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CP-violating asymmetries in charmless nonleptonic decaysB˜PP, PV, VV
in the factorization approach
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We present estimates of the direct~in decay amplitudes! and indirect~mixing-induced! CP-violating asym-
metries in the nonleptonic charmless two-body decay rates forB→PP, B→PV, andB→VV decays and their
charged conjugates, whereP(V) is a light pseudoscalar~vector! meson. These estimates are based on a
generalized factorization approach making use of next-to-leading order perturbative QCD contributions which
generate the required strong phases. No soft final state interactions are included. We study the dependence of
the asymmetries on a number of input parameters and show that there are at least two~possibly three! classes
of decays in which the asymmetries are parametrically stable in this approach. The decay modes of particular

interest areB0
h→p1p2, B0

h→KS
0p0, B0

h→KS
0h8, B0

h→KS
0h, and B0

h→r1r2. Likewise, theCP-violating

asymmetry in the decaysB0
h→KS

0h0 with h05p0, KS
0, h, h8 is found to be parametrically stable and large.

Measurements of these asymmetries will lead to a determination of the phases sin 2a and sin 2b and we work
out the relationships in these modes in the present theoretical framework. We also show the extent of the
so-called ‘‘penguin pollution’’ in the rate asymmetryACP(p1p2) and of the ‘‘tree shadow’’ in the asymmetry
ACP(KS

0h8) which will effect the determination of sin 2a and sin 2b from the respective measurements.
CP-violating asymmetries inB6 decays depend on a model parameter in the penguin amplitudes and theoret-
ical predictions require further experimental or theoretical input. Of these,CP-violating asymmetries inB6

→p6h8, B6→K* 6h, B6→K* 6h8, andB6→K* 6r0 are potentially interesting and are studied here.
@S0556-2821~98!01821-9#

PACS number~s!: 13.25.Hw, 12.15.Hh, 12.38.Bx
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I. INTRODUCTION

Recent measurements by the CLEO Collaboration@1,2# of
a number of decaysB→h1h2 , whereh1 and h2 are light
hadrons such ash1h25pp, pK, h8K, vK, have lead to re-
newed theoretical interest in understanding hadronicB de-
cays@3#.

In a recent work@4# we have calculated the branchin
fractions of two-body nonleptonic decaysB→PP, PV, VV,
whereP and V are the lowest lying light pseudoscalar a
vector mesons, respectively. The theoretical framework u
was based on the next-to-leading logarithmic improved
fective Hamiltonian and a factorization ansatz for t
hadronic matrix elements of the four-quark operators@5#. We
worked out the parametric dependence of the decay r
using currently available information on the weak mixin
matrix elements, form factors, decay constants, and qu
masses. In total we considered seventy six decay chan
with a large fraction of them having branching ratios of ord
1026 or higher which hopefully will be measured in the ne
round of experiments onB decays. The recently measure
decay modesB0→K1p2, B1→K1h8, B0→K0h8, B1

→p1K0, andB1→vK1 are shown to be largely in agree
ment with the estimates based on factorization@4–6#. This
encourages us to further pursue this framework and calcu
quantities of experimental interest in two-body nonleptonicB
decays.

Besides branching fractions, other observables which
0556-2821/98/59~1!/014005~25!/$15.00 59 0140
d
f-

es

rk
els
r

te

ill

help to test the factorization approach and give informat
on the Cabibbo-Kobayashi-Maskawa~CKM! matrix @7# are
CP-violating rate asymmetries in partial decay rates. In
past a large variety of ways has been proposed to observeCP
violation in B decays @8#. One method is to studyCP-
violating asymmetries in the time-dependence of the neu
B meson decay rates in specific modes, which involve
interference between two weak amplitudes. Asymmetries
chargedB decays require an interference between two a
plitudes involving both a CKM phase and a final state stro
interaction phase-difference. Such asymmetries occur als
decays of neutralB mesons in whichB0 andB̄0 do not decay
into common final states or where these states are notCP-
eigenstates. In these decays the weak phase difference a
from the superposition of various penguin contributions a
the usual tree diagrams in case they are present. The str
phase differences arise through the absorptive parts of
turbative penguin diagrams~hard final state interaction! @9#
and nonperturbatively~soft final state interaction!.

When a B0 and B̄0 decay to a common final statef,
B02B̄0 mixing plays a crucial role in determining th
CP-violating asymmetries, requiring time-dependent me
surements. For the final states which are bothCP-eigenstates
and involve only one weak phase in the decays, theCP-
violating asymmetry is independent of the hadronic mat

elements. This occurs in the well studiedB0
h→J/cKS decays

making it possible to extract the value of sin 2b with no
©1998 The American Physical Society05-1
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A. ALI, G. KRAMER, AND CAI-DIAN LÜ PHYSICAL REVIEW D 59 014005
hadronic uncertainties. For neutralB decays into two light
mesons such as direct translation of theCP-violating asym-
metries in terms ofCP-violating phasesa, b andg will not
be possible, in general. Hence, the predicted asymmetrie
subject to hadronic uncertainties. In principle, these unc
tainties can be removed by resorting to a set of tim
dependent and time-independent measurements as sugg
in the literature@10–13#. In practice, this program requires
number of difficult measurements. We pursue here the o
alternative, namely we estimate these uncertainties in a
cific model, which can be tested experimentally in a vari
of decay modes.

CP-violating asymmetries are expected in a large num
of B decays; in particular the partial rate asymmetries in
the B→h1h2 decay modes and their charge conjugates s
ied in @4# are potentially interesting for studyingCP viola-
tion. We recall thatCP-violating asymmetries inB→h1h2
decays have been studied earlier in the factorization fra
work @8,14–16#. With the measurement of some of theB
→h1h2 decays@1,2#, some selected modes have receiv
renewed interest in this approach@17–19#. These papers
however, make specific assumptions aboutj[1/Nc ~hereNc
is the number of effective colors! and certain other inpu
parameters; in particular, the earlier ones used CK
parameter values which are now strongly disfavored by
cent unitarity fits @20,21# and/or they do not include th
anomaly contributions~or not quite correctly! and the latter
ones make specific assumptions aboutj, which may or may
not be consistent with data onB→h1h2 decays. We think it
is worthwhile to study again theseCP-violating asymmetries
by including theoretical improvements@5,6# and determine
their Nc-and other parametric dependences.

Following our previous work@4# we study this on the
basis of the factorization approach. We consider the sa
seventy six decay channels as in@4# and calculate theCP-
violating asymmetries for charged and neutralB decays with
the classificationI to V as in@4# to distinguish those channe
which can be predicted with some certainty in the factori
tion approach. These are the class-I and class-IV~and possi-
bly some class-III! decays, whose decay amplitudes a
Nc-stable and which do not involve delicate cancellatio
among components of the amplitudes. In our study h
we invoke two models to estimate the form factor dep
dence of the asymmetries, study their dependence on
effective coefficients of the QCD and electroweak peng
operators in term ofNc , the dependence onk2, the virtuality
of the gluon, photon orZ in the penguin amplitudes
decaying into the quark-antiquark pairqq̄8 in b→qq8q̄8
and, of course, the CKM parameters. The last of these is
principal interest in measuring theCP-violating asymme-
tries. Our goal, therefore, is to identify, by explicit calcul
tions, those decay modes whoseCP-violating asymmetries
are relatively insensitive to the variations of the rest of
parameters.

In this pursuit, the sensitivity of the asymmetries onk2 is
a stumbling block. As the branching ratios are relatively
sensitive to the parameterk2, this dependence can be r
moved only by the measurement of at least one of theCP-
violating asymmetries sensitive to it~examples of which are
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abundant!, enabling us to predict quite a few others. A me
value ofk2 can also be estimated in specific wave functi
models@14#—an alternative we do not consider here. Ho
ever, quite interestingly, we show that a number of clas
and class-IV~henceNc-stable! decays involvingB0/B̄0 me-
sons haveCP-violating asymmetries which are also stab
against variation ink2. Hence, in this limited number o
decays, the asymmetries can be reliably calculated within
factorization framework. We find that theCP-violating
asymmetries in the following decays are particularly intere

ing and relatively stable:B0
h→p1p2, B0

h→KS
0p0, B0

h

→KS
0h, B0

h→KS
0h8 and B0

h→r1r2. Likewise, the

CP-violating asymmetry in the decaysB0
h→KS

0h0 with
h05p0, KS

0, h, h8 is large as the individual decay mode
have the same intrinsicCP parity. The k2 dependences
in the individual asymmetries in this sum, which are small
start with but not negligible, compensate each other resul
in a CP-violating asymmetry which is practically indepen
dent of k2. Ideally, i.e., when only one decay amplitud
dominates, the asymmetries in the mentioned dec
measure one of theCP-violating phasesa and b. In actual
decays, many amplitudes are present and we estimate
contribution in the asymmetries. To quantify this mo
pointedly, we work out the dependence of the tim
integrated partial rate asymmetryACP(p1p2) in the

decaysB0
h→p1p2 on sin 2a and show the extent of the

so-called ‘‘penguin pollution.’’ Likewise, we work out the
dependence ofACP(KS

0h8), ACP(KS
0p0), ACP(KS

0h) and
ACP(KS

0h0) on sin 2b. We also study the effect of the
tree contribution, which we call a ‘‘tree shadow’’ of th
penguin-dominated amplitude, onACP(KS

0h8). The CP-
violating asymmetries in B6 decays are in genera
k2-dependent. Supposing that this can be eventually fixed
discussed above, the interesting asymmetries inB6→h1h2
decays in our approach areB6→p6h8, B6→K* 6h, B6

→K* 6h8 and B6→K* 6r0. We study the asymmetries i

the mentioned decays and also inB0
h→r6p6 in detail in this

paper.
The effects of soft final state interactions~SFI! may

influence some~or all! of the estimates presented here for t
asymmetries. By the same token, decay rates are
susceptible to such nonperturbative effects@22–27#, which
are, however, notoriously difficult to quantify. We think th
the role of SFI inB→h1h2 decays will be clarified already a
the measurements of the branching ratios become m
precise and some more decays are measured. Based o
‘‘color transparency’’ argument@28#, we subscribe to the
point of view that the effects of SFI are subdominant
decays whose amplitudes are not~color!-suppressed. How-
ever, it should be noted that the effects of the so-cal
nonperturbative ‘‘charm penguins’’@29# are included here in
the factorization approach in terms of the leading pow
(1/mc

2) corrections which contribute only to the deca
B→h1h2 involving anh or h8 @6#, as explained in the nex
section.

This paper is organized as follows: In Sec. II we revie
5-2
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CP-VIOLATING ASYMMETRIES IN CHARMLESS . . . PHYSICAL REVIEW D 59 014005
the salient features of the generalized factorization fram
work used in estimating theB→h1h2 decay rates in@4#. In
Sec. III we give the formulas from which the variousCP-
violating asymmetries for the charged and neutralB decays
are calculated. Section IV contains the numerical results
the CP-violating coefficients, required for time-depende
measurements of theCP-violating asymmetries inB0 andB̄0

decays, and time-integratedCP-violating asymmetries. The
numerical results are tabulated for three specific values of
effective number of colorsNc52,3,̀ , varying k2 in the
rangek25mb

2/262 GeV2, and two sets of the CKM param
eters. We show the CKM-parametric dependence of theCP-
violating asymmetries for some representative decays
longing to the class-I, class-III and class-IV decays, wh
have stable asymmetries and are estimated to be measu
large in forthcoming experiments atB factories and hadron
machines. Finally, in this section we study some de
modes which have measurable butk2-dependent CP-
violating asymmetries, mostly involvingB6 decays but also
a couple ofB0/B̄0 decays. Section V contains a summary
our results and conclusions.

II. GENERALIZED FACTORIZATION APPROACH
AND CLASSIFICATION OF B˜h1h2 DECAYS

The calculation of theCP-violating asymmetries reporte
here is based on our work described in@4#. There, we started
from the short-distance effective weak HamiltonianHeff for
b→s and b→d transitions. We write belowHeff for the
DB51 transitions with five active quark flavors by integra
ing out the top quark and theW6 bosons:

Heff5
GF

&
FVubVuq* ~C1O1

u1C2O2
u!1VcbVcq* ~C1O1

c1C2O2
c!

2VtbVtq* S (
i 53

10

CiOi1CgOgD G , ~1!

whereq5d,s; Ci are the Wilson coefficients evaluated at t
renormalization scalem and Vi j are the CKM matrix ele-
ments for which we shall use the Wolfenstein parameter
tion @30#. The operatorsOi

u and Oi
c with i 51,2 are the

current-current four-quark operators inducing theb→uqq̄
andb→cqq̄ transitions, respectively. The rest of the ope
tors are the QCD penguin operators (O3 , . . . ,O6), elec-
troweak penguin operators (O7 , . . . ,O10), and Og repre-
sents the chromomagnetic penguin operator. The oper
basis forHeff is given in @4# together with the coefficients
C1 , . . . ,C6 , evaluated in NLL precision, andC7 , . . . ,C10,
and Cg , evaluated in LL precision. Effects of wea
annihilation andW-exchange diagrams have been neglect

Working in NLL precision, the quark level matrix ele
ments ofHeff are treated at the one-loop level. They can
rewritten in terms of the tree-level matrix elements of t
effective operators with new coefficientsC1

eff , . . . ,C10
eff ~for

details see@4# and the references quoted therein!. The effec-
tive coefficientsC1

eff , C2
eff , C8

eff5C8, and C10
eff5C10 have no

absorptive parts to the order we are working. The effect
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eff , C4

eff , C5
eff , C6

eff , C7
eff andC9

eff contain contri-
butions of penguin diagrams with insertions of tree opera
O1,2, denoted byCt andCe in @4# and with insertions of the
QCD penguin operatorsO3 , O4 and O6 ~denoted byCp in
@4#!. These penguinlike matrix elements have absorpt
parts which generate the required strong phases in the qu
level matrix elements. The contributionsCt and Ce depend
on the CKM matrix elements. All three functionsCt , Cp and
Ce depend on quark masses, the scalem, and k2, and are
given explicitly in Eqs.~10!, ~11! and ~14!, respectively, of
Ref. @4#.

Having definedHeff in terms of the four-quark operator
Oi and their effective coefficientsCi

eff the calculation of the
hadronic matrix elements of the type^h1h2uOi uB& proceeds
with the generalized factorization assumption@31#. The re-
sult of this calculation for the variousB→PP, PV andVV
decays are written down in detail in@4#. The hadronic matrix
elements depend on the CKM matrix elements, which c
tain the weak phases, the form factors and decay constan
current matrix elements, various quark masses and othe
rameters. The quantitiesai , given in terms of the effective
short-distance coefficientCi

eff ,

ai5Ci
eff1

1

Nc
Ci 11

eff ~ i 5odd!;

ai5Ci
eff1

1

Nc
Ci 21

eff ~ i 5even!, ~2!

where i runs from i 51, . . . ,10, are ofcentral phenomeno
logical importance. The terms in Eq.~2! proportional toj
51/Nc originate from fierzing the operatorsOi to produce
quark currents to match the quark content of the hadron
the initial and final state after adopting the factorization
sumption. This well-known procedure results in general
matrix elements with the right flavor quantum number b
involves both color singlet-singlet and color octet-octet o
erators. In the naive factorization approximation, one d
cards the color octet-octet operators. This amounts to ha
Nc53 in Eq. ~2!. To compensate for these neglected oct
octet and other nonfactorizing contribution one tre
j[1/Nc in Eq. ~2! as a phenomenological parameter.
theory,j can be obtained only by fully calculating the octe
octet and other nonfactorizing contributions and can, in pr
ciple, be different for each of the tenai .

Starting from the numerical values of the ten perturbat
short distance coefficientsCi

eff (i51, . . . ,10) weinvestigated
in @4# the Nc dependence of the ten effective coefficientsai
for the four types of current-current and penguin induc
decays, namelyb→s(b̄→ s̄) andb→d(b̄→d̄). It was found,
that a1 , a4 , a6 , a8 and a9 are rather stable with respect t
variations ofj in the usually adopted intervaljP@0,1/2# ~or
2,Nc,`) for all four types of transitions, whereasa2 , a3 ,
a5 , a7 anda10 depend very much onj.

Based on this result we introduced a classification of f
torized amplitudes which is an extension of the classificat
for tree decays in@32# relevant for B decays involving
charmed hadrons. These classes I, II, III, IV, and V are fu
5-3
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A. ALI, G. KRAMER, AND CAI-DIAN LÜ PHYSICAL REVIEW D 59 014005
described in@4# and will be used also in this work. Th
classes I, II, and III in the decaysB→h1h2 are defined as in
previous work @32#. They involve dominantly~or only!
current-current transitions. Class IV and V involve pure pe
guin or penguin-dominated decays. The classification
such, that decays in classes I and IV are stable against v
tions of Nc , whereas decays in classes II and V depe
strongly onj51/Nc and decays in class III have an interm
diate status, sometimes depending more, sometimes les
j. We concluded in@4# that decay rates in the classes I a
IV decays can be predicted in the factorization approxim
tion. The decays in class II and V have sometimes rat
small weak transition matrix elements, depending on the
ues of the effectiveNc and CKM matrix elements. This in
troduces delicate cancellations which makes their amplitu
rather unstable as a function ofNc . Predicting the decay
rates in these classes involves a certain amount of theore
fine-tuning, and hence we are less sure about their estim
in the factorization approach. Depending on the value ofj, it
is probable that other contributions not taken into accoun
the factorization approach used in@4#, like annihilation,W
exchange or soft final state interactions, are important.
expect that the matrix elements of the decays in class-I
class-IV ~and most class-III!, being dominantly ofO(1) as
far as theirNc-dependence is concerned will be described
the first approximation, by a universal value of the parame
j. We are less sure that this will be the case for class-II
class-V decays. As we show here, thisj-sensitivity of the
decay rates reflects itself also in estimates of theCP-
violating rate asymmetries.

There is also an uncertainty due to the non-perturba
penguin contributions@29#, as we do not know how to in
clude their effects in the amplitudes^h1h2uHeffuB& from first
principles. However, these effects can be calculated as
expansion in 1/mc

2 in the factorization approach. The dom
nant diagram contributing to the power corrections is
processb→s@cc̄→g(k1)g(k2)#, which was calculated in
the full theory~standard model! in @33#. In the operator prod-
uct language which we are using, this contribution can
expressed as a new induced effective Hamiltonian@6#:

Heff
gg52

as

2p
a2

GF

&
VcbVcs* D i 5S q2

mc
2D 1

k1•k2
Ogg, ~3!

where the operatorOgg is defined as

Ogg[Ga
ab~DbG̃am!as̄gm~12g5!b, ~4!

with G̃mn,a51/2eabmnGa
ab , and Ga

ab being the QCD field
strength tensor. This formula holds for on-shell gluonsq2

5(k11k2)252k1•k2 , and the sum over the color indices
understood. The functionD i 5(z) is defined as@6#

D i 5~z!5211
1

z Fp22 arctanS 4

z
21D 1/2G2

for 0,z,4. ~5!

The Heff
gg gives a nonlocal contribution but one can expa

the functionD i 5(z) in z for z,1 and the leading term in thi
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expansion can be represented as a higher dimensional
operator. In fact, it is just the chromomagnetic analogue
the operator considered by Voloshin@34# to calculate the
power (1/mc

2) corrections in the radiative decayB→Xs1g.
Now comes the observation made in@6# that in the assump-
tion of factorization, only the states which have nonzero m
trix elementŝ M uasGa

ab(DbG̃am)au0& contribute to the 1/mc
2

corrections in the decay rates forB→Mh. For M5h,h8,
this matrix element is determined by the QCD anomaly, a
q2 also gets fixed withq25mh(8)

2 which justifies the expan-
sion. For the decaysB→h (8)K (* ), the 1/mc

2 effects were
calculated in@6# in the decay rates. For the two-bodyB
→h1h2 decays, these are the only 1/mc

2 contributions in the
factorization approach. They are included here in the e
mates of the rates and the asymmetries. Note that as
function D i 5(mh(8)

2 /mc
2) has no absorptive part, there is n

phase generated by the anomaly contribution inB
→h (8)K (* ) decays.

Concerning the actual estimates of theB→h1h2 matrix
elements in the factorization approximation, we note t
they are calculated as in@4# using two different theoretica
approaches to calculate the form factors. First, we use
quark model due to Bauer, Stech and Wirbel@32#. The sec-
ond approach is based on lattice QCD and light-cone Q
sum rules. The specific values of the form factors and de
constants used by us and the references to the literature
given in @4#. The implementation of theh2h8 mixing fol-
lows the prescription of@5,6#.

Of particular importance for calculating theCP-violating
asymmetries is the choice of the parameterk2, which ap-
pears in the quantitiesCt , Cp andCe in the effective coeffi-
cientsCi

eff . Due to the factorization assumption any inform
tion on k2 is lost when calculating two-body decays, exce
for the anomaly contribution as discussed earlier. In a s
cific model and from simple two-body kinematics the ave
age k2 has been estimated to lie in the rangemb

2/4,k2

,mb
2/2 @14#. In @4# it was found that the branching ratio

~averaged overB and B̄ decays! are not sensitively depen
dent onk2 if varied in the vicinity of k25mb

2/2. Based on
earlier work@15#, we do not expect the same result to ho
for the asymmetries. Therefore, we calculated theCP-
violating asymmetries by varyingk2 in the rangek25mb

2/2
62 GeV2, which should cover the expected range ofk2 in
phenomenological models. Quite interestingly, we find tha
number of decay modes in the class-I and class-IV dec
have asymmetries which are insensitive to the variation
k2. These then provide suitable avenues to test the assu
tion that strong interaction phases in these decays are d
nantly generated perturbatively.

III. CP-VIOLATING ASYMMETRIES IN B˜h1h2

DECAYS: FORMALISM

For chargedB6 decays theCP-violating rate-asymmetries
in partial decay rates are defined as follows:

ACP5
G~B1→ f 1!2G~B2→ f 2!

G~B1→ f 1!1G~B2→ f 2!
. ~6!
5-4
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As these decays are all self-tagging, measurement of t
CP-violating asymmetries is essentially a counting expe
ment in well defined final states. Their rate asymmetries
quire both weak and strong phase differences in interfe
amplitudes. The weak phase difference arises from the
perposition of amplitudes from various tree~current-current!
and penguin diagrams. The strong phase, which are ne
to obtain nonzero values forACP in Eq. ~6!, are generated by
final state interactions. For bothb→s andb→d transitions,
the strong phases are generated in our model perturbat
by taking into account the full NLO corrections, followin
earlier suggestions along these lines@9#.

A. CP-violating asymmetries involving b˜s transitions

For the b→s, and the charge conjugatedb̄→ s̄, transi-
tions, the respective decay amplitudesM andM, including
the weak and strong phases, can be generically written

M5Tju2Ptj te
id t2Pcjce

idc2Pujueidu,

M5Tju* 2Ptj t* eid t2Pcjc* eidc2Puju* eidu, ~7!

where j i5VibVis* . Here we denote byT the contributions
from the current-current operators proportional to the eff
tive coefficientsa1 and/or a2 ; Pt , Pc and Pu denote the
contributions from penguin operators proportional to t
product of the CKM matrix elementsj t , jc andju , respec-
tively. The corresponding strong phases are denoted byd t ,
dc anddu , respectively. Working in the standard model, w
can use the unitarity relationjc52ju2j t to simplify the
above equation~7!,

M5Tju2Ptcj te
id tc2Pucjueiduc,

M5Tju* 2Ptcj t* eid tc2Pucju* eiduc, ~8!

where we define

Ptce
id tc5Pte

id t2Pce
idc,

Puce
iduc5Pueidu2Pce

idc. ~9!

Thus, the directCP-violating asymmetry is

ACP[ae85
A2

A1 , ~10!

where

A25
1

2
~ uMu22uMu2!

52TPtcuju* j tusin g sin d tc

12PtcPucuju* j tusin g sin~duc2d tc!, ~11!
01400
se
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A15
1

2
~ uMu21uMu2!

5~T21Puc
2 !ujuu21Ptc

2 uj tu2

22PtcPucuju* j tucosg cos~duc2d tc!

22TPucujuu2cosduc

12TPtcuju* j tucosg cosd tc . ~12!

In the case ofb→s transitions the weak phase entering
A2 is equal tog, as we are using the Wolfenstein approx
mation@30# in which j t has no weak phase and the phase
ju is g. Thus, the weak phase dependence factors out in
overall sing in A2. Despite this, the above equations for t
CP-violating asymmetryACP are quite involved due to the
fact that several strong phases are present which are in
eral hard to calculate except in specific models such as
ones being used here. However, there are several smal
rameters involved in the numerator and denominator gi
above. Expanding in these small parameters, much simpl
forms for A2 and A1 and henceACP can be obtained in
specific decays.

First, we note thatujuu!uj tu.ujcu, with an upper bound
ujuu/uj tu<0.025. In some channels, such asB1→K1p0,
K* 1p0, K* 1r0, B0→K1p2, K* 1p2, K* 1r2, typical
value of the ratiouPtc /Tu is of O(0.1), with bothPuc and
Ptc comparable with typicallyuPuc /Ptcu5O(0.3). The im-
portance of including the contributions proportional toPuc
has been stressed earlier in the literature@35# ~see, also
@36,37#!. These estimates are based on perturbation the
but the former inequalityuPtc /Tu!1 should hold generally
as the top quark contribution is genuinely short-distance. T
other inequality can be influenced by nonperturbative p
guin contributions. However, also in this case, for the me
tioned transitions, we expect thatuPuc /Tu!1 should hold.
Using these approximations, Eqs.~11!,~12! become simpli-
fied:

A2.2TPtcuju* j tusin g sin d tc , ~13!

A1.Ptc
2 uj tu21T2ujuu212TPtcuju* j tucosg cosd tc . ~14!

The CP-violating asymmetry in this case is

ACP.
2z12sin d tcsin g

112z12cosd tccosg1z12
2

, ~15!

wherez125uju /j tu3T/Ptc , where we use the notation use
in @4#. This relation was suggested in the context of the
cay B→Kp by Fleischer and Mannel@38#. Because of the
circumstance that the suppression due touju /j tu is stronger
than the enhancement due toT/Ptc , restricting the value of
z12, the CP-violating asymmetry for these kinds of deca
are O(10%). To check the quality of the approximatio
made in Eq.~15!, we have calculated theCP-violating asym-
metry using this formula forB0→K1p2, which yields
ACP527.1% atNc52, very close to the value27.7% in
Table V calculated using the full formula, withr50.12,
5-5
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h50.34 andk25mb
2/2 in both cases. The results for oth

values ofNc are similar. Thus, we conclude that Eq.~15!
holds to a good approximation in the factorization fram
work for the decays mentioned earlier on. However, theCP-
violating asymmetriesACP in the mentioned decays ar
found to depend onk2, making their theoretical prediction
considerably uncertain. These can be seen in the var
tables forACP . Of course, the relation~15! given above, and
others given below, can be modified through SFI—a po
bility we are not entertaining here.

There are also some decays with vanishing tree contr
tions, such asB1→p1KS

0, p1K* 0, r1K* 0. For these de-
cays,T50, andujuu!uj tu, then for these decays

A252PtcPucuju* j tusin g sin~duc2d tc!, ~16!

A1.Ptc
2 uj tu222PtcPucuju* j tucosgcos~duc2d tc! ~17!

.Ptc
2 uj tu2. ~18!

The CP-violating asymmetry is

ACP.2
Puc

Ptc
Uju

j t
Usin~duc2d tc!sin g. ~19!

Without the T contribution, the suppression due to bo
Puc /Ptc and uju /j tu is much stronger and theCP-violating
asymmetries are only around2~1–2!%. This is borne out by
the numerical results obtained with the complete contri
tions, which can be seen in the tables.

B. CP-violating asymmetries involving b˜d transitions

For b→d transitions, we have

M5Tzu2Ptz te
id t2Pczce

idc2Puzueidu,

M5Tzu* 2Ptz t* eid t2Pczc* eidc2Puzu* eidu, ~20!

wherez i5VibVid* , and again using CKM unitarity relation
zc52z t2zu , we have

M5Tzu2Ptcz te
id tc2Puczueiduc,

M5Tzu* 2Ptcz t* eid tc2Puczu* eiduc, ~21!

A2522TPtcuzu* z tusin a sin d tc

22PtcPucuzu* z tusin a sin~duc2d tc!, ~22!

A15~T21Puc
2 !uzuu21Ptc

2 uz tu2

22PtcPucuzu* z tucosa cos~duc2d tc!

22TPucuzuu2cosduc

12TPtcuzu* z tucosa cosd tc . ~23!
01400
-

us

i-

u-

-

For the tree-dominated decays involvingb→d transitions,
such asB1→p1h (8), r1h (8), r1v; the relationPuc,Ptc
!T holds. This makes the formulas simpler, yielding

A2.22TPtcuzu* z tusin a sin d tc , ~24!

A1.T2uzuu222TPucuzuu2cosduc

12TPtcuzu* z tucosa cosd tc

.T82uzuu212TPtcuzu* z tucosa cosd tc , ~25!

with T82[T222TPuccosduc. The CP-violating asymmetry
is now approximately given by

ACP.
22z1sin d tcsin a

112z1cosd tccosa
, ~26!

with z15uz t /zuu3TPtc /T82. Note, theCP-violating asym-
metry is approximately proportional to sina in this case.
Here the suppression due toPtcT/T82 is accompanied with
some enhancement fromuz t /zuu ~the central value of this
quantity is about 3@20#!, making theCP-violating asymme-
try in this kind of decays to have a valueACP
5(10– 20)%. We have calculated theCP-violating asymme-
try of B6→r6v using the approximate formula~26!. The
number we got forNc52 is ACP59.2%, which is very close
to the valueACP58.9% in Table XI calculated using th
exact formula, withr50.12,h50.34 andk25mb

2/2.
For the decays with a vanishing tree contribution, such

B1→K1KS
0, K1K̄* 0, K* 1K̄* 0, we haveT50. Thus,

A2522PtcPucuzu* z tusin a sin~duc2d tc!, ~27!

A15Ptc
2 uz tu21Puc

2 uzuu2

22PtcPucuzu* z tucosa cos~duc2d tc!. ~28!

The CP-violating asymmetry is approximately proportion
to sina again,

ACP5
22z3sin~duc2d tc!sin a

122z3cos~duc2d tc!cosa1z3
2

, ~29!

with z35uzu /z tu3Puc /Ptc . As the suppressions from
uzu /z tu and uPuc /Ptcu are not very big, theCP-violating
asymmetry can again be of order~10–20!%. However, being
directCP-violating asymmetries, the mentioned asymmetr
in the specificB6→(h1h2)6 modes depend onk2 and are
uncertain.

C. CP-violating asymmetries in neutral B0 decays

For the neutralB0(B0) decays, there is an additional com
plication due toB02B0 mixing. TheseCP-asymmetries may
require time-dependent measurements, as discussed in
5-6
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TABLE I. CP-violating asymmetry parametersae8 andae1e8 ~in percent! for the decaysB0
h→h1h2 using

r50.12,h50.34, andNc52, 3, `, for k25mb
2/262 GeV2.

Channel

ae8 ae1e8

Nc52 Nc53 Nc5` Nc52 Nc53 Nc5`

B0
h→p1p2 6.923.5

11.6 7.023.6
11.6 7.023.6

11.7 35.312.2
21.6 35.012.2

21.6 34.512.2
21.7

B0
h→p0p0 214.8114.3

26.6 2.7114.7
28.1 18.927.7

13.8 290.023.8
13.5 244.617.3

24.0 77.813.6
22.7

B0
h→h8h8 26.0211.6

15.6 38.126.1
13.9 217.2116.0

27.2 62.8116.0
24.8 78.013.6

22.3 285.725.1
14.5

B0
h→hh8 22.928.5

14.3 23.320.4
10.5 213.3114.3

26.6 88.513.2
22.5 62.712.1

21.0 296.522.3
11.4

B0
h→hh 19.325.9

13.0 16.111.5
20.6 210.1112.5

25.9 97.711.2
20.9 50.611.8

20.9 299.520.3
10.9

B0
h→p0h8 31.320.8

10.7 22.915.1
23.0 9.2112.6

27.3 59.114.0
22.3 29.915.6

23.2 220.117.6
24.3

B0
h→p0h 17.212.4

21.2 13.815.0
22.6 7.419.0

24.8 43.112.6
21.4 21.813.8

22.3 215.715.4
23.3

B0
h→KS

0p0 0.421.3
10.6 21.220.2

10.0 23.811.4
20.9 75.120.3

10.2 69.120.2
10.1 58.110.3

20.3

B0
h→KS

0h8 22.410.5
20.3 21.810.2

20.1 20.920.4
10.2 64.710.1

20.0 66.910.0
20.0 70.220.2

10.1

B0
h→KS

0h 1.121.6
10.9 21.020.3

10.1 24.311.8
21.1 78.020.5

10.2 69.720.1
10.1 54.110.5

20.4

B0
h→K0K̄0 12.515.5

22.9 12.315.5
22.9 12.015.5

22.8 15.714.0
22.4 15.613.9

22.4 15.313.9
22.3

B0
h→r0p0 26.419.8

24.6 23.1130.0
217.0 7.827.0

13.4 240.624.7
13.6 299.515.1

11.6 36.014.5
23.2

B0
h→vp0 26.224.3

12.6 23.411.5
20.6 1.020.6

10.2 84.711.1
20.5 50.113.3

21.7 49.810.3
20.2

B0
h→r0h 219.8126.7

23.2 12.9114.5
28.8 30.129.9

15.4 297.920.7
13.6 215.919.4

24.9 93.913.1
22.4

B0
h→r0h8 252.7126.3

26.6 255.0179.7
21.9 38.3219.1

18.9 37.8215.7
110.0 243.5250.4

135.2 31.8113.2
29.4

B0
h→vh 16.326.8

13.3 25.126.1
13.4 1.821.0

10.5 74.613.3
22.4 94.811.0

20.6 9.510.7
20.4

B0
h→vh8 17.728.5

14.0 43.5219.2
19.5 1.921.0

10.4 46.015.2
23.9 55.6112.3

29.1 37.810.6
20.5

B0
h→fp0 16.216.2

23.4 1.010.7
20.4 10.515.1

22.6 19.015.0
22.9 1.610.4

20.3 13.813.5
22.1

B0
h→fh 16.216.2

23.4 1.010.7
20.4 10.515.1

22.6 19.015.0
22.9 1.610.4

20.3 13.813.5
22.1

B0
h→fh8 16.216.2

23.4 1.010.7
20.4 10.515.1

22.6 19.015.0
22.9 1.610.4

20.3 13.813.5
22.1

B0
h→r0KS

0 2.121.4
10.5 0.920.4

10.1 22.011.8
20.8 18.720.9

10.6 58.020.2
10.2 98.610.2

20.2

B0
h→fKS

0 21.710.1
20.1 21.810.1

20.1 22.710.1
20.1 67.520.1

10.0 67.520.1
10.0 67.920.3

10.2

B0
h→vKS

0 25.312.4
21.5 224.0113.3

27.9 23.811.6
20.9 50.710.7

20.5 19.211.1
20.0 54.810.5

20.3

B0
h→r1r2 4.122.2

11.0 4.222.3
11.0 4.222.3

11.0 17.111.5
21.1 16.911.5

21.1 16.511.5
21.1

B0
h→r0r0 28.018.5

23.9 1.917.8
24.0 12.124.5

12.2 297.021.3
11.2 241.414.1

22.6 88.211.6
21.2

B0
h→vv 20.826.9

13.6 22.022.5
11.6 4.722.5

11.1 95.211.9
21.5 78.610.8

20.3 24.411.6
21.1

B0
h→K* 0K̄* 0 15.216.1

23.3 14.515.9
23.2 13.415.7

23.1 18.114.7
22.8 17.514.5

22.7 16.514.2
22.5

B0
h→r0v 8.2112.0

26.7 4.511.6
20.8 8.316.5

23.4 221.417.1
24.1 22.810.9

20.6 22.114.1
22.6

B0
h→r0f 16.216.2

23.4 1.010.7
20.4 10.515.1

22.6 19.015.0
22.9 1.610.4

20.3 13.813.5
22.1

B0
h→vf 16.216.2

23.4 1.010.7
20.4 10.515.1

22.6 19.015.0
22.9 1.610.4

20.3 13.813.5
22.1
e-

f

literature @8,40–42#. Defining the time-dependent asymm
tries as

ACP~ t !5
G„B0~ t !→ f …2G„B0~ t !→ f̄ …

G„B0~ t !→ f …1G„B0~ t !→ f̄ …

, ~30!
01400
there are four cases that one encounters for neutralB0(B0)
decays.

Case (i)

B0→ f , B0→ f̄ , wheref or f̄ is not a common final state o
B0 andB0, for exampleB0→K1p2.
5-7
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Case (ii)

B0→( f 5 f̄ )←B0 with f CP56 f , involving final states
which are CP eigenstates, i.e., decays such asB0(B0)
→p1p2, p0p0, KS

0p0 etc.

Case (iii)

B0→( f 5 f̄ )←B0 with f, involving final states which are
not CP eigenstates. They include decays such asB0

→(VV)0, as theVV states are notCP-eigenstates.

Case (iv)

B0→( f & f̄ )←B0 with f CPÞ f , i.e., bothf and f̄ are com-
mon final states ofB0 and B0, but they are notCP eigen-
states. DecaysB0→r1p2, r2p1 andB0→K* 0KS

0, K̄* 0KS
0

are two examples of interest for us.
Here case~i! is very similar to the chargedB6 decays.

For case~ii !, and ~iii !, ACP(t) would involve B02B0 mix-
ing. AssuminguDGu!uDmu and uDG/Gu!1, which hold in
the standard model for the mass and width differencesDm
andDG in the neutralB-sector, one can expressACP(t) in a
simplified form:

ACP~ t !.ae8cos~Dmt!1ae1e8sin~Dmt!. ~31!

The quantitiesae8 andae1e8 , for which we follow the defi-
nitions given in @42#, depend on the hadronic matrix ele
ments which we have calculated in our model

ae85
12ulCPu2

11ulCPu2
, ~32!

ae1e85
22 Im~lCP!

11ulCPu2
, ~33!

where

lCP5
Vtb* Vtd^ f uHeffuB0&

VtbVtd* ^ f uHeffuB0&
. ~34!

For case~i! decays, the coefficientae8 determinesACP(t),
and since no mixing is involved for these decays, theCP-
violating asymmetry is independent of time. We shall c
these, together with theCP-asymmetries in chargedB6 de-
cays,CP-class~i! decays. For cases~ii ! and ~iii !, one has to
separate the sin(Dmt) and cos(Dmt) terms to get theCP-
violating asymmetryACP(t). The time-integrated asymme
tries are

ACP5
1

11x2 ae81
x

11x2 ae1e8 , ~35!

with x5Dm/G.0.73 for theB02B0 case@39#.
Case~iv! also involves mixing but requires additional fo

mulas. Here one studies the four time-dependent de
01400
l

ay

widths for B0(t)→ f , B0(t)→ f̄ , B0(t)→ f̄ and B0(t)→ f
@40,41,42#. These time-dependent widths can be expres
by four basic matrix elements

g5^ f uHeffuB0&, h5^ f uHeffuB0&,
~36!

ḡ5^ f̄ uHeffuB0&, h̄5^ f̄ uHeffuB0&,

which determine the decay matrix elements ofB0→ f & f̄ and
of B0→ f̄ & f at t50. For example, whenf 5r2p1 the ma-

TABLE II. CP-violating asymmetry parametersae8 and ae1e8
~in percent! for the decaysB0

h→h1h2 usingr50.23,h50.42, and
Nc52, 3, `, for k25mb

2/2.

Channel

ae8 ae1e8

Nc52 Nc53 Nc5` Nc52 Nc53 Nc5`

B0
h→p1p2 4.9 4.9 5.0 29.3 29.1 28.7

B0
h→p0p0 212.4 3.8 14.5 271.6 260.7 63.7

B0
h→h8h8 19.3 42.3 214.0 50.8 88.3 266.3

B0
h→hh8 18.6 28.8 211.8 75.4 78.7 282.2

B0
h→hh 17.2 21.0 29.7 90.2 66.7 292.3

B0
h→p0h8 38.9 31.2 13.0 74.2 41.1228.4

B0
h→p0h 22.8 19.2 10.5 57.9 30.5222.3

B0
h→KS

0p0 0.4 21.5 24.9 90.7 85.7 75.1

B0
h→KS

0h8 23.0 22.2 21.1 81.8 83.8 86.6

B0
h→KS

0h 1.3 21.2 25.6 92.7 86.3 70.9

B0
h→K0K̄0 17.5 17.3 16.9 22.2 22.0 21.7

B0
h→r0p0 23.6 1.9 4.8 226.1 297.0 30.7

B0
h→vp0 28.7 30.4 0.7 94.5 65.6 40.1

B0
h→r0h 219.3 18.3 26.3 292.3 222.5 85.2

B0
h→r0h8 239.0 269.2 27.6 32.1 253.6 27.2

B0
h→vh 12.4 24.7 1.3 60.6 96.0 11.1

B0
h→vh8 12.7 32.6 1.3 37.3 45.7 31.1

B0
h→fp0 22.7 1.4 14.8 26.7 2.3 19.6

B0
h→fh 22.7 1.4 14.8 26.7 2.3 19.6

B0
h→fh8 22.7 1.4 14.8 26.7 2.3 19.6

B0
h→r0KS

0 2.9 1.1 22.0 26.3 75.1 98.7

B0
h→fKS

0 22.1 22.2 23.4 84.3 84.3 84.6

B0
h→vKS

0 27.0 233.3 24.9 67.1 26.8 71.7

B0→r1r2 2.9 2.9 3.0 16.4 16.2 15.9

B0
h→r0r0 27.1 2.6 9.7 282.5 256.8 74.2

B0
h→vv 17.8 25.3 3.3 84.8 91.7 21.5

B0
h→K* 0K̄* 0 21.3 20.3 18.8 25.4 24.6 23.3

B0
h→r0v 11.6 6.3 11.8 230.4 32.1 23.0

B0
h→r0f 22.7 1.4 14.8 26.7 2.3 19.6

B0
h→vf 22.7 1.4 14.8 26.7 2.3 19.6
5-8
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trix elementh is given in Appendix B of@4# in Eq. ~99! and
ḡ for the decayB0→r1p2 is written down in Eq.~100! in
Appendix B of@4#. The matrix elementsh̄ andg are obtained
from h and ḡ by changing the signs of the weak phas
contained in the products of the CKM matrix elements. W
also need to know theCP-violating parameter coming from
the B02B0 mixing. Defining

B15puB0&1quB0&,

B25puB0&2quB0&, ~37!

with upu21uqu251 and q/p5AH21/H12, with Hi j 5Mi j
2 i /2G i j representing theuDBu52 andDQ50 Hamiltonian
@8#. For the decays ofB0 andB0, we use, as before,

q

p
5

Vtb* Vtd

VtbVtd*
5e22ib. ~38!

So, uq/pu51, and this ratio has only a phase given by22b.
Then, the four time-dependent widths are given by the
lowing formulas~we follow the notation of@42#!:

G„B0~ t !→ f …5e2Gt
1

2
~ ugu21uhu2!

3$11ae8cosDmt1ae1e8sin Dmt%,

G„B0~ t !→ f̄ …5e2Gt
1

2
~ uḡu21uh̄u2!

3$12aē8cosDmt2ae1 ē8sin Dmt%,

G„B0~ t !→ f̄ …5e2Gt
1

2
~ uḡu21uh̄u2!

3$11aē8cosDmt1ae1 ē8sin Dmt%,

G„B0~ t !→ f …5e2Gt
1

2
~ ugu21uhu2!

3$12ae8cosDmt2ae1e8sin Dmt%,

~39!
01400
s
e

l-

where

ae85
ugu22uhu2

ugu21uhu2
, ae1e85

22 ImS q

p

h

g
D

11uh/gu2 ,

~40!

aē85
uh̄u22uḡu2

uh̄u21uḡu2
, ae1 ē85

22 ImS q

p

ḡ

h̄
D

11uḡ/h̄u2
.

By measuring the time-dependent spectrum of the de
rates ofB0 andB0, one can find the coefficients of the tw
functions cosDmt and sinDmt and extract the quantitiesae8 ,
ae1e8 , ugu21uhu2, aē8 , ae1 ē8 and uḡu21uh̄u2 as well asDm
andG, which, however, are already well measured@39#. The
signature of CP violation isG(B0(t)→ f )ÞG(B0(t)→ f̄ )
and G(B0(t)→ f )ÞG(B0(t)→ f̄ ) which means, thatae8Þ
2aē8 and/or ae1e8Þ2ae1 ē8 . In the two examples,f
5r1p2 and f 5K* 0KS

0, the amplitudesg andh contain con-
tributions of several terms similar to what we have writt
down above for the chargedB decays. They have weak an
strong phases with the consequence thatuguÞuḡu and uhu
Þuh̄u.

IV. NUMERICAL RESULTS FOR CP-VIOLATING
COEFFICIENTS AND ACP

Given the amplitudesM andM, one can calculate the
CP-violating asymmetryACP for all the B→PP, B→PV
and B→VV decay modes and their charged conjuga
whose branching ratios were calculated by us recently in
factorization approach@4#. The asymmetries depend on se
eral variables, such as the CKM parameters,Nc , the virtual-
ity k2 discussed earlier, and the scalem. The scale depen
dence ofACP is important in only a few decays and we sha
estimate it by varyingm betweenm5mb/2 andm5mb at the
end of this section for these decays and fix the scale am
5mb/2. The dependence on the rest of the parameter
worked out explicitly. We show the results forNc52,3,̀ ,
for two representative choices of the CKM parameters in
tables: central values emerging from the CKM unitarity fi
TABLE III. CP-violating asymmetry parametersae8 , aē8 , ae1e8 , ae1 ē8 defined in Eq.~40! for the de-

cays B0
h→r2p1, B0

h→r1p2, and B0
h→K̄* 0KS

0, B0
h→K* 0KS

0 ~in percent!, using r50.12, h50.34, and
k25mb

2/262 GeV2.

Channel Nc ae8 aē8 ae1ge8 ae1 ē8

Nc52 254.921.3
10.6 58.620.8

10.4 6.010.4
20.4 6.211.2

20.7

B0
h→r2p1, r1p2 Nc53 254.921.3

10.6 58.720.9
10.3 5.810.5

20.4 6.011.3
20.7

Nc5` 254.921.3
10.6 58.720.9

10.3 5.610.4
20.5 5.811.2

20.8

Nc52 99.310.2
20.2 299.120.5

10.4 25.314.8
22.9 10.023.9

12.2

B0
h→K̄* 0KS

0, K* 0KS
0 Nc53 99.910.0

20.1 299.620.2
10.1 23.213.9

22.3 8.822.6
11.5

Nc5` 99.810.0
20.1 299.110.2

20.1 20.412.7
21.5 7.220.9

10.5
5-9
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of the existing data, yieldingr50.12,h50.34 @20#; for val-
ues ofr andh which correspond to their central values11s,
yielding r50.23 andh50.42 @20#.

For each decay mode and given a value ofNc , the errors
shown on the numbers in the tables reflect the uncertain
due to the variation of k2 in the range k25(mb

2/2
62) GeV2. For some selectedCP-asymmetries, we show in
figures, however, the dependence on the CKM parame
for a wider range ofr and h which are allowed by the
present 95% C.L. unitarity fits@20#.

TABLE IV. CP-violating asymmetry parametersae8 , aē8 ,

ae1e8 , ae1 ē8 defined in Eq.~40! for the decaysB0
h→r2p1, B0

h

→r1p2, and B0
h→K̄* 0KS

0, B0
h→K* 0KS

0 ~in percent!, using
r50.23,h50.42, andk25mb

2/2.

Channel Nc ae8 aē8 ae1ge8 ae1 ē8

Nc52 255.5 58.1 7.8 8.1

B0
h→r2p1, r1p2 Nc53 255.5 58.1 7.6 8.0

Nc5` 255.5 58.1 7.5 7.8
Nc52 99.4 299.0 24.4 11.1

B0
h→K̄* 0KS

0, K* 0KS
0 Nc53 99.9 299.5 22.2 10.3

Nc5` 99.8 298.8 0.8 9.0

TABLE V. CP-violating asymmetriesACP in Bh→PP decays
~in percent! using r50.12, h50.34, andNc52, 3, `, for k2

5mb
2/262 GeV2.

Channel ClassCP class Nc52 Nc53 Nc5`

B0
h→p1p2 I ~ii ! 21.321.2

10.3 21.221.2
10.3 21.021.3

10.3

B0
h→p0p0 II ~ii ! 252.517.5

22.6 219.4113.0
27.2 49.323.3

11.2

B0
h→h8h8 II ~ii ! 46.924.5

11.4 62.022.3
11.4 252.018.0

22.6

B0
h→hh8 II ~ii ! 57.124.1

11.6 45.110.7
20.2 254.618.3

23.1

B0
h→hh II ~ii ! 59.023.2

11.6 34.611.8
20.8 253.918.0

23.5

B6→p6p0 III ~i! 0.120.1
10.0 0.020.0

10.1 0.020.0
10.0

B6→p6h8 III ~i! 12.025.9
12.6 14.526.7

13.2 21.328.4
14.2

B6→p6h III ~i! 11.825.3
12.4 14.025.9

12.8 19.126.4
13.3

B0
h→p0h8 V ~ii ! 48.611.4

20.7 29.216.0
23.5 23.6111.9

26.7

B0
h→p0h V ~ii ! 31.712.9

21.4 19.415.0
22.8 22.618.4

24.8

B6→K6p0 IV ~i! 27.113.7
22.1 26.313.2

21.8 24.912.3
21.3

B0
h→K6p7 IV ~i! 27.714.0

22.3 27.914.2
22.3 28.214.4

22.4

B0
h→KS

0p0 IV ~ii ! 36.021.0
10.5 32.020.2

10.1 25.111.1
20.7

B6→K6h8 IV ~i! 24.912.1
21.2 24.111.6

21.0 23.011.0
20.5

B0
h→KS

0h8 IV ~ii ! 29.210.4
20.2 30.710.0

20.1 32.820.3
10.1

B6→K6h IV ~i! 8.526.3
13.4 6.224.8

12.6 2.822.6
11.4

B0
h→KS

0h IV ~ii ! 37.821.3
10.7 32.520.3

10.1 22.911.5
20.9

B6→p6KS
0 IV ~i! 21.410.0

20.1 21.410.0
20.1 21.410.1

20.0

B6→K6KS
0 IV ~i! 12.515.5

22.9 12.315.5
22.9 12.015.5

22.8

B0
h→K0K̄0 IV ~ii ! 15.615.6

23.0 15.515.4
23.1 15.115.5

22.9
01400
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The results are presented taking into account the follo
ing considerations. For decays belonging to theCP class-~i!,
theCP-asymmetry is time-independent. Hence for this cla
ACP5ae8 . For theCP class-~ii ! and CP class-~iii ! decays,
the measurement ofACP will be done in terms of the coef
ficientsae8 andae1e8 , which are the measures of direct an
indirect ~or mixing-induced! CP-violation, respectively. In
view of this, we give in Tables I and II these coefficients f
the thirty decay modes of theB0 and B0 mesons, which
belong to these classes, for the two sets of CKM parame
given above. For the four decays belonging to theCP class-
~iv! decays, one would measure by time-dependent de
rates the quantitiesae8 , ae1e8 , aē8 and ae1 ē8 . They are
given in Tables III and IV for the two sets of CKM param
eters, respectively. Having worked out these quantities,
then give the numerical values of theCP-violating asymme-
tries for all the seventy six decaysB→PP, B→PV (b→d
transition!, B→PV (b→s transition! and B→VV in Tables
V–XII.

A. Parametric dependence ofCP-violating
parameters andACP

We now discuss theCP asymmetries given in Tables I–
XII and their parametric dependence.

Form factor dependence of ACP

TheCP-violating asymmetries depend very weakly on t
form factors. We have calculated theCP-violating asymme-

TABLE VI. CP-violating asymmetriesACP in B0
h→PP decays

~in percent! using r50.23,h50.42, and Nc52, 3, ` for k2

5mb
2/2.

Channel Class CP class Nc52 Nc53 Nc5`

B0
h→p1p2 I ~ii ! 17.2 17.1 16.9

B0
h→p0p0 II ~ii ! 242.2 226.4 39.8

B0
h→h8h8 II ~ii ! 36.8 69.7 240.7

B0
h→hh8 II ~ii ! 48.0 56.3 246.8

B0
h→hh II ~ii ! 54.2 45.4 250.2

B6→p6p0 III ~i! 0.0 0.0 0.0

B6→p6h8 III ~i! 8.5 10.5 16.7

B6→p6h III ~i! 8.7 10.6 16.2

B0
h→p0h8 V ~ii ! 60.7 39.9 25.0

B0
h→p0h V ~ii ! 42.5 27.1 23.7

B6→K6p0 IV ~i! 29.8 28.6 26.5

B0
h→K6p7 IV ~i! 210.5 210.8 211.2

B0
h→KS

0p0 IV ~ii ! 43.4 39.8 32.5

B6→K6h8 IV ~i! 26.3 25.3 23.8

B0
h→KS

0h8 IV ~ii ! 36.9 38.4 40.5

B6→K6h IV ~i! 8.4 6.4 3.1

B0
h→KS

0h IV ~ii ! 45.0 40.2 30.0

B6→p6KS
0 IV ~i! 21.8 21.7 21.7

B6→K6KS
0 IV ~i! 17.5 17.3 16.9

B0
h→K0K̄0 IV ~ii ! 22.1 21.8 21.4
5-10
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TABLE VII. CP-violating asymmetriesACP in Bh→PV decays (b→d transition! ~in percent! using
r50.12,h50.34, andNc52, 3, ` for k25mb

2/262 GeV2.

Channel Class CP class Nc52 Nc53 Nc5`

B0/B̄0→r2p1/r1p2 I ~iv! 3.611.2
20.7 3.511.2

20.7 3.311.2
20.7

B0/B̄0→r1p2/r2p1 I ~iv! 6.021.9
10.7 5.921.8

10.8 5.921.9
10.7

B0
h→r0p0 II ~ii ! 223.514.2

21.3 249.4122.1
210.3 22.222.4

10.7

B0
h→vp0 II ~ii ! 57.522.3

11.4 39.212.5
21.3 24.320.2

10.1

B0
h→r0h II ~ii ! 259.5117.1

27.0 0.9114.0
28.1 64.425.0

12.4

B0
h→r0h8 II ~ii ! 216.519.7

10.4 256.7128.2
115.5 40.226.2

11.4

B0
h→vh II ~ii ! 46.222.9

10.9 61.523.5
11.9 5.720.3

10.1

B0
h→vh8 II ~ii ! 33.523.1

10.8 54.926.7
11.9 19.220.4

10.1

B6→r0p6 III ~i! 23.912.6
21.1 25.213.5

21.5 211.018.8
23.8

B6→r6p0 III ~i! 2.721.5
10.6 3.021.6

10.7 3.621.9
10.9

B6→vp6 III ~i! 9.824.8
12.2 7.924.0

11.9 21.811.2
20.6

B6→r6h III ~i! 3.922.2
10.9 4.422.4

11.1 5.723.0
11.4

B6→r6h8 III ~i! 3.822.2
11.0 4.322.5

11.2 5.623.2
11.4

B0
h→K̄* 0KS

0/K* 0KS
0 IV ~iv! 15.916.2

23.4 15.316.0
23.3 14.315.9

23.2

B0
h→K* 0KS

0/K̄* 0KS
0 V ~iv! 212.225.7

13.0 210.625.2
12.6 28.224.3

12.2

B6→K6K* 0
h IV ~i! 15.216.1

23.3 14.515.9
23.2 13.415.7

23.1

B6→K* 6KS
0 V ~i! 21.2232.8

15.6 46.823.3
213.2 48.114.8

25.6

B6→fp6 V ~i! 16.216.2
23.4 1.010.7

20.4 10.515.1
22.6

B0
h→fp0 V ~ii ! 19.616.5

23.6 1.410.7
20.3 13.415.0

22.7

B0
h→fh V ~ii ! 19.616.5

23.6 1.410.7
20.3 13.415.0

22.7

B0
h→fh8 V ~ii ! 19.616.5

23.6 1.410.7
20.3 13.415.0

22.7
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tries for the form factors based on both the BSW@32# and the
hybrid lattice-QCD/QCD-SR models. The form factor valu
used are given in@4#. However, the dependence ofACP on
the form factors is weak. Hence, we show results only for
former case.

Nc dependence of ACP

The classification of theB→h1h2 decays usingNc-
dependence of the rates that we introduced in@4# is also very
useful in discussingACP . We see that theCP-asymmetries
in the class-I and class-IV decays have mild dependenc
Nc , reflecting very much the characteristics of the dec
rates. As already remarked, this can be traced back to
Nc-dependence of the effective coefficients. However,
some decays classified as class-IV decays in@4#, we have
found thatACP shows a markedNc dependence. All these
cases are on the borderline as far as theNc-sensitivity of the
decay rates is concerned due to the presence of several
peting amplitudes. The decays, which were classified in@4#
as class-IV decays but are now classified as class-V dec
are as follows:

B→PP decays:B0→p0h (8).
B→PV decays involvingb→s transitions:B0→K* 0h.

~The decay modeB0→K* 0h8 was already classified in@4#
as a class-V decay.!
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B→VV decays:B0→K* 0r0.
With this, we note that theNc-dependence ofACP in the

class-I and class-IV decays is at most620%, as one varies
Nc in the rangeNc52 to Nc5`.

Concerning class-III decays, in most casesACP is found
to vary typically by a factor 2 asNc is varied, with one
exception:B1→vp1, in which case the estimate forACP is
uncertain by an order of magnitude. This is in line with t
observation made on the decay rate for this process in@4#.
Both CP-violating asymmetries and decay rates for t
class-II and class-V decays are generally stron
Nc-dependent. We had shown this for the decay rates in@4#
and for theCP-violating asymmetries this feature can b
seen in the tables presented here.

k2 dependence of ACP

TheCP-violating asymmetries depend on the value ofk2,
as discussed in the literature@15#. The value ofk2 relative to
the charm threshold, i.e.,k2<(>)4mc

2, plays a central role
here. For the choicek2<4mc

2, thecc̄ loop will not generate
a strong phase. We treatk2 as a variable parameter and ha
studied the sensitivity of theCP-asymmetries by varying it in
the rangek25mb

2/262 GeV2. This range may appear some
what arbitrary, however, it is large enough to test which
5-11
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TABLE VIII. CP-violating asymmetriesACP in Bh→PV decays
(b→d transition! ~in percent! usingr50.23,h50.42, andNc52,
3, ` for k25mb

2/2.

Channel ClassCP class Nc52 Nc53 Nc5`

B0/B̄0→r2p1/r1p2 I ~iv! 5.3 5.2 5.1

B0/B̄0→r1p2/r2p1 I ~iv! 5.4 5.4 5.4

B0
h→r0p0 II ~ii ! 214.8 244.9 17.8

B0
h→vp0 II ~ii ! 63.7 51.1 19.5

B0
h→gr0h II ~ii ! 256.5 1.3 57.7

B0
h→r0h8 II ~ii ! 210.2 270.8 31.0

B0
h→vh II ~ii ! 36.9 61.8 6.1

B0
h→vh8 II ~ii ! 26.1 43.0 15.7

B6→r0p6 III ~i! 22.7 23.7 28.3

B6→r6p0 III ~i! 1.9 2.1 2.6

B6→vp6 III ~i! 7.0 5.6 21.3

B6→r6h III ~i! 2.7 3.1 4.0

B6→r6h8 III ~i! 2.7 3.0 3.9

B0/B̄0→K̄* 0KS
0/K* 0KS

0 IV ~iv! 22.3 21.4 20.1

B0/B̄0→K* 0KS
0/K̄* 0KS

0 V ~iv! 217.0 214.9 211.5

B6→K6K* 0
h IV ~i! 21.3 20.3 18.8

B6→K* 6KS
0 V ~i! 21.6 54.6 62.5

B6→fp6 V ~i! 22.7 1.4 14.8

B0
h→fp0 V ~ii ! 27.5 2.0 19.0

B0
h→fh V ~ii ! 27.5 2.0 19.0

B0
h→fh8 V ~ii ! 27.5 2.0 19.0
01400
TABLE X. CP-violating asymmetriesACP in Bh→PV decays
(b→s transition! ~in percent! using r50.23,h50.42, andNc52,
3, ` for k25mb

2/2.

Channel Class CP class Nc52 Nc53 Nc5`

B0
h→r7K6 I ~i! 211.5 211.5 211.4

B6→K* 6h8 III ~i! 255.2 271.7 275.2

B0
h→K* 6p7 IV ~i! 222.1 222.6 223.6

B0
h→K* 0

hp0 V ~i! 1.6 21.6 26.3

B6→K* 6p0 IV ~i! 218.2 217.1 214.8

B6→r0K6 IV ~i! 214.5 215.9 210.7

B6→K* 6h IV ~i! 213.0 213.3 213.5

B0
h→K* 0

hh V ~i! 23.1 21.7 0.7

B6→K* 0
hp6 IV ~i! 22.1 22.0 21.9

B0
h→r0KS

0 V ~ii ! 14.4 36.4 45.6

B6→r6KS
0 V ~i! 3.7 5.6 25.3

B0
h→K* 0

hh8 V ~i! 247.7 216.3 9.0

B6→fK6 V ~i! 22.1 22.2 23.4

B0
h→fKS

0 V ~ii ! 38.7 38.7 38.0

B0
h→vKS

0 V ~ii ! 27.3 29.1 30.9

B6→vK6 V ~i! 218.6 215.1 1.1
TABLE IX. CP-violating asymmetriesACP in Bh→PV decays (b→s transition! ~in percent! using r
50.12,h50.34, andNc52, 3, ` for k25mb

2/262 GeV2.

Channel Class CP class Nc52 Nc53 Nc5`

B0
h→r7K6 I ~i! 216.419.7

23.9 216.419.8
23.9 216.319.7

23.9

B6→K* 6h8 III ~i! 272.6135.9
25.1 284.3144.0

28.6 261.5136.5
216.1

B0
h→K* 6p7 IV ~i! 215.518.9

25.0 215.919.2
25.2 216.619.6

25.4

B0
h→K* 0p0 V ~i! 1.422.2

11.2 21.320.4
10.1 24.912.0

21.3

B6→K* 6p0 IV ~i! 212.817.3
23.9 212.016.8

23.7 210.515.8
23.2

B6→r0K6 IV ~i! 213.216.8
23.2 212.816.7

23.2 27.513.8
22.0

B6→K* 6h IV ~i! 29.115.1
22.7 29.315.2

22.8 29.615.3
22.9

B0
h→K* 0

hh V ~i! 22.410.9
20.5 21.410.2

20.1 0.621.1
10.5

B6→K* 0
hp6 IV ~i! 21.770.1 21.670.1 21.510.0

20.1

B0
h→r0KS

0 V ~ii ! 10.221.3
10.7 28.220.3

10.1 45.511.4
20.5

B6→r6KS
0 V ~i! 3.010.8

20.4 4.614.8
21.1 24.420.5

10.6

B0
h→K* 0

hh8 V ~i! 244.0248.0
111.9 213.310.5

12.1 8.027.5
14.6

B6→fK6 V ~i! 21.770.1 21.870.1 22.710.1
20.1

B0
h→fKS

0 V ~ii ! 31.010.0
20.1 30.910.0

20.0 30.520.1
10.0

B0
h→vKS

0 V ~ii ! 20.611.9
21.2 26.619.2

25.2 23.611.3
20.8

B6→vK6 V ~i! 213.117.4
24.1 219.6111.1

24.7 0.921.3
10.7
5-12
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TABLE XI. CP-violating asymmetriesACP in Bh→VV decays~in percent! usingr50.12,h50.34, and
Nc52, 3, ` for k25mb

2/262 GeV2.

Channel Class CP class Nc52 Nc53 Nc5`

B0
h→r1r2 I ~iii ! 10.820.7

10.2 10.820.8
10.1 10.620.8

10.1

B0
h→r0r0 II ~iii ! 251.415.0

21.9 218.517.1
23.8 49.922.2

10.8

B0
h→vv II ~iii ! 58.923.6

11.6 51.821.2
10.9 14.720.9

10.2

B6→r6r0 III ~i! 0.220.1
10.1 0.220.0

10.1 0.320.1
10.0

B6→r6v III ~i! 8.924.4
11.9 7.723.9

11.7 4.022.2
11.0

B0
h→K* 6r7 IV ~i! 215.518.9

25.0 215.919.2
25.2 216.619.6

25.4

B0
h→K* 0

h r0 V ~i! 5.124.8
12.8 20.820.9

10.5 29.214.8
22.8

B6→K* 6r0 IV ~i! 211.816.6
23.6 210.315.7

23.1 27.313.8
22.1

B6→r6K* 0
h IV ~i! 21.770.1 21.670.1 21.510.0

20.1

B6→K* 6K* 0
h IV ~i! 15.216.1

23.3 14.515.9
23.2 13.415.7

23.1

B0
h→K* 0K̄* 0 IV ~iii ! 18.616.2

23.5 17.816.0
23.4 16.615.7

23.2

B0
h→r0v V ~iii ! 24.8111.2

26.4 13.811.5
20.8 4.416.2

23.5

B0
h→K* 0

hv V ~i! 23.111.1
20.7 22.110.4

20.3 211.716.8
23.7

B6→K* 6v V ~i! 29.615.2
22.9 214.318.2

24.6 7.225.1
12.6

B6→K* 6f V ~i! 21.770.1 21.870.1 22.710.1
20.1

B0
h→K* 0

hf V ~i! 21.770.1 21.870.1 22.710.1
20.1

B6→r6f V ~i! 16.216.2
23.4 1.010.7

20.4 10.515.1
22.6

B0
h→r0f V ~iii ! 19.616.5

23.6 1.410.7
20.3 13.415.0

22.7

B0
h→vf V ~iii ! 19.616.5

23.6 1.410.7
20.3 13.415.0

22.7
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the asymmetries are sensitive to the choice ofk2. One sees
from the tables, thatACP as well as theCP-violating param-
eters are sensitive tok2 in most cases. Fortunately, there a
some decays which have largeACP with only moderate the-
oretical errors from thek2-dependence.

m dependence of ACP

It should be remarked that theCP-asymmetries depend o
the renormalization scalem. Part of this dependence is due
the fact that the strong phases are generated only by
explicitO(as) corrections. This can be seen in the numera
A2 given in Eq. ~11!. In other words, NLO corrections to
ACP , which are of ofO(as

2) remain to be calculated. De
spite this, the scale-dependence ofACP in B→h1h2 decays is
not very marked, except for a few decays for which the r
evant Wilson coefficients do show some scale depende
We give a list of these decays in Table XIII. This feature
quantitatively different from the scale-dependence ofACP in
the inclusive radiative decaysB→Xsg andB→Xdg @43#, for
which the m-dependence of the Wilson coefficient in th
electromagnetic penguin operator introduces quite signific
scale dependence in theCP-asymmetries. In contrast, th
Wilson coefficients contributing toACP in the decaysB
→h1h2 are lessm-dependent. Of course, there is still som
residual scale dependence in the quark masses. For all n
bers and figures shown here, we usem5mb/2, a scale sug-
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gested by NLO corrections in the decay rates forB→Xsg
andB→Xdg @43#, for which NLO corrections are small.

B. Decay modes with stableACP in the factorization approach

We use the parametric dependence ofACP just discussed
to pick out the decay modes which are stable against
variation of Nc , k2 and the scalem. As only class-I and
class-IV ~and some class III! decays are stable againstNc ,
we need concentrate only on decays in these classes.
the help of the entries in Tables V–XIII, showing thek2 and
m dependence, we find that the following decay modes h
measurably large asymmetries, i.e.,uACPu>20% @except for
ACP(r1r2) which is estimated to be more likeO(10%)]
with large branching ratios, typicallyO(1025) @except for
B0→KS

0h, which is estimated to be ofO(1026) @4##.

B0
n

˜p1p2, B0
n

˜KS
0p0, B0

n
˜KS

0h8, B0
n

˜KS
0h and

B0
n

˜r1r2

We discuss these cases in detail showing the CK
parametric dependence ofACP in each case. Since these d
cays measure, ideally, one of the phases in the unitarity
angle, we shall also plotACP as a function of the relevan
phase, which is sin 2a for ACP(p1p2), and sin 2b for
ACP(KS

0p0), ACP(KS
0h) andACP(KS

0h8).
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TABLE XII. CP-violating asymmetriesACP in Bh→VV decays
~in percent! using r50.23, h50.42, and Nc52, 3, ` for k2

5mb
2/2.

Channel Class CP class Nc52 Nc53 Nc5`

B0
h→r1r2 I ~iii ! 9.7 9.6 9.5

B0
h→r0r0 II ~iii ! 243.9 225.3 41.6

B0
h→vv II ~iii ! 52.0 60.2 12.4

B6→r6r0 III ~i! 0.2 0.2 0.2

B6→r6v III ~i! 6.3 5.4 2.8

B0
h→K* 6r7 IV ~i! 222.1 222.6 223.6

B0
h→K* 0

h r0 V ~i! 5.7 21.0 212.3

B6→K* 6r0 IV ~i! 216.8 214.6 210.1

B6→r6K* 0
h IV ~i! 22.1 22.0 21.9

B6→K* 6K* 0
h IV ~i! 21.3 20.3 18.8

B0
h→K* 0K̄* 0 IV ~iii ! 26.1 25.0 23.4

B0
h→r0v V ~iii ! 26.8 19.4 6.3

B0
h→K* 0

hv V ~i! 24.0 22.6 216.7

B6→K* 6v V ~i! 213.3 220.4 6.6

B6→K* 6f V ~i! 22.1 22.2 23.4

B0
h→K* 0

hf V ~i! 22.1 22.2 23.4

B6→r6f V ~i! 22.7 1.4 14.8

B0
h→r0f V ~iii ! 27.5 2.0 19.0

B0
h→vf V ~iii ! 27.5 2.0 19.0
01400
CP-violating asymmetry in B0n˜p1p2

We show in Figs. 1~a! and 1~b! theCP-asymmetry param-
etersae8 and ae1e8 , defined in Eqs.~32! and ~33!, respec-
tively, plotted as a function of the CKM-Wolfenstein param
eterr with the indicated values ofh. The shadowed area in
this and all subsequent figures showing ther-dependence
corresponds to the range 0,r,0.23, which is the61s al-
lowed values of this parameter from the unitarity fits@20#.
The three curves in Figs. 1~a! and 1~b! represent three dif-
ferent values of the CKM-Wolfenstein parameter:h50.26
~solid curve!, h50.34 ~dashed curve!, and h50.42 ~dotted
curve!. The time-integrated asymmetryACP calculated with
the help of Eq.~35! is shown for three values ofh ~h50.42,
0.34, 0.26! with k25mb

2/2 in Fig. 2~a!. One notes that the
CKM-dependence of ACP is very significant. The
k2-dependence ofACP(p1p2) is found to be very weak as
shown is Fig. 2~b!, where we plot this quantity as a functio
of r for h50.34 by varying k2 in the rangek25mb

2/2
62 GeV2. Hence, there is a good case forACP(p1p2)
yielding information on the CKM parameters.

To have a closer look at this, we plot in Figs. 3~a! and
3~b!, the asymmetryACP(p1p2) as a function of sin 2a to
study the effect of the penguin contribution~called in the
jargon ‘‘penguin pollution’’! and the dependence onuVubu,
respectively. The lower~upper! curve in Fig. 3~a! corre-
sponds to keeping only the tree contribution in the dec

B0
h→p1p2 (tree1penguin). We see that in the entir
61s expected range of sin 2a, depicted as a shadowe
region, the ‘‘penguin pollution’’ is quite significant, chang
TABLE XIII. CP-violating asymmetriesACP in Bh→h1h2 decays~in percent! usingr50.12,h50.34, and
Nc52, 3, `, k25mb

2/2 for m5mb/2 andm5mb .

Channel

Nc52 Nc53 Nc5`

m5mb/2 m5mb m5mb/2 m5mb m5mb/2 m5mb

B0
h→p0p0 242.0 237.8 215.1 232.2 43.9 45.5

B6→K6h 8.5 12.2 6.2 9.0 2.8 4.4

B0
h→r0p0 223.5 218.3 249.4 249.9 22.2 20.1

B0
h→vp0 57.5 61.5 39.2 48.4 24.3 23.4

B0
h→r0h 259.5 261.0 0.9 221.4 64.4 64.7

B0
h→r0h8 216.5 210.0 256.7 259.3 40.2 35.8

B0
h→vh8 33.5 29.1 54.9 41.3 19.2 17.9

B6→K* 6KS
0 21.2 20.9 46.8 35.0 48.1 46.8

B0
h→K* 0

hp0 1.4 3.5 21.3 20.3 24.9 25.3

B0
h→vKS

0 20.6 18.3 26.6 214.6 23.6 23.3

B0
h→r0r0 251.4 249.5 218.5 233.5 49.9 50.5

B0
h→K* 0

h r0 5.1 10.0 20.8 1.3 29.2 211.2

B0
h→r0v 24.8 214.8 13.8 18.5 4.4 2.8
5-14
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FIG. 1. CP-violating asymmetry parametersae8 ~a! andae1e8 ~b! for the decayB0
h→p1p2 as a function of the CKM parameterr with

k25mb
2/2. The dotted, dashed, and solid curves correspond to the CKM parameter valuesh50.42,h50.34, andh50.26, respectively.

FIG. 2. CP-violating asymmetryACP in B0
h→p1p2 as a function of the CKM parameterr. ~a! k25mb

2/2. The dotted, dashed
and solid curves correspond to the CKM parameter valuesh50.42,h50.34, andh50.26, respectively;~b! h50.34. The dotted, dashed, an
solid lines correspond tok25mb

2/212 GeV2, k25mb
2/2, andk25mb

2/222 GeV2, respectively.

FIG. 3. CP-violating asymmetry ACP in B0
h→p1p2 as a function of sin 2a for k25mb

2/2. ~a! Effect of the ‘‘penguin
pollution’’: the lower ~upper! curve corresponds to keeping only the tree contribution~the complete amplitude, tree1penguin!. Note that
uVubu50.003.~b! Dependence onuVubu: uVubu50.002~solid curve!, uVubu50.003~dashed curve!, uVubu50.004~dotted curve!.
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FIG. 4. CP-asymmetry parametersae8 ~a! andae1e8 ~b! for B0
h→KS

0h8 as a function of the CKM parameterr. The dotted, dashed, an
solid curves correspond to the CKM parameter valuesh50.42,h50.34, andh50.26, respectively.

FIG. 5. CP-violating asymmetryACP in B0
h→KS

0h8 decays as a function of the CKM parameterr. ~a! k25mb
2/2. The dotted,

dashed, and solid curves correspond to the CKM parameter valuesh50.42,h50.34, andh50.26, respectively. In all three groups, the upp
~lower! curve corresponds to neglecting the tree contributions~with the complete amplitude!. ~b! h50.34. The dotted, dashed, and sol
curves correspond tok25mb

2/212 GeV2, k25mb
2/2, andk25mb

2/222 GeV2, respectively.

FIG. 6. CP-violating asymmetryACP in B0
h→KS

0h8 as a function of sin 2b for k25mb
2/2. ~a! ‘‘Tree shadow’’: the solid~dashed!

curve corresponds to the full amplitude~neglecting the tree contribution!. ~b! uVtdu dependence: dashed curve (uVtdu50.004), dashed-dotted
curve (uVtdu50.008), dotted curve (uVtdu50.012).
014005-16
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FIG. 7. CP-violating asymmetryACP in B0
h→KS

0p0 decays as a function of the CKM parameterr. ~a! k25mb
2/2. The dotted, dashed

dotted, and dashed curves correspond to the CKM parameter valuesh50.42,h50.34, andh50.26, respectively.~b! h50.34. The dotted,
dashed-dotted, and dashed curves correspond tok25mb

2/212 GeV2, k25mb
2/2, andk25mb

2/222 GeV2, respectively.
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ing both ACP(p1p2) and its functional dependence o
sin 2a. Based on Fig. 3~b!, we estimate 210%
<ACP(p1p2)<145%, with ACP(p1p2)50 as an al-
lowed solution, varying sin 2a in the 61s range:
20.40<sin 2a<0.53 [20].

CP-violating asymmetry in B0n˜KS
0h8.

The parametersae8 andae1e8 for the decaysB0
h→KS

0h8
are shown in Figs. 4~a! and 4~b!, respectively, forh50.42,
0.34, 0.26 with fixedk25mb

2/2. As can be seen from thes
figures, the time-integratedCP-violating asymmetry
ACP(B0→KS

0h8) is completely dominated by theae1e8
term. TheCP-violating asymmetryACP(KS

0h8) is shown in
Fig. 5~a! for three values ofh ~h50.42, 0.34, 0.26!. The
upper curve for each value ofh is obtained by neglecting th
tree contribution inB0

h→KS
0h8 and the lower curves repre

sent the corresponding full (tree1penguin) contribution.
Figure 5~b! shows thek2-dependence ofACP(KS

0h8) with
the three~almost! overlapping curves corresponding tok2

5mb
2/2 andk25mb

2/262 GeV2 for fixed value,h50.34. As
we see from this set of figures, the CKM-parametric dep
dence ofACP(KS

0h8) is marked and the effect of the ‘‘tre
shadow’’ is relatively small. To illustrate this further, we pl
in Figs. 6~a! and 6~b! this asymmetry as a function of sin 2b,
showing the effect of the ‘‘tree-shadowing’’ and dependen
of ACP(KS

0h8) onuVtdu, respectively. Restricting to the rang
0.48<sin 2b<0.78, which is the61s range for this quantity
from the unitarity fits@20#, we find thatACP(KS

0h8) has a
value in the range 20%,ACP,36%. This decay has bee
measured by the CLEO Collaboration with a branching ra
B(B0→KS

0h8)5(4.722.0
12.760.9)31025 and is well accounted

for in the factorization-based approach@4–6#. As the ‘‘tree
shadow’’ is small in the decayB0→KS

0h8 and the elec-
troweak penguin contribution is also small@4#, ACP(KS

0h8)
is a good measure of sin 2b. This was anticipated by Londo
and Soni@44#, who also advocatedACP(KS

0f) as a measure
01400
-

e

o

of the angleb, following the earlier suggestion of the sam
in Ref. @45#. The CP-asymmetry for this decay, like
ACP(KS

0h8), is dominated by theae1e8 term. The quantity
ACP(KS

0f) is found to be stable against variation inNc and
k2 ~see Tables IX and X!. However, being a class-V decay
the branching ratio forB0→KS

0f ~and its charged conjugate!
is very sensitively dependent onNc , with B(B0→KS

0f)
5(0.229)31026, with the lower ~higher! range corre-
sponding toNc5` (Nc52) @4#. Moreover, the electroweak
penguin effect in this decay is estimated to be rather subs
tial. The present upper bound on this decay isB(B0

→KS
0f),6.231025 @2#. Depending onNc , the above ex-

perimental bound is between one and two orders of ma
tude away from the expected rate. Despite the large
stable value ofACP(KS

0f), it may turn out not to be measur
able in the first generation ofB factory experiments.

FIG. 8. CP-violating asymmetryACP in B0
h→KS

0p0 as a func-
tion of sin 2b for k25mb

2/2. The three curves correspond to th
following values of the CKM matrix elementuVtdu: dashed curve
(uVtdu50.004), dashed-dotted curve (uVtdu50.008), dotted curve
(uVtdu50.012).
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FIG. 9. CP-violating asymmetryACP in B0
h→KS

0h decays as a function of the CKM parameterr. ~a! k25mb
2/2. The dotted, dashed

dotted, and dashed curves correspond to the CKM parameter valuesh50.42,h50.34, andh50.26, respectively.~b! h50.34. The dotted,
dashed-dotted, and dashed lines correspond tok25mb

2/212 GeV2, k25mb
2/2, andk25mb

2/222 GeV2, respectively.
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CP-violating asymmetry in B0n˜KS
0p0

The decayB0→KS
0p0 is dominated by the penguin dia

grams, with significant electroweak penguin contribution@4#.
The estimated decay rate in the factorization approac
B(B0→KS

0p0)5(2.525)31026, with the present experi
mental bound beingB(B0→KS

0p0),4.131025 @1#, with
these numbers to be understood as averages over the c
conjugated decays. We expect that with 108 BB̄ events, sev-
eral hundredKS

0p0 decays will be measured. TheCP-
asymmetryACP(KS

0p0) is dominated by theae1e8 term ~see
Tables I and II!, which is large, stable against variation ink2

and shows only a mild dependence onNc . The quantitiesae8
and ae1e8 for this decay@together with the others in theB
→pp, KK̄ and B6→(Kp)6 decays# were worked out by
Kramer and Palmer in@15#. As remarked already, there a
detailed differences in the underlying theoretical framew
used here and in@15# and also in the values of the CKM an
other input parameters, but using identical values of the v
ous input parameters for the sake of comparison, the ag
ment between the two is fair. We show in Fig. 7~a!,
ACP(KS

0p0) as a function ofr for three values ofh: h
50.42, 0.34, 0.26 and note that this dependence is q
marked. Thek2-dependence ofACP(KS

0p0) is found to be
small, as shown in Fig. 7~b!. Thus, we expect tha
ACP(KS

0p0) is also a good measure of sin 2b. This is shown
in Fig. 8, with the three curves showing the additional d
pendence ofACP(KS

0p0) on uVtdu. Restricting the value of
sin 2b in the 61s range shown by the shadowed region, w
find 24%<ACP(KS

0p0)<44%.

CP-violating asymmetry in B0n˜KS
0h

The decayB0→KS
0h, like the preceding decay, is dom

nated by the penguins diagrams with significant electrow
penguin contribution@4#. The branching ratio for this mod
is estimated to be about a factor 3 too small compared
B0→KS

0p0, with B (B0→KS
0h).(1 – 2)31026. The CP-
01400
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k

to

violating asymmetryACP(KS
0h) is, however, found to be

very similar toACP(KS
0p0). This is shown in Fig. 9~a! where

we plot ACP(KS
0h) as a function ofr for the three indicated

values ofh, keepingk25mb
2/2 fixed. Thek2-dependence of

ACP(KS
0h) is shown in Fig. 9~b! and is found to be moder

ately small in the rangek25mb
2/262 GeV2. We show in Fig.

10 ACP(KS
0h) as a function of sin 2b, with the three curves

showing three different values ofuVtdu. Restricting again to
the 61s range of sin 2b, we estimate: 24%<ACP(KS

0h)
<46%.

CP-violating asymmetry in B0n˜KS
0h0, with h05p0,KS

0,h,h8.

As the CKM-parametric dependence of theCP-violating
asymmetriesACP(KS

0p0), ACP(KS
0h), ACP(KS

0h8) are very
similar, one could combine these asymmetries. We estim

FIG. 10. CP-violating asymmetryACP in B0
h→KS

0h as a func-
tion of sin 2b for k25mb

2/2. The three curves correspond to th
following values of the CKM matrix elementuVtdu: uVtdu50.004
~dashed curve!, uVtdu50.008 ~dashed-dotted curve!, uVtdu50.012
~dotted curve!.
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FIG. 11. CP-violating asymmetryACP in B0
h→KS

0h0 decays withh05p0,KS
0,h,h8 as a function of the CKM parameterr. ~a! k2

5mb
2/2. The dotted, dashed-dotted, and dashed curves correspond to the CKM parameter valuesh50.42,h50.34, andh50.26, respectively.

~b! h50.34. The overlapping curves correspond tok25mb
2/212 GeV2, k25mb

2/2, andk25mb
2/222 GeV2.
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B(B0→KS
0h0).(2.7– 4.6)31025, with ACP(KS

0h0)
.(22– 36)%, forh05p0, h andh8. As the branching ratio
for the decayB0→KS

0K̄0 is estimated to be small, typicall
B(B0→KS

0K̄0).531027, the above estimates ofB(B0

→KS
0h0) andACP(KS

0h0) hold also to a very good approx
mation if we now also includeKS

0 in h0. The dependence o
ACP(KS

0h0) on the CKM parametersr andh is shown in Fig.
11~a! and thek2-dependence in Fig. 11~b!. Interestingly, the
k2-dependence in various components which is already s
gets almost canceled in the sum, yieldingACP(KS

0h0) which
is practically independent ofk2. We show the dependence o
ACP(KS

0h0) on sin 2b in Fig. 12, with the three curves rep
resenting each a different value ofuVtdu. Thus, we predict
ACP(KS

0h0).(22– 36)%, forh05p0, KS
0, h and h8 for the

61s range of sin 2b.

FIG. 12. CP-violating asymmetryACP in B0
h→KS

0h0 decays
with h05p0,KS

0,h,h8 as a function of sin 2b for k25mb
2/2. The

three curves correspond to the following values of the CKM ma
elementuVtdu: dashed curve (uVtdu50.004), dashed-dotted curv
(uVtdu50.008), dotted curve (uVtdu50.012).
01400
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CP-violating asymmetry in B0n˜r1r2.

As another example of the decay whoseACP is stable
against variation inNc and k2, we remark that the deca
mode B0→r1r2 is estimated to have an asymmetryACP

.10%, as can be seen in Tables XI and XII. This dec
mode is dominated by the tree amplitudes~like B0

→p1p2) and belongs to theCP class ~iii ! decays. Esti-
mated branching ratio for this mode isB(B0→r1r2)
.(2 – 3)31025.

C. The decaysB0
˜r1p2, B0

˜r2p1 and CP-violating
asymmetries

Next, we discuss decay modes which belong to theCP
class ~iv! decays. There are four of themB0→K̄* 0KS

0,
B0→K* 0KS

0, B0→r1p2 and B0→r2p1. Of these the
decay B0→K* 0KS

0 belongs to the class-V decay and
estimated to have a very small branching ratio in t
factorization approachB(B0→K* 0KS

0).O(1029) @4#. The
other B0→K̄* 0KS

0 is a class-IV decay but is expected
have also a small branching ratio, withB(B0→K̄* 0KS

0)
.(2 – 3)31027. In view of this, we concentrate on the de
caysB0→r1p2 andB0→r2p1.

With f 5r1p2 and f̄ 5r2p1, the time evolution of the
four branching ratios is given in Eq.~40!. They have each
three components with characteristic time-dependences
portional to e2Gt, e2GtcosDmt and e2GtsinDmt, with the
relative and overall normalization explicitly stated there. T
time dependence of the branching ratioB„B0(t)→r2p1

…

and of the branching ratio for the charge conjugate de
B„B̄0(t)→r1p2

… is shown in Figs. 13~a! and 13~b!, re-
spectively. The time dependence of the branching ra
B„B0(t)→r1p2

… and of B„B̄0(t)→r2p1
… is shown in

Figs. 14~a! and 14~b!, respectively. The three componen
and the sum are depicted by the four curves.

x
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FIG. 13. Time-dependent branching ratio for the decaysB0→r2p1 ~left! and B̄0→r1p2 ~right! as a function of the decay time. Th
dashed, dashed-dotted, and dotted curves correspond to the contributions from the exponential decay terme2Gt, e2GtcosDmt, and
e2GtsinDmt in Eq. ~39!, respectively. The solid curve is the sum of the three contributions.
nd
y
is

e
e

M-
e

in

re-
The resulting time-dependentCP-violating asymmetry
ACP(t) for B0→r2p1 defined as

ACP~ t;r2p1![
G„B0~ t !→r2p1

…2G„B̄0~ t !→r1p2
…

G„B0~ t !→r2p1
…1G„B̄0~ t !→r1p2

…

,

~41!

is shown in Fig. 15 through the solid curve. The correspo
ing asymmetryACP(t;r1p2) defined in an analogous wa
as for ACP(t;r2p1) is given by the dashed curve in th
figure.

We recall that the decay rate forB0→r1p2 averaged
over its charge conjugated decayB̄0→r2p1 is estimated to
have a value in the rangeB(B0→r1p2).(2 – 4)31025

@4#; the time-integratedCP-asymmetry is estimated to b
ACP(r1p2).(4 – 7)%. Being a class-I decay, both th
01400
-

branching ratio B(B0→r1p2) and ACP(r1p2) are
Nc-stable. In addition,ACP(r1p2) is also k2-stable, as
shown in Table VII.

The branching ratio for the decayB0→r2p1, averaged
over its charge conjugate decayB0→r1p2, is expected to
beB(B0→r2p1).(6 – 9)31026 @4#, i.e., typically a factor
4 smaller thanB(B0→r1p2). Also, ACP(r2p1) is esti-
mated somewhat smaller for the central value of the CK
parameterr50.12,h50.34. For these CKM parameters, w
estimate ACP(r2p1).(3 – 4)%. For r50.23,h50.42,
ACP(r2p1).ACP(r1p2).O(5%) ~see Table VIII!.

We note that our estimate of the ratioB(B0

→r1p2)/B(B0→p1p2).2.3 derived in@4# is in reason-
able agreement with the corresponding ratio estimated
@41# but we also find B(B0→r2p1)/B(B0→r1p2)
.0.27, which is drastically different from the estimates p
sented in@41#.
e
FIG. 14. Time-dependent branching ratio for the decaysB0→r1p2 ~left! and B̄0→r2p1 ~right! as a function of the decay time. Th
dashed, dashed-dotted, and dotted curves correspond to the contributions from the exponential decay terme2Gt, e2GtcosDmt, and
e2GtsinDmt in Eq. ~39!, respectively. The solid curve is the sum of the three contributions.
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CP-VIOLATING ASYMMETRIES IN CHARMLESS . . . PHYSICAL REVIEW D 59 014005
D. Decay modes with measurable butk2-dependentACP

In addition to the decay modes discussed above, the
lowing decay modes haveACP which areNc-and m-stable
but show significant or strongk2-dependence. However, w
think that further theoretical work and/or measurements
ACP in one or more of the following decay modes w
greatly help in determiningk2 and hence in reducing th
present theoretical dispersion onACP .

B6
˜p6h8, B0

n
˜K* 6p7, B6

˜K* 6p0, B6
˜K* 6h, B6

˜K* 6h8, B0
n

˜K* 6r7, B6
˜K* 6r0

These decays have branching ratios which are estim
to be several multiples of 1025 to several multiples of 1026

and may haveuACPu at least ofO(5%), butbeing uncertain
due to thek2-dependence may reach rather large values.
CP-violating asymmetries in these cases belong to the c
~i!, i.e., they are directCP-violating asymmetries.

FIG. 15. Time-dependent CP-violating asymmetry
ACP(t;r2p1) ~solid curve! andACP(t;r1p2) ~dashed curve! as a
function of the decay time, withr50.12,h50.34, andk25mb

2/2.
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In Figs. 16~a! and 16~b!, we show theCP-violating asym-
metry ACP(K* 6p0) as a function ofr. The three curves in
Fig. 16~a! correspond to the three choices ofh, with k2

5mb
2/2, whereas the three curves in Fig. 16~b! correspond to

usingk25mb
2/212 GeV2 ~dotted curve!, k25mb

2/2 ~dashed-
dotted curve!, k25mb

2/222 GeV2 ~dashed curve! with h
50.34. Depending on the value ofk2, ACP(K* 6p0) could
reach a value225%. The branching ratio is estimated to l
in the rangeB(B1→K* 1p0).(4 – 7)31026. The decay
mode B1→K* 1r0 has very similar CKM and
k2-dependence, which is shown in Figs. 17~a! and 17~b!,
respectively, where we plot the CP-asymmetry
ACP(K* 6r0). Also, the branching ratioB(B1→K* 1r0)
.(5 – 8)31026 estimated in @4# is very similar to B1

→K* 1p0.
In Figs. 18~a! and 18~b!, we show theCP-violating asym-

metry ACP(K* 6h8) in the decaysB6→K* 6h8. This is a
class-III decay dominated by the tree amplitude and
expected to have a branching ratioB(B1→K* 1h8)
.331027, where an average over the charge conjuga
decays is implied. However, depending on the value ofk2

this decay mode may show a largeCP-violating asymmetry,
reaching ACP(K* 1h8).290% for r50.12,h50.34 and
k25mb

2/212 GeV2. For k25mb
2/222 GeV2, the CP-

asymmetry comes down to a valueACP(K* 6h8).220%.
All of these values are significantly higher than the on
reported in@19#. Large butk2-sensitive values of this quan
tity have also been reported earlier in@15#.

We also mention here the decay modesB6→K* 6h,
whose branching ratio is estimated asB(B1→K* 1h)
.(223)31026 @5,6,4# and which may haveCP-violating
asymmetry in the rangeACP(K* 6h).2(4 – 15)% depend-
ing on the CKM parameters andk2 ~see Tables IX and X!.

Finally, we mention two more decay modesB0

→K* 1p2 and B0→K* 1r2 which are both class-IV de
cays, with branching ratios estimated asB(B0→K* 1p2)
.(629)31026 and B(B0→K* 1r2).(528)31026 @4#.
FIG. 16. CP-violating asymmetryACP in the decaysB6→K* 6p0 as a function of the CKM parameterr. ~a! k25mb
2/2. The dotted,

dashed-dotted, and dashed curves correspond to the CKM parameter valuesh50.42,h50.34, andh50.26, respectively.~b! h50.34. The
dotted, dashed-dotted, and dashed curves correspond tok25mb

2/212 GeV2, k25mb
2/2, andk25mb

2/222 GeV2, respectively.
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FIG. 17. CP-violating asymmetryACP in B6→K* 6r0 decays as a function of the CKM parameterr. ~a! k25mb
2/2. The dotted,

dashed-dotted, and dashed curves correspond to the CKM parameter valuesh50.42,h50.34, andh50.26, respectively.~b! h50.34. The
dotted, dashed-dotted, and dashed curves correspond tok25mb

2/212 GeV2, k25mb
2/2, andk25mb

2/222 GeV2, respectively.
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The CP-violating asymmetries in these decays are estima
to lie in the range ACP(K* 6p7)5ACP(K* 6r7).
2(6 – 30)%. In Figs. 19~a! and 19~b!, we show
ACP(K* 6p7) as a function ofr by varying h and k2, re-
spectively.

V. SUMMARY AND CONCLUSIONS

Using the NLO perturbative framework and a generaliz
factorization approach discussed in detail in@4#, we have
calculated theCP-violating asymmetries in partial deca
rates of all the two-body nonleptonic decaysB→h1h2 ,
whereh1 and h2 are the light pseudoscalar and vector m
sons. Our results can be summarized as follows.

We find that the decay classification scheme presente
@4# for the branching ratios is also very useful in discuss
the CP-violating asymmetries. In line with this, class-I an
01400
d

d

-

in
g

class-IV decays yield asymmetries which are stable aga
the variation ofNc . There are two exceptions,ACP(K6h)
andACP(KS

0h), which vary by a factor 3 and 1.65, respe
tively, for 2<Nc<`.

Estimates ofCP-violating asymmetries in class-II an
class-V decays depend rather sensitively onNc and hence are
very unreliable. There is one notable exceptionACP(fKS

0),
which is parametrically stable and large. However being
class-V decay, the branching ratioB(B0→fKS

0) is uncertain
in the factorization approach by at least an order of mag
tude @4#.

The CP-asymmetries in class-III decays vary by appro
mately a factor 2, as one variesNc in the range 2<Nc<`,
with the exception ofACP(vp6) andACP(r0p6) which are
much more uncertain. TheNc-sensitivity ofB(B6→vp6)
was already pointed out in@4#.

The CP-violating asymmetries worked out here are
FIG. 18. CP-violating asymmetryACP in B6→K* 6h8 decays as a function of the CKM parameterr. ~a! k25mb
2/2. The dotted,

dashed-dotted, and dashed curves correspond to the CKM parameter valuesh50.42,h50.34, andh50.26, respectively.~b! h50.34. The
dotted, dashed-dotted, and dashed curves correspond tok25mb

2/212 GeV2, k25mb
2/2, andk25mb

2/222 GeV2, respectively.
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FIG. 19. CP-violating asymmetryACP in B0
h→K* 6p7 decays as a function of the CKM parameterr. ~a! k25mb

2/2. The dotted,
dashed-dotted, and dashed curves correspond to the CKM parameter valuesh50.42,h50.34, andh50.26, respectively.~b! h50.34. The
dotted, dashed-dotted, and dashed curves correspond tok25mb

2/212 GeV2, k25mb
2/2, andk25mb

2/222 GeV2, respectively.
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most cases relatively insensitive to the scalem, i.e., this de-
pendence is below620%, for mb/2<m<mb , except in
some decays which we have listed in Table XIII.

As opposed to the branching ratios, asymmetries do
depend in the first approximation on the form factors a
decay constants. However, in most cases, they depend o
parameterk2, the virtuality of theg, g andZ0 decaying into
qq̄ from the penguin contributions. This has been alrea
studied in great detail in@15#, a behavior which we have als
confirmed.

Interestingly, we find that a number ofB→h1h2 decays
have CP-violating asymmetries which can be predict
within a reasonable range in the factorization approach. T
include: ACP(p1p2), ACP(KS

0h8), ACP(KS
0p0), ACP(KS

0h)
and ACP(r1r2). The decay modes involved have reaso
ably large branching ratios and theCP-violating asymmetries
are also measurably large in all these cases. Hence,
measurements can be used to put constraints on the C
parametersr and h. Likewise, these decay modes are w
suited to test the hypothesis that strong phases in these
cays are generated dominantly by perturbative QCD. This
our opinion, is difficult to test in class-II and class-V deca
Of particular interest isACP(KS

0h8), which is expected to
have a valueACP(KS

0h8).(20– 36)%. This decay mode ha
already been measured by the CLEO Collaboration@1# and
estimates of its branching ratio in the factorization appro
are in agreement with data@4–6#.

The CP-asymmetryACP(KS
0h0), where h05p0, KS

0, h,
h8 is found to be remarkably stable ink2, due to the com-
pensation in the various channels. The resultingCP-
asymmetry is found to be large, withACP(KS

0h0)
.(20– 36)%, with the range reflecting the CKM-paramet
dependence.

We have studied the dependence ofACP(p1p2) on
sin 2a, studying the effect of the ‘‘penguin pollution,’
which we find to be significant. The effect of the ‘‘tree
shadowing’’ in ACP(KS

0h8) is, however, found to be smal
Thus, ACP(KS

0h8), likewise ACP(KS
0p0), ACP(KS

0h) and
01400
ot
d
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y

y
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eir
M

l
de-
in
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h

ACP(KS
0h0) are good measures of sin 2b.

We have studied time-dependentCP-violating asymme-
tries ACP(t;r1p2) and ACP(t;r2p1), working out the
various characteristic components in the time evolution
the individual branching ratios. With the branching ratio a
eraged over the charge-conjugated modesB(B0→r1p2)
5(224)31025 and time-integratedCP-violating asymme-
try ACP(r1p2)5(427)%, for thecentral valuesr50.12
and h50.34, it is an interesting process to measure,
stressed in@41#. The branching ratioB(B0→r2p1) is esti-
mated by us as typically a factor 4 belowB(B0→r1p2) and
henceACP(r2p1) is a relatively more difficult measure
ment.

There are several class-IV decays whoseCP-asymmetries
are small but stable against variation inNc , k2 andm. They

include: ACP(K6h8), ACP(p6KS
0) and ACP(r6K* 0

h ). CP-
asymmetries well over 5% in these decay modes can a
through SFI and/or new physics. We argue that the role
SFI can be disentangled already in decay rates and thro
the measurements of a number ofCP-violating asymmetries
which are predicted to be large. As at this stage it is hard
quantify the effects of SFI, one can not stress too stron
that a measurement ofCP-violating asymmetry in any of
these partial rates significantly above the estimates prese
here will be a sign of new physics.

There are quite a few other decay modes which have m
surably largeCP-violating asymmetries, though without con
straining the parameterk2 experimentally, or removing this
dependence in an improved theoretical framework, they
at present rather uncertain. A good measurement of theCP-
asymmetry in any one of these could be used to determ
k2. We list these potentially interesting asymmetries belo

ACP~K* 6p7!, ACP~K* 6p0!, ACP~K* 6h!,

ACP~K* 6h8!, ACP~K* 6r7! and ACP~K* 6r0!.
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In conclusion, by systematically studying theB→h1h2
decays in the factorization approach, we hope that we h
found classes of decays where the factorization approach
be tested as it makes predictions within a reasonable rang
the predictions in the rates in these decays are borne ou
data, then it will strengthen the notion based on color tra
parency that nonfactorization effects in decay rates are s
and QCD dynamics inB→h1h2 decays can be largely de
scribed in terms of perturbative QCD and factorized am
tudes. This will bring in a number ofCP-violating asymme-
tries under quantitative control of the factorization-bas
theory. If these expectations did not stand the experime
tests, attempts to quantitatively study two-body nonlepto
decays would have to wait for a fundamental step in
QCD technology enabling a direct computation of the fo
quark matrix elements in the decaysB→h1h2 . However,
present data onB→h1h2 decays are rather encouraging a
perhaps factorization approach is well poised to becomin
useful theoretical tool in studying nonleptonicB decays—at
th
a
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.

ys
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y
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least in class-I and class-IV decays. We look forward to n
experimental results where many of the predictions prese
here and in@4# will be tested in terms of branching ratios an
CP-violating asymmetries in partial decay rates.
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