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Semi-inclusiveB\K„K* …X decays with initial bound state effects
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The effects of the initialb quark bound state for the semi-inclusive decaysB→K(K* )X are studied using
light cone expansion and heavy quark effective theory methods. We find that the initial bound state effects on
the branching ratios andCP asymmetries are small. In the light cone expansion approach, theCP-averaged

branching ratios are increased by about 2% with respect to the freeb-quark decay. ForB̄0→K2(K* 2)X, the
CP-averaged branching ratios are sensitive to the phaseg and theCP asymmetry can be as large as 7%

(14%), whereas forB2→K̄0(K̄* 0)X the CP-averaged branching ratios are not sensitive tog and theCP
asymmetries are small (,1%). The CP-averaged branching ratios are predicted to be in the ranges

(0.53–1.5)31024 @(0.25–2.0)31024# for B̄0→K2(K* 2)X and (0.77–0.84)31024 @(0.67–0.74)31024# for

B2→K̄0(K̄* 0)X, depending on the value of theCP violating phaseg. In the heavy quark effective theory
approach, we find that the branching ratios are decreased by about 10% and theCP asymmetries are not
affected. These predictions can be tested in the near future.

DOI: 10.1103/PhysRevD.64.014020 PACS number~s!: 13.25.Hw, 11.30.Er, 12.38.Lg, 12.39.Hg
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I. INTRODUCTION

There have been considerable experimental and theo
cal efforts to understand the properties ofB decays. These
studies have provided important information about
mechanism forB decays and the origin ofCP violation. In
the next few years large quantities of experimental data oB
decays will become available. It is hoped that one will obt
even more important information in understanding t
mechanism forB decays and the mechanism forCP viola-
tion. In particular, charmless hadronicB decays have played
an important role in the determination of theCP violating
parameterg in the standard model~SM! @1–5#. While most
of the studies have concentrated on the exclusiveB decay
modes forCP violation, there are also some studies f
semi-inclusive decays@2,3#. At the quark level the relevan
Hamiltonian forB decays in the SM is well understood. Th
major uncertainties for these decays come from our insu
cient understanding of the long distance strong interac
dynamics involved in these decays. There are several m
ods which have been used to estimate the decay amplitu
including naive factorization, QCD improved factorizatio
and methods based on symmetry considerations.

Recently it has been argued that in the heavy quark li
factorization is a good approximation@4# and several pro-
cesses have been calculated@5#. Leading QCD corrections to
the naive factorization can be studied for exclusive decay
a systematic way. In the calculation of exclusive decays,
hadronic matrix elements can be factorized and strong in
action dynamics can be parametrized into the relevant de
constants, light cone distribution amplitudes, and transit
0556-2821/2001/64~1!/014020~10!/$20.00 64 0140
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form factors. At the present time, the light cone distributi
amplitudes and transition form factors are not well know
which introduce uncertainties in the calculations. Of cou
one should keep in mind that there may be large correcti
of order LQCD /mb which need further study. From quar
hadron duality consideration, inclusive decays can be re
sented by quark level calculations and the uncertainties m
be small. It is believed that theoretical calculations for exc
sive decays contain more uncertainties than inclusive dec
Of course when going completely inclusive, there is less
formation that can be extracted about strong and weak in
action dynamics andCP violation, and it is experimentally
hard to identify final states inclusively. In this paper we w
take the way in between by studying semi-inclusive dec
following Ref. @2# in the hope that one may be able to redu
some of the hadronic uncertainties in exclusive decays
one hand, and still be able to obtain important informati
about B decays andCP violation with clear experimenta
signal on the other. We will study the charmless sem
inclusive decaysB→KX andB→K* X. Here theX indicates
states containing no charmed particles.

The decay modesB→K(K* )X have been studied befor
@2,3#. In previous studies, several effects were treated p
nomenologically, such as the number of colors was taken
an effective number and treated as a free parameter,
gluon virtuality q2 in the penguin diagrams was assumed
be aroundmb

2/2, and the bound state effect of theb-quark
inside theB meson was modeled by assuming its moment
to obey a Gaussian distribution. To have a better understa
ing of these decays, it is necessary to carry out calculati
in such a way that the phenomenological treatments can
©2001 The American Physical Society20-1
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improved with better theoretical understanding. It has b
shown at the two-loop order that in the heavy quark limit t
amplitude of exclusive decays ofB to two light mesons can
be factorized in terms of decay constants, light cone dis
bution amplitudes of hadrons, and transition form factors@4#.
In this work we make an attempt to factorize the decay a
plitude of B→K(K* )X in the same formalism, and stud
those decays where the transition form factors have no c
tribution. Particularly we pay attention to the initial boun
state effects. We note that the dependence on the light c
distribution amplitudes results in theoretical uncertainti
Unknown higher order terms in the perturbative and 1/mb
expansion also cause theoretical uncertainties. Espec
strong phases are treated in a completely perturbative wa
the approach, and it is to be expected that the 1/mb correc-
tions will carry nonperturbative strong phases. A related
sue is the validity of factorization in higher orders of pertu
bation theory. All these issues suggest a cautious treatm
of theoretical errors.

The problems treated in the case of exclusive decays
different in some ways from the semi-inclusive decays st
ied here. The problems associated with the number of co
and the gluon virtuality can be treated the same way, but
initial b quark bound effects in semi-inclusive decays arise
different form from those in exclusive decays. In the exc
sive decay case, theb quark bound state effects are tak
care by decay constants and transition form factors. In
semi-inclusive case, there are contributions which, in the
quark decay approximation, can be viewed as ab quark de-
cay into a meson and another quark. One needs to treat in
b quark bound state effects on more theoretical ground. T
will be the main focus of this paper. We will study th
problem using two different methods with one based on li
cone expansion and another based on heavy quark effe
theory.

To further reduce possible uncertainties associated w
form factors, we will choose processes which have the le
numbers of hadronic parameters beside the ones relate
the initial bound state effects. We find that the followin
processes are particularly good for this purpose:

B̄0→K2X, B2→K̄0X,

B̄0→K* 2X, B2→K̄* 0X. ~1!

For these processes, the transition form factors forB→K and
B→K* do not show up in the factorization approximatio
because the bi-quark operators̄Gb ~hereG is some appropri-
ate Dirac matrices! does not change the electric charge of t
initial particle B and the final particleK(K* ). Therefore for
these processes there are only theK(K* ) decay constants
and parameters related to the initial bound state effect
small annihilation contributions are neglected.

The paper is arranged as follows. In Sec. II, we will stu
the decay amplitudes in the SM for the semi-inclusiveB
→K(K* )X decays. In Sec. III, we will study the light con
and heavy quark effective theory formulation of the init
bound state effects on these semi-inclusive decays. An
Sec. IV, we will carry out numerical analyses of the ener
01402
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spectra of theK(K* ), branching ratios andCP asymmetries
in B→K(K* )X, and draw our conclusions.

II. DECAY AMPLITUDES IN THE HEAVY QUARK LIMIT

In this section we study the short distance decay am
tudes for semi-inclusiveB→K(K* )X decays. The effective
Hamiltonian for charmless B decays withDS51 at the
quark level is given by

He f f5
GF

A2
H VubVus* S c1O11c2O21 (

n53

11

cnOnD
1VcbVcs* (

n53

11

cnOnJ . ~2!

HereOn are quark and gluon operators and are given by

O15~ s̄iuj !V2A~ ū jbi !V2A , O25~ s̄iui !V2A~ ū jbj !V2A ,

O3(5)5~ s̄ibi !V2A(
q8

~ q̄ j8qj8!V2(1)A ,

O4(6)5~ s̄ibj !V2A(
q8

~ q̄ j8qi8!V2(1)A ,

O7(9)5
3

2
~ s̄ibi !V2A(

q8
eq8~ q̄ j8qj8!V1(2)A ,

O8(10)5
3

2
~ s̄ibj !V2A(

q8
eq8~ q̄ j8qi8!V1(2)A ,

O115
gs

8p2 mbs̄is
mnGmn

a
la

i j

2
~11g5!bj , ~3!

where (V6A)(V6A)5gm(16g5)gm(16g5), q8
5u,d,s,c,b, eq8 is the electric charge number of theq8
quark in units ofe, la is the color SU~3! Gell-Mann matrix,
i and j are color indices, andGmn is the gluon field strength

The Wilson coefficientscn have been calculated in differ
ent schemes@6#. In this paper we will use consistently th
NDR scheme. The values ofcn at m'mb with the next-to-
leading order~NLO! QCD corrections are given by@6#

c1520.185, c251.082, c350.014,

c4520.035, c550.009, c6520.041,

c7520.002aem, c850.054aem,

c9521.292aem, c10520.263aem,

c11520.143.

Here aem51/137 is the electromagnetic fine structure co
stant.

In order to make sure that the observed events are f
rare charmless B decays, and other processes, suchB
0-2
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→D(D* )X8→K(K* )X9, do not contaminate the direct rare d
cay ofB→K(K* )X due to short distance interaction, we w
make a cut on theK(K* ) energy which will be set a
EK,K* .2.1 GeV. It has been shown that this cut can elim
nate most of the unwanted events while leave most of
events induced by short distance contributions@2# because
the matrix elements of the typêK(K* )u j 1u0&^Xu j 2uB&
would result in a fastK(K* ) in the final state. The resulting
events will resemble two body type of decays with one
them being theK(K* ) and another, back-to-back against t
K(K* ), will be X with small invariant massMX

2 . With the
cut EK,K* .2.1 GeV,MX

2,5.7 GeV2.
The hadronic matrix element for a specific opera

^XKuOuB& is difficult to calculate at present. We will us
factorization approximation to estimate it. The factorizati
approximation has been shown to hold in the heavy qu
limit for exclusiveB decays into two light hadrons. The lea
ing contribution for an operator which can be written as
product of two currentsj 15 s̄G1q8 and j 25q̄8G2b with G i
carrying appropriate Lorentz and Dirac indices,O5 j 1• j 2, is
given by

^XKuOuB& f act5^Ku j 1u0&^Xu j 2uB&1^Xu j 18u0&^Ku j 28uB&

1^XKu j 1u0&^0u j 2uB&. ~4!

The second term on the right-hand side in the above re
sents the Fierz transformed factorization terms withj 18

5q̄8G18q8 and j 285 s̄G28b. The third term is usually referred
to as the annihilation contribution.

B→KX is a many-body decay, which is different from
two-body decays. There are more ways of factorization fo
many-body decay, such aŝX1Ku j 1u0&^X18u j 2uB& and
^X2u j 18u0&^X28Ku j 28uB&, with X5X11X185X21X28 . The three
terms in Eq. ~4! corresponding to the cases:^X1u5^0u,
^X28u5^0u and ^X18u5^0u, respectively. ForB→KX with a
cut EK.2.1 GeV, the final stateX has a small invarian
mass. This is a quasi-two-body decay, withK andX moving
rapidly apart in opposite directions. The probability of form
ing the final statê X1Ku with ^X1uÞ^0u is less than the
probability of forming the simple final statêKu. This
suggests that the contribution of the configurati
^X1Ku j 1u0&^X18u j 2uB& is dominated by^Ku j 1u0&^Xu j 2uB&.
Likewise, the contribution of the configuration̂X2u j 18u0&
3^X28Ku j 28uB& is dominated bŷ Xu j 18u0&^Ku j 28uB&. The cases
with uX1& and uX28& not equal tou0& are also higher order in
as and thereforeas power suppressed. We will neglect the
in our later discussions which also eliminate the third term
Eq. ~4!.

The above approximation is also supported by expl
calculation of the bremsstrahlung process,b→Kq8g, which
represents some of theas order corrections. It has bee
shown, in a similar situation ofb→fs andb→fsg, that the
bremsstrahlung contributes less than 3% of the total bran
ing ratio @7#. One can easily obtain from Ref.@7# an estimate
of the contribution for the processes considered here.
bremsstrahlung contribution is small. Equation~4! will ad-
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equately approximate the leading contributions and we w
work with this approximation.

In the heavy quark limit, a class of radiative corrections
powers ofas , which does not change the form of the oper
tors, can be included for the matrix elements. For a lo
operator the correction can be parametrized as the follow
similar to the exclusive decays discussed in Refs.@4,5#,

^XKuOuB&5^XKuOuB& f actF11 (
n51

`

r nas
n1O~LQCD /mb!G ,

~5!

where ^XKuOuB& f act denotes the naive factorization resu
LQCD'0.3 GeV is the strong interaction scale. The seco
and third terms in the square bracket indicate, respectiv
higher orderas andLQCD /mb corrections to the factorized
matrix element.

Similar arguments can be made forB→K* X decays also.
For the^K(K* )u j 1u0&^Xu j 2uB& type, the decay amplitude in
volves the K(K* ) decay constant, while for the
^Xu j 18u0&^K(K* )u j 28uB& type, it involves the transition form
factor from B to K(K* ), and the^XK(K* )u j 1u0&^0u j 2uB&
type involves theB decay constant.

If all three terms in Eq.~4! contribute with the same orde
of magnitude, the accumulated uncertainties will be subs
tial due to large uncertainties in the transition form facto
and theB decay constant. Fortunately we find that forB̄0

→K2(K* 2)X and B2→K̄0(K̄* 0)X, only the first and the
third types of terms in Eq.~4! contribute due to electric
charge conservation. This eliminates possible uncertain
from the transition form factors. Also as argued before
third term can be neglected because it is subleading andas
power suppressed. There is only one term present, w
considerably simplifies the calculation.

Using the effective Hamiltonian in Eq.~2!, we obtain

A~B→KX!5 i
GF

A2
(

q5u,c
VqbVqs* f K

3@AqPK
m^Xuq̄8gm~12g5!buB&

1Bq^Xuq̄8~12g5!buB&#,

A~B→K* X!5
GF

A2
(

q5u,c
VqbVqs* mK* f K* Ãqel

m*

3^Xuq̄8gm~12g5!buB&, ~6!

whereq85u andd for B̄0 andB2, respectively. The decay
constants are defined as^Kus̄gm(12g5)q8u0&5 i f KPK

m and

^K* (l)us̄gm(12g5)q8u0&5mK* f K* el
m* . We adopt the

standard covariant normalization̂BuB&52EB(2p)3d3(0).
The coefficientsAq(Ãq) and Bq are given by, for B̄0

→K2(K* 2)X,
0-3



es,
-

-
rs
be 3
n
with

he
the

,
on

i-

ody

XIAO-GANG HE, CHANGHAO JIN, AND J. P. MA PHYSICAL REVIEW D64 014020
Aq~Ãq!5a1
q1a4

q1a10
q 1a10a

q ,

Bq5~a6
q1a8

q1a8a
q !

2mK2
2

mu1ms
. ~7!

For B2→K̄0(K̄* 0)X,

Aq~Ãq!5a4
q2

1

2
a10

q 1a10a
q ,

Bq5S a6
q2

1

2
a8

q1a8a
q D 2mK0

2

md1ms
. ~8!

Including the lowestas order corrections in Eq.~5!, ai
q

are given by

a1
u5c21

c1

N
1

as

4p

CF

N
c1FP ,

a1
c50,

a4
q5c41

c3

N
1

as

4p

CF

N Fc3„FP1GP~ss!1GP~sb!…

1c1GP~sq!1~c41c6!

3(
f 5u

b

GP~sf !1c11GP,11G ,

a6
q5c61

c5

N
1

as

4p

CF

N Fc3„GP8 ~ss!1GP8 ~sb!…

1c1GP8 ~sq!1~c41c6!

3(
f 5u

b

GP8 ~sf !1c11GP,118 G ,

a8
q5c81

c7

N
,

a8a
q 5

as

4p

CF

N F ~c81c10!
3

2 (
f 5u

b

efGP8 ~sf !

1c9

3

2
„esGP8 ~ss!1ebGP8 ~sb!…G ,

a10
q 5c101

c9

N
1

as

4p

CF

N
c9FP ,

a10a
q 5

as

4p

CF

N F ~c81c10!
3

2 (
f 5u

b

efGP~sf !

1c9

3

2
„esGP~ss!1ebGP~sb!…G , ~9!

where N53 is the number of colors,CF5(N221)/(2N),
andsf5mf

2/mb
2 . The other items are given by
01402
FP5212 ln
m

mb
2181 f P

I ,

f P
I 5E

0

1

dxg~x!fP~x!, g~x!53
122x

12x
ln x23ip,

GP~s!5
2

3
2

4

3
ln

m

mb
14E

0

1

dxfP~x!E
0

1

duu~12u!

3 ln@s2u~12u!~12x!2 i e#,

GP,1152E
0

1

dx
2

12x
fP~x!,

GK8 ~s!5
1

3
2 ln

m

mb
13E

0

1

dxfK
0 ~x!E

0

1

duu~12u!

3 ln@s2u~12u!~12x!2 i e#,

GK,118 52E
0

1

dx
3

2
fK

0 ~x!,

GK*
8 ~s!50,

GK* ,11
8 50, ~10!

where the subscriptP can beK or K* , indicating that the
coefficientsai

q are process dependent.fK(x) andfK
0 (x) are

the twist-2 and twist-3 kaon meson distribution amplitud
respectively.fK* (x) is the leading twist distribution ampli
tude for the longitudinally polarizedK* . In this paper we
will take the following forms for them@8#:

fK,K* ~x!56x~12x!, fK
0 ~x!51. ~11!

The amplitudes in Eq.~6! are from perturbative QCD cal
culation in the heavy quark limit. The number of colo
should not be treated as an effective number, but has to
from QCD. The results are, in principle, renormalizatio
scale and scheme independent. The problem associated
the gluon virtualityk25(12x)mb

2 in the naive factorization
calculation is also meaningfully treated by convoluting t
x-dependence with the meson distribution amplitudes in
functionsGP(s) andGP8 (s).

III. INITIAL BOUND STATE EFFECTS

In this section we study the decay rates forB
→K(K* )X, taking into accountb quark bound state effects
using two different methods, the light cone expansi
method and the heavy quark effective theory method.

We will work out, in detail, the formulation forB→KX in
the following. The results forB→K* X can be easily ob-
tained in a similar way. Without taking into account the in
tial bound state effects, that is in the freeb quark decay
approximation, the decay can be viewed as the two b
processb→Kq8 and one obtains@2#
0-4
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G~B→KX!'G~b→Kq8!5
f K

2

8p
~mb

2uau21ubu2!mb ,

a5
GF

A2
(

q5u,c
VqbVqs* Aq, b5

GF

A2
(

q5u,c
VqbVqs* Bq.

~12!
nd
ly
ng
io

01402
If the b quark mass is infinitively large,Br„B
→K(K* )X… is equal toBr„b→K(K* )q8…. However due to
initial b quark bound state effects there are correctio
@9,10#. We now proceed to study the initial bound state
fects on the decay rates.

The differential decay rate forB→KX in theB rest frame,
following the procedure in Ref.@9#, is given by
dG~B→KX!5
1

2mB

d3PK

~2p!32EK
(
X

~2p!4d4~PB2PK2PX!uA~B→KX!u2. ~13!

Using *d4y exp@2 iy•(PB2PK2PX)#5(2p)4d4(PB2PK2PX), we have

(
X

~2p!4d4~PB2PK2PX!uA~B→KX!u25 f K
2 (

X
E d4ye2 iy•(PB2PK2PX)@ uau2PK

mPK
n ^Bub̄gn~12g5!q8uX&

3^Xuq̄8gm~12g5!buB&1ubu2^Bub̄~11g5!q8uX&^Xuq̄8~12g5!buB&#

5 f K
2 E d4yeiy•PK

„uau2PK
mPK

n ^Bu@ j n
†~0!, j m~y!#uB&1ubu2^Bu@J†~0!,J~y!#uB&…,

~14!

where j m5q̄8gm(12g5)b andJ5q̄8(12g5)b.
Computing the current commutators one obtains

(
X

~2p!4d4~PB2PK2PX!uA~B→KX!u2522 f K
2 $uau2PK

mPK
n ~gmagnb1gmbgna2gmngab!1ubu2gab%

3E d4yeiy•PK@]aDq8~y!#^Bub̄~0!gb~12g5!U~0,y!b~y!uB&. ~15!
nt,

d

the

ion
In the above we have assumedmq850 and used

$q8~x!,q̄8~y!%5 i ~g•]!iDq8~x2y!U~x,y!, ~16!

with

U~x,y!5P expF igsE
y

x

dzmGm~z!G ,
Dq8~y!52

i

~2p!3E d4ke2 ik•ye~k0!d~k2!, ~17!

where U(x,y) is the Wilson link, Gm is the background
gluon field, ande(x) satisfiese(uxu)51 ande(2uxu)521.

The matrix element^Bub̄(0)gb(12g5)U(0,y)b(y)uB&
which is equal to^Bub̄(0)gbU(0,y)b(y)uB& from parity
consideration contains all information about initial bou
state corrections. It is, however, difficult to complete
evaluate it due to non-perturbative effects. In the followi
we attempt two calculations: one using light cone expans
and the other using heavy quark effective theory.
n,

A. Light cone expansion estimates

In general one can decompose the matrix eleme

^Bub̄(0)gbU(0,y)b(y)uB&, in the following form:

^Bub̄~0!gbU~0,y!b~y!uB&52@PB
bF~y2,y•PB!

1ybG~y2,y•PB!#, ~18!

whereF(y2,y•PB) andG(y2,y•PB) are functions of the two
independent Lorentz scalars,y2 andy•PB .

Since we are interested in having large kaon energyEK
.2.1 GeV and small invariant mass for theX, the dominant
contribution to they integration in Eq.~15! will be from the
light cone regiony2&1/EK

2 , which suggests that, as a goo

approximation,̂ Bub̄(0)gbU(0,y)b(y)uB&'2PB
bF(0,y•PB).

This approximation is also supported by the fact that
function Dq8(y) has a singularity aty250 while away from
light cone it vanishes. Carrying out a Fourier transformat
@9#,

F~0,y•PB!5E dje2 i jy•PBf ~j!, ~19!
0-5
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and inserting the above into Eq.~15!, we arrive at

(
X

~2p!4d4~PB2PK2PX!uA~B→KX!u2

58p f K
2 ~2uau2PK

a PK•PB1ubu2PB
a!

3E djd@~jPB2PK!2#~jPBa2PKa! f ~j!.

~20!

We finally obtain the decay distribution as a function
EK

dG~B→KX!

dEK
5

f K
2

2pmB
~4uau2EK

2 1ubu2!EKf S 2EK

mB
D .

~21!

Carrying out similar calculations, we obtain the differe
tial decay rate for theB→K* X decay

dG~B→K* X!

dEK*
5

f K*
2

2pmB
4ua* u2EK*

3 f S 2EK*
mB

D , ~22!

wherea* 5(GF /A2)(q5u,cVqbVqs* Ãq.
It is interesting to note that the same distribution functi

f (j) appears in bothB→KX andB→K* X cases. It is also
interesting to note that, in the approximation made in t
section, the functionf (j) is the same as that inB→Xg @9#

and semi-leptonic decaysB→Xl n̄ @11#. These decays hav
been studied in details. Experiments in the future will me
sure the differential distributions for these decays and, th
fore, provide detailed information aboutf (j). We can use
this information in the calculation to reduce error. One m
also turn the argument around to use the decay modes
cussed here to provide constraints on the form of the dis
bution functionf (j). Before the detailed experimental info
mation becomes available, we have to make some theore
modeling for our numerical analysis which will be discuss
later.

B. Heavy quark effective theory estimates

We note that the simple expressions for the decay dis
butions in Eqs.~21! and ~22! hold to leading order in light
cone expansion. When higher order contributions are
cluded the expressions will not be so simple. To have so
idea about the sensitivity of the results to other correctio
in the following we also estimate the corrections to the freb
quark decay rates using heavy quark effective theory.

If the b quark is heavy, the decay products all have la
energy and to a good approximation can be treated as
quarks. The link-factorU(0,y) is a gauge dependent qua
tity. To simplify the discussion, one usually chooses a lig
cone gauge such thatU(0,y) becomes identity. We then hav

^Bub̄~0!gbU~0,y!b~y!uB&5^Bub̄~0!gbb~y!uB&. ~23!
01402
s

-
e-

y
is-
i-

cal

i-

-
e

s,

e
ee

t

If the b quark is infinitively heavy, the above matrix eleme
is simply given by 2PB

be2 imbv•y, wherev is the four velocity
of theB meson satisfyingv251. Since theb quark has finite
mass, there will be corrections. We now estimate the lead
1/mb

2 corrections following the procedure outlined in Re
@10#. In the heavy quark effective theory, theb(x) quark
field can be expanded as

b~x!5e2 imbv•x$11 ig•DT /~2mb!1v•Dg•DT /~4mb
2!

2~g•DT!2/~8mb
2!%h~x!1O~1/mb

3!

1~ terms for anti2quark!,

DT
m5Dm2vmv•D,

Dm5]m2 igsG
m~x!. ~24!

Using the above expressions and keeping 1/mb terms, we
obtain @10#

^Bub̄~0!gbb~y!uB&52mBe2 imbv•y

3H vb2
i

6mb
~2yb1v•yvb!

3~mp
2 2mg

2!2
1

8
„y22~v•y!2

…vbmp
2 J ,

~25!

where

mg
25

1

4mB
^Buh̄gsGmnsmnhuB&,

mp
2 52

1

2mB
^Buh̄~ iD T!2huB&. ~26!

We note that the expansion in Eq.~25! is different from the
light cone expansion as can be seen from the above exp
sion that somey2 terms are kept. The expansion is truncat
at order 1/mb in Eq. ~25!. The truncation of the 1/mb expan-
sion enforces the use of the quark level phase space, ins
of the hadron level phase space.

Inserting the above expression into Eq.~13!, we have

G~B→KX!'
f K

2

8p
mbF uau2mb

2S 11
7

6

mg
2

mb
22

53

6

mp
2

mb
2D

1ubu2S 12
mp

2

2mb
2 1

mg
2

2mb
2D G . ~27!

In the approximation made here, the distribution ofEK is a
delta function with the peak atEK5mb/2.

Carrying out similar calculations, we obtain the decay r
for the B→K* X decay,
0-6
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G~B→K* X!'
f K*

2

8p
mbua* u2mb

2S 11
7

6

mg
2

mb
22

53

6

mp
2

mb
2D .

~28!

It is clear that in the limit of largemb , that ismp,g
2 /mb

2

→0, the result reduces to the freeb quark decayb
→K(K* )q8 result as expected.

The expressions for the decay rates, in the approxima
we are working with, are simple, allowing easy analysis.
the case of the light cone expansion method, one need
have detailed knowledge of the distribution functionf (j) for
numerical analyses. Although the detailed shape is
known, we do know some properties@9,11#. When integrat-
ing j from 0 to 1, *0

1dj f (j) must give 1 due to curren
conservation. If the decay can be considered to be a freb
quark decay, then theb quark field is given byb(y)
5e2 iy•Pbb(0), oneobtains

f ~j!5dS j2
mb

mB
D . ~29!

We can also estimate the mean^j&5*0
1djj f (j) and the

variances25*0
1djj2f (j)2^j&2 using heavy quark effective

theory. They are given by@11,9#

^j&5
mb

mB
F11

5

6mb
2~mp

2 2mg
2!G ,

s25
mp

2

3mB
2 . ~30!

The small value fors2 implies that the distribution function
is sharply peaked aroundmb /mB .

FIG. 1. Kaon energy spectrum inB̄0→K2X. In Figs. 1–4, the
solid curves are for~i! c5d51; the dashed curves are for~ii ! c
5d52.
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To go further we take the following parametrization f
the distribution function@11#:

f ~j!5N
j~12j!c

@~j2a!21b2#d , ~31!

where N is a normalization constant which guarante
*0

1dj f (j)51. This function reduces to ad-function with the
peak ata as b→0. Comparing with Eq.~29!, in this limit
a5mb /mB . Once the parametersc andd are given, the pa-
rametersa andb can be fixed by comparing witĥj& ands2.
Unfortunately we do not know the values forc and d at
present. We will takec andd to be free parameters and va
them to see how the energy spectra ofK(K* ), branching
ratios andCP asymmetries are changed.

IV. RESULTS AND DISCUSSIONS

We are now ready to present our numerical analysis.
will make theoretical predictions for the kaon energy spec
dG/dEK(* ), CP-averaged branching ratios and directCP
asymmetries defined as

Brave„B→K~K* !X…5
1

2
@Br„B→K~K* !X…

1Br„B̄→K̄~K̄* !X̄…#,

ACP„B→K~K* !X…

5
G„B→K~K* !X…2G„B̄→K̄~K̄* !X̄…

G„B→K~K* !X…1G„B̄→K̄~K̄* !X̄…
. ~32!

For the numerical analysis, we need to know the valu
for the parameters involved. Some of them are well de
mined. In our numerical calculations we will use the follow

FIG. 2. Kaon energy spectrum inB2→K̄0X.
0-7
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ing values for the relevant parameters@12#: mb54.9 GeV,
mc51.5 GeV, ms5120 MeV, md54 MeV, mu52 MeV,
uVusu50.2196, uVcbu50.0402, uVub /Vcbu50.085, f K
5160 MeV, f K* 5214 MeV, as(MZ)50.118. We keep
the CP violating phaseg to be a free parameter and vary
to see how the branching ratios andCP asymmetries depen
on it.

The HQET parametermg
2 can be extracted from theB*

2B mass splitting:mg
253(mB*

2
2mB

2)/4.0.36 GeV2, while
mp

2 is less determined. A calculation of QCD sum rules giv
mp

2 5(0.560.2) GeV2 @13#, which is consistent withmp
2

FIG. 3. Kaon energy spectrum inB̄0→K* 2X.

FIG. 4. Kaon energy spectrum inB2→K̄* 0X.
01402
s

5(0.4560.12) GeV2 from a recent lattice QCD calculatio
@14#. We will usemp

2 50.5 GeV2 for our numerical calcula-
tions.

In the case of light cone expansion, we also need
specify the distribution functionf (j). We will assume it to
be the form given in Eq.~31!. To have some idea how th
kaon energy spectra, branching ratios, andCP asymmetries
depend on the form of the distribution function, we consid
two very different forms@15#: ~i! presetc5d51, in that case
a50.9548 andb50.005444 determined by the known mea
value and variance of the distribution function;~ii ! presetc
5d52, in that casea50.9864 andb50.02557 determined
by the same mean value and variance of the distribu
function.

In Figs. 1–4, we show the kaon energy spectra inB
→K(K* )X decays computed in the light cone expansion
proach, assumingg560°. The solid and dashed curves co
respond, respectively, to the parameter set~i! and~ii ! for the
distribution function. The kaon energy spectra are a disc
line at EK(* )5mb/2 in free b quark decay approximation
which is not shown in the figures. We see that initial bou
state effects stretch the spectra over the full kinematic ra
0<EK(* )<mB/2 and the kaon energy spectra depe
strongly on the form of the distribution function. Howeve

FIG. 5. CP-averaged branching ratio forB̄0→K2X. In Figs.
5–10, the solid curves are for the light cone expansion with~i! c
5d51; the dashed curves are for the freeb quark decay approxi-
mation.

FIG. 6. CP-averaged branching ratio forB2→K̄0X.
0-8
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we note that all the spectra have more than 97% of ev
with EK(* ).2.1 GeV. This implies that if the integrate
branching ratios andCP asymmetries are measured wi
EK(* ).2.1 GeV, the effects from the detailed shape of
distribution function are small.

We show theCP-averaged branching ratios, in Figs. 5–
and theCP asymmetries, in Figs. 9–12, inB→K(K* )X as a
function of theCP violating phaseg. The solid curves are
the results from the light cone expansion using the param
set ~i! for the distribution function, while the dashed curv
are from the freeb quark decay approximation. The initia
bound state effects encoded in the distribution function
most cancel completely in theCP asymmetries inB
→K* X, so that the solid and dashed curves coincide in F
11 and 12. We find that the shifts in the branching ratios a
CP asymmetries are negligible if the parameter set~ii ! in-
stead of~i! for the distribution function is used, indicatin
that both the branching ratios and theCP asymmetries are
insensitive to the detailed shape of the distribution functi

One can clearly see from Figs. 5–8 that the differen
between the solid and dashed curves are small, about
This implies that according to light cone expansion estima
the initial bound state effects increase theCP-averaged
branching ratios forB→K(K* )X by about 2%, largely be-
cause theB→K(K* )X phase space is used, which is larg
than theb→K(K* )q8 phase space used in the freeb-quark
and heavy quark effective theory calculations. The branch
ratios for B̄0→K2(K* 2)X are sensitive tog, varying from

FIG. 7. CP-averaged branching ratio forB̄0→K* 2X.

FIG. 8. CP-averaged branching ratio forB2→K̄* 0X.
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0.53(0.25)31024 to 1.5(2.0)31024, whereas the branching
ratios for B2→K̄0(K̄* 0)X are not sensitive tog, varying
from 0.77(0.67)31024 to 0.84(0.74)31024. The above
sensitivities tog can be easily understood by noticing th
the tree operatorsO1,2 contribute toB̄0→K2(K* 2)X decays
but not toB2→K̄0(K̄* 0)X decays when small annihilatio
contributions are neglected, resulting in strong depende
on VubVus* for the former, but not for the latter.

For the same reasons, theCP asymmetries are expecte
to be much larger in B̄0→K2(K* 2)X than in B2

→K̄0(K̄* 0)X. The differences between the solid curves a
dashed curves in Figs. 9 and 10 are very small, about 1
This implies that according to light cone expansion es
mates, the initial bound state effects increase theCP asym-
metries inB→KX by about 1%. They do not affect theCP

asymmetries inB→K* X. The CP asymmetries inB̄0

→K2(K* 2)X can be as large as7%(14%), but very small
(,1%) in B2→K̄0(K̄* 0)X, as expected.

The heavy quark effective theory estimates of the init
bound state effects are always to reduce the branching ra
at the level of 10% as can be seen from Eqs.~27! and~28! if
mp

2 5mg
2 is used. In fact within the allowed range formp

2 the
initial bound state effects tend to reduce the branching rat
The CP asymmetries are the same as those obtained by
b quark decay approximation.

The three estimates~free quark decay approximation
light cone expansion and heavy quark effective the

FIG. 9. CP asymmetry inB̄0→K2X.

FIG. 10. CP asymmetry inB2→K̄0X.
0-9
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method! carried out here all give the same order of mag
tudes for the branching ratios andCP asymmetries which are
also the same order of magnitudes as those obtained in
@2#. The initial bound state effects are at the order of 10%
the freeb quark decay estimates. The differences betw
different methods may be viewed as uncertainties in the
timates. The branching ratios are of order 1024 and are
within the reach of theB factories. TheCP asymmetries in
the neutralB modesB̄0→K2(K* 2)X are large and can b
measured at theB factories. Additional uncertainties ente
the analysis through the meson light cone distribution am

FIG. 11. CP asymmetry inB̄0→K* 2X.
et

nd
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tudes, the renormalization scale, and the unknown po
corrections. All these corrections will contribute to the to
error of our predictions. When more data become availa
one may obtain interesting information about hadronic
fects and also information about theCP violating phaseg.
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