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We consider three possible scenarios of new physics inBd
0-B̄d

0 mixing and propose a simple framework for
analyzing their effects. This framework allows us to study theCP asymmetry in semileptonicBd decays (ASL)
and those in nonleptonic transitions such asBd→J/c KS and Bd→p1p2. Numerically we find that new
physics may enhance the magnitude ofASL up to the percent level within the appropriate parameter space. So
measurements ofASL and its correlation with otherCP asymmetries will serve as a sensitive probe for new

physics inBd
0-B̄d

0 mixing. @S0556-2821~97!05823-2#

PACS number~s!: 11.30.Er, 12.15.Ff, 13.20.He, 13.25.Hw

I. INTRODUCTION

The B-meson factories under construction at KEK and
SLAC will provide a unique opportunity to studyCP viola-
tion in weak B decays. One type ofCP-violating signals,

arising fromBd
0-B̄d

0 mixing, is expected to manifest itself in
the decay rate asymmetry between two semileptonic chan-

nels Bd
0→ l 1n lX

2 and B̄d
0→ l 2 n̄ lX

1. This CP asymmetry,
denoted asASL below, has been estimated to be of the order
1023 within the standard model~SM! @1,2#. Obviously the
magnitude ofASL

SM is too small to be measured in the first-
round experiments of anyB factory. The current experimen-
tal constraint onASL is very rough:uASLu,0.18 at the 90%
confidence level@3,4#. Nevertheless, one expects that this
limit will be greatly improved onceB-meson factories start
collecting data.

Importance of theCP asymmetryASL has been repeat-
edly emphasized for the purpose of searching for new phys-
ics ~NP! in the B-meson system~see, e.g., Refs.@5,6#!. The

presence of NP inBd
0-B̄d

0 mixing might enhance the magni-
tude of ASL to an observable level. For instance,
uASLu;1022 can be achieved from a specific superweak
model proposed in Ref.@6#, where the Kobayashi-Maskawa
~KM ! matrix is assumed to be real and theCP-violating
phase comes solely from the NP. It is therefore worthwhile
to search forCP violation in semileptonicBd decays at
B-meson factories, in order to determine or constrain both
the magnitude and the phase information of possible NP in
Bd

0-B̄d
0 mixing. TheCP-violating phase of NP may also be

isolated from measuringCP asymmetries in someBd decays
into hadronic CP eigenstates, such asBd→J/c KS and
Bd→p1p2 modes@7,8#.

In this paper we investigate theCP asymmetryASL and
its correlation with theCP asymmetries inBd→J/c KS and
Bd→p1p2, based on three NP scenarios forBd

0-B̄d
0 mixing.

Scenario~A! allowsBd
0-B̄d

0 mixing to contain a real SM-like
term and a complex superweak contribution@9#, scenario~B!

requiresBd
0-B̄d

0 mixing to include the normal SM effect with
an additional real superweak contribution@10#, and scenario
~C! is a general case in which both the SM and NP contri-
butions toBd

0-B̄d
0 mixing are complex (CP violating!.

For each scenario, we first propose a simple parametriza-
tion of the NP effect, and then calculateCP-violating asym-
metries in the above-mentionedB decays. Some numerical
estimates for theseCP asymmetries in scenarios~A! and~B!
are also made. We find that for all three scenarios the mag-
nitude ofASL can reach the percent level within the suitable
parameter space. Thus an experimental study of the correla-
tion betweenCP asymmetries in the semileptonic and non-
leptonicBd decays should impose useful constraints on pos-
sible NP inBd

0-B̄d
0 mixing.

The remainder of this paper is organized as follows. In
Sec. II, some necessary preliminaries forBd

0-B̄d
0 mixing, CP

violation, and the KM unitarity triangle are briefly reviewed.
The SM prediction forCP violation in semileptonicBd de-
cays, i.e.,ASL

SM, is updated in Sec. III. Section IV is devoted

to parametrizing NP effects inBd
0-B̄d

0 mixing and calculating
ASL as well as its correlation with theCP asymmetries in
Bd→J/cKS andBd→p1p2, on the basis of three different
NP scenarios. We numerically illustrate the allowed param-
eter space andCP asymmetries for scenarios~A! and~B! in
Sec. V. Finally some concluding remarks are given in Sec.
VI.

II. PRELIMINARIES

The mass eigenstates ofBd
0 andB̄d

0 mesons can be written,
in the assumption ofCPT invariance, as

uBL&5puBd
0&1quB̄d

0&,

uBH&5puBd
0&2quB̄d

0&, ~2.1!

wherep andq are complex mixing parameters. In terms of
the off-diagonal elements of the 232 Bd

0-B̄d
0 mixing Hamil-

tonianM2 i G/2, we express the ratioq/p as

q

p
5AM12* 2 iG12* /2

M122 iG12/2
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To a good approximation~i.e., uM12u@uG12u), the mass dif-
ference ofBH and BL ~denoted byDM ) is related touM12u
throughDM52uM12u, andq/p5AM12* /M12 holds.

The CP-violating asymmetryASL , for either incoherent
or coherent decays ofBd

0 and B̄d
0 mesons, is given by@11#

ASL5
upu42uqu4

upu41uqu4
5ImS G12

M12
D , ~2.3!

At a B-meson factory, this signal can be extracted from the
same-sign dilepton asymmetry on theY(4S) resonance.

Another observable, which is of particular interest for
testing the KM mechanism ofCP violation, is theCP asym-
metry in Bd

0 vs B̄d
0→J/cKS modes@12#:

AcK52ImS q

p

VcbVcs*

Vcb* Vcs

qK*

pK*
D , ~2.4!

where the minus sign comes from theCP-odd eigenstate
J/cKS , andqK/pK describes theK0-K̄0 mixing phase in the
final state. Neglecting the tinyCP-violating effect measured
from K0-K̄0 mixing, one can find thatqK/pK is essentially
unity in an appropriate phase convention, no matter whether
NP exists or not. Thus the above asymmetry turns out ap-
proximately to beAcK52Im(q/p), if one adopts the
Wolfenstein phase convention@13# for the KM matrix.

In the neglect of penguin effects, measuring theCP

asymmetry inBd
0 vs B̄d

0→p1p2 modes is also promising to
probe theCP-violating weak phase@12#:

App5ImS q

p

VubVud*

Vub* Vud
D . ~2.5!

The correlation betweenApp andAcK is sensitive to a va-
riety of NP scenarios, such as superweak models~see, e.g.,
Refs.@10,14#!.

Within the SM,ASL , AcK , andApp are related to the
inner angles of the KM unitarity triangle formed by three
vectorsj i[Vib* Vid ( i 5u,c,t) in the complex plane~see Fig.
1 for illustration!. The sidesujuu and ujcu have been model-
independently measured, while the existence of NP may in
general affect determination of the sideuj tu from the rate of
Bd

0-B̄d
0 mixing. In terms of the Wolfenstein parameters, one

has

ju'Al3~r1 ih!,

jc'2Al3,

j t'Al3~12r2 ih!. ~2.6!

For convenience in subsequent discussions, we define

x[Uju

jc
U'Ar21h2, ~2.7!

which is a NP-independent quantity.
Note that in this work we only assume the kind of NP

which does not involve extra quark~s!. This requirement im-
plies that quark mixing remains to be described by the 333
KM matrix even though NP is present inBd

0-B̄d
0 mixing. For

some interesting extensions of the SM, e.g., the supersym-
metric models, the above assumption is of course satisfied.
We further assume that the penguin and tree-level contribu-
tions toBd→p1p2 may be separated from each other using
some well-known techniques@15,16#, and thusApp is useful
for probing theCP-violating weak phase~s!.

III. CP ASYMMETRIES IN THE SM

Within the SM, bothM12 andG12 can be reliably calcu-
lated in the box-diagram approximation. Because of the
dominance of the top-quark contribution,M12

SM reads@17,18#

M12
SM5

GF
2BBf B

2MBmt
2

12p2
hBF~z!~j t* !2, ~3.1!

whereBB is the ‘‘bag’’ parameter describing the uncertainty
in evaluation of the hadronic matrix element

^Bd
0u b̄gm(12g5)duB̄d

0&, MB and f B are theBd-meson mass
and decay constants, respectively,mt is the top-quark mass,
hB denotes the QCD correction factor, andF(z) stands for a
slowly decreasing monotonic function ofz[mt

2/MW
2 @19#:

F~z!5
1

4
1

9

4

1

12z
2

3

2

1

~12z!2
2

3

2

z2lnz

~12z!3
. ~3.2!

In particular,F(0)51, F(1)53/4, andF(`)51/4.
Next, G12

SM is given as follows@11,18#:

G12
SM52

GF
2BBf B

2MBmb
2

8p
@~ju* !2Tu~ z̃ !1~jc* !2Tc~ z̃ !

1~j t* !2Tt~ z̃ !#, ~3.3!

wheremb is the bottom-quark mass, andTi( z̃) is a function
of z̃[mc

2/mb
2 . Explicitly, Tu( z̃), Tc( z̃), andTt( z̃) read

FIG. 1. Unitarity triangle (ju1jc1j t50) in the complex plane.
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Tu~ z̃ !5h4 z̃2~322 z̃ !1
4

3
h5 z̃~12 z̃ !2,

Tc~ z̃ !5h4~112 z̃ !@A124 z̃2~12 z̃ !2#

2
4

3
h5 z̃@2A124 z̃2~12 z̃ !2#,

Tt~ z̃ !5h4~112 z̃ !~12 z̃ !22
4

3
h5 z̃~12 z̃ !2, ~3.4!

in which h4 andh5 are two QCD correction factors. A nu-

merical calculation shows thatTt( z̃) is dominant overTu( z̃)
andTc( z̃) in magnitude~see below!.

The CP asymmetry in semileptonicBd decays (ASL
SM)

turns out to be

ASL
SM5CmF ImS ju

j t
D 2

Tu~ z̃ !1ImS jc

j t
D 2

Tc~ z̃ !G , ~3.5!

whereCm53pmb
2/@2mt

2hBF(z)#, and

ImS ju

j t
D 2

'
2h@r~12r!2h2#

@~12r!21h2#2
,

ImS jc

j t
D 2

'
2h~12r!

@~12r!21h2#2
. ~3.6!

The Tt( z̃) term, which dominatesG12
SM, has no contribution

to theCP asymmetryASL
SM.

Indeed theCP-violating phasesf1 andf2 can be deter-
mined from the CP asymmetries in Bd→J/cKS and
Bd→p1p2, respectively. Within the SM,q/p5j t /j t* re-
sults from the box-diagram calculation. From Eqs.~2.4! and
~2.5!, it is easy to obtain

AcK
SM5sin~2f1!'

2h~12r!

~12r!21h2
,

App
SM5sin~2f2!'

2h@h22r~12r!#

~r21h2!@~12r!21h2#
. ~3.7!

A test of the correlation betweenASL
SM andAcK

SM or that be-
tweenAcK

SM andApp
SM at B factories is necessary, in order to

find possible NP which may affect these observables in dif-
ferent ways.

Let us illustrate the magnitudes ofASL
SM, AcK

SM, andApp
SM

explicitly. The current quark masses are typically taken as
mc51.4 GeV, mb54.8 GeV, andmt5167 GeV, and the
QCD correction factors are chosen to behB50.55,
h451.15, and h550.88. Then one getsF(z)'0.55,

Tu( z̃)'0.11, Tc( z̃)'20.11, Tt( z̃)'1.04, and
Cm'1.331022. An analysis of current data on quark mixing
and CP violation yields r'0.05 andh'0.36 as favored
values@20#. With these inputs we arrive at

AcK
SM'0.66, App

SM'0.43, ASL
SM'29.831024.

~3.8!

If the large errors of relevant inputs are taken into account,
we find that the magnitude ofASL

SM may change a little bit
around 1023, but its sign remains negative. Clearly it is very
difficult to measure such a smallCP asymmetry.

IV. EFFECTS OF NP ON CP ASYMMETRIES

In most extensions of the SM, NP can significantly con-
tribute toM12. However, NP is not expected to significantly
affect the direct B-meson decays via the tree-level
W-mediated channels. ThusG125G12

SM holds as a good ap-
proximation. In the presence of NP,M12 can be written as

M125M12
SM1M12

NP. ~4.1!

The relative magnitude and the phase difference between
M12

NP and M12
SM are unknown, whileuM12u5DM /2 holds by

definition.
It is convenient to parametrize the magnitude ofM12

SM as

uM12
SMu5RSM

DM

2
~4.2!

in subsequent discussions. The allowed range ofRSM can be
estimated by use of Eq.~3.1! and current data; i.e.,

RSM5
GF

2BBf B
2MBmt

2

6p2DM
hBF~z!uj tu2. ~4.3!

Using f BABB5(200640) MeV, mt5(16766) GeV,
DM5(0.46460.018) ps21, and hB50.5560.01 ~see Ref.
@21#!, we getRSM'(1.3460.71)3104uj tu2. The large error
comes primarily from the input value off BABB, which will
be improved in more delicate lattice-QCD calculations.
Since ujuu and ujcu have been measured, the most generous
constraint onuj tu ~in the presence of NP! should be

ujcu2ujuu<uj tu<ujcu1ujuu, ~4.4!

as one can see from Fig. 1. A measurement of the rare decay
K1→p1n n̄ will provide an independent determination of
~or constraint on! uj tu. By use of ujuu50.00360.001 and
ujcu50.008760.0007 @4,20#, we get 0.1<RSM<3.7 as a
conservative result. If only the central values of input param-
eters are taken into account, then a narrower range can be
obtained: 0.43<RSM<1.8.

To illustrate the effect of NP onCP asymmetriesASL ,
AcK , andApp , we subsequently consider three possible NP
scenarios forM12.

A. Scenario „A…: Im „M 12
SM

…50 and Im„M 12
NP

…Þ0

In this scenario, the KM matrix is assumed to be real and
CP violation arises solely from NP. ThenM12

SM, M12
NP, and

M12 in Eq. ~4.1! can be instructively parametrized as

$M12
SM,M12

NP,M12%5$RSM,RNPe
i2u,ei2f%

DM

2
, ~4.5!

where RNP is a real ~positive or vanishing! parameter,u
stands for the phase of NP, andf is an effective phase of
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Bd
0-B̄d

0 mixing. In the complex plane,M12
SM, M12

NP, andM12

~or, equivalently,RSM, RNPe
i2u, and ei2f) form a triangle

@22#, as illustrated by Fig. 2. By use of the triangular relation,
RNP can be expressed as

RNP52RSMcos~2u!6A12RSM
2 sin2~2u!. ~4.6!

We find that two solutions exist forRNP, corresponding to
(6) signs on the right-hand side of Eq.~4.6!. Since the mag-
nitude of RSM has been constrained to some extent, we are
able to obtain the allowed (u,RNP) parameter space numeri-
cally.

TheCP-violating phasef can be measured from theCP
asymmetry inBd→J/cKS . With the help of Eq.~2.4!, we
obtain

AcK5sin~2f!5RNPsin~2u!. ~4.7!

Of course,uAcKu<1 holds for RNP and u to take values
allowed by Eq.~4.6!.

The CP asymmetry inBd→p1p2 is simply related to
AcK . By use of Eq.~2.5!, we find

App52sin~2f!52AcK . ~4.8!

Such a linear correlation betweenAcK andApp is a straight-
forward consequence of the superweak scenario of NP con-
sidered here.

TheCP asymmetry in semileptonicBd decays, defined in
Eq. ~2.3!, is given by

ASL5CmRSMRNPsin~2u!F S j̃ u

j̃ t
D 2

Tu~ z̃ !1S j̃ c

j̃ t
D 2

Tc~ z̃ !

1Tt~ z̃ !G , ~4.9!

wherej̃ u , j̃ c , and j̃ t denote the real KM factors in scenario
~A!. Different from the SM result in Eq.~3.5!, whose
magnitude is associated only withTu( z̃);0.1 and
Tc( z̃);20.1, here the magnitude ofASL is dominated by
Tt( z̃);1. HenceuASL /ASL

SMu>10 is possible within an ap-
propriate (u,RNP) parameter space. We shall present numeri-
cal estimates forASL andAcK in the next section.

B. Scenario„B…: Im „M 12
NP

…50 and Im„M 12
SM

…Þ0

In this scenario the NP contribution is of the so-called
‘‘real superweak’’ type@10,24#. The phase ofM12

SM comes
from the KM matrix and amounts to 2f1, as one can see

from Eq. ~3.1! and Fig. 1. For simplicity, we parametrize
M12

SM, M12
NP, andM12 as follows:

$M12
SM,M12

NP,M12%5$RSMei2f1,RNP,ei2f%
DM

2
,

~4.10!

whereRNP is a real parameter, andf denotes the effective
phase ofBd

0-B̄d
0 mixing. Clearly M12

SM, M12
NP, and M12 ~or

equivalently,RSMei2f1, RNP, andei2f) form a triangle in the
complex plane, as illustrated by Fig. 3. In terms ofRSM and
f1, RNP can be written as@10#

RNP52RSMcos~2f1!6A12RSM
2 sin2~2f1!. ~4.11!

We see that there are two solutions forRNP, corresponding
to (6) signs on the right-hand side of Eq.~4.11!.

The CP-violating phasef can be determined from the
CP asymmetry inBd→J/cKS :

AcK5sin~2f!5RSMsin~2f1!. ~4.12!

Of course,uAcKu<1 holds if RSM and f1 vary in their al-
lowed regions.

The CP asymmetry inBd→p1p2 reads

App52sin 2~f1f3!5RSMsin~2f2!2RNPsin~2f3!,
~4.13!

where f2 and f3 are the second and third angles of the
unitarity triangle~see Fig. 1!. The correlation betweenAcK
andApp does exist, because off11f21f35p. In the ab-
sence of NP~i.e., RNP50 and RSM51), Eqs. ~4.12! and
~4.13! will be simplified to the SM results as given by Eq.
~3.7!.

The CP asymmetryASL in scenario~B! turns out to be

ASL5CmRSMRNPF ImS ju

uj tu
D 2

Tu~ z̃ !1ImS jc

uj tu
D 2

Tc~ z̃ !

1ImS j t

uj tu
D 2

Tt~ z̃ !G1CmRSM
2 F ImS ju

j t
D 2

Tu~ z̃ !

1ImS jc

j t
D 2

Tc~ z̃ !G . ~4.14!

One can see thatASL consists of two terms: The first comes
from the interference betweenM12

SM andM12
NP in M12, while

the second is purely a SM-like contribution fromM12
SM itself

@see Eq.~3.5! for comparison#. Within a suitable parameter

FIG. 2. Triangular relation ofM12
SM , M12

NP, andM12 ~rescaled by
DM /2) in scenario~A!.

FIG. 3. Triangular relation ofM12
SM , M12

NP, andM12 ~rescaled by
DM /2) in scenario~B!.
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space, the magnitude ofASL should be dominated by the
term associated withTt( z̃); thusuASL /ASL

SMu>10 is possible
in this NP scenario.

C. Scenario„C…: Im „M 12
NP

…Þ0 and Im„M 12
SM

…Þ0

This is a quite general NP scenario which can accommo-
date both scenarios~A! and~B!. As done before, we param-
etrizeM12

SM, M12
NP, andM12 in the following way:

$M12
SM,M12

NP,M12%5$RSMei2f1,RNPe
i2u,ei2f%

DM

2
,

~4.15!

whereRNP is a real~positive or vanishing! parameter,u rep-
resents the NP phase, andf denotes the effective phase of
Bd

0-B̄d
0 mixing. In this case,M12

SM, M12
NP, andM12 ~or, equiva-

lently, RSMei2f1, RNPe
i2u, and ei2f) form a triangle in the

complex plane, as illustrated by Fig. 4. In terms ofRSM, f1,
andu, RNP can be expressed as

RNP52RSMcos2~u2f1!6A12RSM
2 sin22~u2f1!.

~4.16!

We observe thatRNP depends on the phase difference be-
tween u and f1. Also there exist two solutions forRNP,
corresponding to (6) signs on the right-hand side of Eq.
~4.16!. In the special caseu5f1, one arrives at
RNP52RSM61.

It is straightforward to derive theCP asymmetryAcK in
Bd

0 vs B̄d
0→J/cKS modes:

AcK5sin~2f!5RSM sin ~2f1!1RNP sin ~2u!.
~4.17!

SinceRNP, RSM, f1, and u are dependent on one another
through Eq.~4.16!, uAcKu<1 is always guaranteed within
the allowed parameter space.

In scenario~C!, the CP asymmetry inBd→p1p2 is
given as

App52sin2~f1f3!5RSM sin ~2f2!

2RNP sin 2~u1f3!, ~4.18!

wheref2 and f3 are two inner angles of the unitarity tri-
angle in Fig. 1. In comparison with scenarios~A! and ~B!,
here the correlation betweenAcK andApp becomes more
complicated. We see that the results in Eqs.~4.12! and~4.13!
can be respectively reproduced from Eqs.~4.17! and~4.18! if
u50 is taken.

The CP asymmetryASL in scenario~C! reads

ASL5CmRSMRNPF ImS ju

uj tu
D 2

Tu~ z̃ !1ImS jc

uj tu
D 2

Tc~ z̃ !1ImS j t

uj tu
D 2

Tt~ z̃ !Gcos~2u!1CmRSM
2 F ImS ju

j t
D 2

Tu~ z̃ !

1ImS jc

j t
D 2

Tc~ z̃ !G1CmRSMRNPFReS ju

uj tu
D 2

Tu~ z̃ !1ReS jc

uj tu
D 2

Tc~ z̃ !1ReS j t

uj tu
D 2

Tt~ z̃ !Gsin~2u!. ~4.19!

Clearly the second term ofASL comes purely fromM12
SM

itself and its magnitude is expected to be of;1023. The first
and third terms ofASL arise from the interference between
M12

SM andM12
NP, but they depend on nonvanishing Im(M12

SM)
and Im(M12

NP), respectively. ThusASL(u50) is just the re-
sult given by Eq.~4.14! for scenario~B!. For appropriate
values ofu and f1, magnitudes of both the first and third
terms of ASL may be at the percent level. To obtain
uASLu;1022, however, there should not be large cancellation
between two dominant terms in Eq.~4.19!.

V. NUMERICAL ESTIMATES OF CP ASYMMETRIES

For the purpose of illustration, let us estimate the magni-
tudes ofCP asymmetries obtained from the above NP sce-
narios. Since scenario~C! involves several unknown param-
eters @though they are related to one another through Eq.
~4.16!#, a numerical analysis of its allowed parameter space
would be complicated and less instructive@25#. Hence we

shall only concentrate on scenarios~A! and ~B! in the fol-
lowing.

A. Results for scenario„A…

Following the spirit of the Wolfenstein parametrization
@13#, the real KM matrixṼ in scenario~A! can be param-
etrized in terms of three independent parametersl̃ , Ã, and
r̃ . Taking Ṽus5 l̃ , Ṽcb5Ãl̃2, and Ṽub5Ãl̃3 r̃ and using
the orthogonality conditions ofṼ, one can derive the other
six matrix elements. In particular, we getṼtd'Ãl̃3(12 r̃ ).
In view of current data onuṼusu, uṼcbu, and uṼub /Ṽcbu ~see
Ref. @4#!, we find l̃'0.22,Ã'0.8, andr̃ '60.36 typically.
The sign ambiguity ofr̃ may affect the allowed parameter
space of NP as well as theCP asymmetries ofB-meson
decays, as one can see later on.

The size ofRSM depends on the real KM factorj̃ t . With
the help of Eq.~4.3!, we getRSM'1.8 for r̃ '20.36 and

FIG. 4. Triangular relation ofM12
SM , M12

NP, andM12 ~rescaled by
DM /2) in scenario~C!.
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RSM'0.43 for r̃ '10.36. The corresponding results ofRNP,
changing withu, can be obtained from Eq.~4.6!. We find
that for r̃ '10.36 the (2) solution of RNP is not allowed.
The allowed (u,RNP) parameter space is shown in Fig. 5.

The CP asymmetriesASL andAcK ~or App) in this sce-
nario can then be calculated by use of the above-obtained
parameter space. For simplicity, we express the KM factors
j̃ u , j̃ c , and j̃ t in Eq. ~4.9! in terms of l̃ , Ã, and r̃ . Then
the correlation betweenASL andAcK reads

ASL'CmRSMF r̃ 2

~12 r̃ !2
Tu~ z̃ !1

1

~12 r̃ !2
Tc~ z̃ !

1Tt~ z̃ !GAcK , ~5.1!

with r̃ '60.36. The results ofASL andAcK , changing with
the CP-violating phaseu, are depicted in Fig. 6. Two re-
marks are in order.

~a! With the typical inputs mentioned above, we have
found ASL /AcK'0.023 for r̃ '20.36 and ASL /AcK

'0.0042 for r̃ '10.36. Because ofuAcKu<1, only the
former case is likely to lead the magnitude ofASL to the
percent level.

~b! In both cases, however, theCP asymmetryAcK may
take promising values~e.g.,uAcKu>0.5). The correlation be-
tweenAcK andApp , i.e.,App52AcK , is particularly in-
teresting in this superweak scenario of NP. If this correlation
and the one betweenASL andAcK can be measured at a
B-meson factory, they will provide a strong constraint on the
underlying NP inBd

0-B̄d
0 mixing.

B. Results for scenario„B…

To calculateRNP with the help of Eq.~4.11!, we should
first estimateRSM by use of Eq.~4.3!. The magnitude ofRSM
depends onuj tu:

uj tu'Al3A~12r!21h2'Al3A122r1x2, ~5.2!

wherex has been defined in Eq.~2.7!. From current data on
uVusu, uVcbu, and uVub /Vcbu, we get l'0.22, A'0.8, and
x'0.36. The most generous range ofr, due to the presence
of NP, should be2x<r<1x. We find that the resultant
region ofuj tu is just the one given in Eq.~4.4!. Note thatf1
is also a function ofr andx, i.e.,

tanf1'6
Ax22r2

12r
, ~5.3!

and thus it cannot take arbitrary values from 0 top. For this
reason, it is more convenient to calculate the (r,RNP) param-
eter space of scenario~B! by takingrP@20.36,10.36#. We
get 0°<f1<20.1° or 158.9°<f1<180°, corresponding to
the (1) or (2) sign of tanf1. The allowed region ofRNP
changing withr is shown in Fig. 7.

FIG. 5. Illustrative plot for the (u,RNP) parameter space in sce-
nario ~A!.

FIG. 6. Illustrative plot for theCP asymmetriesASL andAcK in
scenario~A!.
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Now we calculate theCP asymmetriesAcK , App , and
ASL by use of Eqs.~4.12!, ~4.13!, and~4.14!, respectively. In
terms of the parametersr and x, the correlation between
App andAcK can be given as

App'2F r2x2

x2~12r!
1

r~122r1x2!

x2~12r!

RNP

RSM
GAcK .

~5.4!

Similarly we obtain the correlation betweenASL andAcK as
follows:

ASL'Cmf ~r,x!AcK , ~5.5!

where

f ~r,x![RSMF r2x2

~12r!~122r1x2!
Tu~ z̃ !

1
1

122r1x2
Tc~ z̃ !G1RNPF r

12r
Tu~ z̃ !2Tt~ z̃ !G .

~5.6!

Note that the term associated with the KM factor
Im(jc/uj tu)2 in Eq. ~4.14! does not appear inf (r,x), because
this factor approximately vanishes in the Wolfenstein param-
etrization. The numerical results for threeCP asymmetries
are shown in Figs. 8 and 9, where relevant inputs have been
used to get the (r,RNP) parameter space in Fig. 7. Three
remarks are in order.

~a! The two solutions ofRNP lead to identical results for
the CP asymmetryAcK . The reason is simply thatAcK
depends only onRSM andf1, as given in Eq.~4.12!.

FIG. 8. Illustrative plot for the correlation betweenAcK and
App in scenario~B!.

FIG. 9. Illustrative plot for theCP asymmetriesASL andAcK in
scenario~B!.

FIG. 7. Illustrative plot for the (r,RNP) parameter space in sce-
nario ~B!.
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~b! The correlation betweenApp andAcK is complicated
here, compared with that in scenario~A! where the super-
weak relationApp52AcK holds. We observe that bothCP
asymmetries can take the same sign and promising magni-
tudes in scenario~B! @23#.

~c! Because of their correlation, behaviors ofASL and
AcK changing withr are similar. The magnitude ofASL can
reach the percent level for appropriate values ofr, if RNP
takes its (2) solution.

VI. CONCLUDING REMARKS

The importance of measuring theCP asymmetry (ASL) in
semileptonicBd decays, which can serve as a sensitive probe
of NP in Bd

0-B̄d
0 mixing, has been highly stressed. We have

taken three NP scenarios into account, and proposed a simple
framework for analyzing their effects onASL and otherCP
asymmetries. Some numerical estimates have also been
made to illustrate possible enhancement ofCP asymmetries
in the presence of NP. We find that the magnitude ofASL at
the percent level cannot be excluded within the appropriate
parameter space. The correlation ofASL with the CP asym-
metries inBd→J/cKS andBd→p1p2 ~i.e.,AcK andApp)
have been discussed. Measuring the correlation betweenAcK
andApp may partly testify or abandon the superweak model
of CP violation which was proposed a long time ago@26#, at
least within theBd

0-B̄d
0 system@27#.

A number of NP models, which can contribute to bothBd
0-

B̄d
0 mixing andCP violation, has been proposed in the lit-

erature@28#. Our framework is applicable to most of those
models to analyze their effects on theCP asymmetriesASL ,

AcK , andApp , only if they do not involve extra quark~s!.
For the model of four-quark families or that ofZ-mediated
flavor changing neutral currents, a new charge12/3 quark or
a vector-singlet charge21/3 quark may significantly con-
tribute to Bd

0-B̄d
0 mixing and therefore affect the magnitude

of ASL and otherCP asymmetries. Since unitarity of the
333 KM matrix is violated in either of these two models,
the analysis ofASL will involve much more uncertainties.
Note also that the NP contributing toBd

0-B̄d
0 mixing will

simultaneously affect the rare penguin-induced decay modes
such asb→dl1l 2 and Bd→Xdg. Thus measurements of
rare flavor-changing transitions may yield complementary
information about any NP in theB-meson system@28#.

If the CP asymmetryASL is really of the order 1022, it
should be detected at the forthcomingB-meson factories,
where as many as 108 Bd

0B̄d
0 events will be produced at the

Y(4S) resonance in about one year. Indeed the experimental
sensitivities toASL are expected to be well within few per-
cent for either single lepton or dilepton asymmetry measure-
ments@29#, if the number ofBd

0B̄d
0 events is larger than 107

or so.
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