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CP violation in quasi-inclusive B˜K „* …X decays
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We consider the possibility of observingCP violation in quasi-inclusive decays of the typeB2→K2X,

B2→K* 2X, B̄0→K2X and B̄0→K* 2X, whereX does not contain strange quarks. We present estimates of
rates and asymmetries for these decays in the standard model and comment on the experimental feasibility of
observingCP violation in these decays at futureB factories. We find the rate asymmetries can be quite
sizeable. Observation of such asymmetries could be used to rule out the superweak model ofCP violation.
@S0556-2821~98!03411-0#
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I. INTRODUCTION

The possibility of observing largeCP violating asymme-
tries in the decay ofB mesons motivates the construction
high luminosity B factories at several of the world’s hig
energy physics laboratories. The theoretical and the exp
mental signatures of these asymmetries have been e
sively discussed elsewhere@1,2,3,4,5#. At asymmetricB fac-
tories, it is possible to measure the time dependence oB
decays and therefore time dependent rate asymmetrie
neutralB decays due toB-B̄ mixing. The measurement o
time dependent asymmetries in the exclusive mo
B̄0→cKS and B̄0→p1p2 will allow the determination of
the angles in the Cabibbo-Kobayashi-Maskawa~CKM! uni-
tarity triangle. This type ofCP violation has been studie
extensively in the literature.

Another type ofCP violation also exists inB decays:
direct CP violation in theB decay amplitudes. This type o
CP violation in B decays has also been discussed by sev
authors although not as extensively. For chargedB decays
calculation of the magnitudes of the effects for some exc
sive modes and inclusive modes have been carried
@6,7,8,9,10,11,12#. In contrast with asymmetries induced b
B-B̄ mixing, the magnitudes have large hadronic uncerta
ties, especially for the exclusive modes. Observation of th
asymmetries can be used to rule out the superweak cla
models@13#.

In this paper we describe several quasi-inclusive exp
mental signatures which could provide useful information
direct CP violation at the high luminosity facilities of the
future. One of the goals is to increase the number of eve
available at experiments for observing aCP asymmetry. In
particular we examine the inclusive decay of the neutral
the chargedB to either a chargedK or a chargedK* meson.
By applying the appropriate cut on the kaon~or K* ! energy
one can isolate a signal with little background fromb→c
transitions. Furthermore, these quasi-inclusive modes are
pected to have less hadronic uncertainty than the exclu
modes, would have larger branching ratios and, compare
the purely inclusive modes they may have largerCP asym-
metries. In this paper we will consider modes of the ty
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B→K(K* )X that have the strange quark only in th
K(K* )-meson. These processes include contributions fr
the one loop processb→sg*→sqq̄ as well as the tree leve
processb→uūs. The interference between these two pr
cesses is responsible for the directCP violation.

In the next section, we describe the experimental sig
ture and method. We then calculate the rates and asym
tries for inclusiveB2→K2(K* 2) and B̄0→K2(K* 2) de-
cays. In the last section, the theoretical uncertainties in
calculation are discussed.

II. EXPERIMENTAL SIGNATURES FOR
QUASI-INCLUSIVE B˜SG*

In theY(4S) center of mass frame, the momentum of t
K (* )2 from quasi-two-bodyB decays such asB→K (* )2X
may have momenta above the kinematic limit forK (* )2 me-
sons fromb→c transitions. This provides an experiment
signature forb→sg* , g*→uū or g*→dd̄ decays whereg*
denotes a gluon. This kinematic separation betweenb→c
and b→sg* transitions is illustrated by a generator lev
Monte Carlo simulation in Fig. 1 for the case ofB→K* 2.
~The B→K2 spectrum will be similiar.! This experimental
signature can be applied to the asymmetric energyB facto-
ries if one boosts backwards along thez axis into theY(4S)
center of mass frame.

Since there is a large background~‘‘continuum’’ ! from
the non-resonant processese1e2→qq̄ where q5u,d,s,c,
experimental cuts on the event shape are also imposed
provide additional continuum suppression, the ‘‘B recon-
struction’’ technique has been employed. The requirem
that the kaon andn other pions form a system consistent
beam constrained mass and energy with aB meson dramati-
cally reduces the background. After these requirements
imposed, one searches for an excess in the kaon mome
spectrum above theb→c region. Only one combination pe
event is chosen. No effort is made to unfold the feed-acr
between submodes with different values ofn.

Methods similar to these have been successfully used
the CLEO II experiment to isolate a signal in the inclusi
6829 © 1998 The American Physical Society



hi
-
-
on

ow

os

d

a

tio

om
l

mo-
in

rs.
era-

l-

d in

a
e.

6830 57T. E. BROWDER, A. DATTA, X.-G. HE, AND S. PAKVASA
single photon energy spectrum and measure the branc
fraction for inclusiveb→sg transitions and to set upper lim
its on b→sf transitions@14,15#. It is clear from these stud
ies that theB reconstruction method provides adequate c
tinuum background suppression.

The decay modes that will be used here are listed bel

~1! B2→K (* )2p0

~2! B̄0→K (* )2p1

~3! B2→K (* )2p2p1

~4! B̄0→K (* )2p1p0

~5! B̄0→K (* )2p1p2p1

~6! B2→K (* )2p1p2p0

~7! B2→K (* )2p1p2p1p2

~8! B̄0→K (* )2p1p2p1p0.

In case of multiple entries for a decay mode, we cho
the best entry on the basis of ax2 formed from the beam
constrained mass and energy difference@i.e.
x25(MB /dMB)21(DE/dDE)2#. In case of multiple decay
modes per event, the best decay mode candidate is picke
the basis of the samex2.

Cross-feed between differentb→sg decay modes~i.e. the
misclassification of decay modes!, provided theK (* )2 is
correctly identified, is not a concern as the goal is to extr
an inclusive signal. The purpose of theB reconstruction
method is to reduce continuum background~an example of a
signal is shown in Fig. 2!. As the multiplicity of the decay
mode increases, however, the probability of misrecontruc
will increase.

The signal is isolated as excessK (* )2 production in the
high momentum signal region (2.0,pK(* ),2.7 GeV) above
the continuum background. To reduce contamination fr
high momentum B→p2(r2) production and residua

FIG. 1. Generated inclusiveB→K* 2 momentum spectrum. The
component below 2.0 GeV/c is due tob→c decays while the com-
ponent above 2.0 GeV/c arises from quasi-two bodyb→sg* de-
cay. The normalization of theb→c component is reduced by
factor of approximately 100 so that both components are visibl
ng

-

:
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ct

n

b→c background, we assume the presence of a high
mentum particle identification system as will be employed
the BABAR, BELLE, and CLEO III experiments.

We propose to measure the asymmetryN(K (* )1

2K (* )2)/N(K (* )11K (* )2) whereK (* )6 originates from a
partially reconstructedB decay such asB→K (* )2(np)0

where the additional pions have net charge 0 andn<4, one
neutral pion is allowed and 2.7.p(K (* )2).2.0 GeV. We
assume that the contribution fromB→K2h8X decays has
been removed by cutting on theh8 region inX mass, since
otherwise the anomalously large rate from this source@16#
could dilute the asymmetry.

III. EFFECTIVE HAMILTONIAN

In the standard model~SM! the amplitudes for hadronicB
decays of the typeb→q f̄ f are generated by the following
effective Hamiltonian@17#:

He f f
q 5

GF

&
FVf bVf q* ~c1O1 f

q 1c2O2 f
q !2(

i 53

10

~VubVuq* ci
u

1VcbVcq* ci
c1VtbVtq* ci

t!Oi
qG1H.c., ~1!

where the superscriptu,c,t indicates the internal quarkf can
be au or c quark.q can be either ad or as quark depending
on whether the decay is aDS50 or DS521 process. The
operatorsOi

q are defined as

Of 1
q 5q̄agmL f b f̄ bgmLba , O2 f

q 5q̄gmL f f ḡmLb,

O3,5
q 5q̄gmLbq̄8gmL~R!q8,

O4,6
q 5q̄agmLbbq̄b8gmL~R!qa8 , ~2!

O7,9
q 5

3

2
q̄gmLbeq8q̄8gmR~L !q8,

O8,10
q 5

3

2
q̄agmLbbeq8q̄b8gmR~L !qa8 ,

whereR(L)516g5 , andq8 is summed overu, d, s, c, and
b. O2 andO1 are the tree level and QCD corrected operato
O3 – 6 are the strong gluon induced penguin operators, op
tors O7 – 10 are due tog and Z exchange~electroweak pen-
guins!, and ‘‘box’’ diagrams are at the loop level. The Wi
son coefficientsci

f are defined at the scalem'mb and have
been evaluated to next-to-leading order in QCD. Theci

t are
the regularization scheme independent values obtaine
Ref. @9#. We give the non-zeroci

f below for mt5176 GeV,
as(mZ)50.117, andm5mb55 GeV:
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FIG. 2. Monte Carlo simulation of the inclusiveB→K* 2X signal with theB reconstruction method:~a! the beam constrained mas
distribution, ~b! the distribution of energy difference and~c! the K2p0 invariant mass after selecting on energy difference and be
constrained mass.
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c1520.307, c251.147, c3
t 50.017, c4

t 520.037,

c5
t 50.010, c6

t 520.045,

c7
t 521.2431025, c8

t 53.7731024,

c9
t 520.010, c10

t 52.0631023,

c3,5
u,c52c4,6

u,c/Nc5Ps
u,c/Nc , c7,9

u,c5Pe
u,c , c8,10

u,c 50 ~3!

whereNc is the number of color. The leading contribution

to Ps,e
i are given byPs

i 5(as/8p)c2@ 10
9 1G(mi ,m,q2)# and

Pe
i 5(aem/9p)(Ncc11c2)@ 10

9 1G(mi ,m,q2)#. The function
G(m,m,q2) is given by

G~m,m,q2!54E
0

1

x~12x!ln
m22x~12x!q2

m2 dx. ~4!

All the above coefficients are obtained up to one loop or
in electroweak interactions. The momentumq is the momen-
tum carried by the virtual gluon in the penguin diagra
Whenq2.4m2, G(m,m,q2) becomes imaginary. In our ca
culation, we usemu55 MeV, md57 MeV, ms5200 MeV,
mc51.35 GeV@18,19#.

We assume that the final state phases calculated a
quark level will be a good approximation to the sizes and
signs of the Final state interaction~FSI! phases at the had
r

.

he
e

ronic level for quasi-inclusive decays when the final st
particles are quite energetic as is the case for theB decays in
the kinematic range of experimental interest@6#. As pointed
out by Gérard and Hou@7# and clarified by Wolfenstein@8#,
when calculating rate asymmetries using the absorptive
plitude given above, one must be careful to be consis
with the requirements of theCPT theorem. Ge´rard and Hou
@7# noted thatCPT is violated if one does not include a
diagrams of the same order. The interference term resp
sible for the rate asymmetry due toci

u contains two contri-
butions: an interference between penguin amplitudes of o
as

2 and a contribution from the interference of the tree a
plitude with a higher order penguin diagram that contains
absorptive part from a vacuum polarization bubble in t
gluon propagator. These two contributions cancel each ot
Therefore, in practical calculationsci

u must be treated as rea
The general rule is that the phase of the penguin Wils
coefficient must be dropped if there is a tree amplitude w
the same CKM factor and the final states for the tree a
penguin amplitudes are the same. In a more general ana
of this problem fromCPT and unitarity consideration@8#,
Wolfenstein showed that diagonal strong phases~the phases
due to the rescattering of the state which is the same as
final state e.g.uū→uū! do not contribute to partial rate
asymmetry. The phase inci

u is a diagonal phase in this sens
We will follow this prescription of Ref.@7# to remove the
redundant strong phases.
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IV. MATRIX ELEMENTS FOR B2
˜K2X AND B̄0

˜K2X

We proceed to calculate the matrix elements of the fo
^KXuHe f fuB& which represents the processB→KX and
whereHe f f has been described above. The effective Ham
tonian consists of operators with a current3current structure.
Pairs of such operators can be expressed in terms of c
singlet and color octet structures which lead to color sing
and color octet matrix elements. In the factorization appro
mation, one separates out the currents in the operator
inserting the vacuum state and neglecting any QCD inte
tions between the two currents. The basis for this appro
mation is that, if the quark pair created by one of the curre
carries large energy, then it will not have significant QC
interactions. In this approximation the color octet matrix
ement does not contribute because it cannot be express
a factorizable color singlet form. The color octet operat
could contribute if, for instance, the quark pair emits or a
sorbs a gluon@20#. It has been shown@21# that in the leading
order, where the energy of the light quark pairE;mb with
mb→`, the octet matrix element vanishes when the fi
state is two 02 mesons. In our case, since the energy of
quark pairs that either creates theK or theX state is rather
large, factorization is likely to be a good first approximatio
To accommodate some deviation from this approximat
we treatNc , the number of colors that enter in the calcu
tion of the matrix elements, as a free parameter. In our
culation we will see how our results vary with differe
choices ofNc . The value ofNc;2 is suggested by exper
mental data on low multiplicity hadronicB decays@3#.

In the factorization approximation, the matrix element
B2→K2X decay can be expressed as

M5M11M2 ~5!

where

M15
GF

&
^K2u s̄gm~12g5!buB&

3 (
q5u,d,s

^Xuq̄gm$Lq~12g5!1Rq~11g5!%qu0&

M25
GF

&
@FLu^Xuūgm~12g5!buB&^K2u s̄gm~12g5!uu0&

1FRu^Xuū~12g5!buB&^K2u s̄~11g5!uu0&# ~6!

where

Lu5VuS c11
c2

Nc
D1A31

1

Nc
A41A91

1

Nc
A10

Ld5A31
1

Nc
A42

1

2 S A91
1

Nc
A10D

Ls5A31
1

Nc
A42

1

2 S A91
1

Nc
A10D
l-

lor
t

i-
by
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f

FLu5VuS c1

Nc
1c2D1

A3

Nc
1A41

A9

Nc
1A10

Ru5A51
1

Nc
A61A71

1

Nc
A8

Rd5A51
1

Nc
A62

1

2 S A71
1

Nc
A8D

Rs5A51
1

Nc
A62

1

2 S A71
1

Nc
A8D

FRu522S 1

Nc
A51A61

1

Nc
A71A8D . ~7!

We have defined

Ai52 (
q5u,c,t

ci
qVq ~8!

with

Vq5Vqs* Vqb . ~9!

Using the definition

^K2u s̄gm~12g5!uu0&5 i f KpK
m , ~10!

where f K is the kaon decay constant, and the free qu
equation of motion one has

^K2u s̄~11g5!uu0&52 i
f KmK

2

mu1ms
. ~11!

Using these two results we can simplifyM2 and write it in
the form

M25 i f K@a^Xuū~11g5!buB2&1b^Xuū~12g5!buB2&#
~12!

with

a5mbFLu

b52muFLu2
FRumK

2

ms1mu
.

~13!

To calculateM1 we express

^K2u s̄gm~12g5!buB&5 f 1~pB1pK!m1 f 2~pB2pK!m

~14!

where f 1 , f 2 are Lorentz invariant form factors which ar
functions of (pB2pK)2.

For the decayB̄0→K2X decay,M150 and onlyM2 con-
tributes.

V. MATRIX ELEMENTS FOR B2
˜K* 2X AND B̄0

˜K* 2X

For B2→K* 2X decay, we also write the matrix eleme
as



el

57 6833CP VIOLATION IN QUASI-INCLUSIVE B→K (* )X DECAYS
M5M11M2 ~15!

whereM1 has a similar structure as in Eq.~6!. M2 has the
form

M25FLu^Xuūgm~12g5!buB̄&mK* gK* «m
l ~16!

where
-
th
r

ion
m
te

KM
r-

o
to

th
^Kl* u s̄gm~12g5!uu0&5mK* gK* «m
l* ~17!

with gK* , the decay constant, and«m
l* being the polarization

vector of the vector meson.
For theB̄0→K* 2X decay onlyM2 contributes. To calcu-

late M1 , following the notation of Bauer, Stech, and Wirb
~BSW! @22# we write
^K* 2u s̄gm~12g5!buB2&5b1«mabg«a* pB
bpK*

g ~18!

1 i $b2«m* 2b3~pB1pK* !m«* •k1b4«* •kkm% ~19!
he

s

a-
with

b15
2V~k2!

mB1mK*
~20!

b25~mB1mK* !A1~k2! ~21!

b35
A2~k2!

mB1mK*
~22!

b45
2mK* @A0~k2!2A3~k2!#

k2

~23!

wherek5pB2pK* . In our calculation we will use the form
factors of Ref.@26# for the primary result. To check the de
pendence of the results on form factors we will also use
modified BSW model@24# which has a dipole behavior fo
the form factors. The form factors in Ref.@23# are first evalu-
ated atk250 and then extrapolated to a finitek2 assuming a
monopole behavior for all the form factors.

We considered the possible contribution from annihilat
graphs to both decay rates and asymmetries. In agree
with previous estimates, the annihilation contribution to ra
is found to be small@25#. The contribution toCP asymme-
tries is potentially interesting since the dependence on C
parameters is quite different. In this case if we limit ou
selves to the processesb→suū, b→sdd̄ that have only a
strange quark in theK (* )2 meson, then the contribution t
the asymmetry from the annihilation term turns out to be
small to be of interest.

VI. DECAY DISTRIBUTION AND CP ASYMMETRIES

In this section we describe the formalism to calculate
decay distribution, asymmetries and the decay rates.

The general form of the matrix element is

M5M11M2 ~24!

and so

uM u25uM1u21uM2u21M1
†M21M1M2

† . ~25!

Now uM1u2 has the structure
e

ent
s

o

e

uM1u25HmnWmn ~26!

where

Hmn5^K2,~K* 2!uJmuB2&^B2uJn
†uK2,~K* 2!& ~27!

and

Wmn5(
X

~2p!4d4~pB2pK2pX!^0uJmuX&^XuJn
†u0&

~28!

with

Jm5 (
u,d,s

q̄gm$Lq~12g5!1Rq~11g5!%q. ~29!

In the parton model approximation we can interpret t
above process as the decay

B~pB!→K~pK!1q~p1!1q̄~p2! ~30!

with pX5p11p2 .
We can also express

Wmn52 Im i E d4xe2 iqx^0uT@Jm~x!Jn
†~0!#u0& ~31!

with q5pB2pK5pX . The parton model approximation i
the leading term in the expansion for theT product in the
above equation and so this form forWmn is useful to calcu-
late higher order corrections to the parton model approxim
tion.

The decay distribution is given by

dG

dEK
5

1

~2p!3

1

16mB
2 E uM1u2dm12

2 ~32!

wherem12
2 5(p11pK)2 and uM1u2 has the structure

uM1u2524(
u,d,s

$@~ uLqu21uRqu2!Amn
1 1~ uLqu22uRqu2!Amn

2 #

3Hmn22mq
2gmnHmn Re~LqRq* !% ~33!

with
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Amn
1 5p1mp2n1p1np2m2gmnp1•p2 ~34!

Amn
2 5 i emanbp2ap1b. ~35!

~See the Appendix for the full form ofuM1u2.!
For decays involvingK2,uM2u2 has the form

uM2u25(
X

u^Xuū$a~11g5!1b~12g5!%buB&u2

3~2p!4d4~pB2pK2pX! ~36!

5(
X

~2p!4d4~pB2pK2pX!^BuJuX&^XuJ†uB&

~37!

with

J†5ū$a~11g5!1b~12g5!%b. ~38!

In the parton model approximation we replace

(
X

uX&^Xu→(
s
E d3p

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

~39!

whereuu(pu ,s)& is a free quark state with momentumpu and
spin s. As in the previous case it is also possible to expr
uM2u2 as

uM2u252 Im^Bu i E d4xeipKxT@J~x!J†~0!#uB& ~40!

where the parton model approximation is again the lead
term in the expansion of theT product in the above equatio
and can be interpreted as the two body processb→Ku.

In the parton model approximation we can write, forK2

decay,

uM2u254 f K
2 @~ uau21ubu2!pb•pu12 Re~ab* !mbmu#

~41!

and, forK* 2 decay,

uM2u254uFLuu2mK*
2 gK*

2 Fpb•pu1
2pb•pK* pK* •pu

MK*
2 G .

~42!

For the interference terms, we have, for theK2 decay,

M1M2
†52 i f K^K2u s̄gm~12g5!buB&

3(
X

^Bub̄$a* ~12g5!1b* ~11g5!%uuX&

3^Xuūgm$Lu~12g5!1Ru~11g5!%uu0&

3~2p!4d4~pB2pK2pX!. ~43!

In the parton model approximation this is written as@using
Eq. ~39!#
s

g

M1M2
†52 i f K^K2u s̄gm~12g5!buB&

3E ^Bub̄$a* ~12g5!1b* ~11g5!%~p” u1mu!

3gm$Lu~12g5!1Ru~11g5!%uu0&

3
d3pu

~2p!32Eu
~2p!4d4~pb2pK2pu!. ~44!

Kinematically this term looks like the two body deca
b→Ku.

Using the definition

^B2ub̄gm~12g5!uu0&5 i f BpB
m ~45!

and the quark equation of motion, we have

^B2ub̄~11g5!uu0&52 i f B

mB
2

mb1mu
~46!

and finally we can write~dropping theu quark phase spac
factor and the delta function!

M1M2
†1M1

†M252 f Bf K@Re C$g1pB•pu1g2pK•pu%

1Re D$g1mB
21g2pB•pK%# ~47!

g15 f 11 f 2 ~48!

g25 f 12 f 2 ~49!

C5
2mB

2

mb1mu
~a* Lu2b* Ru!

~50!

D5@b* Lu2a* Ru)#2mu .
~51!

For decay toK* 2 one can write a similar expression

M1M2
†1M1

†M254 Re~FLu* Lu!mK* gK* f B

3(
i

xi14 Re~FLu* Ru!mK* gK* f B

mumB
2

mb1mu
(

i
yi ~52!

where the expressions forxi ,yi are given in the Appendix.
There will be higher order perturbative corrections, su

as additional gluons in the final states, to the processes
scribed above. These effects are expected to be small.
will, however, include the bound state effects of theb quark
inside theB meson on the decay distributions.

Inside theB meson, theb quark is not on-shell. This will
cause the energy to have a distribution even in the cas
‘‘two body’’ decay. To obtain the decay distribution we con
sider a model for theB-meson wave function@26# which has
been used for the calculation of the photon spectrum of
clusiveb→sg decays in Ref.@27#.

In the rest frame of theB meson, theb quark and the light
antiquark q̄ inside theB meson with energiesEb and Eq
satisfy
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Eb1Eq5Ap21mq
21Ap21mb

2 ~53!

5mB ~54!

wherepb
W52pq̄

W ,upb
W u5p5upq̄

W u.
To satisfy Eq.~53! for all p the b-quark mass is consid

ered a function ofp,

mb
25mB

21mq̄
2
22mBEq . ~55!

The B-meson wave function is taken as

f~p!5
4

Ap

1

pF
3 e2p2/pF

2
~56!

with the normalization

E
0

`

p2f~p!dp51. ~57!

For our numerical results we will usemu,d5150 MeV and
the Fermi momentumpF50.3 GeV.

The decay distribution is now obtained from

dG

dEK
5E p2dpf~p!S dG

dEK
D

partonic

~58!

where the partonic distribution (dG/dEK)partonic can be ob-
tained by boosting the decay distribution in the rest frame
the b quark to the rest frame of theB meson.

To complete the numerical calculations we have to fix
value of the gluon momentumq2 in the G function of Eq.
~4!. For the ‘‘three body’’ decays governed byuM1u2,
q25pX

2, while for the ‘‘two body decay’’ governed byuM2u2

and the interference terms one can use simple two body
nematics@28# to obtainq2'mb

2/2. In our calculation ofM2

we compare results withq25mb
2/3 to those withq25mb

2/2 in
order to assess the dependence of the final result on
uncertainty.
th
ss
m

te
f

e

i-

is

Having obtained the decay distributions we define
asymmetry for aB decay:

a5

dG

dEk

~B→K1(* )X!2
dG

dEk

~B̄→K2(* )X!

dG

dEk

~B→K1(* )X!1
dG

dEk

~B̄→K2(* )X!

. ~59!

Integrated decay rates and integrated partial rate asymme
can also be obtained in the usual manner.

Following Ref.@7# we can write the amplitudes, bothM1
andM2 , as

Mi5VuAu
i 1VcAc

i 1VtAt
i

5VuDut
i 1VcDct

i ~60!

wherei 51,2 and

Dut
i 5Au

i 2At
i

Dct
i 5Ac

i 2At
i ~61!

and the unitarity relation of CKM,Vu1Vc1Vt50, has been
used. Note thatDut

i also contains the tree level amplitude.
The decay distributions are such that the contribut

from M1 andM2 are separated inEK in the approximation of
neglecting the interference term. The decay distribution i
sum of two independent decay distributions governed byM1
andM2 . From the structure ofM1 andM2 it can be seen tha
the Wilson coefficients that occur inM1 and M2 contribute
in pairs of the typeci1ci 11 /Nc and ci 111ci /Nc , respec-
tively. The values of the Wilson’s coefficients are such th
generally the first combination is suppressed relative to
second and henceM2 is enhanced relative toM1 . Thus the
decay distribution associated withM2 is larger than the de-
cay distribution associated withM1 .

Using the form ofM1 andM2 given above one can write
the partial rate asymmetries as
ai j 5
2 Im~Vu* Vc!Im~Dut

i Dct
j* !

( i j @ uVuu2uDut
i Dut

j* u1uVcu2uDct
i Dct

j* u12 Re~Vu* Vc!Re~Dut
i Dct

j* !#
~62!
ns
at

iso-

in
ing
nd
wherei , j 51,2. The net asymmetry,a, is given by the sum

a5a111a221a121a21. ~63!

From the values of the Wilson coefficientsc1 andc2 it can
be shown that the contribution to the asymmetry due to
interference of the tree and penguin amplitudes is suppre
in a11. This coupled with the fact that the gluon momentu
q2 is varying forM1 while it is more or less fixed forM2 can
lead to a larger value fora22 compared toa11 and a12. It
should be pointed out that the interference term betweenM1
and M2 can be important when calculating the partial ra
asymmetries.
e
ed

VII. RESULTS AND DISCUSSION OF THEORETICAL
UNCERTAINTIES

In this section we discuss the results of our calculatio
which are shown graphically in Figs. 3–15. We find th
there can be significant asymmetries inB→K(K* )X decays
especially in the regionEK.2 GeV which is also the region
where an experimental signal for such decays can be
lated. The branching ratios are of orderO(1024) which are
within reach for futureB factories.

The contribution of the amplitude with the top quark
the loop accounts for 60–75 % of the inclusive branch
fraction. However, since the top quark amplitude is large a
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FIG. 3. Predicted rate forB2→K2X as a function of the kaon
energy. Three curves in each figure are shown forNc52,3,̀ and
provide an estimate of the theoretical uncertainty from the fac
ization hypothesis. In~a! and ~b! different sets of form factors are
then compared in order to determine the sensitivity of the predic
rate to the choice of a form factor model. The vertical scale in
plots is multiplied by (GF /&)231026.

FIG. 4. Sensitivity of the predicted rate forB2→K2X to r,h.
The three curves indicate the sensitivity of the rate to the valu
the Wolfenstein parameterh for fixed values ofr.
has no absorptive part in contrast to thec quark amplitude,
the top quark contribution reduces the netCP asymmetry
from 30–50 % to about 10%. This calculation includes t
contribution from electroweak penguins. We find that t
electroweak penguin contributions increase the decay r
by 10–20 % but reduce the overall asymmetry by 20–30

Let us now identify the main sources of uncertainties
our calculation. These are the use of the factorization
proximation, the choice of a form factor model, the choice
q2 for the gluon momentum in theG function in Eq.~4! for
the ‘‘internal’’ two body diagrams, and the choice of a mod
for the B meson. We now discuss the sensitivity of the r
sults for decay rates and asymmetries to these theore
uncertainties.

We have used the factorization approximation. The f
torization approximation is expected to be valid in our c
culations as we have argued at the beginning of Sec. II.
take into account corrections to this approximation we
lowed the number of colors to be a free parameter. In
calculation we consider the casesNc52,3,̀ although the
analysis of exclusive two bodyB decays suggests tha
Nc;2. In Fig. 3 we show the decay distribution fo
B2→K2X whereX does not contain any strange particle
In the region of interest to experiment~i.e. EK.2.0 GeV!
the decay distribution has only a modest dependence onNc .

The second source of uncertainty is the choice of fo
factors used to describe theB→K(K* ) transitions. As men-
tioned earlier we use the form factors given in Ref.@23#. In
Ref. @23# a monopolek2 dependence for the form factors
chosen and the form factor atk250 for theD decays is fixed
from semileptonicD→K decays. The form factors are the
scaled to the case ofB→K decay using heavy quark effec
tive theory~HQET!. The primary effect of choosing a differ
ent set of form factors in our calculations is to change

r-

d
e

of

FIG. 5. Sensitivity of the asymmetry forB2→K2X to the
Wolfenstein parameterh for two fixed values ofr. The three curves
indicate the sensitivity of the asymmetry as a function of ka
energy.
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FIG. 6. Predicted asymmetries forB2→K2X andB2→K* 2X as a function of the kaon energy. The value ofNc52 is fixed. The two
sets of curves indicate the sensitivity of the asymmetry to the values ofq2 for the gluon in the internal two body diagram.
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decay distribution of the ‘‘three body distribution’’ which i
governed by the matrix elementM1 . Figures 3~a!, 3~b! show
the effect of choosing two sets of form factors from Re
@23,24# with a differentk2 behavior of the form factors. Fo
the energy regionEK.2 GeV the form factor effects ar
negligible for the decay distributions as well as the asymm
tries. For the remainder of the discussion and in the res
the figures we will only show the results with form facto
from Deandreaet al. @23#.

The asymmetries are sensitive to the values of
Wolfenstein parametersr andh. The existing constraints on
the values of r and h come from measurements o
uVubu/uVcbu, eK in the K system andDMBd

. ~See Ref.@29#

for a recent review.! In our calculation we will use
f B5170 MeV and choose~r520.15, h50.33!. To deter-
mine the dependence of our results onh we will also con-
sider three sets of representative values,~r520.15,
h50.23!, ~r520.15, h50.33! and ~r520.15, h50.43!.
We will also consider the set ofh values withr50.15. The
dependence of the rates onr,h is shown in Fig. 4, while the
sensitivity of the asymmetry to these parameters is show
.

-
of

e

in

Fig. 5. For fixedr, the asymmetry increases monotonica
as h increases. The results suggest that measuremen
asymmetries in inclusive decays will give useful informati
on h once the size of the theoretical uncertainties is reduc

There are several other sources of uncertainty. These
~1! the choice ofq2 for the gluon momentum in theG func-
tion in Eq.~4! for the ‘‘internal’’ two body diagrams and~2!
the choice of a model for the wave function of theB meson.
The q2 variation causes a small change in the decay dis
bution but a fairly significant change in the asymmetrie
This uncertainty is illustrated by comparison of the tw
curves in Figs. 6, 15.

The choice of the value of the charm quark massmc is
also a source of uncertainty for the asymmetry. We ha
taken mc51.35 GeV for this calculation. Increasing th
charm quark mass tomc51.6 GeV does not significantly
modify the decay rates but reduces the asymmetry by ab
30%. Since the Wilson coefficients are calculated to nex
leading order, they have little sensitivity to the renormaliz
tion scale. However, theG function which enters into the
calculation has a stronger dependence on renormaliza
the
FIG. 7. Predicted asymmetries forB2→K2X andB2→K* 2X as a function of the kaon energy. The three sets of curves indicate
sensitivity of the asymmetry to the value ofNc . The valuesNc52,3,̀ are considered.
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scale. Varyingm2 from mb
2/2 to 2mb

2 changes both the asym
metry and the decay rates by610%. A lower renormaliza-
tion scale corresponds to a larger asymmetry. The mode
the B meson wave function, used to take into account
Fermi motion of the quarks, is yet another source of unc
tainty. We have used the model of Aliet al. @27#which has
been previously used for theB→Xsg case. Different models
give somewhat different results for the decay distributio
while the asymmetries are insensitive to the choice of mo
for the B meson wave function.

In Fig. 8 we show the decay distribution forK* in the

FIG. 8. Predicted rate forB2→K* 2X as a function of the kaon
energy. The three curves indicate the sensitivity of the rate to
value ofNc . The valuesNc52,3,̀ are considered.

FIG. 9. Predicted rate forB2→K* 2X as a function of the kaon
energy. The three curves indicate the sensitivity of the rate to
values of the Wolfenstein parametersr, h. Only the signal region is
shown in the figures.
of
e
r-

s
el

final state while in Figs. 14, 13 we show the variation of t
decay distribution and asymmetry with different sets ofr,h
for Nc52. In Fig. 11 we show the asymmetry for sever
values of Nc using the form factors from Ref.@23# and
q25mb

2/2.0. A similar variation of the asymmetry withq2 as
calculated for theK in the final state is also observed in th
case as shown in Fig. 10.

Turning to B0 decays, only theM2 part of the matrix
element contributes. In Fig. 11 we show the decay distri
tion for variousNc values using the form factors from Re
@23# andq25mb

2/2.0. In Fig. 12 we show the decay distribu

tions of B̄0→K2 for representative values of~r,h!. In Figs.
14, 15 we show the asymmetries as we vary~r,h! and q2.
The variation of the asymmetries withNc is negligible in this
case.

In Table I we give the branching fractions and the in
grated asymmetries for the inclusive decays for differentN,
q25mb

2/2, f B5170 MeV, r520.15,h50.33 and the form
factors from Ref.@23#. For the chargedB decays we also
show the decay rates and asymmetries forEK.2(2.1) GeV
as that is the region of the signal.

The above figures show that there can be signific
asymmetries inB→K (* )X decays, especially in the regio
EK.2 GeV which is the region of experimental sensitivi
for such decays. As already mentioned, our calculation is
free of theoretical uncertainties. Two strong assumptio
used in our calculation are the use of quark level stro
phases for the FSI phases at the hadronic level and the ch
of the value of the gluon momentumq2 in the two body
decays. Other uncertainties from the use of different heav
light form factors, the use of factorization, the model of t
B meson wave function, the value of the charm quark m
and the choice of the renormalization scalem have smaller

e

e

FIG. 10. Predicted asymmetry forB2→K* 2X as a function of
the kaon energy. The three curves indicate the sensitivity of
asymmetry to the values of the Wolfenstein parametersr, h.
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FIG. 11. Predicted rate forB̄0→K2X andB̄0→K* 2X as a function of the kaon energy. The three sets of curves indicate the sens
of the rate to the value ofNc . The valuesNc52,3,̀ are considered.
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effects on the asymmetries.
The use of quark level strong phases at the hadronic l

neglects the possibility of soft FSIS. This neglect may b
better approximation in our inclusive case as opposed to
clusive modes.

VIII. COMPARISON WITH PREVIOUS CALCULATIONS

Inclusive directCP violating asymmetries were calcu
lated by Ge´rard and Hou@7#. They obtained asymmetrie
much smaller than the results given here. The differen
between these calculations and our results can be unders
as follows. In the Ge´rard-Hou calculation only the thre
body quark level process corresponding tob→sqq̄ @i.e. M1

FIG. 12. Predicted rate forB̄0→K2X as a function of the kaon
energy. The three curves indicate the sensitivity of the rate to
values of the Wolfenstein parametersr, h.
el
a
x-

s
od

in Eq. ~1!# was considered and the limitNc→` was taken.
With these conditions we obtain an asymmetry of21.7%
which then agrees with their result. We obtain large asy
metries only in the kinematic regime dominated by the tw
body processb→Ku. These asymmetries agree qualitative
with the asymmetry for exclusive modes such
B2→K2p0 found in several recent calculations in both si
and magnitude. In the kinematic region ofB2→K2p0 we
find an asymmetry of2(8 – 14)% to be compared with an
2(2 – 8)% found by Kramer, Palmer, and Simma@12# and
2(3 – 9)% found by Kamal and Luo@11# for the exclusive
modeB2→K2p0.

We have also verified that the asymmetry in the proc
b→scc̄ has the opposite sign to the asymmetry in the sum
b→suū, b→sdd̄, b→ss s̄ ~as does the asymmetry i

e
FIG. 13. Predicted rate forB̄0→K* 2X as a function of the kaon

energy. The three curves indicate the sensitivity of the rate to
values of the Wolfenstein parametersr, h.
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FIG. 14. Predicted asymmetries forB̄0→K2X andB̄0→K* 2X as a function of the kaon energy. The three curves in each figure ind
the sensitivity of the rate to the values of the Wolfenstein parametersr, h.
-

d
ut

.
n

e-
der
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B→DD̄! as required byCPT to ensure the cancellation be
tween all modes.

IX. CONCLUSION

We find significant directCP violation in the inclusive
decayB→K2X and B→K* 2X for 2.7.EK(* ).2.0 GeV.
The branching fractions are in the 1024 range and theCP
asymmetries may be sizable. These asymmetries shoul
observable at futureB factories and could be used to rule o
the superweak class of models.
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APPENDIX

For B2→K2X decay,

A1
mnHmn5ug1u2D~pB ,pB!1ug2u2D~pK ,pK!

12 Re~g1g2* !D~pB ,pK! ~A1!

A2
mnHmn50 ~A2!
the
FIG. 15. Predicted asymmetries forB̄0→K2X and B̄0→K* 2X as a function of the kaon energy. The two sets of curves indicate
sensitivity of the asymmetry to the values ofq2 for the gluon in the internal two body diagram.
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TABLE I. Integrated decay rates and asymmetries forB→K (* )X decay.

Process Branching ratio (1.6531024) Integrated asymmetry

B2→K2X 1.02, 0.79, 1.20 20.10, 20.11, 20.050
B2→K2X(EK.2.1 GeV) 0.81, 0.74, 0.77 20.12, 20.12, 20.07

B̄0→K2X(EK.2.1 GeV) 0.6, 0.7, 0.8 20.12, 20.12, 20.13

B2→K* 2X 1.37, 1.24, 2.30 20.11, 20.14, 20.11
B2→K* 2X(EK* .2.1 GeV) 1.05, 1.16, 1.67 20.14, 20.15, 20.14

B̄0→K* 2X(EK* .2.1 GeV) 1.05, 1.16, 1.39 20.15, 20.15, 20.16
h

where

g15 f 11 f 2

g25 f 12 f 2 ~A3!

and we have defined

D~A,B!5A•p1B•p21B•p1A•p22p1•p2A•B ~A4!

gmnHmn5ug1u2mB
21ug2u2mK

2 12 Re~g1g2* !pB•pK .
~A5!

For B2→K* 2X decays~with p5pB1pK* , q5pB2pK* !,

HmnA1
mn5( Ti ~A6!

T15b1
2$22p1•p2@mB

2mK*
2

2~pB•pK* !2#

12pB•pK* D~pB ,pK* !2mK*
2D~pB ,pB!

2mB
2D~pK* ,pK* !%

T25b2
2F2p1•p21

1

mK*
2 D~pK* ,pK* !G

T35b3
2FD~p,q!

T45b4
2FD~p,q!

T552b2b3@D~q,p!2xD~pK* ,p!#

T652b2b4@2D~q,q!1xD~q,pK* !#

T7522Fb3b4D~p,q! ~A7!

while

HmnA2
mn54c1c2@p1•pBp2•pK* 2p2•pBp1•pK* #

~A8!

and

gmnHmn5( Si ~A9!
S1522b1
2@mK*

2 mB
22~pB•pK* !2#

S2523b2
2

S35Fb3
2p2

S45b4
2q2

S552b2b3@q•p2xpk* •p#

S652b2b4@2q21xp•q#

S7522Fb3b4p•q ~A10!

where

F5F2q21
~pK* •q!2

mK*
2 G

x5
pK* •q

mK*
2 . ~A11!

Finally for K* decay the interference term is, wit
p15pB , p25pK* andq5p12p2 ,

x152b1@mB
2pu•p22p1•pup2•p1#

x252b2F2p1•pu1
D~p2 ,p2!

M2
2 Gb

x352b3FD~p11p2 ,q!2
p2•q

M2
2 D~p11p2 ,p2!G

x452b4F2D~q,q!1
p2•q

M2
2 D~q,p2!G

y1523b2

y25b3F ~p11p2!•q2~p11p2!•p2

p2•q

M2
2 G

y35b4Fq22q•p2

p2•q

M2
2 G

D~A,B!5A•p1B•pu1A•puB•pB2pu•p1A•B.
~A12!
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