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Recent experimental searches forASL , theCP asymmetry in semileptonicB decay, have reached an accu-
racy of the order of one percent. Consequently, they give meaningful constraints on new physics. We find that

cancellations between the standard model~SM! and new physics contributions toB0-B̄0 mixing cannot be as
strong as was allowed prior to these measurements. The predictions for this asymmetry within the SM and
within models of minimal flavor violation~MFV! are below the reach of present and near future measurements.
Including ordermc

2/mb
2 and LQCD/mb corrections we obtain the SM prediction21.331023,ASL,20.5

31023. Future measurements can exclude not only the SM, but MFV as well, if the sign of the asymmetry is
opposite to the SM or if it is the same sign but much enhanced. We also comment on theCP asymmetry in
semileptonicBs decay, and update the range of the anglebs in the SM: 0.026,sin 2bs,0.048.

DOI: 10.1103/PhysRevD.65.094040 PACS number~s!: 13.20.He, 11.30.Er
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I. INTRODUCTION

The CP asymmetry in semileptonicB decays,

ASL5
G@B̄phys

0 ~ t !→ l 1X#2G@Bphys
0 ~ t !→ l 2X#

G@B̄phys
0 ~ t !→ l 1X#1G@Bphys

0 ~ t !→ l 2X#
, ~1!

depends on the relative phase between the absorptive
dispersive parts of theB0-B̄0 mixing amplitude@1#,

ASL5Im~G12/M12!. ~2!

Within the standard model~SM!, the asymmetry is very
small because of two suppression factors. First, the ma
tude of the ratio is small,uG12/M12u5O(mb

2/mt
2)!1. Sec-

ond, the phase is small, arg(G12/M12)5O(mc
2/mb

2)!1.
Since new physics contributions toG12 are small, and since
uM12u is known from the measured value of the mass diff
ence between the neutralB mesons,DmB , the first suppres-
sion factor should be valid model independently. In contra
the second suppression factor could easily be avoided if
physics modifies the phase ofM12. This situation, where
new physics could enhanceASL by a factor ofO(10) makes
this asymmetry a sensitive probe of new physics.

Recently, the search forCP violation in semileptonicB
decays achieved a much improved sensitivity:

ASL55
~0.465.7!31022 OPAL @2#,

~1.464.2!31022 CLEO @3#,

~21.262.8!31022 ALEPH @4#,

~0.561.8!31022 BABAR @5#.

~3!

The present world average is@6#

ASL
exp5~0.261.4!31022. ~4!

With its experimental accuracy of order one percent, the
sult ~4! puts for the first time meaningful constraints on ne
0556-2821/2002/65~9!/094040~10!/$20.00 65 0940
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physics contributions toB0-B̄0 mixing. It is our goal in this
work to study these implications.

The plan of this paper is as follows. In Sec. II we upda
the standard model prediction forASL , taking into account
the recent measurements of theCP asymmetry inB→cKS
decays. In Sec. III we explain how generic new physics c
affectASL . In Sec. IV we investigate the effects of models
minimal flavor violation. In each of Secs. II, III and IV we
first derive analytic expressions for the asymmetry and t
carry out a numerical investigation using the methods of R
@7#. We give our conclusions in Sec. V.

II. ASL IN THE STANDARD MODEL

A. Analytical expressions

Using the standard model expressions forG12 @8–11# and
M12, one obtains

ASL
0 52k ImS VcbVcd*

VtbVtd*
D , ~5!

where

k54p
mb

2

mW
2

K11K2

h̄BS0~mt
2/mW

2 !
z, z[mc

2/mb
2 . ~6!

This is the leading order result in the limitmb@LQCD and
z!1. HereK1 andK2 are Wilson coefficients,h̄B is a QCD
correction factor andS0 is the Inami-Lim function for the
box diagram. The Cabibbo-Kobayashi-Maskawa~CKM! de-
pendence can be expressed in terms of ther̄ and h̄ param-
eters:

ImS VcbVcd*

VtbVtd*
D 5

h̄

~12 r̄ !21h̄2
. ~7!

Equation~5! has three types of corrections characterized
small parameters:
©2002 The American Physical Society40-1
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ASL
SM5ASL

0 ~11aSL
z 1aSL

1/mb1aSL
as!. ~8!

The mc
2/mb

2 corrections are given by

aSL
z 52z

K2

K11K2
1

z2

3

K22K1

K11K2
2

2

3
z~322z!

K22K1

K11K2

^QS&

^Q&

2
2~12 r̄ !

~12 r̄ !21h̄2
H ~112z!@2~12z!22A124z#21

3z

K22K1

K11K2

^QS&

^Q&

1

S K11
K2

2 D @A124z2114z22z2#1z~12z!2~K22K1!2zA124z~K112K2!

3z~K11K2!
J . ~9!

The matrix elementŝQ& and ^QS& can be parametrized as follows:

^B̄u~ b̄idi !V2A~ b̄ jdj !V2AuB&5
8

3
f B

2mB
2B,

^B̄u~ b̄idi !S2P~ b̄ jdj !S2PuB&52
5

3
f B

2mB
2

mB
2

~mb1md!2 BS[2
5

3
f B

2mB
2BS8 . ~10!

In particular, we havêQS&/^Q&52(5/8)(BS8/B). Some insight into the effect ofaSL
z can be gained by evaluating Eq.~9! to

O(z2):

aSL
z 5zS 5

4

K22K1

K11K2

BS8

B
2

K2

K11K2
D 1z2FK22K1

K21K1
S 1

3
2

5

6

BS8

B D 12
12 r̄

~12 r̄ !21h̄2

K22K1

K11K2
S 5

2

BS8

B
21D G . ~11!

Note that the terms with CKM dependence that is different from the leading result appear only atO(z2) and are therefore very
small.

The 1/mb corrections are given by

aSL
1/mb52z

22K1@^R1&22^R3&#1K2@^R2&14^R3&12^R4&#

~K11K2!^Q&
14z2F1

3
2

2~12 r̄ !

~12 r̄ !21h̄2G
3

K1@2^R1&2^R2&26^R3&#2K2@^R2&16^R3&12^R4&#

~K11K2!^Q&
. ~12!

The matrix elementŝRi& have the following values within the vacuum insertion approximation:

^R1&5
7

3

md

mb
f B

2mB
2 ,

^R2&52
2

3

mB
22mb

2

mb
2 f B

2mB
2 ,

^R3&5
7

6

mB
22mb

2

mb
2 f B

2mB
2 ,

^R4&52
mB

22mb
2

mb
2 f B

2mB
2 . ~13!

Note that^R1&/^Q&5O(md /mb) and^R2,3,4&/^Q&5O(LQCD/mb). We can therefore safely neglect terms of orderz^R1&/^Q&
andz2^R2,3,4&/^Q&. In this approximation we obtain
094040-2
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aSL
1/mb5z

7K113K2

2~K11K2!

1

B

mB
22mb

2

mb
2 . ~14!

TheO(as) corrections have not been fully calculated. They can be divided into penguin corrections and next-to-leadin
~NLO! corrections. The penguin terms give

aSL
peng5

K181K282K38

K11K2
1zH 2K382K28

K11K2
12

K182K28

K11K2

^QS&

^Q&
14

K18@2^R3&2^R1&#16K28@^R2&14^R3&12^R4&#14K38^R2&

~K11K2!^Q& J .

~15!
y
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While K1,2 are combinations of the Wilson coefficientsC1,2,
the K1,2,38 depend also onC3,4,5,6 which are suppressed b
as /p:

K153C1
212C1C2 ,

K25C2
2 ,

K1852~3C1C31C1C41C2C3!,

K2852C2C4 ,

K3852~3C1C51C1C61C2C51C2C6!. ~16!

Given thatKi8/K j5O(as /p), we can safely neglect terms o
orderzKi8 .

The NLO corrections toASL , that is, corrections toG12 of
O(zas), have not been calculated. The challenge lies in
diagrams involving a charm quark, an up quark and a glu
in the intermediate state, which are very sensitive tomc , but
have only been computed in themu5mc limit @9#. Conse-
quently, there is an ambiguity as to which definition ofmc is
best suited to the evaluation ofASL . This is the largest un-
certainty at present in the standard model prediction for
asymmetry.

TABLE I. Inputs for the fits, other than those listed in@12#.
When no error is stated, the quantity is held constant. Errors w
‘‘theo’’ subscripts are treated as ranges, and as Gaussians other

Input parameter Value

K1 20.295
K2 1.162
K18 0.027
K28 20.076
K38 20.064

as(mb) 0.22
B(mb) 0.8760.0460.07
BS(mb) 0.8360.0360.07

f B (200630) MeV
hB 0.5560.01theo

mb
pole (4.860.1theo) GeV
z 0.08560.01theo
09404
e
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To summarize, the standard model expression for theCP
asymmetry in semileptonicB decays is given by

ASL
SM52k

h̄

~12 r̄ !21h̄2 F11zS 5

4

BS8

B

K22K1

K11K2

2
K2

K11K2
D 1z2

K22K1

K21K1
S 1

3
2

5

6

BS8

B D
12z2

12 r̄

~12 r̄ !21h̄2

K22K1

K11K2
S 5

2

BS8

B
21D

1z
7K113K2

2~K11K2!

1

B

mB
22mb

2

mb
2

1
K181K282K38

K11K2
1OS as

4p D G . ~17!

B. Numerical results

There are a number of input parameters needed to ev
ate Eq.~17!. The ones not discussed explicitly below (mt ,
uVcbu, BK , etc.! are taken from Ref.@12#. TheK ’s are calcu-
lable in perturbation theory and we use their values
the naive dimensional regularization~NDR! scheme with
LMS

(5)
5225 MeV @which is close toas(mZ)50.118#, given

in Table XIII of Ref. @13#. This gives the values shown i
Table I. The uncertainty related to these is tiny compared
the ones discussed next, and will be neglected. For the
parameters we use the unquenched lattice QCD results
two light flavors @14,15#; besides the published values w
also useBSs

/BSd
51.04(2) @15#. These results are in goo

agreement with@16#. We also usef B5200630 MeV @17#,

which is consistent withf BA(h̄B /hB)B(mb).1.15f B.230
630 MeV used in@12#. Here, and in the definition ofk in
Eq. ~6!, h̄B is related to the scale independenthB via h̄B
5hB@as(mb)#26/23

„11(as/4p)(5165/3174)… @13#.
At present, the biggest uncertainty in evaluating Eq.~17!

comes from not knowing the NLO@O(as)# corrections. In
particular, it results in an ambiguity in the quark mass de
nitions used. This is not relevant forz, sincez is only scheme
dependent at NNLO@O(as

2)#. We use z50.08560.01,
which takes into account the correlation betweenmb and
mc . In aSL

1/mb , in Eq. ~14!, we use the pole mass@11#,mb
pole

th
ise.
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5(4.860.1) GeV. In the definition ofBS8 , in Eq. ~10!, it is
the modified minimal subtraction (MS) mass which enters
and we use the one-loop relation,m̄b(mb)5mb

pole(1
24as/3p). Themb

2 factor which enters the definition ofk in
Eq. ~6! is a large source of uncertainty that will only b
reduced when the NLO correction is known, and we cho
to usem̄b(mb). While this choice is somewhatad hoc, it is
motivated by the fact that it is a good approximation in t
case whenG12 is known to NLO precision, i.e., in themu
5mc limit. This is also a conservative choice for constra
ing new physics in the rest of this paper~since it reduces the
SM expectation compared to usingmb

pole).
In Fig. 1 we show the standard model prediction forASL ,

using theRfit approach in theCKMFITTER package@7#, where
theoretical errors are considered as allowed ranges@7,18#.1

With the above input parameters, the range ofASL values
with greater than 10% C.L. is

21.2831023,ASL,20.4831023. ~18!

The range with greater than 32% C.L.~that would corre-
spond to a ‘‘1s range’’ if the theoretical errors were negl
gible! is only slightly smaller,21.1831023,ASL,20.55
31023. This indicates that the uncertainty in Eq.~18! is
dominated by theoretical errors, resulting in the plateau
Fig. 1 with a confidence level near unity. The uncertain
will decrease when the constraints onh̄ improve, the NLO
correction toG12 is computed, and theb quark mass is more
precisely determined. We did not assign an error to the
sumption of local quark-hadron duality which enters the o

1In this approach, one determines the confidence level~C.L.! for a

particular set of parameter values~e.g.,r̄2h̄, ASL , etc.! to be con-
sistent with both the measurements and the theoretical inputs
latter being let free to vary within their allowed ranges. For e
ample, the curve in Fig. 1 gives the C.L. that a certain value ofASL

is consistent with the theory. But the C.L. ofASL falling within a
range is not defined, since that would require all input paramete
be viewed as distributions with probabilistic interpretations.

FIG. 1. Confidence levels ofASL in the standard model.
09404
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erator product expansion~OPE! calculation of the nonlep-
tonic B decay rates determiningG12. We may gain
confidence that the errors related to this are small if fut
lattice calculations can account for theb hadron lifetimes
and, especially, for theBs lifetime difference.

At leading order, corresponding toASL
0 in Eq. ~5!, a con-

straintX2,ASL,X1 with X1.0 andX2,0 excludes the
interior of two circles, one with radiusR1 around the point
( r̄,h̄)5(1,2R1), and another with radiusR2 around the
point (r̄,h̄)5(1,R2). With the above central values of th
input parameters,R65k/(2uX6u).6.731024/uX6u. If X1

,0 @X2.0#, then the corresponding excluded region is t
outside of a circle of radiusR1 @R2# around the point
(1,R1) @(1,2R2)#. Including the terms inaSL

z distorts these

circles by making them slightly larger forr̄,1 than for r̄
.1, as shown in Fig. 2.

In Fig. 2, the left plot shows the constraint that the pres
data onASL , Eq. ~4!, provide on ther̄-h̄ plane. The right
plot shows the constraint that would follow from a hypothe
cal future valueASL5(2163)31023. We chose the centra
value to be within the SM allowed range and the error
represent an experimental accuracy that may be achiev
with 500 fb21 data expected by 2005 at theB factories,
using a simple statistical scaling of the BABAR result@5#,
which is based on 20 fb21 data and is the most precise on
in Eq. ~3!. The dark shaded regions contain the points w
confidence levels above 90%, and include the best fit poi
The dark and medium shaded regions together contain
‘‘one sigma’’ allowed regions with C.L. above 32%. Th
dark-, medium-, and light-shaded regions together contain
points with C.L. higher than 10%. Thus, the white regio
have at most 10% C.L. The small diagonally hatched ar
show the SM allowed region~points with greater than 10%
C.L.!. The horizontally stripped regions contain the poin
with C.L. above 10% for a hypothetical ‘‘perfect’’ measur
ment of ASL510.002 ~left plot! and ASL520.001 ~right
plot!. These illustrate the significance of the present theo
ical errors in interpreting the experimental results, and
importance of reducing them by determiningmb andz more
precisely and especially by completing the NLO calculati
of G12.

One sees that within the next few yearsASL will not be a
useful constraint on (r̄,h̄) in the context of the standar
model if the experimental result remains consistent with
SM prediction. However, as we discuss it next, it is a sen
tive probe of new physics, and already provides interest
constraints on certain models.

III. ASL WITH NEW PHYSICS

A. Analytical expressions

We investigateASL in models of new physics@10,19–21#
with the following two features:

~i! The 333 CKM matrix is unitary.
~ii ! Tree level processes are dominated by the SM.
The second feature means thatG125G12

SM, and the new
physics effects modify onlyM12. Then, quite generally,

he
-

to
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FIG. 2. The constraint on ther̄-h̄ plane from the present data onASL in Eq. ~4! ~left!, and the constraint that would follow from
hypothetical valueASL5(2163)31023 ~right!. The central value of the latter was chosen to be consistent with the SM, and the erro
be achievable by 2005. The dark-, medium-, and light-shaded regions have confidence levels above 90%, 32%, and 10%, respec
white regions contain points with at most 10% C.L.
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these effects can be parametrized by two new parameterud
and r d , defined through

M125r d
2e2iudM12

SM. ~19!

This modification involves well-known consequences for
mass difference between the neutralB mesons,

DmB5r d
2~DmB!SM, ~20!

and for the CP asymmetry in charmonium-containingb
→cc̄s decays, which is denoted throughout this paper
acK ,

acK5sin~2b12ud!. ~21!

For theCP asymmetry in semileptonic decays, the mod
cation from the standard model value depends on bothr d

2 and
2ud :

ASL52ReS G12

M12
D SMsin 2ud

r d
2 1ImS G12

M12
D SMcos 2ud

r d
2 .

~22!

The first term has been previously investigated. Sin
Re(G12/M12)

SM is larger thanASL
SM by a factor of order

mb
2/mc

2 , it could give an asymmetry that is an order of ma
nitude larger than the standard model prediction. This wo
happen if the new physics contribution toM12 has a large
new phase (sin 2ud!” 1). The second term is suppressed
mc

2/mb
2 compared to the first one, however, one might exp

it to be enhanced in the region sin 2ud'0 andr d
2!1, corre-

sponding to cancelling contributions toDmB from the stan-
09404
e

y

e

-
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dard model and from new physics. However, we find th
this term plays a numerically negligible role as long as
error of ASL is much larger than the SM expectation.

Our purpose is to find the constraints onr d
2 and 2ud from

the present measurements ofASL . We need therefore to
evaluate (G12/M12)

SM. In Ref. @11# one can find themc
2/mb

2 ,
1/mb , penguin and NLO QCD corrections. Given the pres
experimental accuracy, it is sufficient for our purposes
include only corrections of order 10%, that is,O(z) and
O(1/mb) corrections:

S G12

M12
D SM

52
4pmb

2

3mW
2 h̄BS0~mt

2/mW
2 !

3F5

8
~K22K1!

BS8

B
1S K11

K2

2 D
1S K1

2
2K2D mB

22mb
2

mb
2

1

B

23z~K11K2!
12 r̄2 i h̄

~12 r̄ !21h̄2G . ~23!

There are four parameters related to flavor violation that
relevant to our discussion here: the CKM parametersr̄ andh̄
and the new physics parameters of Eq.~19! r d

2 and 2ud .
There are also four critical constraints:uVubu from charmless
semileptonicB decays~these are tree level processes a
therefore, by assumption, unaffected by the new physi!,
DmB of Eq. ~20!, acK of Eq. ~21!, andASL of Eq. ~22!. In the
0-5
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next subsection we study the consistency of these four m
surements and their combined constraints on the model
rameters. Note that we cannot use the measured value oeK
and the lower bound onDmBs

since they may involve addi
tional parameters.

B. Numerical results

Figure 3 shows the allowed range ofASL for arbitrary r d
andud using the constraints fromuVubu, DmB , andacK . To
evaluate Eq.~23!, we used theMS b quark mass in the over
all factor, as in Sec. II B. The black curve superimposed
Fig. 3 shows the confidence level corresponding to the m
sured value ofASL in Eq. ~4!. In the presence of new physic
that can be parametrized byr d andud , the range ofASL with
greater than 10% C.L. is20.431022,ASL,3.931022,
whereas the measurement in Eq.~4! implies 22.131022

,ASL,2.531022 at the same C.L. Clearly, the recent me
surements ofASL are sensitive enough to probe new physi
and already constrain ther d

222ud parameter space.
It is interesting to note that ifASL is negative, as in the

SM, then new physics that can be parametrized byr d andud
can only enhance it by a factor of a few. However, if ne
physics makesASL positive, then it can be enhanced by mo
than an order of magnitude. The reasons for this situation
explained below.

The top left plot in Fig. 4 shows the confidence levels
r d

2 and 2ud from the measurements ofuVubu, DmB , andacK .
The ranges with greater than 10% C.L. are

0.2,r d
2,6.4, 20.4,2ud,3.6. ~24!

The errors are again dominated by theoretical ranges, ex
for the upper bound onr d

2 . Consequently, the ranges wit
greater than 32% C.L., 0.2,r d

2,5.2 and20.3,2ud,3.5,
only differ significantly from Eq. ~24! in (r d

2)max. This

FIG. 3. The filled area shows the confidence levels ofASL for
arbitrary r d and ud using the constraints fromuVubu, DmB , and
acK . The curve represents the measured value ofASL in Eq. ~4!,
and indicates that some new physics models are being exclud
09404
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n
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plot makes it clear why new physics can enhance a posi
value ofASL by much more than a negative one. First, sin
acK.0 is firmly established, the maximal allowed magn
tude of sin 2ud is larger for positive values than it is fo
negative ones@22#. Second, the correlations between t
three constraints are such that while maximal positive sinud

and minimalr d
2 are allowed simultaneously, this is not th

case for negative sin 2ud . The top right plot shows the
present constraints on ther d

222ud plane, including also the
measurement ofASL . The measurement ofASL has a notice-
able impact: in particular, the lowest values ofr d

2 ~around
0.2! are now disfavored, and almost the entirer d

2&0.5 region
is no longer among the best-fit points. The bottom left p
show the constraints that would follow from a hypothetic
future value,ASL5(2163)31023. Such a measuremen
would be able to exclude a large part of ther d

2,1 parameter
space~i.e., cancelling contributions toDmB from the SM and
new physics!, except if 2ud were near 0 orp. This plot is
rather insensitive to the expected reduction of the error
acK by itself, while additional improvements inuVubu and
DmB will make a significant difference. This is shown in th
bottom right plot, where reduced errors about the pres
central values inuVubu ~10%!, f B ~10 MeV! andacK ~0.04!
are also assumed.

C. The Bs system

Similar analyses will become possible in the future for t
Bs system. Within the SM, the semileptonic asymmetry inBs
decays is suppressed even more strongly than the asymm
in Bd decays.~For the sake of clarity, we now call the re
spective asymmetriesASL

s and ASL
d .! While the mc

2/mt
2 sup-

pression factor in Eq.~6! is common to both, the CKM de
pendence is different. ForASL

d it is given by Eq.~7!, which is
a factor of order unity. In contrast, forASL

s it is given by
Im(VcbVcs* /VtbVts* )'2 1

2 sin 2bs. In Fig. 5 we give the C.L.
for sin 2bs within the SM. We learn that the range of sin 2bs
with greater than 10% C.L. is

0.026,sin 2bs,0.048. ~25!

Consequently,ASL
s is unobservably small in the SM.

Defining M12
s [r s

2e2ius(M12
s )SM, the present lower bound

from the CERNe1e2 collider ~LEP!, SLAC Large Detector
~SLD!, and Collider Detector at Fermilab~CDF! combined
amplitude fit~corresponding toDmBs

.15.0 ps21) implies

r s
2.0.6, ~26!

whereas there is no constraint onus yet. These parameter
can be determined in the future in the following ways:~i! A
measurement ofDmBs

will constrainr s
2 . ~ii ! A measurement

of the CP asymmetry inBs→cf or ch (8) will constrain
sin 2(bs1us). If the asymmetry is much larger than the S
range, it practically determines sin 2us. ~iii ! A measurement
of ASL

s will be proportional to sin 2us/rs
2 and will give a con-

.
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FIG. 4. The top left plot shows the confidence levels ofr d
2 and 2ud from the measurements ofuVubu, DmB , andacK ; the top right plot

also includesASL as a constraint. The bottom left plot shows the confidence levels corresponding to a hypothetical future vaASL

5(2163)31023, while the bottom right plot assumes in addition reduced errors inuVubu ~10%!, f B ~10 MeV! and acK (0.04). The
shadings mean the same as in Fig. 2.
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sistency check on the interpretation of the previous two m
surements. The values of the four parametersr d

2 , 2ud , r s
2

and 2us provide an excellent probe of the flavor andCP
structure of new physics.

IV. ASL WITH MINIMAL FLAVOR VIOLATION

A. Analytical expressions

Minimal flavor violation ~MFV! is the name given to a
class of new physics models that do not have any new
erators beyond those present in the standard model an
09404
a-

p-
in

which all flavor changing transitions are governed by t
CKM matrix with no new phases beyond the CKM pha
@23–29#. Examples include the constrained minimal sup
symmetric standard model and the two Higgs doublet mod
of types I and II. In these models, the SM predictions
some flavor changing processes remain unchanged, w
others are modified but in a correlated way. The new phys
contributions that are relevant to our discussion depend o
single new parameter,Ftt , that is real but could have eithe
sign. These models can be viewed as special cases of
III—the correspondence isr d

25uFttu/S0 and 2ud50 (p) for
0-7
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Ftt.0 (,0)—with the additional constraints~ii ! and~v! be-
low:

~i! SemileptonicB decays depend onuVub /Vcbu in the
same way as in the standard model.

~ii ! The ratio DmB /DmBs
depends onuVtd /Vtsu in the

same way as in the standard model.
~iii ! The CP asymmetryacK depends on the sign ofFtt

@27#:

acK5sgn~Ftt!sin 2b. ~27!

~iv! The mass differenceDmB depends onuFttu:

DmB5~DmB!SM
uFttu
S0

. ~28!

FIG. 5. Confidence levels of sin 2bs in the standard model.
09404
~The QCD correction in MFV models may differ fromhB ,
but the modification is the same forDmBd,s

and for the top

contribution toeK , so it can be absorbed inFtt @26#.!
~v! The standard model contribution toeK that is propor-

tional to Im@(VtsVtd* )2# is multiplied by Ftt while the other
contributions remain unchanged:

eK5e tt
SMFtt1ect

SM1ecc
SM. ~29!

The constraints onr̄, h̄ and Ftt from these processes hav
been analyzed in a number of papers~see, for example,
@25,29#!. In this section we present the MFV predictions f
ASL .

The dependence ofASL on new contributions is simple
Since for the B0-B̄0 mixing amplitude one hasM12
5(M12)

SMFtt /S0, while G12 is not modified, we obtain

ASL
MFV5ASL

SM S0

Ftt
. ~30!

Thus the size ofASL may be different from the standar
model.

As concerns the sign ofASL , one might naively think that
it could be opposite to the standard model prediction, si
sgn(ASL

MFV)}sgn(Ftt). However, this is not the case, becau

sgn(ASL
SM)52sgn(h̄), and so

sgn~ASL
MFV!52sgn~ h̄Ftt!. ~31!

The producth̄Ftt ~in combination with the upper bound o
uVub /Vcbu which implies r̄,1) determines, however, als
the sign ofacK :

sgn~acK
MFV!5sgn~ h̄Ftt!, ~32!
FIG. 6. Left: Confidence levels ofFtt . The shaded region corresponds to our ranges for the input parameters~in particular, f B5200
630 MeV!. The other curves show the sensitivity tof B : f B5170610 MeV ~dashed!, f B5190610 MeV ~dash-dotted!, and f B5210
610 MeV ~dotted!. In this last case theFtt,0 solution is excluded. Right: Confidence levels ofASL in MFV models.
0-8
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and is therefore experimentally determined to be posit
We conclude that there can be no sign difference between
SM and MFV predictions forASL . In other words, ifASL is
experimentally found to be positive, both the standard mo
and the MFV models will be excluded.

B. Numerical results

The shaded region in the left plot in Fig. 6 shows t
confidence levels ofFtt obtained from the above constraint
The range ofFtt with greater than 10% C.L. is

27.3,Ftt,22.4 and 1.2,Ftt,7.3. ~33!

The range corresponding to greater than 32% C.L. is24.3
,Ftt,22.7 and 1.4,Ftt,5.1. This implies, using Eq.~30!
andS0(mt

2/mW
2 ).2.4, that the magnitude ofASL can hardly

be enhanced compared to the SM, as it is shown in the r
plot in Fig. 6. The range ofASL values with greater than 10%
C.L. in MFV models is

21.7731023,ASL,20.3331023, ~34!

while the greater than 32% C.L. range is21.4831023

,ASL,20.4331023. Thus, a measurement ofASL signifi-
cantly above the SM prediction would exclude both the st
dard model, and models with minimal flavor violation.

The existence of theFtt,0 solution is sensitive to the
value of f B ~this was first pointed out in Ref.@27#!. This is
shown by the curves superimposed on the left plot in Fig
corresponding to f B5170610 MeV ~dashed!, f B5190
610 MeV ~dash-dotted!, and f B5210610 MeV ~dotted!.
If future unquenched lattice calculations obtainf B above
200 MeV with small error, then the confidence level of t
Ftt,0 solution is reduced, and this solution practically d

FIG. 7. The allowedr̄-h̄ range in MFV models. The shading
mean the same as in Fig. 2.
09404
.
he
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,

-

appears iff B5210610 MeV or larger. Note also that if the
value of f B decreases then the C.L. of theFtt,0 solution
increases, while that of theFtt.0 solution is reduced. Fo
example, forf B5170610 MeV, both solutions have abou
equal C.L., and iff B5160610 MeV then the C.L. of the
Ftt.0 solution is hardly above 50%.

Figure 7 shows the allowed range ofr̄ and h̄ in MFV

models. In agreement with Fig. 6, it can be seen that thh̄

,0 solution is less favored than the allowedh̄.0 region.

V. CONCLUSIONS

We investigateASL , theCP asymmetry in semileptonicB
decays, in three theoretical frameworks.

Within the standard model, we improve previous pred
tions by including corrections of ordermc

2/mb
2 andLQCD/mb

@see Eq.~17!#. This leaves the NLO corrections, of orderas ,
as the largest source of uncertainty. Our improved calcu
tion gives that the allowed range ofASL , corresponding to
greater than 10% C.L., is21.331023,ASL,20.531023.
The smallness of the asymmetry means that even with
proved statistics in theB factories, no useful constraints o
the CKM matrix will arise within the next few years.

Within models of minimal flavor violation, a mild en
hancement of the asymmetry is possible,21.831023,ASL

,20.331023. This is again too small to be observed in th
near future. Conversely, if the asymmetry is measured wi
value that is much larger than the SM range, MFV will b
excluded. Moreover, within MFV models, the SM relatio
sgn(ASL)52sgn(acK), is maintained; a measurement of
positiveASL would therefore exclude both the SM and MF

The recent measurements ofASL do already have mean
ingful consequences in probing less constrained extens
of the SM, where there are new sources of flavor andCP
violation. In particular, in models where the new effects c
be neglected in tree-level decays but are significant in fla
changing neutral current processes, the four observable
uVubu from charmless semileptonicB decay rates,DmB , acK

andASL—depend on four parameters: the two CKM para
etersr̄ and h̄ and the two new parametersr d

2 and 2ud @see
Eq. ~19!#. In this framework,ASL makes an impact in con
straining the allowed range in ther d

222ud plane, especially
in the region of smallr d

2 and large sin 2ud . In this region,
there is strong cancellation between the SM and the n
contributions toB0-B̄0 mixing, which minimizes the magni-
tude of the dispersive part and maximizes the relative ph
between the dispersive and absorptive parts. Under these
cumstances,ASL is much enhanced and opposite in sign
the standard model prediction. The recent experimental
sults disfavor such a possibility~see Fig. 3!.

We conclude that improved bounds onASL will further
constrain new physics contributions toB0-B̄0 mixing. If a
sizable value ofASL is measured in the near future, not on
the standard model but also its extensions with minimal
vor violation will be excluded.
0-9
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