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Model-independent analysis ofB-B̄ mixing and CP violation in B decays
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We present a framework to analyze the effects of new physics beyond the standard model onB-B̄ mixing
andCP violation inB decays in a model-independent manner. Assuming that the tree level decay ampli
are dominated by the standard model ones, new physics contributions toB-B̄ mixing can be extracted from
several measurements atB factories. Using this framework, we show the present constraint on new phy
contributions toB-B̄ mixing and illustrate the constraints expected to be given by future experiments aB
factories. We also point out the possibility thatCP asymmetries inB→cKS , B→pp, andB→DK modes
look consistent with the standard model, even if a large new physics contribution is present inB-B̄ mixing.
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The physics ofB mesons provides several tests of th
standard model and could give insight into new physics b
yond it. In the standard model, the test of the unitarity of th
Cabibbo-Kobayashi-Maskawa~CKM! matrix @1# is espe-
cially important. As shown in Fig. 1, the unitarity of the
CKM matrix is graphically expressed by a triangle. In th
standard model, the lengths of the sides are related to sev
decay rates and/or the magnitude of theB-B̄ mixing, while
the angles are related to severalCP asymmetries. When
these quantities are measured at futureB factories, we will
be able to test the unitarity of the CKM matrix by seein
whether or not the triangle is closed.

Quantitatively, this analysis will be done along thex2

test: All the observables such as the decay rates andCP
asymmetries are represented by standard model parame
such as the CKM parameters and some hadronic parame
such as theB meson decay constantf B . The x2 is calcu-
lated, with experimental results on the rates and asymmet
and knowledge of the hadronic parameters, as a function
the standard model parameters. Then, thisx2 is minimized
by varying the standard model parameters, and we can
whether or not the standard model is consistent depending
the obtainedxmin

2 .
Although it is quite straightforward and powerful, this

method has some defects. Even if a larger value ofxmin
2 is

found, this method itself does not tell us anything other th
that the standard model is doubtful. No quantitative inform
tion about new physics can be obtained. Moreover, even
the standard model seems to be consistent, there may be
physics that evades the abovex2 test. From these points of
view, it is desirable to introduce some new physics effec
into the analysis and to see how they are restricted by
periments.

For this purpose, two approaches are possible. One i
model-dependent approach, in which we specify a model
new physics and analyze all data in it. Although each mod
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needs a specific analysis, this approach has a predict
power if the model does not have too many parameters. A
other approach is a model-independent approach, in wh
we do not introduce any model. The data are analyzed bas
on rather general principles or assumptions. If we can para
etrize the effects of new physics by a few model-independe
quantities, this approach is quite suitable to select approp
ate new physics among many possibilities based on expe
mental information. We pursue the latter approach here.

Weak interactions ofB mesons are described by
uDBu51 and uDBu52 amplitudes, i.e.,B decay andB-B̄
mixing amplitudes, respectively. In the standard model, th
uDBu51 processes occur through the tree and penguin d
grams at the quark level. The effects of new physics tend
appear in a penguin diagram because it is a loop diagram.
fact, in some classes of new physics such as supersymme
tree-levelB decay amplitudes are hardly affected by new
physics. On the other hand, it is difficult to exclude the e
fects of new physics in the penguin diagrams.

In the model-independent approach, we separateB decay
processes into two classes. Although we are considering g
eral cases, it is useful to introduce class I and class II bas
on the properties of the quark-level amplitudes in the sta
dard model. The class-I processes do not have the peng
part in its quark-level amplitude and the class-II process
do. The processes ofb→qdquq̄u8 type, whereqd represents a
down-type quark andqu and qu8 denote different up-type
quarks, are class-I processes. The ordinary semileptonic
cays are also regarded as class-I processes because their
plitudes have no penguin part. Figure 2~a! shows the above
hadronic class-I process. The processes ofb→qdqq̄ type,
whereq denotes a generic type of quark, are class-II pro

ity,
FIG. 1. Unitarity triangle.
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53 6663BRIEF REPORTS
cesses. Figure 2~b! shows the~gluonic! penguin contribution
to the class-II process. Ifq is an up-type quark,b→qdqq̄
consists of the penguin part and the tree part. Ifq is a down-
type quark,b→qdqq̄ contains only the penguin part.1

In the following, we assume that the class-I processes
described by the standardW-exchange diagrams as shown
Fig. 2~a!. On the other hand, we do not exclude the possib
ity that the class-II processes are affected by new phys
that may be present in the blob shown in Fig. 2~b!. In addi-
tion, we assume that the unitarity of the CKM matrix
saturated by the first three generations. This assumptio
necessary to determine the quark-mixing parameters fr
class-I processes and to apply them to evaluate the stan
model contribution to theB-B̄ mixing, as described below
All possible extensions of the standard model obviously s
isfy this assumption unless they contain one or more ex
quarks whose mixing with the ordinary quarks is not neg
gible. Thus, taking the known hierarchical structure of t
CKM matrix into account, the three-generation unitari
seems to be a plausible assumption.

New physics can also contribute to theB-B̄ mixing am-
plitudeM12, which can be written as

M125uM12ueifM5M12
SM1M12

new, ~1!

whereM12
SM is the standard model contribution andM12

new

represents contributions from new physics.2 M12
new is the

model-independent parameter that describes effects of
physics in theB-B̄ mixing. Note that Eq.~1! is enough to
determine a phase convention forM12

new once the phase con
vention in evaluatingM12

SM is fixed, because the relative
phase betweenM12

SM andM12
new is a physically meaningful

quantity. We use the following expression ofM12
SM:

M12
SM5

GF
2

12p2mW
2 mBf B

2BBhB~Vtd* Vtb!
2S~mt

2/mW
2 !, ~2!

where

~Vtd* Vtb!
25l6A2~12r1 ih!2 ~3!

1The processesb→dds̄andb→ssd̄do not appear in the standar
model within the lowest order of the weak interaction. Even if the
processes are caused by new physics, they do not affect the fol
ing discussions.
2A similar expression has been introduced in Ref.@2# in a differ-

ent context.

FIG. 2. Diagrams of hadronicb decays:~a! the class-I process
and ~b! the ~gluonic! penguin contribution in the class-II process
where the blob may contain exotic quanta in addition to the st
dard ones.
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in the Wolfenstein parametrization@3# and

S~x!5xF141
9

4~12x!
2

3

2~12x!2G2
3

2

x3

~12x!3
lnx ~4!

is the Inami-Lim function@4#.
In the following, we see howM12

new is constrained by the
present experiments and how the constraint will be improve
by future experiments. For this purpose, we have to dete
mine the Wolfenstein parametersA, r, and h simulta-
neously withM12

new. The ordinary analysis in which the stan-
dard model is assumed cannot be applied if we consider th
effects of new physics. However, according to the above tw
assumptions, i.e., the dominance of the standard model co
tributions in the class-I processes and the three-generatio
unitarity, we can extract information about the Wolfenstein
parameters without being bothered by the unknown new
physics in the class-II processes, which is not parametrize
in our analysis.

First, let us consider the semileptonic decay of theB me-
sonB̄→Xcl n̄, which is one of the class-I processes and free
from new physics. We can determine the CKM matrix ele-
ment uVcbu5l2A from its width. Second, the charmless
semileptonic decay of theB mesonB̄→Xul n̄ is also con-
sidered to be free from new physics and we can obtain
constraint onuVub /Vcbu5lAr21h2 from its rate. These ex-
haust the presently available constraints that are not affecte
by new physics in our framework.

The remaining constraint relevant to our analysis is the
one given by the observation ofB-B̄ mixing. From the ex-
periments, we obtain a constraint on the absolute value of th
B-B̄ mixing amplitudeuM12u5uM12

SM1M12
newu. Since the pos-

sible range ofM12
SM is limited by the above-mentioned con-

straints on the Wolfenstein parameters and the knowledge
the top quark mass and the hadronic matrix element, we ca

d
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FIG. 3. Experimentally allowed region and standard model pre
diction for M12. The circles whose centers are at the origin show
the direct experimental constraint and the distorted circles show th
standard model prediction. The dashed lines show the standa
model predictions for several fixedf3 values.~The anglef3 is
defined in Fig. 1.!
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FIG. 4. Allowed regions ofM12
new. The lines thatx25xmin

2 14.61 are shown.~a! The presently allowed region corresponding to the input
in Table I. ~b! The expected constraint fromB→cKS in addition to the inputs in Table I.~c! The expected constraint fromB→cKS and
B6→DXs

6 in addition to the inputs in Table I. The dots represent the solutions obtained from the central values of the inputs.~d! The
expected constraint from all the inputs listed in Tables I and III. The dots have the same meaning as in~c!.
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new. We do not include the

information from theK-K̄ mixing into our analysis because
we need to introduce another model-independent param
M12

new for theK-K̄ mixing.
Here we present the result of an analysis that follows t

above strategy. We summarize the inputs in Table I.l is
determined by the semileptonic kaon and hyperon deca
@5#, which are free from new physics in our framework.A
andAr21h2 are constrained by the semileptonicB decays
as mentioned above@6#. uM12u is obtained from the measure-
ment of theB0-B̄0 mass differenceDm @7#. The top quark
massmt is given by the direct observations@8#. f BABBhB is
estimated by several theoretical methods. We take the va
used in Ref.@9#. We omitted experimental errors and/or theo
retical uncertainties ofl, A, mt , and f BABBhB for simplic-
ity.

Figure 3 shows the experimentally allowed region and t
standard model prediction forM12 in the complexM12 plane.
The circles whose centers are at the origin show the dir
experimental constraint onuM12u in Table I and the distorted
circles show the standard model ‘‘prediction,’’ which is ca
culated by Eq.~2! with the inputs in Table I. A vector from
a point in the region of the standard model prediction to
point in the experimentally allowed region corresponds to
possible complex value ofM12

new. From this figure we can see
that the value ofM12

new is certainly limited. By integrating out
r andh in the maximum likelihood method, we can obtai
an allowed region ofM12

new. The result is shown in Fig. 4~a!,
where we show the linex25xmin

2 14.61, which is usually
regarded as being of the 90% confidence level. This figu
tells us that the contribution ofM12

new to the totalB-B̄ mixing
amplitudeM12 can be comparable with or larger than that o

TABLE I. Inputs corresponding to the present experimental a
theoretical knowledge.

l 0.220@5#

uVcbu5l2A 0.038@6#

mt 174 GeV@8#

f BABBhB 165 MeV @9#

uVub /Vcbu5lAr21h2 0.0860.02 @6#

Dm52uM12u 0.46260.026 ps21 @7#
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M12
SM; besides that, the standard model is completely cons

tent. Also note that a positive value of ReM12
new tends to be

disfavored.
Now, let us discuss effects of new physics onCP asym-

metries inB decays, which are planned to be measured
future experiments atB factories. We start with the class-I
processB→DXs , for which we can use the standard mode
decay amplitudes. For the chargedB meson mode
B6→DXs

6 , since this decay mode is free from new physic
provided that no significantCP violation inD0-D̄0 mixing is
caused by new physics, the method by Gronau and Wyl
@10# can be applied to extract information of the anglef3
defined in Fig. 1. We can uniquely determine sin2f3 by using
two strange states that make phase shifts that are differe
from each other, e.g.,K andK* , for Xs . For the neutralB
meson modeB0(B̄0)→DKS @11#, the situation is a little dif-
ferent owing to the new physics contribution to theB-B̄ mix-
ing, M12

new. From the time-dependent decay rate, howeve
we can uniquely determine sinfM , sin(fM12f3), and
sin2f3.

3

For theB→pp process, the decay amplitude can be af
fected by new physics because it is a class-II process. Ho
ever, we can extract theDI53/2 part of the amplitude by the
isospin analysis@12#. Since theDI53/2 part of the ampli-
tude does not contain the penguin contribution, it can b
regarded as a class-I process. Although this analysis depe
on the assumption that the penguin part of the amplitude
DI51/2, it seems to be plausible even in the presence
new physics. In other words, as in the standard model@13#,
we do not expect that the electromagnetic penguin, the ele
troweak penguin, and the box diagram play important role
in this process even in the presence of new physics. In su
a case, we can extract sin(fM12f3) with fourfold ambiguity.
If the penguin contribution turns out to be small, this four
fold ambiguity disappears. We can also resolve it by com
paring it with the sin(fM12f3) obtained from
B0(B̄0)→DKS .

The last process discussed here isB0(B̄0)→cKS , which
is classified as a class-II process. In the standard model, t

3In the standard model, which is considered in Ref.@11#, fM ,
defined in Eq.~1!, corresponds to 2f1 in our phase convention.

nd



.

I
e
e
-
ics

a
-
.

s.
e
by

e

ent

d
f

i-

l

-

53 6665BRIEF REPORTS
penguin contribution in this process does not cause any pr
lem, because the weak phases of the tree and the pen
contributions are the same. However, they could differ fro
each other in the presence of new physics, so that we ca
extract information aboutfM from this process in general
Nevertheless, it is desirable to include this mode in o
analysis because it is expected to be precisely measured
the following, we assume that there is no significant peng
contribution that has aCP-violating phase different from
that of the standard model in this process. With this assum
tion, we can uniquely determine sinfM from the time-
dependent decay rate. Note that the above assumption ca
checked by comparing the sinfM obtained in this process
with that obtained in theB0(B̄0)→DKS process. Also, it can
be tested by looking for theCP-violating rate differences
~the directCP violation! that may be seen inB6→cK6 and
the cos(Dmt) term in the time-dependent rate o
B0(B̄0)→cKS decay depending on the relevant phase shi
Table II summarizes the above arguments on the sev
modes of studyingCP violation.

Now, let us illustrate how measurements ofCP asymme-
tries in these modes atB factories constrain the model
independent parameterM12

new. The inputs for this illustration
in addition to those in Table I are given in Table III. Th
central values of these inputs are calculated by sett
M12

new50 and (r,h)5(0.23,0.29), which is a typical point
allowed in the standard model analysis@9#. The errors in this
table are taken from Ref.@14#.

At an earlier stage of aB factory run, we will observe
only theCP violation in theB0(B̄0)→cKS mode. In Fig.
4~b!, we show the expected constraint onM12

new from this
mode, which gives the constraint on sinfM , and the informa-
tion given in Table I. The expected constraint is not mu
stronger than that in Fig. 4~a!, becausef3 still remains free.
In Fig. 4~c!, we show the expected constraint by adding t

TABLE II. Quantities obtainable from several processes
CP violation search.

B6→DXs
6 sin2f3

B0(B̄0)→DKS sinfM ,sin(fM12f3),sin
2f3

B→pp sin(fM12f3) ~fourfold in general!

B0(B̄0)→cKs sinfM ~assuming no penguin that has
a nonstandard phase!
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information from B6→DXs
6 , i.e., the constraints on

sin2f3. In this case, we have eight solutions forM12
new owing

to the twofold ambiguity in thefM determination from
sinfM and the fourfold ambiguity in thef3 determination
from sin2f3. These solutions are indicated by the dots in Fig
4~c!. The rather larger allowed regions in Fig. 4~c! consist of
those surrounding these eight solutions. Figure 4~d! shows
the expected constraint from all the inputs given in Tables
and III. We have four solutions even in this case. If th
allowed regions obtained with real data do not contain th
origin (M12

new50), we can not only conclude that the stan
dard model is excluded but also determine the new phys
contribution quantitatively. An important observation from
this illustration is that we cannot exclude the possibility of
significantly largeM12

neweven if all the measurements consid
ered here seem to be consistent with the standard model

We have neglected the uncertainties ofA, mt , and
f BABBhB in the above analysis. The allowed regions in Fig
4~a!–4~d! are changed if we vary these values. However, w
expect that these uncertainties will be reduced enough
future experimental and theoretical developments.

In conclusion, we presented a framework of analyzing th
B-B̄ mixing and theCP violations inB decays in a model-
independent manner. We introduced the model-independ
parameterM12

new and showed the constraint on it from the
presently available experimental data. We also illustrate
howM12

newwould be constrained by the future experiments o
CP violation at B factories. We found that there remain
some nontrivial solutions ofM12

new even for the inputs corre-
sponding to the standard model case (M12

new50). This means
that we cannot exclude the possibility of a significant contr
bution to theB-B̄ mixing from new physics even ifCP
asymmetries in all the modes ofB→cKS , B→DXs , and
B→pp seem to be consistent with the standard model.

The authors would like to thank C. S. Lim for usefu
discussions.

of TABLE III. Inputs used for the illustration of the expected con
straints fromCP violation experiments atB factories.

sinfM 0.6660.08
sin2f3 0.6260.25
sin(fM12f3) 0.5760.17
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