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Exclusive decays ofB\K „* …l¿lÀ in perturbative QCD

Chuan-Hung Chen
Department of Physics, National Cheng Kung University, Tainan, Taiwan, Republic of China

C. Q. Geng
Department of Physics, National Tsing Hua University, Hsinchu, Taiwan, Republic of China

~Received 11 December 2000; published 9 May 2001!

We study the exclusive decays ofB→K (* )l 1l 2 within the framework of perturbative QCD. We obtain the
form factors for theB→K (* ) transitions in all allowed values ofq2, which agree with the lattice results. We
find that our distributions of the decay rates and leptonic asymmetries are consistent with that given in the other
QCD models in the literature.
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I. INTRODUCTION

The recent CLEO measurement of the radiativeb→sg
decay@1# has motivated theorists to study exclusive rareB
meson decays such asB→K (* )l 1l 2 @2#. In the standard
model, these rare decays occur at the loop level and pro
us with information on the parameters of the Cabibb
Kobayashi-Maskawa~CKM! matrix elements@3# as well as
various hadronic form factors. In this paper, we examine
decays ofB→(K,K* ) l 1l 2 within the framework of the per-
turbative QCD~PQCD!.

The calculations of matrix elements for exclusive hadr
decays can be performed in the PQCD approach develo
by Brodsky and Lepage~BL! @4#. The application toB me-
son decays was first carried out in Refs.@5# and @6#. In the
BL formalism, the nonperturbative part is expressed as
hardon wave functions which could be determined via va
ous QCD models such as the QCD sum rule method or
tice gauge theory and the transition amplitude is factori
into the convolution of hadron wave functions and the h
amplitude of the constituent quarks. However, with the
approach, the nonperturbative effects appear@7,8# if one of
the constituent quarks carries nearly all the momentum
hadron. To solve the problem, Li and Sterman@9# proposed
by including the transverse momentum of constituent qu
kT and the Sudakov form factor to the wave functions
suppress the soft contributions from higher order correctio
In terms of the parameterb with b being the conjugate vari
able of kT , they also showed that the effects can be a
expressed as that in the BL factorization formalism.

The modified PQCD factorization theorem for exclusi
heavy meson decays has been developed some time ago@10–
12# and applied to nonleptonicB→D (* )p(r) @10#, penguin
induced radiationB→K* g @13#, and B→KK @14# decays.
These decays involve three scales: theMW scale as the initial
condition of renormalization-group~RG! equation, the typi-
cal scalet which reflects the specific dynamics of the hea
meson decays, and the factorization scale 1/b. Above the
factorization scale, there are two large logarithms ln(MW/t)
and ln(tb), generated from radiative corrections. The form
gives the evolution fromMW down to t described by the
Wilson coefficient~WC!, while the latter fromt to 1/b. There
also exist double logarithms ln2(Pb) arising from the radia-
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tive correction to the meson wave function, whereP is the
dominant light-cone component of a meson momentum.
suming these double logarithms leads to a Sudakov fo
factor of exp@2s(P,b)# which suppresses the long-distan
contributions in the largeb region such that the applicability
of the PQCD around the energy scale of the bottom qu
mass could be guaranteed.

The typical three-scale factorization formula is genera
written as the following convolution product:

C~ t ! ^ H~ t ! ^ f~x,b!

3 ^ expS 2s~P,b!22E
1/b

t dm̄

m̄
g[as~m̄ !] D ~1!

whereC(t), H(t), andf(x,b) denote the WC, hard deca
amplitude and nonperturbative wave function, respective
and the quark anomalous dimensiong52as /p is evaluated
from t to 1/b. Except f(x,b) dictated by nonperturbative
dynamics, all the convolution factors in Eq.~1! are calcu-
lable. Note that differing from the conventional factorizatio
assumption~FA!, the WC is also one of the convolution par
in Eq. ~1!. Thus, them dependent problem occurring in th
FA could be solved naturally in the three-scale factorizat
formula.

The paper is organized as follows. In Sec. II, we study
form factors in the framework of the PQCD for the decays
B→K (* ) transitions. In Sec. III, we derive the forms of th
differential decay rates and lepton asymmetries forB
→K (* )l 1l 2 based on the PQCD. In Sec. IV, we give th
numerical analysis. We will also compare our results in
PQCD approach with that in the other QCD models. In S
V, we present our conclusions.

II. FORM FACTORS IN THE FRAMEWORK
OF THE PQCD

In the decay ofB→Hl 1l 2, the momentum ofB(H) in
the light-cone coordinate is chosen asP1

5(P1(2)
1 ,P1(2)

2 ,0T), where P1
65MB /A2 and P2

65(EH

6PH)/A2 with EH5(MB
21MH

2 2q2)/2MB , PH

5AEH
2 2PH

2 , andq2 is the squared momentum transfer. W
define the momentum of the light valence quark in theB
©2001 The American Physical Society25-1
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meson ask1 and usex15k1
1/P1

1 with k1
1 andk1T being the

plus and transverse components ofk1, respectively. The two
light valence quarks in theH meson carry the longitudina
momentax2P2 and (12x2)P2, and transverse momentak2T
and2k2T , respectively.

The Sudakov resummations of large logarithmic corr
tions lead to the exponential forms of exp(2SB) and
exp(2SH) for B andH wave functions, respectively, where

SB~ t !5s~x1P1
1 ,b1!12E

1/b1

t dm̄

m̄
g@as~m̄ !#,

SH~ t !5s~x2P2
1 ,b2!1s@~12x2!P2

1 ,b2#

12E
1/b2

t dm̄

m̄
g@as~m̄ !#. ~2!

In Eq. ~2!, b1 and b2 represent the transverse momentu
extents ofB andH and are conjugate to the parton transve
momentak1T andk2T , respectively. The form fors is written
as @15,16,9#

s~Q,b!5E
1/b

Q dm

m F lnS Q

m DA@as~m!#1D@as~m!#G , ~3!

where the anomalous dimensionsA andD calculated to the
two and one-loop levels, respectively, are given by

A5CF

as

p
1F67

9
2

p2

3
2

10

27
f 1

2

3
b0 lnS egE

2 D G S as

p D 2

,

D5
2

3

as

p
lnS e2gE21

2 D , ~4!
11402
-
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with CF54/3 being a color factor,f 54 the active flavor
number, andgE the Euler constant. For the running couplin
constant, we use

as~m!5
4p

b0 ln~m2/LQCD
2 !

~5!

with b05(3322 f )/3.
To get the transition elements ofB→H (H5K,K* ) with

various types of vertices, we parametrize them in terms
the relevant form factors as follows:

^K~P2!uVmuB~P1!&5F1~q2!Pm1F2~q2!qm ,

^K~P2!uTmnqnuB~P1!&5FT~q2!~q2Pm2q•Pqm!,

^K* ~P2 ,«!uVmuB~P1!&5 iV~q2!emnab«* nPaqb,

^K* ~P2 ,«!uAmuB~P1!&5A0~q2!«m* 1«* •q@A1~q2!Pm

1A2~q2!qm#,

^K* ~P2 ,«!uTmnqnuB~P1!&5 iT~q2!emnab«* nPaqb,

^K* ~P2 ,«!uTmn
5 qnuB~P1!&52T0~q2!«m* 2«* •q@T1~q2!Pm

1T2~q2!qm#, ~6!

with

T0~q2!1@T1~q2!P•q1T2~q2!q2#50, ~7!

where Vm5 s̄gmb, Am5 s̄gmg5b, Tmn5 s̄ismnb, and Tmn
5

5 s̄ismng5b. The correspondences of our notation to th
usually used in the literature are shown in the Append
Using the PQCD factorization formula, the components
form factors defined in Eq.~6! are found to be
F1~q2!528pCFMB
2E

0

1

@dx#E
0

`

b1 db1 b2 db2 fB~x1 ,b1!$@r K8 ~2a2K12b2K21!fK8 ~x2 ,b2!

2~11b2K1~112r K2s!a2K!fK~x2 ,b2!#EK~ te
(1)!hK~x1 ,x2 ,b1 ,b2!1@22r K8 ~12a1K2b1K!fK8 ~x2 ,b2!

1~r K~12a1K1b1K!2sb1K!fK~x2 ,b2!#EK~ te
(2)!hK~x2 ,x1 ,b2 ,b1!%, ~8!

F2~q2!528pCFMB
2E

0

1

@dx#E
0

`

b1 db1 b2 db2 fB~x1 ,b1!$@2r K8 ~112a2K22b2K!fK8 ~x2 ,b2!

1~11b2K1~112r K2s!a2K!fK~x2 ,b2!#EK~ te
(1)!hK~x1 ,x2 ,b1 ,b2!1@2r K8 ~12a1K1b1K!fK8 ~x2 ,b2!

1~r K~12a1K2b1K!2~22s!b1K!fK~x2 ,b2!#EK~ te
(2)!hK~x2 ,x1 ,b2 ,b1!%, ~9!

FT~q2!528pCFMBE
0

1

@dx#E
0

`

b1 db1 b2 db2 fB~x1 ,b1!$@2a2Kr K8 fK8 ~x2 ,b2!1~122b2K!fK~x2 ,b2!#

3EK~ te
(1)!hK~x1 ,x2 ,b1 ,b2!1@2r K8 ~12a1K!fK8 ~x2 ,b2!2b1KfK~x2 ,b2!#EK~ te

(2)!hK~x2 ,x1 ,b2 ,b1!%, ~10!

V~q2!58pCFMBE
0

1

@dx#E
0

`

b1 db1 b2 db2 fB~x1 ,b1!fK* ~x2 ,b2!$@122b2K* 2Ar K* a2K* #EK* ~ te
(1)!hK* ~x1 ,x2 ,b1 ,b2!

1@Ar K* ~12a1K* !#EK* ~ te
(2)!hK* ~x2 ,x1 ,b2 ,b1!%, ~11!
5-2
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A0~q2!58pCFMB
3E

0

1

@dx#E
0

`

b1 db1 b2 db2 fB~x1 ,b1!fK* ~x2 ,b2!$@~11r K* 2s!~122b2K* 1Ar K* a2K* !

24r K* a2K* 12Ar K* ~11b2K* !#EK* ~ te
(1)!hK* ~x1 ,x2 ,b1 ,b2!

1Ar K* @~11r K* 2s!~12a1K* !22b1K* #EK* ~ te
(2)!hK* ~x2 ,x1 ,b2 ,b1!%, ~12!

A1~q2!58pCFMBE
0

1

@dx#E
0

`

b1 db1 b2 db2 fB~x1 ,b1!fK* ~x2 ,b2!$@2112b2K*

1Ar K* a2K* #EK* ~ te
(1)!hK* ~x1 ,x2 ,b2 ,b1!

1@Ar K* ~211a1K* 12b1K* !#EK* ~ te
(2)!hK* ~x2 ,x1 ,b1 ,b2!%, ~13!

A2~q2!58pCFMBE
0

1

@dx#E
0

`

b1 db1 b2 db2 fB~x1 ,b1!fK* ~x2 ,b2!$@122b2K* 2Ar K* a2K* #EK* ~ te
(1)!hK* ~x1 ,x2 ,b1 ,b2!

1@Ar K* ~12a1K* 12b1K* !#EK* ~ te
(2)!hK* ~x2 ,x1 ,b2 ,b1!%, ~14!

T~q2!58pCFMB
2E

0

1

@dx#E
0

`

b1 db1 b2 db2 fB~x1 ,b1!fK* ~x2 ,b2!$@2~11Ar K* !12sa2K* 1~2Ar K* 21!

3~a2K* 1b2K* !#EK* ~ te
(1)!hK* ~x1 ,x2 ,b1 ,b2!1Ar K* @a1K* 1b1K* ~x1!21#EK* ~ te

(2)!hK* ~x2 ,x1 ,b2 ,b1!%, ~15!

T0~q2!528pCFMB
4E

0

1

@dx#E
0

`

b1 db1 b2 db2 fB~x1 ,b1!fK* ~x2 ,b2!$@~12r K* 2s!~11b2K* !1Ar K* ~12r K* 1s!

22Ar K* @~12r K* !~a2K* 1b2K* !1s~b2K* 2a2K* !#22r K* a2K* 1~11r K* 2s!~12s!a2K* #

3EK* ~ te
(1)!hK* ~x1 ,x2 ,b1 ,b2!1Ar K* @~12a1K* 2b1K* !~12r K* !2s~11b1K* 2a1K* !#

3EK* ~ te
(2)!hK* ~x2 ,x1 ,b2 ,b1!%, ~16!

T1~q2!528pCFMB
2E

0

1

dx1dx2E
0

`

b1 db1 b2 db2 fB~x1 ,b1!fK* ~x2 ,b2!

3$@sa2K* 2~11Ar K* !2~122Ar K* !~a2K* 1b2K* !#EK* ~ te
(1)!hK* ~x1 ,x2 ,b1 ,b2!

2Ar K* @12a1K* 2b1K* #EK* ~ te
(2)!hK* ~x2 ,x1 ,b2 ,b1!%, ~17!

T2~q2!528pCFMB
2E

0

1

dx1dx2E
0

`

b1 db1 b2 db2 fB~x1 ,b1!fK* ~x2 ,b2!$@~2r K* 2s!a2K* 1~11a2K* 1b2K* !

2Ar K* ~112a2K* 22b2K* !#EK* ~ te
(1)!hK* ~x1 ,x2 ,b1 ,b2!1Ar K* @12a1K* 1b1K* #EK* ~ te

(2)!hK* ~x2 ,x1 ,b2 ,b1!%,

~18!
-

wherefB , fK (fK8 ), andfK* are the wave functions ofB,
pseudovector~pseudoscalar! of K, and K* mesons, respec
tively, the evolution factor are given by

EH~ t !5as~ t !exp@2SB~ t !2SH~ t !#, ~19!

and the related kinematic variables are parametrized as

a1H52
1

AwH

x1 , b1H5
1

2 S 11
11r H2s

AwH
D x1 ,
11402
b2H52
r H

AwH

x2 , a2H5
1

2 S 11
11r H2s

AwH
D x2 ,

r H5
MH

2

MB
2

, r H8 5
m0K

MB
, s5

q2

MB
2

, ~20!

with
5-3
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wH5~12r H!222s~11r H!1s2,

m0K5
MK

2

ms1md
. ~21!

The hard functions,hH, are written as

hH~x1 ,x2 ,b1 ,b2!5K0~DHAx1x2b1!

3@u~b12b2!K0~DHAx2b1!

3I 0~DHAx2b2!1u~b22b1!

3K0~DHAx2b2!I 0~DHAx2b1!#,

~22!

with

DH
2 5

MB
2

2 S 11r H2
q2

MB
2

1AwHD .

The derivation ofh, from the Fourier transformation of th
lowest-order hard decay amplitude, is similar to that forB
→KK decays@14#. The hard scalest (1,2) are chosen by

t (1)5max~Ax2DH,1/b1,1/b2!,

t (2)5max~Ax1DH,1/b1,1/b2!. ~23!

The wave functionsfH andfK8 are defined by@14,17#

fH~x!5E dy1

2p
e2 ixP3

2y1 1

2
^0uū~y1!g2g5s~0!uH&,

~24!
m0K

P3
2

fK8 ~x!5E dy1

2p
e2 ixP3

2y1 1

2
^0uū~y1!g5s~0!uK&,

with the normalization conditions of

E
0

1

dx fB~x!5E
0

1

dx fH~x!5E
0

1

dx fK8 ~x!5
f B(H)

2A2Nc

.

We note that unlike the kaon case, we do not distinguish
pseudovector and pseudoscalar components of theB wave
functions since the factorMB /(mb1md) is close to one. We
also note that from Eqs.~15! and ~17! we obtainT(0)5
2T1(0).

III. DIFFERENTIAL DECAY RATES
AND LEPTON ASYMMETRIES

The effective Hamiltonian ofb→sl1l 2 is given by@20#

H5
GFal t

A2p
FC8~m!s̄LgmbL l̄ gml 1C9s̄LgmbL l̄ gmg5l

2
2mbC7~m!

q2
s̄LismnqnbRl̄ gml G , ~25!
11402
e

whereC8(m), C9, andC7(m) are the WCs and their expres
sions can be found in Ref.@20# for the SM. Since the opera
tor associated withC9 is not renormalized under the QCD,
is the only one with them scale free. Besides the shor
distance~SD! contributions, the main effect on the branchin
ratio comes from cc̄resonant states such asC, C8, etc., i.e.,
the long-distance~LD! contributions. In the literature@21–
25#, it has been suggested by combining FA and vector m
son dominance~VMD ! approximation to estimate LD effect
for the B decays. Hence, including the resonant effect~RE!
and absorbing it to the related WC, we obtain the effect
WC of C8 as

C8
eff5C8~m!1@3C1~m!1C2~m!#

3S h~x,s!1
3

a (
j 5C,C8

kj

pG~ j→ l 1l 2!M j

q22M j
21 iM jG j

D ,

~26!

where we have neglected the small Wilson coefficien
h(x,s) describes the one-loop matrix elements of operat
O15 s̄agmPLbbc̄bgmPLca and O25 s̄gmPLbc̄gmPLc @20#,
M j (G j ) are the masses~widths! of intermediate states, an
the factorskj are phenomenological parameters for comp
sating the approximations of FA and VMD and reproduci
the correct branching ratios Br(B→J/cX→ l 1l 2X)5Br(B
→J/cX)3Br(J/c→ l 1l 2). In this paper, for simplicity, we
takekj521/@3C1(m)1C2(m)#.

Using Eqs.~6! and ~25!, the transition amplitudes ofB
→(K,K* ) l 1l 2 are as follows

MK5
GFal t

2A2p
$@„F1

8~q2!22mbFT
7~q2!…Pm# l̄ gml

1@F1
9~q2!Pm1F2

9~q2!qm# l̄ gmg5l % ~27!

and

MK* 5
GFal t

2A2p
H F i S V8~q2!2

2mb

q2
T7* ~q2!D

3emnab«* nPaqb2S A0
8~q2!2

2mb

q2
T0

7~q2!D «m*

2«* •qS A1
8~q2!2

2mb

q2
T1

7~q2!D PmG l̄ gml

1@ iV9~q2!emnab«* nPaqb

2A0
9~q2!«m* 2«* •qA1

9~q2!Pm# l̄ gmg5l J . ~28!

In Eqs.~27! and~28!, we have included the WCs by insertin
them into Eq.~19! as

EH
j ~ t !5Cj~m!as~ t !exp@2SB~ t !2SH~ t !# ~29!
5-4
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and the superscripts of form factors denote the associated WCs ofC8
eff , C9, andC7, with the new definition ofEH

j in Eqs.
~8!–~18!, respectively.

As usual, after integrating the angle dependent phase space, the differential decay rates forB→Hl 1l 2(H5K,K* ) are
found to be

dGH~q2!

ds
5

GF
2a2ul tu2MB

5

3329p5
AwHA12

4ml
2

q2 F S 11
2ml

2

q2 D bH112
ml

2

MB
2

dHG , ~30!

where

bK5wKuF1
8~q2!22mbFT

7~q2!u21wKuF1
9~q2!u2, ~31!

dK5S 11r K2
s

2D uF1
9~q2!u21~12r K!ReF1

9~q2!F2
9* ~q2!1

s

2
uF2

9~q2!u2, ~32!

bK* 5H s@2wK* Ṽ~q2!13F̃0~q2!#1
wK*

4r K*
@ F̃0~q2!1wK* F̃1~q2!12~12r K* 2s!F̃01~q2!#J , ~33!

dK* 5
wK*

2 F22uV9~q2!MBu22
3

wK*
UA0

9~q2!

MB
U2

1
s

4r K*
uA2

9~q2!MBu2

1
2~11r K* !2s

4r K*
uA1

9~q2!MBu21
1

2r K*
Re@A0

9~q2!A1
9* ~q2!1A0

9~q2!A2
9* ~q2!#

1
12r K*

2r K*
ReA1

9~q2!MBA2
9* ~q2!MBG , ~34!

with

Ṽ~q2!5UV8~q2!MB2
2mbMB

q2
T7~q2!U2

1uV9~q2!MBu2,

F̃0~q2!5UA0
8~q2!

MB
2

2mb

q2

T0
7~q2!

MB
U2

1UA0
9~q2!

MB
U2

,

F̃1~q2!5UA1
8~q2!MB2

2mbMB

q2
T1

7~q2!U2

1uA1
9~q2!MBu2,

F̃01~q2!5ReF S A0
8~q2!

MB
2

2mb

q2

T0
7~q2!

MB
D S A1

8* ~q2!MB2
2mbMB

q2
T1

7* ~q2!D G1ReS A0
9~q2!

MB
A1

9* ~q2!MBD . ~35!
The forward-backward asymmetry~FBA! can be defined
by

AFB5
1

dG~s!/dsF E
0

1

d cosu
d2G~s!

ds dcosu

2E
21

0

d cosu
d2G~s!

ds dcosuG , ~36!

where u is the angle of chargedl 1 with respect to theB
11402
meson in the rest frame of the lepton pair. ForB→K* l 1l 2

decay, the FBA is found to be

AFB
K* 52

3sAwK*A12
4ml

2

q2
RVA~q2!

S 11
2ml

2

q2 D bK* 112
ml

2

MB
2

dK*

~37!

with
5-5
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RVA~q2!5ReF S V8~q2!MB2
2mbMB

q2
T7~q2!D A0

9* ~q2!

MB
G

1ReF S A0
8~q2!

MB
2

2mb

q2

T0
7~q2!

MB
D V9* ~q2!MBG .

~38!

As expected, the FBA in Eq.~37! is sensitive to the chira
structure of interactions since it is related to the product oV
andA currents. It is clear that the FBA forB→Kl 1l 2 van-
ishes since there is no form factor from the axial current

Another interesting lepton asymmetry is the longitudin
polarization of the lepton, defined by

PL~q2!5

dG~n521!

ds
2

dG~n51!

ds

dG~n521!

ds
1

dG~n51!

ds

,

wheren is the projection of the leptonl 2 momentum to the
spin direction in its rest frame. ForB→(K,K* ) l 1l 2, the
polarization asymmetries can be expressed as

PL
K~q2!5

2A12
4ml

2

q2
wK

S 11
2ml

2

q2 D bK112
ml

2

MB
2

dK

3Re$@F1
8~q2!22mbFT

7~q2!#F1
9* ~q2!% ~39!

and

PL
K* ~q2!5

2A12
4ml

2

q2

S 11
2ml

2

q2 D bK* 112
ml

2

MB
2

dK*

H s@2wK* RV~q2!

13RA0
~q2!#1

wK*
4r

@RA0
~q2!1wK* RA1

~q2!

1~12r K* 2s!RA01
~q2!#J ~40!

with

RV~q2!5ReF S V8~q2!MB2
2mbMB

q2
T7~q2!D V9* ~q2!MBG ,

RA0
~q2!5ReF S A0

8~q2!

MB
2

2mb

q2

T0
7~q2!

MB
D A0

9* ~q2!

MB
G ,

RA1
~q2!5ReF S A1

8~q2!MB2
2mbMB

q2
T1

7~q2!D A1
9* ~q2!MBG ,
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l

RA01
~q2!5ReF S A0

8~q2!

MB
2

2mb

q2

T0
7~q2!

MB
D A1

9* ~q2!MB

1S A1
8~q2!MB2

2mbMB

q2
T1

7~q2!D A0
9* ~q2!

MB
G ,

~41!

respectively.

IV. NUMERICAL ANALYSIS

A. Form factors

In Eq. ~1!, f(x,b) is the universal wave function an
cannot be calculated perturbatively. However, due to the u
versality, we can determine it by matching with theB decay
experimental data. With the ratio of

R5
Br~Bd

0→K6p7!

Br~B6→K0p6!
50.9560.3, ~42!

given by the CLEO measurement@26#, where Br(Bd
0

→K6p7) represents theCP average of the branching ratio
Br(Bd

0→K1p2) and Br(B̄d
0→K2p1), one can get the

proper wave functionsfB , fK , andfK8 @17# while fK* can
be done by the branching ratio ofB→K* g @13#. For theB
meson wave function, we take

fB~x,b!5NBx2~12x!2 expF2
1

2 S xMB

vB
D 2

2
vB

2b2

2 G ,
~43!

with the shape parametervB50.4 GeV @27#. The normal-
ization constantNB591.7835 GeV is related to the deca
constantf B5190 MeV. The kaon wave functions are ch
sen as

fK~x!5
3

A2Nc

f Kx~12x!$110.51~122x!

10.3@5~122x!221#%,

fK8 ~x!5
3

A2Nc

f Kx~12x!,

fK* ~x!5
3

A2Nc

f K* x~12x!$110.51~122x!

1@5~122x!221#%, ~44!

where fK is derived from QCD sum rules@28#, and the
second term in the expression offK corresponds toSU(3)
symmetry breaking effect. The decay constantsf K and f K*
are set to be 160 and 190 MeV~in the convention off p

5130 MeV), respectively. Note that the intrinsicb depen-
dences of wave functions in Eq.~44! are neglected. How-
ever, this is a good approximation only for the fast recoili
5-6
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meson, that is, the transverse extent of the wave functio
less important in the energetic outgoing situation. W
above wave functions and takingMB55.28 GeV, MK
50.49 GeV, ms5100 MeV, and MK* 50.89 GeV, the
form factors ofB→K defined in Eqs.~6! as a function ofq2

are shown in Fig. 1. The values of the form factors atq2

50 are given in Table I. We now compare our results w
that in the light cone-QCD sum rule~LCSR! @2#. Using the
identities in the Appendix, we find that exceptV(0) is
slightly smaller than that of the minimal value, while th
remaining form factors are within the allowed values, in t
LCSR. Recently, it has been mentioned that by combin
large energy effective theory~LEET! @19#, originally pro-
posed by Ref.@18#, with the measurement ofB→K* g, the
form factors V(0) and A0(0) could be fitted model-
independently to be@32#

V~0!.0.06960.011,

A0~0!.1.65060.114. ~45!

Hence, from Table I, we clearly see that the values ofV(0)
and A0(0) are within 1s and 3.2s of values in Eq.~45!,
respectively. It is worth mentioning that the LEET predic
T2(0)/A1(0);4.89 @32#, while that in our approach is 5.62
For the comparison of the form factors between differ
models atq250, one can refer to Ref.@32# for a more de-
tailed analysis.

For the exclusiveB→K (* )l 1l 2 decays, if we useb inde-
pendent wave functions, as the mesons reach the slow re
the suppression in the largeb region is weaker such that form
factors will blow up at points away fromq250 as seen from
Fig. 1. It is inevitable to include the intrinsicb dependence to

FIG. 1. Form factors ofF1 ~solid curves!, F2 ~dashed curves!,
andFT ~dotted curves! for the B→K transition as a functionq2 in
the PQCD~bold lines! and QM ~unbold lines!, respectively.
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is

g

t

oil,

the outgoing meson wave functions. However, the effect
such dependence is less significant for the smallq2 values
than that of large ones. Instead of using an exponentiab
dependent form as the one for the B meson wave functio
Eq. ~43!, for simplicity, we use the trial wave functions as

fH
(8)~x,q2!5S 12

q2

MB
2 DA11

q2

MB
2

fH
(8)~x!. ~46!

On the other hand, since the available region of the PQ
essentially cannot include all allowed values ofq2, to have
the form factors in the whole accessible values ofq2, we
would adopt the parametrization of effective form factors
follows:

F~s!5F~0!exp~s1s1s2s21s3s3! ~47!

with s5q2/MB
2 to fit the values up toq2'15 GeV2 calcu-

lated by the PQCD. By extrapolating to near the end poin
q2, we found that the values of form factors are consist
with lattice results@29,30#. To illustrate how good the tria
functions in Eq.~46! are, we show the form factors forB
→K in Fig. 2. From the figure, we find that our results a
basically the same as that from the QM@31# and LCSR@2#.

B. Decay rates

With the confidence of calculating the form factors b
using Eqs.~46! and ~47!, we now study the decay rates o
B→K (* )l 1l 2. Unlike the conventional FA, the WCs in Eqs
~27! and ~28! are the members of integrations in the PQC
Thus, adopting the approach similar to form factors, we c

FIG. 2. Form factors ofF1 , F2, andFT for theB→K transition
as a functionq2 with theq2 dependent wave function in Eq.~46! in
the PQCD ~solid curves!, QM ~dot-dashed curves!, and LCSR
~dashed curves!, respectively.
TABLE I. Form factors atq250 in the PQCD.

F1(0) F2(0) FT(0) V(0) A0(0) A1(0) A2(0) T(0) T1(0) T2(0)

0.33 20.267 20.054 0.063 2.02 20.05 0.059 20.350 0.350 20.281
5-7
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culate the transition amplitudes with the wave functions
Eq. ~46! and the exponential forms in Eq.~47! to fit the
values calculated by the PQCD for the whole range ofq2.
After integrating q2 dependence in Eq.~30!, the decay
branching ratios without including LD contributions forB
→(K,K* ) l 1l 2 are listed in Table II and their distribution
for the differential decay rates are shown in Fig. 3. Comp
ing with the curves in the QM and LCSR, we find that t
differential rates ofB→Kl 1l 2 are consistent with eac

TABLE II. Decay branching ratios in the various QCD mode
without including LD effects.

Mode PQCD QM LCSR

107 Br(B→Kl 1l 2) 5.33 5.56 5.20
107 Br(B→Kt1t2) 1.29 1.28 1.25

106 Br(B→K* e1e2) 2.26 1.88 2.23
106 Br(B→K* m1m2) 1.27 1.49 1.78
107 Br(B→K* t1t2) 1.24 1.43 1.77

FIG. 3. The differential decay branching ratios as function os
for ~a! B→Km1m2 and~b! B→Kt1t2. The curves with and with-
out resonant shapes represent including and no LD contributi
respectively. The legend is the same as in Fig. 2.
11402
r-

other. However, there exists a slight difference inB
→K* l 1l 2. There are two main reasons for the differenc
~a! m scale dependence for the WC and~b! the effects from
A1(q2) andA2(q2) in the PQCD. For the results in QM an
LCSR, we have used the WC atm;mb as done in the lit-
erature, whereas that in the PQCD,m scale is the typical
scalet determined by Eq.~23!. As seen from Eq.~35! the
effect of A1(q2) is large since there is a factor ofMB asso-
ciated with it, while that ofA2(q2) only affects in the mode
of B→K* t1t2 due to the lepton mass dependence. Th
measuring the exclusive modes ofB→K* l 1l 2 would distin-
guish various QCD models due to the difference shown
Fig. 3. From Table II, we see that our PQCD results of t
decay branching ratios forB→K* m1m2 andB→K* e1e2

are quite different. This can be understood by noting tha
Eq. ~33! there is pole ofq2 associated with the photon pen
guin induced couplings. These pole terms make the ra
sensitive to the kinematical region ofq2>4ml

2 .

C. Forward-backward asymmetry

From Eq.~37!, we present the forward-backward dilepto
asymmetries ofB→K* l 1l 2 ( l 5m,t) in Fig. 4. We note
s,

FIG. 4. The differential decay branching ratios as function os
for ~a! B→K* m1m2 and~b! B→K* t1t2. The legend is the same
as in Fig. 3.
5-8
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that the FBA ofB→K* e1e2 is similar to that of the muon
mode in Fig. 4. For the light lepton pair decays such asB
→K* m1m2, we see that the FBA is positive at lowq2, gets
zero atq2/MB

2;0.16, and then becomes negative. Due to
large terms related toA1(q2), the rate at lowerq2 in the
PQCD has a larger value than that in the QM and LCSR.
mentioned in Ref.@2# with the FA, the location of zero poin
is only sensitive to the WC and insensitive to the form fa
tors. However, since with the three-scale factorization f
mula the WC cannot be factored out of the transition am
tude and it is uncertain to choose the universal wave func
of K* , the determination of zero point is harder as the tes
the SM in the approach of the PQCD, unless we can fixK*
wave function more precisely. On the other hand, it is wo
mentioning that when the sgn(C8C7)51, opposite to the
SM, the zero point disappears. Thus the FBA is quite se
tive to the sign of the WC and can be used as a good ca
date to test the SM.

D. Polarization asymmetry

The lepton polarization asymmetries ofB→(K,K* ) l 1l 2

are displayed in Fig. 5. ForB→Kl 1l 2, PL is equal zero at
q250 and q2umax5(MB2MK)2 because it is related to
A124ml

2/q2wK . Without LD effects for the light leptons

FIG. 5. Forward-backward asymmetries for~a! B→K* m1m2

and ~b! B→K* t1t2. The legend is the same as in Fig. 3.
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( l 5e,m), from Eqs.~31! and~39!, we easily realize thatPL

is near 21 in the most region ofq2. However, for B
→K* l 1l 2, sincewK* cannot be factored out in the numer
tor, there is no vanishing point atq2umax; and the transition
matrix elements of the set$T7% are always associated with
pole of q2. Hence, at the low momentum transfer regio
penguin induced electromagnetic effects are dominant. A
comparing Eq.~40! with Eq. ~33!, the related terms of$T7%
are two powers for the differential decay rate but only o
power for the numerator ofPL so that the magnitude of th
distribution at lowq2 has a smaller value. From Figs. 5~c!
and 5~d!, the polarization asymmetry ofB→K* m1m2 in the
PQCD has slightly different distribution to other models
low q2, especially that the deviation forB→K* t1t2 is
large. However, according to Figs. 6–8, we find that o
results are comparable with that given by the light-front fo
malism ~LF! @33,34#. As mentioned before, the influence o
both larger values from theA1(q2) andA2(q2) terms in our
approach is visible for thet mode. Therefore, by measurin
the longitudinalt polarization inB→K* t1t2, we can ei-
ther determine a more properK* wave function or test the
feasibility of our PQCD approach for semileptonic decay

FIG. 6. Longitudinal polarization asymmetries for~a! B
→Km1m2 and ~b! B→Kt1t2. The legend is the same as in Fi
3.
5-9
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V. CONCLUSIONS

By the three-scale factorization theorem, we have go
the form factors inq2<15 GeV2; and with the parametriza
tion in terms of the exponential forms to extrapolate theq2

FIG. 7. Longitudinal polarization asymmetries~a! B
→K* m1m2 and~b! B→K* t1t2. Legend is the same as in Fig. 3

FIG. 8. The longitudinal polarization asymmetry forB
→K* t1t2 in the PQCD~solid curves! and LF ~dashed curves!,
respectively.
11402
n

dependent form factors toqmax
2 , we have obtained the con

sistent results with that from the lattice@29,30#. With the
PQCD, we have pointed out that the largest uncertainty
our results is from the nonperturbative wave function
Though the universal wave function could be determined
some nonleptonic decays, the intrinsicb dependence which
suppresses the soft dynamics contribution is still unknow

With the kaon wave functions fixed by the decays ofB
→pK and assumedq2 dependences, we have shown that t
distributions of the decay rates and leptonic asymmetries
B→Kl 1l 2 in the PQCD agree well with that in the othe
QCD models such as the QM and LCSR. However, there
some differences for that inB→K* l 1l 2 among the various
QCD models. Finally, we remark that althoughB→K* g
could also give us some information of theK* wave func-
tion, one still cannot fix it satisfactorily due to various u
certainties in the decay. Moreover, the assumption of
sameq2 dependent factors inB→K is not necessary forB
→K* and thus, to have a reliable calculation, we need m
precision measurements involving the vector kaon meso
order to settle down theK* wave function.
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APPENDIX

In order to connect our form factors in Eq.~6! to those
usually used in the literature@2,31–33#, in this Appendix we
show explicitly the relationships among the form factors.
terms of the notation in Refs.@2,32#, the form factors forB
→(K,K* ) decays with respect to various weak currents
parametrized as

^K~P2!uVmuB~P1!&5 f 1~q2!S Pm2
P•q

q2
qmD

1
P•q

q2
f 0~q2!qm , ~A1!

^K~P2!uTmnqnuB~P1!&52~Pmq22qmP•q! f T~q2!,
~A2!

^K* ~P2 ,«!uVmuB~P1!&52
V8~q2!

MB1MK*
emnab«* nPaqb,

~A3!

^K* ~P2 ,«!uAmuB~P1!&5 i2MK* A08~q2!
«* •q

q2
qm

1 i ~MB1MK* !A18~q2!

3S «* m2
«* •q

q2
qmD
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2 iA28~q2!
«* •q

MB1MK*

3S Pm2
P•q

q2
qmD , ~A4!

^K* ~P2 ,«!uTmnqnuB~P1!&5T18~q2!emnab«* nPaqb,
~A5!

^K* ~P2 ,«!uTmn
5 qnuB~P1!&

5 iT28~q2!@«m* P•q1«* •qPm#

2 iT38~q2!«* •qFqm2
q2

P•q
PmG , ~A6!

where Vm5 s̄gmb, Am5 s̄gmg5b, Tmn5 s̄ismnb, Tmn
5

5 s̄ismng5b, P5P11P2 , q5P12P2, and P•q5MB
2

2MK(* )
2 . Redefining the wave functions and comparing

Eq. ~6!, we obtain

F15 f 1

F25
MB

22MK
2

q2
~ f 02 f 1!,

V5
V8

MB1MK*
,

A05~MB1MK* !A18 ,
G

. B

11402
A152
A28

MB1MK*
,

A25
1

q2
@2MK* A082~MB1MK* !A18

1~MB2MK* !A28#,

T52T18 ,

T052~MB
22MK*

2
!T28 ,

T15T281
q2

MB
22MK*

2 T38 ,

T252T38 .

Here we have neglected to show theq2 dependence for the
form factors. From the above identities, we find some int
esting relations atq250 and they are given by

f 0~0!5 f 1~0!,

T1~0!5T28~0!.

From Eqs.~15! and ~17!, we get T(0)52T1(0). Hence,
based on the modified PQCD factorization theorem, we
tain the relationT18(0)5T28(0) that is the same as that in Eq
~3.6! of Ref. @2#.
s.

od.

v. D
@1# CLEO Collaboration, M. S. Alamet al., Phys. Rev. Lett.74,
2885 ~1995!.

@2# For a recent review, see A. Ali, P. Ball, L. T. Handoko, and
Hiller, Phys. Rev. D 61, 074024 ~2000!, and references
therein.

@3# N. Cabibbo, Phys. Rev. Lett.10, 531 ~1963!; M. Kobayashi
and T. Maskawa, Prog. Theor. Phys.49, 652 ~1973!.

@4# S. Brodsky and P. Lepage, Phys. Lett.87B, 959 ~1979!; Phys.
Rev. D22, 2157~1980!.

@5# A. Szczepaniak, E. M. Henley, and S. Brodsky, Phys. Lett
243, 287 ~1990!.

@6# G. Burdman and J. F. Donoghue, Phys. Lett. B270, 55 ~1991!.
@7# N. Isgur and C. H. Llewellyn Smith, Phys. Rev. Lett.52, 1080

~1984!; Phys. Lett. B217, 535 ~1989!; Nucl. Phys.B317, 526
~1989!.

@8# A. V. Radyushkin, Nucl. Phys.A532, 141 ~1991!.
@9# H-n. Li and G. Sterman, Nucl. Phys.B381, 129 ~1992!.

@10# T. W. Yeh and H-n. Li, Phys. Rev. D56, 1615~1997!.
@11# H-n. Li and H. L. Yu, Phys. Rev. Lett.74, 4388~1995!; Phys.

Lett. B 353, 301 ~1995!; Phys. Rev. D53, 2480~1996!.
@12# C. H. Chang and H-n. Li, Phys. Rev. D55, 5577~1997!.
@13# H-n. Li and G. L. Lin, Phys. Rev. D60, 054001~1999!.
@14# C. H. Chen and H-n. Li, Phys. Rev. D63, 014003~2001!.
.

@15# J. C. Collins and D. E. Soper, Nucl. Phys.B193, 381 ~1981!.
@16# J. Botts and G. Sterman, Nucl. Phys.B325, 62 ~1989!.
@17# Y. Y. Keum, H-n. Li, and A. I. Sanda, hep-ph/0004004; Phy

Rev. D63, 054008~2001!.
@18# M. Dugan and B. Grinstein, Phys. Lett. B255, 583 ~1991!.
@19# J. Charles, A. L. Yaouanc, L. Oliver, O. Pe`ne, and J. C.

Raynal, Phys. Rev. D60, 014001~1999!.
@20# G. Buchalla, A. J. Buras, and M. E. Lautenbacher, Rev. M

Phys.68, 1125~1996!.
@21# N. G. Deshpande, J. Trampetic, and K. Panose, Phys. Re

39, 1461~1989!.
@22# C. S. Lim, T. Morozumi, and A. T. Sanda, Phys. Lett. B218,

343 ~1989!.
@23# A. Ali, T. Mannel, and T. Morozumi, Phys. Lett. B273, 505

~1991!.
@24# P. J. O’Donnell and K. K. K. Tung, Phys. Rev. D43, R2067

~1991!.
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