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We systematically investigate the semi-inclusiveB decaysB→MX, which are manifestations of the quark
decayb→Mq, within a framework inspired by QCD-improved factorization. These decays are theoretically
clean and have distinctive experimental signatures. We focus on a class of these that do not require any form
factor information, and therefore may be especially suitable for extracting information on the anglesa andg
of the unitarity triangle. The nonfactorizable effects, such as vertex-type and penguin-type corrections to the

two-bodyb decay,b→Mq, and hard spectator corrections to the three-body decayB→Mq1q̄2 are calculable
in the heavy quark limit. QCD factorization is applicable when the emitted meson is a light meson or a
charmonium. We discuss the issue of theCPT constraint on partial rate asymmetries. The strong phase coming
from final-state rescattering due to hard gluon exchange between the final states can induce large rate asym-
metries for tree-dominated color-suppressed modes (p0,r0,v)Xs̄ . The nonfactorizable hard spectator interac-

tions in the three-body decayB→Mq1q̄2, though phase-space suppressed, are extremely important for the
tree-dominated modes (p0,r0,v)Xs̄ , fX, J/cXs ,J/cX and the penguin-dominated modevXss̄. In fact, they
are dominated by the hard spectator corrections. This is because the relevant hard spectator interaction is color
allowed, whereas the two-body semi-inclusive decays for these modes are color suppressed. Our result for

B(B→J/cXs) is in agreement with experiment. The semi-inclusive decay modesB̄s
0→(p0,r0,v)Xs̄ , r0Xss̄,

B̄0→(K2X,K* 2X), andB2→(K0Xs ,K* 0Xs) are the most promising ones in searching for directCP viola-
tion. In fact, they have branching ratios of order 102621024 andCP rate asymmetries of order (10240)%.

The decaysB̄s
0→(p0,r0,v)Xss̄ andB2→fX are electroweak-penguin dominated. Some of them have sizable

branching ratios and observableCP asymmetries.

DOI: 10.1103/PhysRevD.64.114013 PACS number~s!: 13.25.Hw, 11.30.Er
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I. INTRODUCTION

Recently Beneke, Buchalla, Neubert, and Sachra
~BBNS! @1# proposed a QCD-improved factorization a
proach to a class of exclusiveB decays that appears qui
promising. BBNS suggested that nonfactorizable effects
an exclusive decayB→M1M2 with recoiledM1 and emitted
light mesonM2 are calculable since only hard interactio
between the (BM1) system andM2 survive in the heavy
quark limit. In this paper we extend the application of t
BBNS idea of QCD factorization to a certain class of sem
inclusive decays. In this regard our approach compleme
the recent works of Heet al. @2,3#. The semi-inclusive de-
cays that are of special interest originate from the quark le
decayb→M1q; they are theoretically cleaner compared
exclusive decays, and have distinctive experimental sig
tures@4#. Since these semi-inclusive decays also tend to h
appreciably larger branching ratios compared to their ex
sive counterparts, they may therefore be better suited
extracting Cabibbo-Kobayashi-Maskawa~CKM! angles and
for testing the standard model~SM!.

Earlier studies of semi-inclusive decays are based on
ive factorization@4# or generalized factorization@5#, in which
nonfactorizable effects are treated in a phenomenolog
way by assuming that, for example, the number of colors
0556-2821/2001/64~11!/114013~16!/$20.00 64 1140
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free parameter to be fitted to the data. Apart from the
known nonfactorizable corrections, this approach encoun
another major theoretical uncertainty, namely the gluon’s
tuality k2 in the penguin diagram is basically unknown, re
dering the predictions ofCP asymmetries not trustworthy.

The aforementioned difficulties with the convention
methods can be circumvented in the BBNS approach
QCD-improved factorization~QCDF!. Indeed, by placing an
energy cutEM>2.1 GeV on the meson in the semi-inclusiv
signalB→M1X, not only can we enhance the presence
the two body quark decaysb→M1q, but alsoM can then
play the role ofM2 andX that of the recoiled mesonM1 in
the above-mentioned exclusive decayB→M11M2, in sofar
as the considerations of BBNS go. Furthermore, a very
portant theoretical simplification occurs in the semi-inclus
decays over the exclusive decays if we focus on final sta
such thatM does not contain the spectator quark of the d
cayingB(Bs) meson, as then we completely bypass the n
for the transition form factor forB(Bs)→M . Recall that for
the exclusive case, in general, we need knowledge of
such form factors ifM is a pseudoscalar meson or of fo
form factors ifM is a vector meson.

The consideration of these semi-inclusiveB decays has
several other theoretical advantages over the exclusive
as well. For one thing, there is no troublesome infrared
©2001 The American Physical Society13-1
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vergent problem occuring at end points when working
QCD factorization. As forCP violation, contrary to the ex-
clusive hadronic decays, it is not plagued by the unkno
soft phases. Consequently, the predictions of the branc
ratios and partial rate asymmetries forB→MX are consider-
ably clean and reliable.

Recently QCD factorization has been applied to cha
less semi-inclusive decaysB→K(K* )X and B→fXs in
Refs.@2,3#. In the present paper we will systematically stu
all semi-inclusive decaysB→PX(Xs ,Xc), B→VX(Xs ,Xc)
andB→J/cX, with P ~V! being a light pseudoscalar~vector!
meson,X the final state containing no charmed or stran
particles,Xs the final state containing a strange quark, andXc
the final state containing a charm quark. We differ from Re
@2,3# in two main aspects: First we include the comple
twist-3 corrections to the penguin coefficienta6 to be intro-
duced below and electroweak penguin-type corrections to
coefficientsa7210 induced by tree four-quark operators; bo
have been neglected in Refs.@2,3#. Second, the hard specta
tor interaction in the three-body decayB→Mq1q̄2 is ne-
glected in Refs.@2,3#, whereas we will show that it is quite
important for color-suppressed modes. As a by-product,
shall see that the troublesome infrared divergent problem
countered in the exclusive two-body decays does not oc
in the semi-inclusive case.

The consideration of semi-inclusive decaysB→MX has
two more complications than the corresponding two-bo
decay,b→Mq. First, in the free quark approximation, th
fact thatB→MX can be viewed as the freeb quark decay
b→Mq is justified only in the heavy quark limit. For th
finite b quark mass, it becomes necessary to consider
initial b quark bound state effect. This has been investiga
recently in Ref.@2# using two different approaches which w
will follow closely. Second, the three-body decayB̄→M

1q11q̄2 with the quark content (bq̄2) for the B̄ meson
could be important for color-suppressed modes, as m
tioned above. Here one needs a hard gluon exchange
tween the spectator quarkq̄2 and the mesonM in order to
ensure that the outgoingq̄2 is hard.

In passing, we briefly recall that for experimental pu
poses a useful feature of these semi-inclusive decaysB
→M1X, with an energeticM, is that these events shou
have relatively low multiplicity@4#.

The paper is organized as follows. In Sec. II we will ou
line the QCD factorization approach relevant for our p
poses, and then proceed to apply it to the two-body decay
theb quarkb→Mq in Sec. III. In Sec. IV we study the har
spectator corrections and summarize the results for bra
ing ratios andCP rate asymmetries. Section V gives o
conclusions.

II. QCD FACTORIZATION

In this section we want to suggest that the idea of Q
factorization @1# can be extended to the case of sem
inclusive decaysB→M1X with a rather energetic mesonM,
say EM>2.1 GeV. Recall that it has been shown explici
@1# that if the emitted mesonM2 is a light meson or a
quarkonium in the two-body exclusive decayB→M1M2
11401
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with M1 being a recoiled meson, the transition matrix e
ment of an operatorO, namely,̂ M1M2uOuB&, is factorizable
in the heavy quark limit. Schematically one has@1#

^M1M2uOi uB&5^M1M2uOi uB& fact

3F11( r nas
n1OS LQCD

mb
D G

5(
j

F j
BM1~m2

2!E
0

1

du Ti j
I ~u!FM2

~u!

1E
0

1

dj du dv Ti
II ~j,u,v !FB~j!

3FM1
~u!FM2

~v !, ~2.1!

whereFBM1 is a B2M1 transition form factor,FM is the
light-cone distribution amplitude, andTI , TII are perturba-
tively calculable hard scattering kernels. In the naive fact
ization approach,TI is independent ofu as it is nothing but
the meson decay constant. However, the large momen
transfer toM2 conveyed by hard gluon exchange implies
nontrivial convolution with the distribution amplitudeFM2

.

The second hard scattering functionTII , which describes
hard spectator interactions, survives in the heavy quark li
when bothM1 andM2 are light or whenM1 is light andM2
is a quarkonium@1#. The factorization formula~2.1! implies
that a naive factorization is recovered in themb→` limit
and in the absence of QCD corrections. Nonfactorizable c
rections are calculable since only hard interactions betw
the (BM1) system andM2 survive in the heavy quark limit.

As an illustrative example of a case when QCDF is n
applicable, let us mention the decayB̄0→p0D0. QCDF does
not work here because the emitted mesonD0 is heavy so that
it is neither small~with size of order 1/LQCD) nor fast and
cannot be decoupled from the (Bp) system. This is also
ascribed to the fact that the soft interaction between (Bp)
and thec quark of theD0 meson is not compensated by th
between (Bp) and the light spectator quark of the charm
meson.

As for the semi-inclusive decayB→MX, a momentum
cutoff imposed on the emitted light mesonM, saypM.2.1
GeV, is necessary in order to reduce contamination from
unwanted background and ensure the relevance of the
body quark decayb→Mq. For example, an excess o
K(K* ) production in the high momentum region, 2
,pK(K* ),2.7 GeV, will ensure that the decayB
→K(K* )X is not contaminated by the backgroundb→c
transitions manifested asB→D(D* )X→K(K* )X8, and that
it is dominated by the quasi-two-body decayb→K(K* )q
induced from the penguin processb→sg* →sqq̄ and the
tree processb→uūs. As we shall see shortly, the kinemat
consideration here will restrict the possible forms of fact
ization for the matrix element̂ MXuOuB&. By the same
physical reasoning as in the exclusive case and by trea
M15X and M25M , we argue that factorization formul
~2.1! can be generalized to the semi-inclusive decay:
3-2
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^MXuOuB&5^MXuOuB& factF11( r nas
n1OS LQCD

mb
D G

5E
0

1

du TI~u!FM~u!

1E
0

1

dj du TII ~j,u!FB~j!FM~u!. ~2.2!

However, this factorization formula is not as rigorous as
one @Eq. ~2.1!# for the exclusive case, as we shall elucida
below.

In comparing this equation to the exclusive case@Eq.
~2.1!#, a crucial simplification that has occurred is that t
semi-inclusive case does not involve any transition form f
tor~s!. This attractive feature holds so long as the mesonM
does not contain a spectator quark in the initialB meson.
Since the lack of knowledge of these form factors is ofte
serious limitation in quantitative applications, this adds to
appeal of the semi-inclusive case. Note also that when
emitted mesonM is a light meson or a quarkonium, the no
factorizable corrections to naive factorization are infrar
safe in the heavy quark limit and hence calculable. Howe
by the same token as theB̄0→p0D0 decay, the above QCD
factorization formula is also not applicable toB̄0

→D0(D̄0)X.1 The analog ofB̄0→D1p2 in semi-inclusive
decays isB̄0→p2Xc . However, there is one difference b
tween them, namely, the hard spectator interaction pro
tional to the kernelTII vanishes in the decayB̄0→D1p2,
while it survives in the three-body decayB̄0→p2c q̄, where
q̄ is the spectator quark of theB meson. This is because th
spectator quark in theB and D bound states in theB2D
transition is very soft in the heavy quark limit, whereas t
same quarkq̄ appearing in the three-body decay has to
hard so that a hard gluon exchange betweenp and q̄ is
needed.

In contrast to the exclusive case, the parton model imp
that the semi-inclusive decay rate of theB meson can be
approximated by that of the freeb quark in the heavy quark
limit, namely, G(B→MX)'G(b→Mq). Hence the hard
spectator interactions in semi-inclusive decays should
suppressed in the heavy quark limit. As we shall see in S
IV B, they are suppressed by powers of (LQCD/mb) at the
decay rate level. However, these interactions will gain la
enhancement for tree-dominated color-suppressed mo
Therefore, we will keep this term in Eq.~2.2!.

The factorizable hadronic matrix element^MXuOuB& has
the simple expression

1In the present paper we do not consider the decay modB
→D (* )X that has been discussed in the literature@6# for two rea-
sons. IfD (* ) is an emitted meson, then QCDF is not applicable
D (* ) is a recoiled meson, the decay will involve unknownB
2D (* ) transition form factor~s! which we are trying to avoid from
the outset in this work.
11401
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^MXuOuB& fact5^M u j 1u0&^Xu j 2uB&. ~2.3!

Note that the factorizable term̂Xu j 18u0&^M u j 28uB& with j 18
and j 28 arising from the Fierz transformation of the operat
O is prohibited if M does not contain the spectator qua
of the initial B meson, while the annihilation term
^MXu j 1u0&^0u j 2uB& is suppressed by orderLQCD/mb and
hence they are not included in Eq.~2.3!. To orderO(as),
there are two additional contributions besides vertex corr
tions: the bremsstrahlung processb→Mq g (g being a real
gluon! and the processb→Mq g* →Mqq8q̄8. The brems-
strahlung subprocess could potentially suffer from the inf
red divergence. However, the vertex diagram in which a v
tual gluon is attached tob and q quarks is also infrared
divergent. This, together with the above-mentioned brem
strahlung process, will lead to a finite and well-defin
correction.2 This finite correction is expected to be small as
is suppressed by a factor ofas /p'7%. Sinceb→Mq g
does not interfere withb→Mq, it can be counted as an orde
O(as) correction. In the presence of bremsstrahlung and
fragmentation of the quark-antiquark pair from the gluon, t
factorizable configurations ^X1M u j 1u0&^X18u j 2uB& and
^X2u j 1u0&^X28M u j 2uB& with X11X185X and X21X285X,
that will break the factorization structure shown in the fi
term in Eq.~2.2!, are allowed. In general, one may argue th
these configurations are suppressed since the momentum
pM.2.1 GeV favors the two-body quark decayb→Mq and
a low multiplicity for X. However, it is not clear to us how
rigorous this argument is. Therefore, in the present paper
will confine ourselves to vertex-type and penguin-type c
rections as well as hard spectator interactions, so that
factorization formula @Eq. ~2.2!# is applicable to semi-
inclusive decays at least as an approximation.

The effective Hamiltonian relevant for hadronic sem
inclusiveB decays of interest has the form

Heff~DB51!5
GF

A2
H VubVuq* @c1~m!O1

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

1VcbVcq* @c1~m!O1
c~m!1c2~m!O2

c~m!#

2VtbVtq* S (
i 53

10

ci~m!Oi~m!1cg~m!Og~m!D
1VcbVuq* @c1~m!Õ1~m!1c2~m!Õ2~m!#J
1H.c., ~2.4!

whereq5d,s and

f
2For exclusive hadronic decays, the infrared divergence occur

in the BM2 system (M2 being a recoiled meson! is absorbed into
the B2M2 transition form factors@1#.
3-3
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O1
u5~ ūb!

V2A
~ q̄u!

V2A
, O2

u5~ ūabb!
V2A

~ q̄bua!
V2A

,

O1
c5~ c̄b!

V2A
~ q̄c!

V2A
, O2

c5~ c̄abb!
V2A

~ q̄bca!
V2A

,

Õ15~ c̄b!
V2A

~ q̄u!
V2A

, Õ25~ c̄abb!
V2A

~ q̄bua!
V2A

,

O3(5)5~ q̄b!
V2A(

q8
~ q̄8q8!

V2A(V1A),

O4(6)5~ q̄abb!
V2A(

q8
~ q̄b8qa8 !

V2A(V1A),
~2.5!

O7(9)5
3

2
~ q̄b!

V2A(
q8

eq8~ q̄8q8!
V1A(V2A)
-
-

11401
O8(10)5
3

2
~ q̄abb!

V2A(
q8

eq8~ q̄b8qa8 !
V1A(V2A),

Og5
gs

8p2 mbq̄smnGmn
a la

2
~11g5!b,

with q85u,d,s, (q̄1q2)V6A[q̄1gm(16g5)q2 , O3–O6 be-
ing the QCD penguin operators,O7–O10 the electroweak
penguin operators, andOg the chromomagnetic dipole opera
tor. After the inclusion of vertex-type and penguin-type co
rections, we obtain
T5
GF

A2 H VubVuq* @a1~ q̄u!
V2A

^ ~ ūb!
V2A

1a2~ ūu!
V2A

^ ~ q̄b!
V2A

#1VcbVcq* @a1~ q̄c!
V2A

^ ~ c̄b!
V2A

1a2~ c̄c!
V2A

^ ~ q̄b!
V2A

#

2VtbVtq* Fa3(
q8

~ q̄8q8!
V2A

^ ~ q̄b!
V2A

1a4(
q8

~ q̄q8!
V2A

^ ~ q̄8b!
V2A

1a5(
q8

~ q̄8q8!
V1A

^ ~ q̄b!
V2A

22a6(
q8

~ q̄q8!
S1P

^ ~ q̄8b!
S2P

1
3

2
a7(

q8
eq8~ q̄8q8!

V1A
^ ~ q̄b!

V2A
23a8(

q8
eq8~ q̄q8!

S1P
^ ~ q̄8b!

S2P

1
3

2
a9(

q8
eq8~ q̄8q8!

V2A
^ ~ q̄b!

V2A
1

3

2
a10(

q8
eq8~ q̄q8!

V1A
^ ~ q̄8b!

V2AG J , ~2.6!
where the symbol ^ stands for ^MXu j 1^ j 2uB&
5^M u j 1u0&^Xu j 2uB& or ^Xu j 1u0&^M u j 2uB&.

The coefficients in Eq.~2.6! evaluated in the naive dimen
sional regularization~NDR! scheme forg5 have the expres
sions

a15c11
c2

Nc
1

as

4p

CF

Nc
c2F,

a25c21
c1

Nc
1

as

4p

CF

Nc
c1F,

a35c31
c4

Nc
1

as

4p

CF

Nc
c4F,

a45c41
c3

Nc
1

as

4p

CF

Nc
H c3FF1G~sq!1G~sb!1

4

3G
2c1S lu

l t
G~su!1

lc

l t
G~sc!2

2

3D
1~c41c6!(

i 5u

b

G~si !
1
3

2
~c81c10!(

i 5u

b

eiG~si !

2
1

2
c9FG~sq!1G~sb!1

4

3G1cgGgJ ,

a55c51
c6

Nc
1

as

4p

CF

Nc
c6~2F212!, ~2.7!

a65c61
c5

Nc
1

as

4p

CF

Nc
H 2c1S lu

l t
G8~su!

1
lc

l t
G8~sc!2

2

3D
1c3FG8~sq!1G8~sb!1

4

3G26c51~c4

1c6!(
i 5u

b

G8~si !
3-4
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1
3

2
~c81c10!(

i 5u

b

eiG8~si !

2
1

2
c9FG8~sq!1G8~sb!1

4

3G1cgGg8J ,

a75c71
c8

Nc
1

as

4p

CF

Nc
c8~2F212!2

a

9p
NcCe ,

a85c81
c7

Nc
26

as

4p

CF

Nc
c726

a

9p
Ce8 ,

a95c91
c10

Nc
1

as

4p

CF

Nc
c10F2

a

9p
NcCe ,

a105c101
c9

Nc
1

as

4p

CF

Nc
c9F2

a

9p
Ce ,

whereCF5(Nc
221)/(2Nc), si5mi

2/mb
2 , andlq5VqbVqq8

* .
In Eq. ~2.7!, the vertex correction in the NDR scheme

given by @1#

F5212 ln
m

mb
2181 f I , ~2.8!

with

f I5E
0

1

dx FM~x!S 3
122x

12x
ln x23ip D , ~2.9!

whereFM(x) is the leading twist light-cone distribution am
plitude ~LCDA! of the light mesonM. For the vector meson
V, FV(x) is dominated by the longitudinal DA„F i

V(x)… as
the contribution from the transverse LCDA„F'

V(x)… is sup-
pressed by a factor ofmV /mb . If the emitted meson is the
J/c meson, then one has to take into account the char
quark mass effect@7,8#,

f I
J/c5E

0

1

dx F i
J/c~x!H 3

122x

12x
ln x23ip13 ln~12z!

12
z~12x!

12zx
1S 12x

~12zx!2 2
x

@12z~12x!#2D z2x ln zx

1
z2x2@ ln~12z!2 ip#

@12z~12x!#2 14rzF S 1

12z~12x!
2

1

12zxD
3 ln zx2

ln~12z!2 ip

12z~12x! G J , ~2.10!

where z5mJ/c
2 /mB

2 and r 5( f J/c
T mc)/( f J/cmJ/c), with f J/c

T

being the tensor decay constant of theJ/c defined by

^J/c~P,l!uc̄smncu0&52 i f J/c
T ~«m*

(l)Pn2«n*
(l)Pm!.

~2.11!
11401
ed

Note that the third line in Eq.~2.10! arises from the trans
verse polarization component ofJ/c. Since the asymptotic
form of the distribution amplitudesF'

J/c(x) andF i
J/c(x) is

the same, namely, 6x(12x), we will thus assumeF'
J/c(x)

5F i
J/c(x) in general. It should be stressed that the stro

phase inf I or f I
J/c comes from final-state rescattering due

the hard gluon exchange between the outgoingM andq.
There are QCD penguin-type diagrams induced by

four-quark operatorsOi for i 51, 3, 4, 6, 8, 9, and 10. The
corrections are described by the penguin-loop functio
G(s) andG8(s)5Gp(s)1Gs(s) given by

G~s!52
4

3
ln

m

mb
14E

0

1

dx FM~x!

3E
0

1

du u~12u!ln@s2xu~12u!#,

Gp~s!52 ln
m

mb
13E

0

1

dx Fp
P~x!

3E
0

1

du u~12u!ln@s2xu~12u!#, ~2.12!

Gs~s!52
1

3
ln

m

mb
1

1

3E0

1

dx
Fs

P~x!

x E
0

1

du u~12u!

3H ln@s2xu~12u!#2
1

2

xu~12u!

s2xu~12u!J ,

whereFp
P andFs

P are the twist-3 LCDA’s of a pseudoscala
mesonP, to which we will come back shortly. It should b
stressed that the penguin-loop contribution proportional
G8(s) is available only if the emitted meson is of the pse
doscalar type. In Eq.~2.7! we have also included the leadin
electroweak penguin-type diagrams induced by the opera
O1 andO2 @9#:

Ce5S lu

l t
G~su!1

lc

l t
G~sc!2

2

3D S c21
c1

Nc
D ,

~2.13!

Ce85S lu

l t
G8~su!1

lc

l t
G8~sc!2

2

3D S c21
c1

Nc
D .

The dipole operatorOg will give a tree-level contribution
proportional to
3-5



ely

it

-

-
ot

or

-
lit

nt
. I

f (

, a
-
-
e

y

-

y

s,

in

ote

y it

e

HAI-YANG CHENG AND AMARJIT SONI PHYSICAL REVIEW D 64 114013
Gg522E
0

1

dx
FM~x!

x
,

~2.14!

Gg852
3

2E0

1

dx Fp
M~x!2

1

6E0

1

dx
Fs

M~x!

x
.

It is well known@10# that strong phases can be perturbativ
generated from the penguin loop functionsG(x) andG8(x).
The virtual gluon’s momentum squaredk25(12x)mB

2 is no
longer an arbitrary parameter; it is convoluted with the em
ted meson wave functionFM(x).

The twist-3 DA’s fp
P and fs

P are defined in the pseudo
scalar and tensor matrix elements@11#:

^P~p!uq̄1~0!ig5q2~x!u0&5 f Pmx
PE

0

1

dh̄ ei h̄p•xfp
P~ h̄ !,

^P~p!uq̄1~0!smng5q2~x!u0&52
i

6
f Pmx

PF12S m11m2

mP
D 2G

3~pmxn2pnxm!

3E
0

1

dh̄ ei h̄p•xfs
P~ h̄ !,

~2.15!

wheremx
P5mP

2 /(m11m2) is proportional to the chiral con
densate. In the present paper we will take the asympt
forms for twist-2 and 3 distribution amplitudes:

FP,V,J/c~x!56x~12x!, Fp
P~x!51, Fs

P~x!56x~12x!.
~2.16!

Several remarks are in order.~i! The coefficientsa8a and
a10a @12# induced by the electroweak penguin operat
O8,9,10 are absorbed in our case intoa6 anda4 in Eq. ~2.7!.
The contributions ofCe and Ce8 to the electroweak coeffi
cientsa7210, which have been neglected in most recent
erature, are numerically more important thana8a and a10a
owing to the large Wilson coefficientsc1 and c2. ~ii ! The
scale andg5-scheme dependence of the Wilson coefficie
ci(m) is canceled by the perturbative radiative corrections
particular it is easily seen that the scale dependence ofai is
compensated for by the logarithmicm dependence inF.
However, note that the coefficientsa6 and a8 are scale de-
pendent. This is because the hadronic matrix element oS
2P)(S1P) operator is proportional tomx

P/mb , which is
also scale dependent owing to the running quark masses
the scale dependence ofa6 anda8 is canceled by the corre
sponding one inmx(m)/mb(m). We have included penguin
type corrections toa4,6,8. Moreover, we have included th
new contributions from the twist-3 DAFs(x). ~iii ! In the
generalized factorization approach for nonleptonic deca
the nonfactorized effects are sometimes parametrized
terms of the effective number of colorsNc

eff so that
11401
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a2i5c2i1
1

~Nc
eff!2i

c2i 21 , a2i 215c2i 211
1

~Nc
eff!2i 21

c2i .

~2.17!

Furthermore, it is assumed that (Nc
eff) i is process indepen

dent. In the improved QCD factorization approach,ai ~see
Table II! and hence (Nc

eff) i are in general complex and the
are process andi dependent.

III. TWO-BODY DECAYS OF THE b QUARK

The general decay amplitudes forb→Pq and b→Vq
read

A~b→Pq!5 i
GF

A2
$~AtVubVuq8

* 2ApVtbVtq8
* ! f PpP

mq̄gm

3~12g5!b2B VtbVtq8
* f Pq̄~12g5!b%,

A~b→Pc!5 i
GF

A2
AtVcbVuq8

* f PpP
mc̄gm~12g5!b,

A~b→Vq!5
GF

A2
~ÃtVubVuq8

* 2ÃpVtbVtq8
* !

3 f VmV«V*
mq̄gm~12g5!b, ~3.1!

A~b→Vc!5
GF

A2
ÃtVcbVuq8

* f VmV«V*
mq̄gm~12g5!b,

A~b→J/c q!5
GF

A2
~ÃtVcbVcq* 2ÃpVtbVtq* !

3 f J/cmJ/c«J/c* mq̄gm~12g5!b,

where q85d,s is not necessarily the same asq, and the
superscriptst and p denote tree and penguin contribution
respectively. The coefficientsA andB relevant for some two-
body hadronicb decay modes of interest are summarized
Table I. Owing to the complications for theh and h8 pro-
duction, their cases will be discussed separately below. N
that the coefficientB proportional to mx /mb is formally
power suppressed in the heavy quark limit, but numericall
is important sincemx /mb;12LQCD/mb @see a discussion
after Eq. ~3.15!#. Therefore, we will keep this calculabl
power correction.

The decay amplitudes ofb→h (8)s, h (8)d have the ex-
pressions
3-6
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TABLE I. The coefficientsAt(Ãt), Ap(Ãp) and B ~in units of mx /mb) defined in Eq.~3.1! for some
modes of interest.

Mode q8 At(Ãt) Ap(Ãp) B(mx /mb)

b→p2u d a1 a41a10 2(a61a8)
b→r2u d a1 a41a10

b→p0d d a2 /A2 (2a42
3
2 a71

3
2 a91

1
2 a10)/A2 3a8 /A2

b→r0d d a2 /A2 (2a41
3
2 a71

3
2 a91

1
2 a10)/A2

b→v d d a2 /A2 @2a31a412a51
1
2 (a71a92a10)#/A2

b→f d d a31a52
1
2 (a71a9)

b→h d d see text
b→h8d d see text
b→p2c d a1

b→r2c d a1

b→K0s d a42
1
2 a10 2a62a8

b→K* 0s d a42
1
2 a10

b→K2u s a1 a41a10 2(a61a8)
b→K* 2u s a1 a41a10

b→K̄0d s a42
1
2 a10 2a62a8

b→K̄* 0d s a42
1
2 a10

b→K2c s a1

b→K* 2c s a1

b→h s s see text
b→h8s s see text

b→p0s s a2 /A2
3

2A2
~2a71a9!

b→r0s s a2 /A2
3

2A2
~a71a9!

b→v s s a2 /A2 @2a312a51
1
2 (a71a9)#/A2

b→f s s a31a41a52
1
2 (a71a91a10)

b→J/c s s a2 a31a51a71a9

b→J/c d d a2 a31a51a71a9
A~b→h (8)s!5 i
GF

A2
H FVubVus* a2f

h(8)
u

1VcbVcs* a2f
h(8)
c

2VtbVts* S ~a32a52a71a9! f
h(8)
c

1Fa31a42a51
1

2
~a72a92a10!G f

h(8)
s

1S 2a322a52
1

2
a71

1

2
a9D f

h(8)
u D G

3p
h(8)
m

s̄gm~12g5!b1~2a62a8!

3
m

h(8)
2

2ms~mb2ms!
~ f

h(8)
s

2 f
h(8)
u

!s̄~12g5!bJ
~3.2!

and
11401
A~b→h (8)d!5 i
GF

A2
H FVubVud* a2f

h(8)
u

1VcbVcd* a2f
h(8)
c

2VtbVtd* S ~a32a52a71a9! f
h(8)
c

1F2a31a422a51
1

2
~2a71a92a10!G f

h(8)
u

1Fa32a51
1

2
~a72a9!G f

h(8)
s D G

3p
h(8)
m

d̄gm~12g5!b

1~2a62a8!
m

h(8)
2

2ms~mb2md!

3~ f
h(8)
s

2 f
h(8)
u

!r h(8)d̄~12g5!bJ , ~3.3!
3-7
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where the decay constants of theh and h8 are defined by

^0uq̄gmg5quh (8)&5 i f
h(8)
q

pm . Theh8 decay constants follow
a two-angle mixing pattern@13,14#,

f h8
u

5
f 8

A6
sinu81

f 0

A3
cosu0 ,

f h8
s

522
f 8

A6
sinu81

f 0

A3
cosu0 , ~3.4!

with f 8 and f 0 being the decay constants of the SU~3! octet
and singleth8 andh0, respectively:

^0uAm
0 uh0&5 i f 0pm , ^0uAm

8 uh8&5 i f 8pm . ~3.5!

Likewise, for theh meson

f h
u5

f 8

A6
cosu82

f 0

A3
sinu0 ,

f h
s 522

f 8

A6
cosu82

f 0

A3
sinu0 . ~3.6!

It must be emphasized that the two-mixing angle formali
proposed in Refs.@13,14# applies to the decay constants
the h8 and h rather than to their wave functions. It wa
found in Ref.@14# that, phenomenologically,

u85221.2°, u0529.2°, f 8 / f p51.26, f 0 / f p51.17.
~3.7!

Numerically, we obtain

f h
u,d578 MeV, f h

s 52112 MeV,

f h8
u,d

563 MeV, f h8
s

5137 MeV. ~3.8!

The decay constantf h8
c , defined by ^0uc̄gmg5cuh8&

5 i f h8
c qm , is related to the intrinsic charm content of theh8,

and it has been estimated from theoretical calculations@15#
and from the phenomenological analysis of the data onJ/c
→hcg, J/c→h8g and of thehg and h8g transition form
factors @9,14,16#; it is expected to lie in the range22.0
MeV< f h8

c <218.4 MeV. In this paper we use the values

f h8
c

52~6.360.6! MeV, f h
c 52~2.460.2! MeV,

~3.9!

as obtained from a phenomenological analysis performe
Ref. @14#.

Care must be taken to consider the pseudoscalar m
element for theh (8)→ vacuum transition. The anomaly e
fects must be included in order to ensure a correct ch
behavior for the pseudoscalar matrix element@17#. The re-
sults are@18,9#
11401
in
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^h (8)us̄g5su0&52 i
m

h(8)
2

2ms
~ f

h(8)
s

2 f
h(8)
u

!,

~3.10!
^h (8)uūg5uu0&5^h (8)ud̄g5du0&

5r h(8)^h (8)us̄g5su0&,

with @17#

r h85
A2 f 0

22 f 8
2

A2 f 8
22 f 0

2

cosu11/A2sinu

cosu2A2 sinu
,

~3.11!

r h52
1

2

A2 f 0
22 f 8

2

A2 f 8
22 f 0

2

cosu2A2 sinu

cosu11/A2sinu
,

whereu is theh2h8 mixing angle:

h85h8 sinu1h0 cosu, h5h8 cosu2h0 sinu.
~3.12!

We will useu5215.4° as determined in Ref.@14#.
To proceed with numerical calculations, we need

specify some input parameters. For Wilson coefficients,
use the next-to-leading ones in the NDR scheme,

c151.082, c2520.185, c350.014,

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

c7 /a520.002, c8 /a50.054, c9 /a521.292,

c10/a50.263, cg520.143, ~3.13!

with a being the electromagnetic fine-structure coupli
constant. These values taken from Table XXII of Ref.@19#

are evaluated atm5m̄b(mb)54.40 GeV andLMS̄
(5)

5225
MeV. For the decay constants other thanh and h8 we em-
ploy

f p5132 MeV, f K5160 MeV, f r5216 MeV,

f K* 5221 MeV, f v5195 MeV,

f f5237 MeV, f J/c5405 MeV. ~3.14!

For the CKM matrix elements, we takeuVcbu50.0395 and
uVub /Vcbu50.085. For the unitarity angleg we useg560°
as extracted from recent global CKM fits@20#. The other two
unitarity anglesa andb are then fixed.

The hadronic matrix element of the (S2P)(S1P) opera-
tor involves the quantitymx

P/m̄b ,

mx
P

m̄b~m!
5

mP
2

m̄b~m!@m̄1~m!1m̄2~m!#
, ~3.15!

where m̄q is the running quark mass of the quarkq, and
hence it is formallyLQCD/m̄b power suppressed in the heav
3-8
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quark limit. However, numerically it is chirally enhanced. A
m5mb scale, we have~see Ref.@21# for the running quark
mass ratios and evolution!

m̄s~mb!590 MeV, m̄d~mb!54.6 MeV,

m̄u~mb!52.3 MeV, ~3.16!

corresponding tom̄s ~1 GeV!5140 MeV or m̄s ~2 GeV!
5101 MeV. We will neglect the small flavor-SU~3! breaking
for the chiral condensate and use the averaged v
mx(mb)52.7 GeV.3 As a consequence, mx /m̄b

512LQCD/m̄b yields a large chiral enhancement. Apart fro
the current quark masses appearing in the use of equatio
motion, we will utilize the pole masses for the heavy quar
mb54.8 GeV andmc51.5 GeV. To compute the branchin
ratios, we use the mean lifetime of the admixture of bott
particles:t51.564310212s @22#.

Since the coefficientsa4,6210 involve the CKM matrix
elementslu,c /l t @see Eq.~2.7!#, the results of the coeffi-
cientsai are exhibited in Table II forb→P q andq85d,s. It
is evident thata3,4,5,6are enhanced substantially compared
the naive factorization values and have large imaginary p
and thata2 in QCD factorization becomes very small. I
particular, the calculated coefficienta2(Pq)50.0220.08i in
QCD factorization is dramatically different from the valu
0.18 obtained in naive factorization. The smallness ofa2
imposes a serious problem. For example, the predic
branching ratio ofb→J/cs is too small compared to th
experimental valueB(B→J/cXs)5(8.060.8)31023 @23#.
We will come to this point in Sec. IV. Note thata9 is the
dominant electroweak penguin coefficient. Owing to t
large cancellation betweena3 and a5, the decayb→f d is

3A value as small asmx51.4 GeV is sometimes chosen in th
literature. However, we favor the higher value given above as
can then readily account for the observedB→Kp rates, which are
difficult to explain in terms of the smallermx .

TABLE II. Numerical values for the coefficientsai ~in units of
1024 for a3 ,•••,a10) in QCD factorization and in naive factoriza
tion for b→Pq andq85d,s.

QCD factorization
q85d q85s Naive factorization

a1 (1.0510.01i ) (1.0510.01i ) 1.02
a2 (0.0220.08i ) (0.0220.08i ) 0.18
a3 (74126i ) (74126i ) 23
a4 (2317229i ) (2353258i ) 2303
a5 (267230i ) (267230i ) 28
a6 (2400227i ) (2440245i ) 2380
a7 (20.2920.65i ) (20.8921.13i ) 0.80
a8 (3.4320.36i ) (3.2220.46i ) 3.89
a9 (292.322.3i ) (292.922.8i ) 287.9
a10 (0.816.6i ) (0.616.4i ) 212.2
11401
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electroweak penguin dominated. Likewise,b→p0s andr0s
are also dominated by electroweak penguin diagrams.

We are now ready to compute the decay rates using

G~b→Pq!5
GF

2 f P
2mb

3

16p
~ uAtVubVuq8

* 2ApVtbVtq8
* u2

1uB VtbVtq8
* u2!S 12

mP
2

mb
2 D ,

G~b→Pc!5
GF

2 f P
2mb

3

16p
uAtVcbVuq8

* u2S 11
mc

2

mb
2 2

mP
2

mb
2 D ,

G~b→Vq!5
GF

2 f V
2mb

3

16p
uÃtVubVuq8

* 2ÃpVtbVtq8
* u2

3S 11
mV

2

mb
2 22

mV
4

mb
4D , ~3.17!

G~b→Vc!5
GF

2 f V
2mb

3

16p
uÃtVcbVuq8

* u2

3S 12
mc

22mV
2

mb
2 1

mc
422mV

4

mb
4 D ,

G~b→J/c q!5
GF

2 f J/c
2 mb

3

16p
uÃtVcbVcq* 2ÃpVtbVtq* u2

3S 11
mJ/c

2

mb
2

22
mJ/c

4

mb
4 D .

The expression ofG(b→h (8)q) is similar to that ofG(b
→Pq). We will also study theCP-violating partial-rate
asymmetry~PRA! defined by

A5
G~b→Mq!2G~ b̄→M̄ q̄!

G~b→Mq!1G~ b̄→M̄ q̄!
. ~3.18!

The CP-averaged branching ratios and directCP-violating
partial rate asymmetries for some two-body hadronicb de-
cays of interest are summarized in Table III. Compared to
predictions of branching ratios based on naive factorizat
@4#, there are three major modifications:~i! Decay modes
p2u, K̄0d, K̄* 0d, andK2u are significantly enhanced ow
ing to the large penguin coefficientsa6 and a4. ~ii ! The
modesp0d, r0d, v d, J/cs, andJ/cd with neutral emitted
mesons are suppressed relative to the naive factoriza
ones due to the smallness ofa2. ~iii ! The fd mode has a
smaller rate due to the large cancellation betweena3 anda5.
That is, whilefd is QCD-penguin dominated in naive fac
torization, it becomes electroweak-penguin dominated
QCD factorization.

For the prompth8 production in semi-inclusive decays
we find the four-quark operator contributions tob→h8s can
only account for about 10% of the measured result@24#:

e

3-9
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B~B→h8Xs!5„6.261.661.321.5
10.0~bkg!…31024

for 2.0,ph8,2.7 GeV/c, ~3.19!

whereXs is the final state containing a strange quark. O
important reason is that there is an anomaly effect in
matrix element̂ h8us̄g5su0& manifested by the decay con
stant f h8

u @see Eq.~3.10!#. Sincef h8
u ; 1

2 f h8
s @cf. Eq. ~3.8!#, it

is obvious that the decay rate ofb→h8s induced by the (S
2P)(S1P) penguin interaction is suppressed by the QC
anomaly effect. If there were no QCD anomaly, one wo
haveB(b→h8s)52.231024 from four-quark operator con
tributions which are about one third of the experimen
value.

It is useful to explicitly take into account the constrain
from theCPT theorem when computing PRA’s for inclusiv
decays at the quark level@25# ~for a review, see Ref.@26#!.
Takeb→duū as an example and note that the penguin a
plitude, sayl ta4, can be written as2(lua4

u1lca4
c), where

lq5VqbVqq8
* , a4

u52c1G(su)1••• and a4
c52c1G(sc)

1••• with the ellipses being the common terms given in E

TABLE III. CP-averaged branching ratios~BR! and partial-rate
asymmetries for some two-body hadronicb decays. For compari-
son, the predicted branching ratios and rate asymmetries~in abso-
lute values forg560°) based on naive factorization@4# are given in
parentheses.

Mode BR PRA~%!

b→p2u 1.531024(1.331024) 22(7)
b→r2u 4.231024(3.531024) 22(7)
b→p0d 5.331027(2.431026) 93(31)
b→r0d 1.431026(5.931026) 91(33)
b→v d 2.531026(5.831026) 297(34)
b→f d 6.931028(2.331027) 22(0)
b→p2c 2.231022 0
b→r2c 5.131022 0
b→h d 1.531026 259
b→h8d 1.031026 38
b→K0s 4.031026(2.531026) 220(4)
b→K* 0s 2.631026(2.931026) 224(14)
b→K2u 9.231025(2.931025) 5(28)
b→K* 2u 4.831025(5.131025) 17(44)

b→K̄0d 1.031024(2.031025) 0.8(1)

b→K̄* 0d 6.631025(2.631025) 0.9(3)

b→K2c 1.731023 0
b→K* 2c 2.731023 0
b→h s 1.931025 24
b→h8s 5.431025 1
b→p0s 1.831026(1.631026) 19(0)
b→r0s 5.131026(4.331026) 19(0)
b→v s 3.331027(1.331026) 61(0)
b→f s 5.531025(6.331025) 1(0)
b→J/c s 5.431024 20.5
b→J/c d 2.831025 10
11401
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~2.7! for a4 andG(sq) the penguin function with the interna
quarkq @see Eq.~2.12!#. In general,a4 has absorptive con
tributions from allu, d, s, andc quark loops. It is clear tha
PRA’s arise from the interference between the tree amplit
lua1 and the penguin amplitudelca4

c and the one between
lua4

u andlca4
c . TheCPT theorem implies that the ‘‘diago

nal’’ strong penguin phases coming from the diagonal p
cessq1q̄→q1q̄ will not contribute to the rate asymmetr
@27#. For example, at orderas the interference betweenlua1
andlca4

c with the absorptive cut from theu quark loop in the
penguin diagram does not contribute to PRA inb→s(d)uū
decays. It is easily seen that the compensating process
this interference is itself. Likewise, the PRA at orderas

2 due
to the interference between two different penguin amplitu
with the uū absorptive cut in the penguin loop will be com
pensated for by the one between the tree amplitude and
higher order penguin diagram that contains an absorp
part from theuū quark loop inset in the gluon propagato
Therefore, one has to disregard the penguin phases com
from G(su) and G8(su) for the PRA’s in the decayb
→duū. Similarly, the phase of thes-loop penguin diagram
should be dropped in rate-asymmetry calculations ofb
→dss̄andb→sss̄in order to be consistent with the require
ment of theCPT theorem. By the same token, the stro
‘‘diagonal’’ phase in coefficientsai due to final-state hard
gluon exchange@see Eq.~2.9!# will not contribute to rate
asymmetries in quark level processes.

The implication of theCPT theorem for PRA’s at the
hadron level in exclusive or semi-inclusive reactions is m
complicated @28#. Consider the above exampleb→duū
again. The corresponding semi-inclusive decays of theb
quark can be manifested asb→(p2,r2)u and b
→(p0,r0,v)d at the two-body level and (p2p0,K0K2)u
and (p1p2,p0p0,K1K2)d at the three-body level and etc
The CPT theorem no longer constrains the absorptive
from theu-loop penguin diagram not to contribute separat
to each aforementioned semi-inclusiveb decay, though the
cancellation betweenuū andcc̄ quarks will occur when all
semi-inclusive modes are summed over. In view of this o
servation, we shall keep all the strong phases in the calc
tion of direct CP violation in the individual semi-inclusive
decay.

The presence of the strong phase in the hard kernelf I @Eq.
~2.9!# in QCD factorization has several noticeable effects:~i!
The rate asymmetries in the decaysb→fd, (p0,r0,v)s
vanish in naive factorization because the coefficientsa2 and
a3,5,7,9,10there are real. In QCD factorization, the large pha
of a2 ~see Table II! will yield large PRA’s for these modes
~ii ! The color-suppressed tree-dominated decaysb
→(p0,r0,v)d have large PRA’s due to the large imagina
part ofa2 and the smallness ofua2u. To see this, we conside
b→r0d as an illustration. The partial rate differenceDG(b
→r0d)5G(b→r0d)2G(b̄→r0d̄) is proportional to ~see
Table I for the amplitude!

DG~b→r0d!}Im~VubVud* Vtb* Vtd!

3Im@a2~2a41 3
2 a71 3

2 a91 1
2 a10!#.

~3.20!
3-10
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Sincea2 is dominated by the imaginary part, it follows th

DG~b→r0d!}sina Ima2 Re~2a41 3
2 a71 3

2 a91 1
2 a10!.

~3.21!

BecauseuVubVud* u@uVtbVtd* u andua2u is small, it is clear that
b→r0d has a large PRA governed by the vertex-induc
strong phase. In contrast, the rate asymmetry in peng
dominated modes is largely due to the strong penguin ph
Consider the processb→K* 2u. The partial rate difference is

DG~b→K* 2u!}Im~VubVus* Vcb* Vcs!Im@a1a4
c1a4

ua4
c#

'sing@ Ima1 Rea4
c2c1 ImG~sc!Rea1

2c1 ImG~su!Rea4
c

2c1 ImG~sc!Rea4
u#, ~3.22!

where we have applied the relationl ta452(lua4
u1lca4

c)
as given before. Since the imaginary part ofa1 is very small
~see Table II!, it is evident thatCP asymmetries in the
penguin-dominated modes are governed by the strong
guin phase.

In the present QCD factorization approach we have c
sidered the penguin corrections toa4,6210 induced by not
only tree operators but also QCD and electroweak peng
operators. For example, the parametersa7,9,10 do receive an
absorptive contribution via electroweak penguin-type d
grams generated by tree four-quark operatorsO1,2 @see Eq.
~2.7!#. Therefore, they receive more penguin phases. Ano
important difference between QCDF and naive factorizat
is that the gluon’s virtualityk2 is no longer arbitrary; this
tends to remove considerable uncertainties in the estim
of the CP asymmetries. These may account for the gene
differences between the present results and Ref.@4#. Note
that our predictions for PRA’s in the decaysB̄0

→K2(K* 2)X and B2→K̄0(K̄* 0)X are in agreement with
Ref. @2# for g560°. ~The definition of the rate asymmetry i
Ref. @2# has a sign opposite to ours.!

IV. SEMI-INCLUSIVE B DECAYS

A major advantage of studying the quasi-two-body dec
of the b quark is that it does not involve the unknown for
factors and hence the theoretical uncertainty is consider
reduced. In order to retain this merit for semi-inclusiveB
decays, it is necessary to circumvent the second matrix
ment term appearing in Eq.~2.3!. Fortunately, this can be
achieved by choosing aB meson whose spectator quark co
tent is not contained in the outgoing mesonM. For example,
the counterpart ofb→p0d at the meson level will beB̄s

0

→p0X as then theB̄s2p0 transition does not contribute. I
contrast, the decayB2→p0X or B̄0→p0X will involve the
unwantedB2p form factors. As stressed in Sec. II, it
necessary to impose a cut, sayEM.2.1 GeV for the light
emitted meson, in order to reduce contamination from
unwanted background and enhance the presence of the
body quark decayb→Mq. Therefore, in the absence of th
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bound state effect it is expected that, for example,G(B̄0

→p2X)'G(b→p2u) after applying the parton-model ap
proximation

(
X

uX&^Xu'(
s
E d3p

~2p!32Eu
uu~pu ,s!&^u~pu ,s!u.

~4.1!

There are two more complications for semi-inclusiveB de-
cays. First,B→MX can be viewed as the two-body deca
b→Mq in the heavy quark limit. For the finiteb quark mass,
it becomes necessary to consider the initialb quark bound
state effect. Second, consider the three-body decayB̄

→Mq1q̄2 with the quark content (bq̄2) for the B̄ meson.
One needs a hard gluon exchange between the spec
quarkq̄2 and the mesonM in order to ensure that the outgo
ing q̄2 is hard. For exclusive two-body decays, the nonfa
torizable hard spectator contribution is customarily deno
as @1#

GF

A2

as

4p

CF

Nc
ci f II . ~4.2!

Numerically, f II is much larger thanf I for exclusive decays.
For the semi-inclusive case at hand, it has been argued
f II is subject to a phase-space suppression since it invo
three particles in the final states rather than the two-body
for f I @3#. However, we shall see below that it is not the ca
for color-suppressed decay modes, though hard spectato
teractions are formally power suppressed in the heavy qu
limit.

A. Initial bound state effect

The initial bound state effects on branching ratios andCP
asymmetries have been studied recently in Ref.@2# using two
different approaches: the light-cone expansion approach
the heavy quark effective theory approach. We will follo
Ref. @2# to employ the second approach which amounts
modifying the decay rates by

G~B→PX!5
GF

2 f P
2mb

3

16p
$uAtVubVuq8

* 2ApVtbVtq8
* u2h1

1uB VtbVtq8
* u2h2%S 12

mP
2

mB
2 D ,

G~B→VX!5
GF

2 f V
2mb

3

16p
uÃtVubVuq8

* 2ÃpVtbVtq8
* u2h1

3S 11
mV

2

mB
2 22

mV
4

mB
4 D , ~4.3!
3-11
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G~B→J/c X!5
GF

2 f J/c
2 mb

3

16p
uÃtVcbVcq* 2ÃpVtbVtq* u2h1

3S 11
mJ/c

2

mB
2

22
mJ/c

4

mB
4 D ,

where

h15S 11
7

6

mG
2

mb
2 2

53

6

mp
2

mb
2D , h25S 12

mG
2

2mb
2 1

mp
2

2mb
2D
~4.4!

and

mG
2 5

^Buh̄GmnsmnhuB&
4mB

, mp
2 52

^Buh̄~ iD'!2huB&
2mB

, ~4.5!

with D'
m5Dm2vmv•D, wherev is the four-velocity of theB
11401
meson. The nonperturbative heavy quark effective the
~HQET! parametermG

2 is fixed from theB* 2B mass split-
ting to be 0.36 GeV2. Following Ref. @2# we usemp

2 50.5
GeV2, which is consistent with QCD sum rule and lattic
QCD calculations@29#. Compared to the two-body decay
b→Mq shown in Table III, we see that the branching ra
of B→PX and B→VX owing to bound state effects is re
duced by a factor of (5;10)% and 17%, respectively, whil
the CP asymmetry remains intact forVX decays and for
most ofPX modes.

B. Nonfactorizable hard spectator interactions

We now turn to the hard spectator interactions in t

three-body decayB(pB)→M (pM)1q1(p1)1q̄2(p2) with a

hard gluon exchange between the spectator quarkq̄2 and the
mesonM. A straightforward calculation yields
Aspect~B→Pq1q̄2!5
GF

A2

as

4p

CF

Nc

4p2

Nc
f Pf B~Asp

t VubVuq8
* 2Asp

p VtbVtq8
* !

3E
0

1

dj
FP~j!

j E
0

1

dr̄
F1

B~ r̄ !

r̄
S pP

mq̄1gm~12g5!q2

pP•p2
2

mBq̄1~11g5!q2

pB•p2
D ,

Aspect~B→Vq1q̄2!52 i
GF

A2

as

4p

CF

Nc

4p2

Nc
mVf Vf B~Ãsp

t VubVuq8
* 2Ãsp

p VtbVtq8
* !E

0

1

djE
0

1

dr̄
FV~j!F1

B~ r̄ !

j r̄~pB•p2!~pV•p21jmV
2/2!

3$~pB•p22jpB•pV!«* mq̄1gm~12g5!q22j~«* •pB!q̄1p” V~12g5!q22mB~«* •p2!q̄1

3~11g5!q22jmBq̄1p” V«” * ~11g5!q2%,

Aspect~B→J/cq1q̄2!52 i
GF

A2

as

4p

CF

Nc

4p2

Nc
mJ/c f J/c f B~Ãsp

t VcbVcq8
* 2Ãsp

p VtbVtq8
* !E

0

1

djE
0

1

dr̄

3
FJ/c~j!F1

B~ r̄ !

j r̄~pB•p2!~pJ/c•p2!
$@pB•p22~j2r !pB•pJ/c#«* mq̄1gm~12g5!q2

2~j2r !~«* •pB!q̄1p” J/c~12g5!q22mB~«* •p2!q̄1~11g5!q22~j2r !mBq̄1p” J/c«” * ~11g5!q2%,

~4.6!
3-12
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wherer 5(mcf J/c
T )/(mJ/c f J/c). In deriving the above equa

tion, we have applied the on-shell conditionsq̄1p” 150,
p” 2q250, the approximationr̄'0 @see the discussion afte
Eq. ~4.11!# and theB meson wave function@1#,

^0uq̄a~x!bb~0!uB̄~p!&ux15x'50

52
i f B

4
@~p”1mB!g5#bg

3E
0

1

dr̄ e2 i r̄p1x2@F1
B~ r̄ !1n”2F2

B~ r̄ !#ga ,

~4.7!

with n25(1,0,0,21). The expressions forAsp
t,p andÃsp

t,p can

be obtained from that ofAt,p and Ãt,p ~see Table I!, respec-
tively, by replacing the coefficienta2i (a2i 21) by the Wilson
coefficientc2i 21 (c2i). In passing, we note that, in contra
to Ref. @5#, the two-body decayb→Mq1 and the three-body
decayB→Mq1q̄2 do not interfere with each other to giv
contributions toB→MX.

As stressed in Sec. II, the validity of the freeb quark
approximation as implied by the parton model indicates t
the hard spectator interaction in semi-inclusive decays
power suppressed in the heavy quark limit. Using the po
counting f B;(LQCD)3/2/mb

1/2, f M;LQCD @1#, and r̄
;LQCD/mb ~see below!, and taking into account the phas
space correction, it is easily seen that the hard spectato
teraction@Eq. ~4.6!# is of orderLQCD/mb in the heavy quark
limit. However for the color-suppressed modes such asB̄s
→p0Xs̄ in which the factorizable contribution is color sup
pressed, the hard spectator interaction will become extrem
important as it is color allowed.

Equation~4.6! can be applied to two-body exclusive d
cays. ConsiderB→Kp as an example; this amounts to ha
ing P5K and a pion fromq1q̄2 . Hencep25h̄pp , whereh̄
is the momentum fraction of the antiquark in the pion.
follows from Eqs.~4.6! and ~2.15! that

Aspect~B→Kp!}E
0

1dr̄

r̄
F1

B~ r̄ !E
0

1dj

j
FK~j!E

0

1dh̄

h̄

3FFp~h̄!1
2mx

mb
fp

p~h̄ !G , ~4.8!

which was first obtained in Ref.@30#. It is evident that the
terms proportional tomB in Eq. ~4.6! give twist-3 contribu-
tions. Since the twist-3 distribution amplitudeFp

p(h̄)'1, it
does not vanish at the endpoints. Consequently, there
logarithmic divergence of theh̄ integral which implies that
the spectator interaction inB→Kp decay is dominated by
soft gluon exchange between the spectator quark and qu
that form the emitted kaon, indicating that QCD factorizati
breaks down at twist-3 order. The above-mentioned infra
divergent problem does not occur in the semi-inclusive
cay, however.
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The decay distribution due to hard spectator interacti
is given by

Gspect5
1

~2p!3

1

32mB
3E uAspectu2 dm12

2 dm23
2 ~4.9!

or

dGspect

dEM
5

1

~2p!3

1

16mB
2E uAspectu2 dm23

2 , ~4.10!

whereEM is the energy of the outgoing mesonM, andmi j
2

5(pi1pj )
2 with p35pM . For a givenEM , the range ofm23

2

is fixed by kinematics. In order to enhance the possibi
that B→MX originates from a quasi-two-body decay, w
impose the energy cutoffEM.2.1 GeV for light mesons and
EM.3.3 GeV for theJ/c.

C. Results and discussions

To proceed we apply the initial bound state effect to ha
spectator interactions and use theB meson wave function

F1
B~ r̄ !5NBr̄2~12 r̄ !2 expF2

1

2
S r̄mB

vB
D 2G , ~4.11!

with vB50.25 GeV andNB being a normalization constan
This B meson wave function corresponds tolB5303 MeV
defined by*0

1 dr̄ FB( r̄)/ r̄[mB /lB @1#. This can be under-

stood since theB meson wave function is peaked at smallr̄:
It is of ordermB /LQCD at r̄;LQCD/mB . Hence the integral
overfB( r̄)/ r̄ produces anmB /LQCD term. As for the param-
eterr defined after Eq.~2.10!, it is equal to 1/2 in the heavy
quark limit assumingf J/c

T 5 f J/c . The results of calculations
are shown in Table IV. We see that the tree-dominated co
suppressed modes (p0,r0,v)Xs̄ , fX, J/cXs ,J/cX and the
penguin-dominated modevXss̄ are dominated by the har
spectator corrections. In particular, the predictionB(B
→J/cXs)59.631023 is in agreement with the measure
ment of a direct inclusiveJ/c production: (8.060.8)
31023 by CLEO @23# and (7.8960.1060.34)31023 by
BaBar@31#. This is because the relevant spectator interact
is color allowed, whereas the two-body semi-inclusive d
cays for these modes are color suppressed. As a co
quence, nonfactorizable hard spectator interactions am
to giving a2 a large enhancement.

It is instructive to compare the enhancement of theJ/c
production in exclusive and semi-inclusive decays. The h
spectator diagrams denoted byf II have been included in the
leading-twist order calculations, and it is found th
a2(J/cK);(0.06–0.05i ) @7,8#. Therefore, the real part o
a2(J/cK) is enhanced byf II , which is numerically much
larger thanf I , but it is still too small compared to the ex
perimental value 0.2660.02@32#. It has been shown recentl
3-13
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HAI-YANG CHENG AND AMARJIT SONI PHYSICAL REVIEW D 64 114013
that to the twist-3 level, the coefficienta2(J/cK) is largely
enhanced by the nonfactorizable spectator interactions
ing from the twist-3 kaon LCDAfs

K , which are formally
power suppressed but chirally, logarithmically and kinema
cally enhanced@7#. The major theoretical uncertainty is th
the infrared divergent contributions there should be treate
a phenomenological way. In this work we found that it is t
same spectator mechanism responsible for the enhance
observed in semi-inclusive decayB→J/cXs , and yet we do
not encounter the same infrared problem as occurred in
exclusive case; also, terms proportional tomB in Eq. ~4.6!
are not power suppressed, rendering the present predi
more reliable and trustworthy. It is conceivable that infrar
divergences residing in exclusive decays will be washed
when all possible exclusive modes are summed over.

It is also interesting to notice that after including the sp
tator corrections, the branching ratios and PRA’s for
color-suppressed modesB̄s

0→(p0,r0,v)Xs̄ , B2→fX are
numerically close to that predicted in@4# based on naive
factorization~see Table III!. Note that the largeCP asym-
metries inb→(p0,r0,v)d decays~see Table III! are washed
out to a large extent at hadron level by spectator interactio

TABLE IV. CP-averaged branching ratios and partial-ra
asymmetries for some semi-inclusive hadronicB decays withEM

.2.1 GeV for light mesons andEJ/c.3.3 GeV for the J/c.
Branching ratios due to hard spectator interactions in the three-b

decayB→Mq1q̄2 are shown in parentheses. HereX denotes a final
state containing no~net! strange or charm particle, andXq the state
containing the quark flavorq.

Mode BR PRA~%!

B̄0→p2X(B̄s
0→p2Xs̄) 1.331024(5.131028) 22

B̄0→r2X(B̄s
0→r2Xs̄) 3.431024(2.231027) 22

B̄s
0→p0Xs̄

1.331026 (8.731027) 31

B̄s
0→r0Xs̄

4.831026 (3.731026) 22

B̄s
0→v Xs̄

5.531026 (3.431026) 237

B2→f X 2.531027 (1.931027) 20.5

B̄0→p2Xc(B̄s→p2Xcs̄) 1.831022 (8.431026) 0

B̄0→r2Xc(B̄s→r2Xcs̄) 4.231022 (1.131024) 0

B2→K0Xs 3.831026(2.931029) 220
B2→K* 0Xs 2.231026(1.131028) 224

B̄0→K2X(B̄s→K2Xs̄) 8.731025(3.631029) 5

B̄0→K* 2X(B̄s→K* 2Xs̄) 3.931025 (1.431028) 16

B2→K̄0X 9.731025(7.531028) 0.8

B2→K̄* 0X 5.431025(2.931027) 0.9

B̄0→K2Xc(B̄s
0→K2Xcs̄) 1.431023(4.331027) 0

B̄0→K* 2Xc(B̄s
0→K* 2Xcs̄) 2.331023(4.831026) 0

B̄s
0→p0Xss̄

1.531026 (5.031028) 19

B̄s
0→r0Xss̄

4.431026(2.231027) 18

B̄s
0→v Xss̄

7.431026(7.131026) 2

B2→f Xs 5.831025(2.831026) 1
B→J/c Xs 9.631023(9.231023) 0
B→J/c X 5.131024(4.931024) 0.5
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By contrast, the nonfactorizable spectator interaction is
general negligible for penguin dominated~except forvXss̄)
or color-allowed tree dominated decay modes. The chan
(B2,B̄0)→(p0,r0,v,f)X are not listed in Table IV, as they
involve the unwanted form factors. For example,B2

→p0X contains a terma2FBp and B̄0→p0X has a contri-
bution like a4FBp. Hence the prediction of (B2,B̄0)→p0X

is not as clean asB̄s
0→p0Xs̄ . Nevertheless, the former i

also dominated by spectator interactions, and is expecte
have the same order of magnitude for branching ratios as
latter.

Owing to the presence ofB2h(h8) form factors, the
decaysB→(h,h8)X are also not listed in Table IV. How
ever, we find that the hard spectator corrections to the pro
h8 production in semi-inclusive decays are very small, a
hence the four-quark operator contributions tob→h8s can
only account for about 10% of the measured result@Eq.
~3.19!#. Evidently this implies that one needs a new mech
nism ~but not necessarily new physics! specific to theh8. It
has been advocated that the anomalous coupling of two
ons and h8 in the transitionsb→sg* followed by g*
→h8g andb→sg* g* followed by g* g* →h8 may explain
the excess of theh8 production @33,18#. An issue in this
study is about the form-factor suppression in theh82g*
2g* vertex, and this has been studied recently in the per
bative QCD hard scattering approach@34#. At the exclusive
level, it is well known that the decaysB6→h8K6 and B̄0

→h8K̄0 have abnormally large branching ratios@22#. In
spite of many theoretical uncertainties, it is safe to say t
the four-quark operator contribution accounts for at most h
of the experimental value and the new mechanism resp
sible for the prolifich8 production in semi-inclusive deca
could also play an essential role inB→h8K decay.

From Table IV it is clear that the semi-inclusive dec
modesB̄s

0→(p0,r0,v)Xs̄ , r0Xss̄, B̄0→(K2X,K* 2X), and
B2→(K0Xs ,K* 0Xs) are the most promising ones in searc
ing for direct CP violation; they have branching ratios o
order 1026–1024 and CP rate asymmetries of orde
10–40 %. Note that, as shown in Eqs.~3.21! and ~3.22!, a
measurement of partial rate difference ofB̄s

0

→(p0,r0,v)Xs̄ andB2→(K0Xs ,K* 0Xs) will provide use-
ful information on the unitarity anglea, while B̄s

0→r0Xss̄

and B̄0→(K2X,K* 2X) on the angleg. To have a rough
estimate of the detectability ofCP asymmetry, it is useful to
calculate the number ofB2B̄ pairs needed to establish
signal for PRA to the level of three statistical standard d
viations given by

NB
3s5

9

D2Br eeff

, ~4.12!

whereD is the PRA,Br, is the branching ratio, andeeff is the
product of all of the efficiencies responsible for this sign
With about 13107 BB̄ pairs, the asymmetry inK* 2 channel
starts to become accessible; and with about 73107 BB̄
events, the PRA’s in the other modes mentioned above

dy
3-14
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become feasible. Here we assumed, for definiteness,eeff51
and a statistical significance of 3s as in Eq.~4.12!. Currently
BaBar has collected 23 millionBB̄ events, BELLE 11 mil-
lion pairs, and CLEO 9.6 million pairs. It is conceivable th
CP asymmetries in semi-inclusiveB decays will begin to be
accessible at these facilities. Likewise, PRA’s in sem
inclusiveBs decays may be measurable in the near future
the Fermilab’s Tevatron.

It is interesting to note that the decaysB̄s
0

→(p0,r0,v)Xss̄ and B2→fX are electroweak-pengui
dominated. Except for the last channel, they have siza
branching ratios and two of them have observableCP asym-
metries. A measurement of these reactions will provid
good probe of electroweak penguins.

Finally, it is useful to discuss briefly the theoretical unc
tainties one may have in the present approach for se
inclusive decays: theb quark mass, the annihilation diagram
and the distribution amplitude of the meson. We have
sumed a pole mass for theb quark to compute the decay rate
of b→Mq and B→MX which are proportional tomb

3 . In
principle, this uncertainty inmb can be reduced by norma
izing the semi-inclusive hadronic rate to the semilepto
one. Since the latter is of fifth power inmb , the uncertainty
is only slightly alleviated. The annihilation topology
power suppressed in the heavy quark limit and is convent
ally assumed to be small. However, it is conceivable t
power corrections due to the annihilation diagrams could
important for penguin-dominated semi-inclusive decays s
as B2→K̄0(K̄* 0)X and B̄0→K2(K* 2)X. As for the LC-
DA’s of the meson, we have assumed an asymptotic fo
@Eq. ~2.16!# for the leading-twist LCDA, which is suitable
for light mesons but probably not so for the heavy mes
J/c. Due to SU~3! symmetry breaking, the realistic kao
wave function should exhibit a slight asymmetry in 122x.
Also the distribution amplitude of theB meson is not well
understood; phenomenologically, the parametervB @see Eq.
~4.11!# or lB is not well fixed.

V. CONCLUSIONS

We have systematically investigated semi-inclusiveB de-
cays B→MX within a framework inspired by QCD
improved factorization. The nonfactorizable effects, such
vertex-type and penguin-type corrections to the two-bodb
decay,b→Mq, and hard spectator corrections to the thre
body decayB→Mq1q̄2 are calculable in the heavy quar
limit. QCD factorization seems applicable when the emit
meson is a light meson or a charmonium.

There are two strong phases in the QCD factorization
proach: one from final-state rescattering due to hard gl
exchange betweenM andX, and the other due to the pengu
da
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diagrams. We have discussed the issue of theCPT constraint
on partial rate asymmetries. The strong phase coming f
final-state rescattering due to hard gluon exchange betw
the final statesM andX @see Eq.~2.9!# can induce large rate
asymmetries for tree-dominated color-suppressed mo
(p0,r0,v)Xs̄ . The predicted coefficienta2 in QCD factor-
ization is very small compared to naive factorization. Co
sequently, the color-suppressed modes (p0,r0,v)Xs̄ , fX
andJ/cXs ,J/cX are very suppressed. Fortunately, the no
factorizable hard spectator interactions inB→Mq1q̄2,
though phase-space suppressed, are extremely importan
the aforementioned modes. In fact, they are dominated by
hard spectator corrections. This is because the relevant
spectator correction is color allowed, whereas the two-bo
semi-inclusive decays for these modes are color suppres
Our predictionB(B→J/cXs)59.631023 is in agreement
with experiment. Contrary to the exclusive hadronic dec
the spectator quark corrections here are not subject to
infrared divergent problem, rendering the present predict
more clean and reliable.

Owing to the destructive QCD anomaly effect in the m
trix element of pseudoscalar densities forh8-vacuum transi-
tion, the four-quark operator contribution tob→h8s is too
small to explain the observed fasth8 production. It is evident
that a new mechanism such as the anomalous couplin
two gluons with theh8 is needed in order to resolve theh8
puzzle.

The semi-inclusive decay modesB̄s
0→(p0,r0,v)Xs̄ ,

r0Xss̄, B̄0→(K2X,K* 2X), and B2→(K0Xs ,K* 0Xs) are
the most promising ones in searching for directCP viola-
tion; they have branching ratios of order 102621024 and
CP rate asymmetries of order 10–40 %. With about
3107 BB̄ pairs, CP asymmetries in these modes may
measurable in the near future at the BaBar, BELLE, CLE
and Tevatron experiments. The decaysB̄s

0→(p0,r0,v)Xs

and B2→fX are electroweak-penguin dominated. Exce
for the last mode, they in general have sizable branch
ratios and two of them have observableCP asymmetries.
The above-mentioned reactions will provide good test
ground for the standard model and a good probe for e
troweak penguins.
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