~III ! 17.98 0.830 0.094 0.075 2.37 2.34
3-4
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in QCDF due to the arbitrary complex cutoffs for the eva
ation of the nonfactorizable and annihilation contributions

We examine the theoretical uncertainty from the variat
of the hard scalest, which are defined as the invariant mass
of the internal particles and are required to be higher than
factorization scales 1/b, b being the transverse extents of th
mesons. This examination estimates higher-order correct
to the hard amplitudes, which are the most important th
retical uncertainty for penguin-dominatedB meson decays
The light meson distribution amplitudes have been de
mined in QCD sum rules. The possible 30% variation of
coefficients of the Gegenbauer polynomials in these distr
tion amplitudes lead only to little changes of our predictio
We consider the hard scalest located between 0.75–1.2
times the invariant masses of the internal particles. The
dictions for theB→fK branching ratios from the abov
range are consistent with the data with uncertainty@7#. We
then obtain theB→fK* branching ratios,

B~Bd
0→fK* 0!5~14.8623.36

14.88!31026,

B~B6→fK* 6!5~15.9623.61
15.24!31026. ~32!

The relative phasesf i and f' , and the magnitudesuA0u2,
uAiu2 and uA'u2 of the helicity amplitudes are quite stab
under the variation of the hard scalest. They change within
0.05 rad and within 0.01, respectively. There is another
nor source of theoretical uncertainty from the light mes
decay constantsf f

(T) and f K*
(T) . If they reduce by 5%, the

predicted branching ratios will decrease by 10%. TheCP
asymmetries of theB→fK* modes are, as ofB→fK, van-
ishingly small~less than 2%!.

The above branching ratios are larger than those fr
QCDF @25#,

B~Bd
0→fK* 0!58.7131026,

B~B6→fK* 6!59.3031026, ~33!

due to the dynamical enhancement of penguin contributio
We emphasize that the annihilation amplitudes, though
negligible, are not responsible for the large branching ra
in PQCD, since they are mainly imaginary. This is und
stood by comparing the branching ratios in Table I and
row ~II ! of Table II. The nonfactorizable contributions a
not shown either by the branching ratios in Table I or in t
row ~III ! of Table II. However, the annihilation contribution
parametrized as being real, are important in QCDF in or
to explain the largeB→fK branching ratios. With the al
most real annihilation contributions, theB→fK branching
ratios obtained in QCDF can increase from 431026 to 7
31026 @9#. The values quoted in Eq.~33! do not include the
annihilation contributions. The current experimental data
B(B0→fK* 0),

CLEO @26#: ~11.523.721.7
14.511.8!31026,

BELLE @27#: ~1526
1863!31026,
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BABAR @28#: ~8.622.4
12.861.1!31026, ~34!

and those ofB(B6→fK* 6),

CLEO @26#: ~10.624.921.6
16.411.8!31026,

BELLE @27#: ,3631026,

BABAR @28#: ~9.723.4
14.261.7!31026, ~35!

are not yet precise enough to distinguish the two differ
approaches.

In this paper we have studied the first observedB→VV
modes, theB→fK* decays, using the PQCD formalism.
has been stressed that two-body heavy meson decays
characterized by a scale ofO(L̄MB) in PQCD, for which
penguin contributions are dynamically enhanced. This
hancement makes penguin-dominated decay modes ac
branching ratios larger than those in QCDF, even when
final-state particles are vector mesons. We have proposed
B→fK (* ) decays as the ideal modes to test the significa
of this mechanism. If their branching ratios are as large
1031026(1531026) ~independent of the unitarity angl
f3), dynamical enhancement will be convincing. We ha
also emphasized that the relative importance and the rela
strong phases among the different helicity amplitudes in
B→VV modes can be predicted unambiguously in PQC
which are determined by the power counting rules and by
annihilation contributions, respectively. These predictio
are insensitive to the variation of the hard scales. Theref
the comparison of the results presented here with future
perimental data will provide a stringent confrontation of t
PQCD approach.
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APPENDIX: FACTORIZATION FORMULAS

In this appendix we present the explicit expressions of
factorizable and nonfactorizable amplitudes in Eq.~9!. The
effective Hamiltonian for the flavor-changingb→s transition
is given by
3-5
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Heff5
GF

A2
(

q5u,c
VqFC1~m!O1

(q)~m!1C2~m!O2
(q)~m!

1(
i 53

10

Ci~m!Oi~m!G , ~A1!

with the CKM matrix elementsVq5Vqs* Vqb and the opera-
tors

O1
(q)5~ s̄iqj !V2A~ q̄ jbi !V2A ,

O2
(q)5~ s̄iqi !V2A~ q̄ jbj !V2A ,

O35~ s̄ibi !V2A(
q

~ q̄ jqj !V2A ,

O45~ s̄ibj !V2A(
q

~ q̄ jqi !V2A ,

O55~ s̄ibi !V2A(
q

~ q̄ jqj !V1A ,

O65~ s̄ibj !V2A(
q

~ q̄ jqi !V1A ,
05401
O75
3

2
~ s̄ibi !V2A(

q
eq~ q̄ jqj !V1A ,

O85
3

2
~ s̄ibj !V2A(

q
eq~ q̄ jqi !V1A ,

O95
3

2
~ s̄ibi !V2A(

q
eq~ q̄ jqj !V2A ,

O105
3

2
~ s̄ibj !V2A(

q
eq~ q̄ jqi !V2A , ~A2!

i andj being the color indices. Using the unitarity conditio
the CKM matrix elements for the penguin operatorsO3–O10
can also be expressed asVu1Vc52Vt . The unitarity angle
f3 is defined via

Vub5uVubuexp~2 if3!. ~A3!

Here we adopt the Wolfenstein parametrization for the CK
matrix up toO(l3),
S Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb
D 5S 12l2/2 l Al3~r2 ih!

2l 12l2/2 Al2

Al3~12r2 ih! 2Al2 1
D , ~A4!

with the parameters@29#,

l50.219660.0023,

A50.81960.035,

Rb[Ar21h250.4160.07. ~A5!

The factorizable amplitudesFHe
(q) andFHa

(q)5FHa4
(q) 1FHa6

(q) are written as

FLe
(q)58pCFMB

2E
0

1

dx1dx3E
0

`

b1db1b3db3FB~x1 ,b1!$@~11x3!FK* ~x3!1r K* ~122x3!„FK*
t

~x3!

1FK*
s

~x3!…#Ee
(q)~ te

(1)!he~x1 ,x3 ,b1 ,b3!12r K* FK*
s

~x3!Ee
(q)~ te

(2)!he~x3 ,x1 ,b3 ,b1!%, ~A6!

FNe
(q)58pCFMB

2E
0

1

dx1dx3E
0

`

b1db1b3db3FB~x1 ,b1!r f$@FK*
T

~x3!12r K* FK*
v

~x3!1r K* x3„FK*
v

~x3!

2FK*
a

~x3!…#Ee
(q)~ te

(1)!he~x1 ,x3 ,b1 ,b3!1r K* @FK*
v

~x3!1FK*
a

~x3!#Ee
(q)~ te

(2)!he~x3 ,x1 ,b3 ,b1!%, ~A7!

FTe
(q)516pCFMB

2E
0

1

dx1dx3E
0

`

b1db1b3db3FB~x1 ,b1!r f$@FK*
T

~x3!12r K* FK*
a

~x3!2r K* x3„FK*
v

~x3!

2FK*
a

~x3!…#Ee
(q)~ te

(1)!he~x1 ,x3 ,b1 ,b3!1r K* @FK*
v

~x3!1FK*
a

~x3!#Ee
(q)~ te

(2)!he~x3 ,x1 ,b3 ,b1!%, ~A8!
3-6
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FLa4
(q) 58pCFMB

2E
0

1

dx2dx3E
0

`

b2db2b3db3$@2~12x3!Ff~x2!FK* ~x3!12r fr K* Ff
s ~x2!„x3FK*

t
~x3!

1~22x3!FK*
s

~x3!…#Ea4
(q)~ ta

(1)!ha~x2,12x3 ,b2 ,b3!1@x2Ff~x2!FK* ~x3!12r fr K* FK*
s

~x3!„~12x2!

3Ff
t ~x2!2~11x2!Ff

s ~x2!…#Ea4
(q)~ ta

(2)!ha~12x3 ,x2 ,b3 ,b2!%, ~A9!

FNa4
(q) 528pCFMB

2E
0

1

dx2dx3E
0

`

b2db2b3db3r fr K* $@~22x3!„Ff
v ~x2!FK*

v
~x3!1Ff

a ~x2!FK*
a

~x3!…

1x3„Ff
v ~x2!FK*

a
~x3!1Ff

a ~x2!FK*
v

~x3!…#Ea4
(q)~ ta

(1)!ha~x2,12x3 ,b2 ,b3!2@~11x2!„Ff
v ~x2!FK*

v
~x3!

1Ff
a ~x2!FK*

a
~x3!…2~12x2!„Ff

v ~x2!FK*
a

~x3!1Ff
a ~x2!FK*

v
~x3!…#Ea4

(q)~ ta
(2)!ha~12x3 ,x2 ,b3 ,b2!%, ~A10!

FTa4
(q) 5216pCFMB

2E
0

1

dx2dx3E
0

`

b2db2b3db3r fr K* $@x3„Ff
v ~x2!FK*

v
~x3!1Ff

a ~x2!FK*
a

~x3!…1~22x3!

3„Ff
v ~x2!FK*

a
~x3!1Ff

a ~x2!FK*
v

~x3!…#Ea4
(q)~ ta

(1)!ha~x2,12x3 ,b2 ,b3!1@~12x2!„Ff
v ~x2!FK*

v
~x3!

1Ff
a ~x2!FK*

a
~x3!…2~11x2!„Ff

v ~x2!FK*
a

~x3!1Ff
a ~x2!FK*

v
~x3!…#Ea4

(q)~ ta
(2)!ha~12x3 ,x2 ,b3 ,b2!%, ~A11!

FLa6
(q) 516pCFMB

2E
0

1

dx2dx3E
0

`

b2db2b3db3$@r K* ~12x3!Ff~x2!„FK*
t

~x3!1FK*
s

~x3!…22r fFf
s ~x2!FK* ~x3!#

3Ea6
(q)~ ta

(1)!ha~x2,12x3 ,b2 ,b3!1@r fx2„Ff
t ~x2!2Ff

s ~x2!…FK* ~x3!

12r K* Ff~x2!FK*
s

~x3!#Ea6
(q)~ ta

(2)!ha~12x3 ,x2 ,b3 ,b2!%, ~A12!

FNa6
(q) 516pCFMB

2E
0

1

dx2dx3E
0

`

b2db2b3db3$r f„Ff
v ~x2!1Ff

a ~x2!…FK*
T

~x3!Ea6
(q)~ ta

(1)!ha~x2,12x3 ,b2 ,b3!

1r K* Ff
T~x2!„FK*

v
~x3!2Ff

a ~x3!…Ea6
(q)~ ta

~2!!ha~12x3 ,x2 ,b3 ,b2!%, ~A13!

FTa6
(q) 532pCFMB

2E
0

1

dx2dx3E
0

`

b2db2b3db3$r f„Ff
v ~x2!1Ff

a ~x2!…FK*
T

~x3!Ea6
(q)~ ta

(1)!ha~x2,12x3 ,b2 ,b3!

1r K* Ff
T~x2!„FK*

v
~x3!2FK*

a
~x3!…Ea6

(q)~ ta
(2)!ha~12x3 ,x2 ,b3 ,b2!%. ~A14!
y

n-
The expression of the factorizable amplitudesFHa from the
tree operatorsO1 andO2 are the same asFHa4

(q) but with the
evolution factorEa4

(q) replaced byEa1
(q) .

The factorsE(t) contain the evolution from theW boson
mass to the hard scalest in the Wilson coefficientsa(t), and
from t to the factorization scale 1/b in the Sudakov factors
S(t):

Ee
(q)~ t !5as~ t !ae

(q)~ t !SB~ t !SK* ~ t !,

Eai
(q)~ t !5as~ t !ai

(q)~ t !Sf~ t !SK* ~ t !.
~A15!

The Wilson coefficientsa in the above formulas are given b

a1
(q)5C21

C1

Nc
,

05401
a3
(q)5S C31

C4

Nc
D1

3

2
eqS C91

C10

Nc
D ,

a4
(q)5S C41

C3

Nc
D1

3

2
eqS C101

C9

Nc
D ,

a5
(q)5S C51

C6

Nc
D1

3

2
eqS C71

C8

Nc
D ,

a6
(q)5S C61

C5

Nc
D1

3

2
eqS C81

C7

Nc
D ,

ae
(q)5a3

(q)1a4
(q)1a5

(q) .

kT resummation of large logarithmic corrections to theB, f
andK* meson distribution amplitudes lead to the expone
tials SB , Sf andSK* , respectively,
3-7



o
x
e

ion

ior
ish
le

u-
li-

inde-
is

for

CHUAN-HUNG CHEN, YONG-YEON KEUM, AND HSIANG-NAN LI PHYSICAL REVIEW D66, 054013 ~2002!
SB~ t !5expF2s~x1P1
1 ,b1!22E

1/b1

t dm̄

m̄
g„as~m̄2!…G ,

Sf~ t !5expF2s~x2P2
1 ,b2!2s„~12x2!P2

1 ,b2…

22E
1/b2

t dm̄

m̄
g„as~m̄2!…G ,

SK* ~ t !5expF2s~x3P3
2 ,b3!2s„~12x3!P3

2 ,b3…

22E
1/b3

t dm̄

m̄
g„as~m̄2!…G , ~A16!

with the quark anomalous dimensiong52as /p. The vari-
ablesb1 , b2, andb3 conjugate to the parton transverse m
mentak1T , k2T , andk3T , and represent the transverse e
tents of the B, f, and K* mesons, respectively. Th
expression for the exponents is referred to in@30,31#. The
above Sudakov exponentials decrease fast in the largeb re-
gion @11,12#, such that theB→fK* hard amplitudes remain
sufficiently perturbative in the end-point region.

The hard functionsh’s are

he~x1 ,x3 ,b1 ,b3!

5K0~Ax1x3MBb1!St~x3!@u~b12b3!K0

3~Ax3MBb1!I 0~Ax3MBb3!1u~b32b1!

3K0~Ax3MBb3!I 0~Ax3MBb1!#, ~A17!

ha~x2 ,x3 ,b2 ,b3!

5S ip

2 D 2

H0
(1)~Ax2x3MBb2!St~x3!@u~b22b3!

3H0
(1)~Ax3MBb2!J0~Ax3MBb3!1u~b32b2!

3H0
(1)~Ax3MBb3!J0~Ax3MBb2!#. ~A18!
05401
-
-

We have proposed the parametrization for the evolut
function St(x) from threshold resummation@11,32#,

St~x!5
2112cG~3/21c!

ApG~11c!
@x~12x!#c, ~A19!

where the parameterc is chosen asc50.4 for the B
→fK* decays. This factor modifies the end-point behav
of the meson distribution amplitudes, making them van
faster atx→0. Threshold resummation for nonfactorizab
diagrams is weaker and negligible.K0 ,I 0 ,H0 andJ0 are the
Bessel functions.

The hard scalest are chosen as the maxima of the virt
alities of the internal particles involved in the hard amp
tudes, including 1/bi :

te
(1)5max~Ax3MB,1/b1,1/b3!,

te
(2)5max~Ax1MB,1/b1,1/b3!, ~A20!

ta
(1)5max~A12x3MB,1/b2,1/b3!,

ta
(2)5max~Ax2MB,1/b2,1/b3!. ~A21!

When the PQCD formalism is extended toO(as
2), the hard

scales can be determined more precisely and the scale
pendence of our predictions will be improved. Before th
calculation is carried out, we consider the variation of,
example,te in the following range:

max~0.75Ax3MB,1/b1,1/b3!

,te
(1),max~1.25Ax3MB,1/b1,1/b3!,

max~0.75Ax1MB,1/b1,1/b3!,

te
(2),max~1.25Ax1MB,1/b1,1/b3!, ~A22!

in order to estimate theO(as
2) corrections. The range forta

is chosen in a similar way.
The nonfactorizable amplitudesM He

(q)5M He3
(q) 1M He4

(q)

1M He5
(q) 1M He6

(q) and M Ha
(q)5M Ha3

(q) 1M Ha5
(q) , depending

on kinematic variables of all the three mesons@33#, are writ-
ten as
M Le3
(q) 516pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!$Ff~x2!@2~x21x3!FK* ~x3!1r K* x3„FK*
t

~x3!

1FK*
s

~x3!…#Ee3
(q)8~ td

(1)!hd
(1)~x1 ,x2 ,x3 ,b1 ,b2!1Ff~x2!@~12x2!FK* ~x3!1r K* x3„FK*

t
~x3!

2FK*
s

~x3!…#Ee3
(q)8~ td

(2)!hd
(2)~x1 ,x2 ,x3 ,b1 ,b2!%, ~A23!

M Ne3
(q) 516pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!r f$@x2„Ff
v ~x2!1Ff

a ~x2!!FK*
T

~x3!22r K* ~x21x3!

3„Ff
v ~x2!FK*

v
~x3!1Ff

a ~x2!FK*
a

~x3!…#Ee3
(q)8~ td

(1)!hd
(1)~x1 ,x2 ,x3 ,b1 ,b2!1~12x2!„Ff

v ~x2!

1Ff
a ~x2!…FK*

T
~x3!Ee3

(q)8~ td
(2)!hd

(2)~x1 ,x2 ,x3 ,b1 ,b2!%, ~A24!
3-8
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M Te3
(q) 532pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!r f$@x2„Ff
v ~x2!1Ff

a ~x2!…FK*
T

~x3!22r K* ~x21x3!

3„Ff
v ~x2!FK*

a
~x3!1Ff

a ~x2!FK*
v

~x3!…#Ee3
(q)8~ td

(1)!hd
(1)~x1 ,x2 ,x3 ,b1 ,b2!1~12x2!~Ff

v ~x2!

1Ff
a ~x2!!FK*

T
~x3!Ee3

(q)8~ td
(2)!hd

(2)~x1 ,x2 ,x3 ,b1 ,b2!%, ~A25!

M Le5
(q) 516pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!r f$@2x2„Ff
t ~x2!2Ff

s ~x2!…FK* ~x3!1r K* x2„Ff
t ~x2!

2Ff
s ~x2!…„FK*

t
~x3!2FK*

s
~x3!…1r K* x3„Ff

t ~x2!1Ff
s ~x2!…„FK*

t
~x3!1FK*

s
~x3!…#

3Ee5
(q)8~ td

(1)!hd
(1)~x1 ,x2 ,x3 ,b1 ,b2!1@2~12x2!„Ff

t ~x2!1Ff
s ~x2!…FK* ~x3!1r K* ~12x2!„Ff

t ~x2!

1Ff
s ~x2!…„FK*

t
~x3!2FK*

s
~x3!…1r K* x3„Ff

t ~x2!2Ff
s ~x2!…„FK*

t
~x3!

1FK*
s

~x3!…#Ee5
(q)8~ td

(2)!hd
(2)~x1 ,x2 ,x3 ,b1 ,b2!%, ~A26!

M Ne5
(q) 5216pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!r K* x3Ff
T~x2!„FK*

v
~x3!2FK*

a
~x3!…

3$Ee5
(q)8~ td

(1)!hd
(1)~x1 ,x2 ,x3 ,b1 ,b2!1Ee5

(q)8~ td
(2)!hd

(2)~x1 ,x2 ,x3 ,b1 ,b2!%, ~A27!

M Te5
(q) 52M Ne5

(q) , ~A28!

M Le6
(q) 5216pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!Ff~x2!$@x2FK* ~x3!1r K* x3„FK*
t

~x3!

2FK*
s

~x3!…#Ee5
(q)8~ td

(1)!hd
(1)~x1 ,x2 ,x3 ,b1 ,b2!1@2~12x21x3!FK* ~x3!1r K* x3„FK*

t
~x3!

1FK*
s

~x3!…#Ee5
(q)8~ td

(2)!hd
(2)~x1 ,x2 ,x3 ,b1 ,b2!%, ~A29!

M Ne6
(q) 5216pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!r f$x2„Ff
v ~x2!2Ff

a ~x2!…FK*
T

~x3!Ee5
(q)8

3~ td
(1)!hd

(1)~x1 ,x2 ,x3 ,b1 ,b2!1@~12x2!„Ff
v ~x2!2Ff

a ~x2!…FK*
T

~x3!22r K* ~12x21x3!„Ff
v ~x2!FK*

v
~x3!

2Ff
a ~x2!FK*

a
~x3!…#Ee5

(q)8~ td
(2)!hd

(2)~x1 ,x2 ,x3 ,b1 ,b2!%, ~A30!

M Te6
(q) 5232pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!r f$x2„Ff
v ~x2!2Ff

a ~x2!…FK*
T

~x3!

3Ee5
(q)8~ td

(1)!hd
(1)~x1 ,x2 ,x3 ,b1 ,b2!1@~12x2!„Ff

v ~x2!2Ff
a ~x2!…FK*

T
~x3!22r K* ~12x21x3!

3„Ff
v ~x2!FK*

a
~x3!2Ff

a ~x2!FK*
v

~x3!…#Ee5
(q)8~ td

(2)!hd
(2)~x1 ,x2 ,x3 ,b1 ,b2!%, ~A31!

M La3
(q) 516pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!†$~12x3!Ff~x2!FK* ~x3!1r fr K* @~11x22x3!

3„Ff
t ~x2!FK*

t
~x3!2Ff

s ~x2!FK*
s

~x3!…2~12x22x3!„Ff
t ~x2!FK*

s
~x3!2Ff

s ~x2!FK*
t

~x3!…#%

3Ea3
(q)8~ t f

(1)!hf
(1)~x1 ,x2 ,x3 ,b1 ,b2!2@x2Ff~x2!FK* ~x3!22r fr K* „Ff

t ~x2!FK*
t

~x3!1Ff
s ~x2!FK*

s
~x3!…

1r fr K* ~11x22x3!„Ff
t ~x2!FK*

t
~x3!2Ff

s ~x2!FK*
s

~x3!…1r fr K* ~12x22x3!„Ff
t ~x2!FK*

s
~x3!

2Ff
s ~x2!FK*

t
~x3!…%Ea3

(q)8~ td
(2)!hf

(2)~x1 ,x2 ,x3 ,b1 ,b2!‡ ~A32!
054013-9
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M Na3
(q) 5232pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!r fr K* @Ff
v ~x2!FK*

v
~x3!1Ff

a ~x2!FK*
a

~x3!#

3Ea3
(q)8~ t f

(2)!hf
(2)~x1 ,x2 ,x3 ,b1 ,b2!, ~A33!

M Ta3
(q) 5264pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!r fr K* @Ff
v ~x2!FK*

a
~x3!1Ff

a ~x2!FK*
v

~x3!#

3Ea3
(q)8~ t f

(2)!hf
(2)~x1 ,x2 ,x3 ,b1 ,b2!, ~A34!

M La5
(q) 516pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!$@r K* ~12x3!Ff~x2!„FK*
t

~x3!2FK*
s

~x3!…

2r fx2„Ff
t ~x2!1Ff

s ~x2!…FK* ~x3!#Ea5
(q)8~ t f

(1)!hf
(1)~x1 ,x2 ,x3 ,b1 ,b2!1@2r f~22x2!„Ff

t ~x2!

1Ff
s ~x2!…FK* ~x3!1r K* ~11x3!Ff~x2!„FK*

t
~x3!2FK*

s
~x3!…#Ea5

(q)8~ t f
(2)!hf

(2)~x1 ,x2 ,x3 ,b1 ,b2!%, ~A35!

M Na5
(q) 516pCFMB

2A2NcE
0

1

d@x#E
0

`

b1db1b2db2FB~x1 ,b1!$@r fx2„Ff
v ~x2!1Ff

a ~x2!…FK*
T

~x3!2r K*

3~12x3!Ff
T~x2!„FK*

v
~x3!2FK*

a
~x3!…#Ea5

(q)8~ t f
(1)!hd

(1)~x1 ,x2 ,x3 ,b1 ,b2!1@r f~22x2!„Ff
v ~x2!

1Ff
a ~x2!…FK*

T
~x3!2r K* ~11x3!Ff

T~x2!„FK*
v

~x3!2FK*
a

~x3!…#Ea5
(q)8~ t f

(2)!hf
(2)~x1 ,x2 ,x3 ,b1 ,b2!%, ~A36!

M Ta5
(q) 52M Na5

(q) . ~A37!
The expressions of the nonfactorizable amplitudesMHa and
MHe4 are the same asM Ha3

(q) andM He3
(q) but with the evo-

lution factorsEa3
(q)8 and Ee3

(q)8 replaced byEa1
(q)8 and Ee4

(q)8 ,
respectively.

The evolution factors are given by

Eei
(q)8~ t !5as~ t !ai

(q)8~ t !S~ t !ub35b1
,

Eai
(q)8~ t !5as~ t !ai

(q)8~ t !S~ t !ub35b2
,

~A38!

with the Sudakov factorS5SBSfSK* . The Wilson coeffi-
cientsa appearing in the above formulas are

a185
C1

Nc
,

a3
(q)85

1

Nc
S C31

3

2
eqC9D ,

a4
(q)85

1

Nc
S C41

3

2
eqC10D ,

a5
(q)85

1

Nc
S C51

3

2
eqC7D ,

a6
(q)85

1

Nc
S C61

3

2
eqC8D .
05401
The hard functionsh( j ), j 51 and 2, are written as

hd
( j )5@u~b12b2!K0~DMBb1!I 0~DMBb2!

1u~b22b1!K0~DMBb2!I 0~DMBb1!#

3K0~D jMBb2! for D j
2>0,

3
ip

2
H0

(1)~AuD j
2uMBb2! for D j

2<0, ~A39!

hf
( j )5

ip

2
@u~b12b2!H0

(1)~FMBb1!J0~FMBb2!

1u~b22b1!H0
(1)~FMBb2!J0~FMBb1!#

3K0~F jMBb1! for F j
2>0,

3
ip

2
H0

(1)~AuF j
2uMBb1! for F j

2<0, ~A40!

with the variables

D25x1x3 ,

D1
25~x12x2!x3 ,

D2
252~12x12x2!x3 , ~A41!

F25x2~12x3!,
3-10
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F1
25~x12x2!~12x3!,

F2
25x11x21~12x12x2!~12x3!. ~A42!

The hard scalest ( j ) are chosen as

td
(1)5max~DMB ,AuD1

2uMB,1/b1 ,1/b2!,
da

da

B
-p
ed
ics

05401
td
(2)5max~DMB ,AuD2

2uMB,1/b1 ,1/b2!,

t f
(1)5max~FMB ,AuF1

2uMB,1/b1 ,1/b2!,

t f
(2)5max~FMB ,AuF2

2uMB,1/b1 ,1/b2!. ~A43!
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