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Gold-plated mode reexamined: sin„2b… and B0\JÕCKS in the standard model
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We study the corrections to the determination of sin(2b) from the time dependentCP asymmetry ofB0

→J/CKS which arise in the standard model. Although a precise prediction of these corrections is not possible
we find that they are indeed extremely small, of the order of less than a per mil of the observed value. This
means in turn that any deviation visible at theB factories will be a clear signal for new physics.
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I. INTRODUCTION

The measurement of the mixing-inducedCP asymmetry
in the so-called gold-plated modeB0→J/CKS is becoming a
precision measurement@1#. Currently the relative uncertaint
is at the level of five percent and is going to decrease fur
in the next few years as more data from theB factories are
analyzed.

From the theoretical side the time dependentCP asymme-
try in this channel is related in the standard model to sin(b)
in a very clean way@4#, i.e. it is not plagued by hadroni
uncertainties, at least at the level of current experime
precision. However, the precision of the experimental d
will increase further, making thisCP asymmetry an interest
ing probe for new physics.

Possible new physics effects have been discussed in s
detail in a generic framework in@5# where both the charge
and the neutral modes ofB→J/CK have to be taken into
account. In@5# certain observables have been defined wh
are sensitive to different aspects of new physics.

However, in order to quantitatively pin down a possib
new physics effect and to assess the reach to new phy
the small standard-model contributions have to be under c
trol. Although estimates of these effects have been gi
some time ago@6#, it is worthwhile to reconsider these est
mates motivated by the experimental precision to be
pected soon.

In this paper we shall try to get a quantitative estimate
the time-dependentCP asymmetry in this channel beyon
the simple relations@in the convention used in Eq.~1! below#

CB→J/CKS
50 SB→J/CKS

5sin~2b!.

The corrections to these relations originate from two sourc
The first source is from the corrections to theDB562 part
of the Hamiltonian. In the present paper we compute th
contributions systematically in an effective field theory
subsequently integrating out heavy degrees of freedom d
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to a small hadronic scale. It is worthwhile to note that ma
elements of our calculation are similar to the calculation
the lifetime difference in the system of neutralB mesons
which is performed in an effective field theory framework
@7#.

The second source is the decay amplitude itself which
small contributions carrying a differentCP phase compared
to the leading piece. The latter is much harder to estim
and we shall refer to well known methods.

A full discussion of the standard-model effects would a
require to include the effects fromCP violation in the kaon
system. We shall not discuss these effects in the presen
per, we focus completely on the effects coming from theB
system.

In the next sections we set up the calculation of these
contributions and discuss the methods of calculation. Fin
we summarize our results and conclude.

II. BASIC RELATIONS

CP asymmetries are measured at theB factories by detect-
ing the decay products of the coherentB0B̄0 pair. One of
them is identified as a flavor state using e.g. a leptonic t
ging mode while the decay of the other into aCP eigenstate
is observed. Usually, in the calculation of these rates a p
sibleCP violation stemming from the mixing on the taggin
side or in the tagging decay is neglected which results in
well-known formula for the decayB0→J/CKS

@aCP
B→J/CKS#0~ t !5

CB→J/CKS
cos~Dmt!2SB→J/CKS

sin~Dmt!

cosh~DGt/2!1DB→J/CKS
sinh~DGt/2!

~1!

with

CB→J/CKS
5

12ulu2

11ulu2
, SB→J/CKS

5
2 Im@l#

11ulu2
,

DB→J/CKS
5

2 Re@l#

11ulu2
~2!

and
©2004 The American Physical Society06-1
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l5S q

pD
B

•S p

qD
K

•

A~B̄0→J/CKS!

A~B0→J/CKS!
. ~3!

Herep andq are the parameters characterizing the mixing
theK- andB-system, whileA(B0→J/CKS) is the amplitude
for the decay into theCP eigenstateJ/CKS .

Our aim is to investigate all effects correcting the lead
contribution and therefore we take also into account the
fluence of the mixing in theB system on the tagging ampl
tude assuming that there is noCP violation in the tagging
decay~cf. @2#, the effect of the width difference and theK-K̄
mixing on theCP asymmetry have been already conside
some time ago in@3#!. Defining

ul tagu2[US q

pD
B

•

Ātag

Atag
U2

'US q

pD
B
U2

5:11e, ~4!

the CP asymmetry becomes

aCP
B→J/CKS~ t !5@aCP

B→J/CKS#0~ t !1
e

2
2

e

2
sin2~Dmt!sin2~2b!.

~5!

These relations above are true in general and take
account a possible width difference, a possible directCP
asymmetry as well as the mixing effects on the tagging. T
lifetime differenceDG as well as 12ulu2 and e are small
and the leading term is obtained by neglecting these qua
ties. Furthermore, since the weak phase of the decay am
tude of the leading contribution vanishes in the standard c
vention, S measures the weak phase of theDB52
contribution to the effective Hamiltonian which is—again
leading order—simply 2b.

We make use of the general relation

~CB→J/CKS
!21~SB→J/CKS

!21~DB→J/CKS
!251, ~6!

which allows us to replaceDB→J/CKS
by its leading order

expressionDB→J/CKS
5cos(2b), since it is multiplied by the

small quantityDGt in the expansion. Note that typicall
t is of the order of theB meson lifetimet and we have
DGt!1.

III. CORRECTIONS TO THE MIXING

The phenomenon of mixing betweenB andB̄ is due to the
box diagrams with a doubleW exchange in the full elec
troweak theory. These diagrams have been evaluated s
time ago in the full standard model including the qua
masses of all quarks in the loop@8#. After GIM cancellation,
the leading term is due to the top quark, giving rise to
contribution of the order (mt /MW)2 with the weak phase
2b. Subleading terms are either of the order (mb /MW)2

which again carry the phase 2b and thus will not contribute
to a modification ofS, or of order (mc /MW)2 which carry a
different weak phase and hence will yield a correction toS.

Instead of calculating the box diagrams in the full theo
one may also use an effective theory picture which we w
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do in this paper. The approach is similar to the one used
D-D̄ mixing @9–11#, and also for theDS52 Hamiltonian in
@12#. The advantage is that one may express the contribut
to the mixing phase in terms of matrix elements of cert
local operators, which can be estimated in factorization. F
thermore, one can resum systematically large logarithms
ing the renormalization group.

The first step is the usual one, in which theW boson and
the top quark are integrated out at a common scalem;mt
;MW . The result is the well knownDB52 operator of
dimension six, which is

Heff
DB525

GF
2

4p2
l t

2mt
2C0~xt!Q0

with

Q05~ b̄LgmdL!~ b̄LgmdL! ~7!

where

lq5Vqb* Vqd , xt5mt
2/MW

2

and

C0~xt!5
4211xt1xt

2

4~12xt!
2

2
3xt

2ln xt

2~12xt!
3

~8!

is obtained from the usual Inami-Lim function@13#. Note
that we extracted explicitly a factormt

2 which is reminiscent
of the GIM mechanism.

However, Eq.~7! is not the only contribution toDB52.
Other contributions originate from two insertions ofDB51
operators

TDB5252
i

2E d4xT@Heff
DB51~x!Heff

DB51~0!#, ~9!

where the relevant operators are

Heff
DB515

4GF

A2
@Vcb* Vcd~ b̄LgmcL!~ c̄LgmdL!

1Vcb* Vud~ b̄LgmcL!~ ūLgmdL!1Vub* Vcd~ b̄LgmuL!

3~ c̄LgmdL!1Vub* Vud~ b̄LgmuL!~ ūLgmdL!# ~10!

which yield non-local contributions at the scalem;MW .
Furthermore, the matching at the scaleMW yields—aside

from the above dimension-6 operator appearing in Eq.~7!—
dimension-8 contributions involving two covariant deriv
tives. These have been partially calculated in@14#; however,
we do not need these contributions for our purposes, s
these pieces are again dominated by the top quark and
have the same weak phase as the leading part.

In addition, keeping a non-zero charm mass,
matching calculation yields an operator of the for
mc

2(b̄LgmdL)(b̄LgmdL) which we shall treat as a dimension-
operator as well. The matching of this operator involves
calculation of the box diagrams keeping the charm mass n
zero.
6-2
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Lowering the scale turns the high momentum part of
non-local contributions into local operators. This effect
described by a renormalization-group mixing of the no
local operators into local ones. We define the non-local
erators as

T152
i

2E d4xT@~ b̄LgmcL!~x!~ c̄LgmdL!~x!~ b̄LgncL!~0!

3~ c̄LgndL!~0!# ~11a!

T252
i

2E d4xT@~ b̄LgmcL!~x!~ ūLgmdL!~x!~ b̄LgnuL!~0!

3~ c̄LgndL!~0!# ~11b!

T352
i

2E d4xT@~ b̄LgmuL!~x!~ ūLgmdL!~x!~ b̄LgnuL!~0!

3~ ūLgndL!~0!# ~11c!

and find that these operators mix already at order (as)
0 into

local DB52 operators of dimension 8@30#

Q15h~ b̄LgmdL!~ b̄LgmdL!

Q25]m]n~ b̄LgmdL!~ b̄LgndL! ~12!

Q35mc
2~ b̄LgmdL!~ b̄LgmdL!.

This order (as)
0 mixing happens via the diagrams

.

The anomalous dimension matrix at order (as)
0 is

g5
1

48p2 S 0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

1 2 6 0 0 0

1 2 3 0 0 0

1 2 0 0 0 0

D , ~13!

and the operators are gathered into OW
5(Q1 ,Q2 ,Q3 ,T1 ,T2 ,T3)T.

The initial conditions for the renormalization-group ru
ning are from matching. As discussed above, we do not
plicitly need the matching conditions forQ1 andQ2, so we
get

Ĉ1~MW ,xt!52
l t

2

96p2
C12~xt!,
03600
e

-
-

x-

Ĉ2~MW ,xt!52
l t

2

48p2
C128 ~xt!,

Ĉ3~MW ,xt!5
1

32p2
~2lcl tC3~xt!1lc

2!,

Ĉ4~MW!5lc
2 , Ĉ5~MW!52lclu ,

Ĉ6~MW!5lu
2 , ~14!

where we have used the tree-level matching of theDB51
operators for the non-local terms. The function

C3~xt!5 ln xt2
3xt

4~12xt!
2

3xt
2ln xt

4~12xt!
2

~15!

is derived from the Inami-Lim function;C12 and C128 are
functions ofxt which could be obtained from the matching
the dim-8 operators with two derivatives. We do not gi
these functions here, since they are not needed in the foll
ing.

The next step is to perform the renormalization-gro
running using the renormalization-group functions at ord
(as)

0

S m
]

]m
2gTDCW ~m!50 ~16!

where CW 5(Ĉ1 ,Ĉ2 ,Ĉ3 ,Ĉ4 ,Ĉ5 ,Ĉ6) are the coefficients of
the operators.

Running down to the scale of theb quark mass we switch
at m;mb again to another effective field theory in which th
b quark becomes static. At this scale one has to replace
derivatives acting on theb quark field by@15#

i ]mb→~mbvm1 i ]m!hv ~17!

wherehv is the staticb quark field moving with velocityv.
Keeping only the leading term in the 1/mb expansion we
have to match onto the operators

P05~ h̄v,L
(1)gmdL!~ h̄v,L

(2)gmdL!

P15mb
2~ h̄v,L

(1)gmdL!~ h̄v,L
(2)gmdL!

P25mb
2~ h̄v,R

(1)dL!~ h̄v,R
(2)dL! ~18!

P35mc
2~ h̄v,L

(1)gmdL!~ h̄v,L
(2)gmdL!,

wherehv,L
(1/2) denotes the static quark/antiquark field, whi

have become completely different fields in the static limit
Performing the matching and the renormalization-gro

running we may evolve down to scales around the cha
quark mass. At such a low scale all contributions beco
local, once the up-quark mass is neglected. In fact the di
operators of the generic structure
6-3
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~ h̄v,R
(1)DdL!~ h̄v,R

(2)DdL!,

with D being a derivative inserted in any possible way, w
yield contributions proportional toLQCD

2 . Compared to the
pieces considered here, these are suppressed by a f
LQCD

2 /mc
2 and thus may be neglected.

Inserting back all the CKM factors, we make use of CK
unitarity, i.e. the fact thatlu1lc1l t50. This separates th
running from CKM factors, which means that each we
phase is multiplied by a renormalization-group invaria
Thus theDB52 contributions at the scalem;mc can be
expressed in terms of the local effective Hamiltonian

H eff
DB525

GF
2

4p2 H l t
2mt

2C0~xt!P01
l t

2

3 FC12~xt!

2 lnS mc
2

MW
2 D GP12

2l t
2

3 FC128 ~xt!2 lnS mc
2

MW
2 D GP2

1S 2lcl tFC3~xt!2 lnS mc
2

MW
2 D G1lc

2D P3J . ~19!

The first term in this expression is the well known leadi
term, while two of the subleading terms are proportional
mb

2 and carry the same weak phase as the leading term
these contributions we have the two unknown match
functionsC12 andC128 ; however, the running gives the larg
logarithm which in this framework is assumed to domina
Furthermore, the renormalization group reproduces the w
known result for the term proportional tomc

2 , which will
modify the mixing phase. Note that this effective Ham
tonian is given in terms of local operatorsPi . We shall es-
timate the matrix elements of this effective Hamiltonian u
ing naive factorization at the scalem;mc .

From this effective Hamiltonian we can obtain the corre
tion to the mixing phase. Numerically we find

D ImF M12

uM12u
G5

1

C0~xt!

mc
2

mt
2

uVcduuVcbu
uVtduuVtbu F uVcduuVcbu

uVtduuVtbu

3sin~2b!cos~2b!12S C3~xt!2 lnS mc
2

MW
2 D D

3~sinb2sin~2b!cosb!G
52~4.4862.55!31024. ~20!

At the tree level, the next order in the 1/mb expansion
consists of operators of dimension-9, which are six-qu
03600
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operators~cf. e.g. @10#!. They originate from diagrams like
(c[u,c)

.

The contributions from these operators can be brought
the form

^B0uO6 quarksuB̄0&;^B0u~ h̄vd!~ h̄vd!~ ūu!uB̄0&

3Fl t
22lcl tS mc

2

mb
2

1j D 1OS mc
4

mb
4D G ,

~21!

wherej is defined as

^B0u~ h̄vd!~ h̄vd!~ ūu!uB̄0&

^B0u~ h̄vd!~ h̄vd!~ c̄c!uB̄0&
511j. ~22!

The GIM mechanism as well as the OPE guarantee thatj is
of the same order as themc

2/mb
2 terms. Altogether, the dim-9

operators are suppressed with respect to the dim-6 oper
by a factor ofLQCD

2 /mb
2 , as could have been guessed fro

the OPE. Hence they are a negligible contribution, at mos
the absolute order of 1026.

Another class of corrections are theO(as) QCD correc-
tions which are known for most of the processes at the tw
loop level@16#. For the box diagrams they have been alrea
calculated some time ago~see the references in@16#!. How-
ever, one may use the effective field theory to resum la
logarithms of the formasln(MW/m), wherem is a hadronic
scale. Since there are large logarithms already at order (as)

0

the situation is similar to the one in the transitions→d,,,
which has been discussed in@17#.

The result given in Eq.~19! does not resum the logarithm
of the formasln(MW/m). For the case of theDS52 effective
Hamiltonian, the next-to-leading result has been given
@12#, however, in our case the situation is slightly differe
due to the fact that the mass of the bottom quark sets a l
scale and thus a matching to an effective theory with a st
b quark at the scalem;mb is possible, which is still pertur-
bative. The running below the scalemb down to the scalemc

resumes logarithms of the form lnmb
2/mc

2 ; however, these
logarithms are not large and hence the resummation is
really needed. In principle one could run perturbatively ev
below the charm mass, yielding a result like Eq.~19! in
terms of local operators, but the running belowmb is a very
small effect which we shall neglect in the following.
6-4
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Working at one loop requires to include the one-loop c
rection to theDB51 effective Hamiltonian as well as th
mixing among the localDB52 operators of dimension 8
However, since we are only interested in the contributio
that modify the relation between sin(2b) and SB→J/CKs

we
shall simplify the discussion by neglecting the mixing amo
the DB52 operators of dimension 8, since only the sing
dim-8 operator proportional tomc

2 will contribute to this ef-
fect.

The running of theDB51 effective Hamiltonian forces
us to introduce operatorsTi with different color combina-
tions. It is well known that for theDB51 operators the
renormalization-group evolution is diagonalized by the co
binations@18#

@~ b̄LgmqL!~ q̄L8gmdL!#65
1

2
@~ b̄i ,Lgmqi ,L!~ q̄ j ,L8 gmdj ,L!

6~ b̄i ,Lgmqj ,L!~ q̄ j ,L8 gmdi ,L!#.

~23!

Thus it is convenient to introduce the non-local operators
the form
03600
-

s

-

n

Tqq8
ss852

i

2E d4xT$@~ b̄LgmqL!~x!~ q̄L8gmdL!~x!#s

3@~ b̄LgnqL8 !~0!~ q̄LgndL!~0!#s8%, ~24!

where s and s8 may take the values1,2. Ignoring the
mixing among the local dim-8 operators we choose as
basis

OW 5~Q3 ,Tcc
11 ,Tcc

12 ,Tcc
22 ,Tcu

11 ,Tcu
12 ,

Tcu
22 ,Tuu

11 ,Tuu
12 ,Tuu

22)T.

For the case at hand the relevant contribution is the m
ing of the operators from the time-ordered products into
local operatorQ3, for which we also keep the mixing with
itself. The anomalous dimension matrix, including tree le
and this restricted set ofas corrections, becomes
~25!
6-5
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In terms of the ‘‘diagonalized’’ coefficients

C115C221C111C121C21

C225C221C112C122C21

C125C222C111C122C21

C215C222C112C121C21 ~26!

the matching conditions~i.e. the starting points for the
renormalization-group evolution! are

Ccc
11~MW

2 !5lc
2 , Ccc

12~MW
2 !52lc

2 , Ccc
22~MW

2 !5lc
2 ,

Ccu
11~MW

2 !52lclu , Ccu
12~MW

2 !54lclu ,

Ccu
22~MW

2 !52lclu ,

Cuu
11~MW

2 !5lu
2 , Cuu

12~MW
2 !52lu

2 , Cuu
22~MW

2 !5lu
2 ,

~27!

where we combined12 and21.
The solution of the renormalization-group equation~at

one loop! for the Wilson coefficients of theDB51 oper-
ators is well known @gss85g̃ss8as(m)/p,g̃11,12,22

52,21,24] and yields

Cqq8
ss8~m!5Cqq8

ss8~MW!•S as~m!

as~MW! D
22g̃ss8/b0

, ~28!
03600
whereb051122Nf /3 is as usual the coefficient of the on
loop QCD beta function. Due to the special structure of
anomalous dimension matrix, we obtain the renormalizati
group equation for the coefficientC3 of the operatorQ3

m
d

dm
C3~m!52

as~m!

p
C3~m!

2
lcl t

16p2 (
j511,12,22

GjS as~m!

as~MW! D
22g̃j/b0

,

~29!

whereG11,12,2253,22,1 originates from the first column
of Eq. ~25!. Note that there is a factor two for12 due to the
equal contribution from12 and21. Furthermore, the fla-
vor dependence of the time-ordered products’ mixing into
quasi-local operators appeared within the structurelc

2

1 1
2 •2lulc52lcl t . The factor of two here stems from th

fact that theuc and cu flavor combinations give the sam
contribution.

The equation forC3 can be solved by standard method
the solution of the homogeneous differential equation is

C3
(0)~m!5c•S as~m!

as~MW! D
22g̃3 /b0

. ~30!

By settingC3(m)5c(m)C3
(0)(m) we get the solution
of
C3~m!5S as~m!

as~MW! D
22g̃3 /b0

•H Ĉ3~MW ,xt!1
lcl t

8pb0
(

j
GjS 2~ g̃32g̃j!

b0
21D 21

•F 1

as~m! S as~m!

as~MW! D
2[(g̃32g̃j)/b0]

2
1

as~MW!
G J . ~31!

We shall consider only the evolution fromMW down tomb , since atmb we would need to consider again a different set
operators, including static quarks for theb and later also for thec and their renormalization@19#. While this can be done in
principle, the corresponding logarithmsasln(mb /mc) andasln(mc /m) are smaller than the ones from the running fromMW to
mb and we shall include here only the leading term.

We obtain for the QCD corrections atm;mb the explicit formula

D ImF M12

uM12u
G5

1

C0~xt!

mc
2

mt
2

uVcduuVcbu
uVtduuVtbu S as~m!

as~MW! D
22g̃3 /b0H uVcduuVcbu

uVtduuVtbu
sin~2b!cos~2b!12S C3~xt!

1
2p

b0
(

j
GjS 2~ g̃32g̃j!

b0
21D 21

•F 1

as~m! S as~m!

as~MW! D
2[(g̃32g̃j)/b0]

2
1

as~MW!
G D •~sinb2sin~2b!cosb!J ,

~32!
6-6
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which turns into the simple case@cf. Eq. ~20!# as as(MW)
→0. Numerically, one obtains atm5mb

D ImF M12

uM12u
G

QCD

522.0831024, ~33!

which has to be compared to

D ImF M12

uM12u
G523.0031024 ~34!

without QCD corrections. This indicates that QCD can
duce the absolute value of the correction to sin(2b) coming
from mixing by about 30%. Although we have not include
the mixing among the dim-8 operators, we still take this
the size of the QCD corrections to be expected. We concl
that these contributions are safely below the percent lev
st
nt

y,
g
n

d

03600
-

s
e

IV. CORRECTIONS TO THE DECAY

The operators contributing to the decayB0 to J/CKS are
all of the flavor structure (b̄q)(q̄s) where at leading orde
we have from the current-current operatorsq5c,u. From
these two operatorsq5c is Cabibbo-favored overq5u.
Furthermore, also the penguin contributions are domina
by the charm quark, such that all contributions to the de
carry the same weak phase and hence one expects a
small directCP asymmetry@4#. Note that the top quark con
tribution has been integrated out already at the weak scale
both the QCD and the electroweak penguin contributions

However, looking for small deviations we have to stu
the small terms carrying different weak phases which is
(b̄u)(ūs) contribution. Aside from the QCD penguin contr
butions also electroweak penguin contributions become
portant once small corrections are studied@20#. We identify
the corresponding matrix elements of the two differe
contributions—tree and penguin—to the effective Ham
tonian in the numerator and denominator of the ratio of a
plitudes
A~B̄0→J/CKS!

A~B0→J/CKS!
5

^J/CKSuTeff~b→cc̄s!uB̄0&1^J/CKSuTeff~b→uūs!uB̄0&uju /jcue2 ig

^J/CKSuTeff~b→cc̄s!uB0&1^J/CKSuTeff~b→uūs!uB0&uju /jcue1 ig
, ~35!
al
p
ale

nic
y use

uin
on-
whereTeff(b→qq̄s) is the sum over the operators~multiplied
by their Wilson coefficients! with the quark content (b
→qq̄s). It is convenient to define the ratio

rª
^J/CKSuTeff~b→uūs!uB̄0&

^J/CKSuTeff~b→cc̄s!uB̄0&
Uju

jc
U,

Uju

jc
U5 uVubuuVusu

uVcbuuVcsu
50.020360.0066 ~36!

as an expansion parameter. In this way we get

hJ/CKS
•

A~B̄0→J/CKS!

A~B0→J/CKS!
5

11re2 ig

11re1 ig
'122 ir sing,

~37!

wherehJ/CKS
521 is theCP eigenvalue.

The main obstacle to obtain a reliable quantitative e
mate is the evaluation of these hadronic matrix eleme
Some time ago the so-called BSS mechanism@21# has been
suggested, where theūu-loops are evaluated perturbativel
assuming a sufficiently large momentum transfer throu
this loop. In fact, this approach has been supported rece
by QCD factorization@22#, indicating that the loop is indee
i-
s.

h
tly

perturbative.

.

The evaluation of the loop requires to insert a typic
momentum transferk2 passing through the up-quark loo
@21#; furthermore, the loop also depends on the typical sc
m of the problem, which will be the mass of theb quark.
Since the loop involves only scales well above the hadro
scale, one obtains again local operators and thus one ma
as an estimate

H eff
Peng.~b→cc̄s!

52
GF

A2
H a

3p
~ s̄b!V2A~ c̄c!V•F11OS MC

2

MZ
2 D G

1
as

3p
~ s̄Tab!V2A~ c̄Tac!VJ •F5

3
2 lnS k2

m2D 1 ipG ,

~38!

where the first term originates from the electroweak peng
contribution and the second one from the QCD penguin c
tribution.
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The remaining problem is to estimate the color-sing
and the color-octet matrix element. We shall take a simp
minded approach and estimate the sizes of these matrix
ments from the total rate of the decayB0→J/CKS . From
the measuredB0 lifetime, t5(1.53760.015) ps@23#, and
the branching ratio BR(B0→J/CKS)5(4.2560.25)31024

@23# one can calculate the matrix element for t
c̄c-contribution by taking the square root

u^J/CKSu~ s̄b!~ c̄c!uB̄0&uexp.5~8.3660.66!3108 MeV3.
~39!

The matrix element with the charm pair being in the oc
is estimated by splitting the effective Hamiltonian in sing
and octet contributions. In naive factorization only the s
glet piece survives which, however, yields a rate roughl
factor three to four too low compared to experiment. T
difference comes from nonfactorizable contributions wh
we shall ascribe completely to the octet term. To obtain
estimate of this matrix element from the measured total
we also need the relative phase of the two contributio
which we take from QCD light-cone sum rule estimates
@24# ~see also@25#!. The relative phase turns out to be sm
and so we may simply add the two parts.

For the singlet matrix element calculated by means
factorization we get

u^J/CKSu~ s̄b!~ c̄c!uB̄0&u fact.5~3.9660.36!3109 MeV3.
~40!

Inserting for the Wilson coefficients the values@31#

C(1)5C11
1

Nc
C250.1060.03, C(8)52C252.2460.04,

~41!

we get as an estimate for the octet matrix element

u^J/CKSu~ s̄Tab!~ c̄Tac!uB̄0&u5~1.9760.64!3108 MeV3.
~42!

Taking the scale to bemb and momentum transfer asmJ/C
gives ~the two contributions are the electroweak and
QCD penguins, respectively!

r 5@2~0.1611.27!60.66#31024
•F5

3
2 lnS k2

m2D 1 ipG
⇒Re@r #5~23.6261.55!31024,

Im@r #5~24.4861.92!31024. ~43!

We have to point out that the estimates of these ma
elements are extremely difficult and hence quite uncert
the electroweak penguin contributions have been estim
in a recent paper with a similar approach@26#.
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V. EFFECTS ON THE CP ASYMMETRY

Now we are ready to collect all elements for theCP vio-
lation terms within the asymmetry. The quantityulu2 is close
to unity, the deviation being a small quantity of the sam
order asr. Thus we writeulu25:11d and get

CB→J/CKS
'2

d

2
. ~44!

Thereind is given by

d5DA1e54 Im@r #sing2ImF G12

M12
G , ~45!

whereDA is the deviation of theuĀ/Au2 from 1 ande has
been defined in Eq.~4!.

For the ratio between the off-diagonal width and ma
matrix elements one can take e.g. the calculation in@27# ~this
quantity has also been calculated at NLO@29#! @32#:

e52ImF G12

M12
G52

4p

C0~xt!

mc
2

mt
2

ImFVcbVcd*

VtbVtd*
G

'1~5.1862.96!31024, ~46!

from which we obtain a numerical value ford

d52~1.0260.75!31023. ~47!

Including all small corrections, the time-dependentCP
asymmetry inB0→J/CKS has to be fitted to

aCP~ t !52@sin~2b!1DSB→J/CKS
#•sin~Dmt!2

d

2
cos~Dmt!

1
e

2
2

e

2
sin2~Dmt!sin2~2b!

1sin~4b!
DGt

4
sin~Dmt!. ~48!

Besides the correction to the leading sin(2b) term and the
cosine term there is now a small constant contribution to
CP asymmetry as well as terms proportional to sin2(Dmt) and
t sin(Dmt).

The correction to the mixing-inducedCP violation is
~note that the term containing the imaginary part ofr cancels
in the expression for the correction!

DSB→J/CKS
52 Im@r #sing sin~2b!2D ImF M12

uM12u
G

12 sing ReF r
M12*

uM12u
G

52 sing Re@r #cos~2b!2D ImF M12

uM12u
G .

~49!
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With the most recent value of sin(2b)50.73660.049@1#,
the corrections inDSB→J/CKS

have the size of

D ImF M12

uM12u
G52~2.0861.23!31024 ~50a!

2 sing Re@r #cos~2b!52~4.2461.94!31024 ~50b!

and sum up to

DSB→J/CKS
52~2.1662.23!31024, ~51!

which is a correction of roughly a third of a per mil wit
respect to the measured value for sin(2b), but due to the
large uncertainty could also be much smaller.

From the mass difference as measured quantity and
approximate calculation for

DG'2
3p

2C0~xt!

mb
2

mt
2 F12

8

3

mc
2

mb
2

uVcbuuVcdu
uVtbuuVtdu

cosbGDMB ,

~52!

one can determine the term leading to a linear dependenc
t in Eq. ~48!

DG'2~1.77360.249!310212 MeV

'2~2.69460.378!31023 ps21. ~53!

Hence, this term has a typical size of the order of

sin~4b!
DGtB0

4
'2~1.0360.15!31023, ~54!

again a very small contribution, which, in addition, will no
show up at small times since its time dependence
(t/tB0)sin(Dmt).

VI. DISCUSSION

We have reinvestigated the well known fact that t
mixing-inducedCP asymmetry ofB0→J/CKS provides us
with a very clean measurement of sin(2b). Already in the
n

D

03600
he

on

is

original paper@4# it was argued that in the standard mod
the contamination from ‘‘wrong’’ weak phases is tiny in th
decay, but in the meantime the measurements becam
precise that we considered it worthwhile to attempt again
quantitatively analyze these small standard-model contr
tions. In particular, we have used an effective field theo
ansatz for the analysis ofDB52, which has not been em
ployed before to this process.

Our motivation was twofold. First of all, it has been a
gued that theCP asymmetry could give a hint to new phys
ics, which has been analyzed generically in@5#. It turns out
that the general picture conjectured in@5# is supported by the
present analysis. Secondly, theB factories are doing very
well and produce a large amount of data. Already now
measurement of theCP asymmetry in the gold-plated mod
is a precision measurement with uncertainties at the leve
less than ten percent. In the near future this measurem
will improve further.

We have shown that the corrections to be expected in
standard model can partially be calculated systematica
namely the part originating from corrections to the mixin
Unfortunately, the second contribution, which is the o
from the decay matrix element, is much harder to access
we still cannot obtain a reliable estimate for the correctio
to theCP asymmetry of the gold-plated mode. This situati
could be improved once data on the decayBs→J/CKS be-
comes available, since some of the uncertainties could
eliminated using these data@28#. However, currently one ha
to use the methods that have been proposed by differen
thors and one can infer that the corrections will be ve
small, in the range of a few per mil. At least we can conclu
from our analysis that there is still room for new physics
this observable, since a deviation from the standard-mo
prediction at the level of percents~which is not yet the ex-
perimental accuracy! would indicate the presence of ne
physics.
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B. Melić, U. Nierste and T. Selz for valuable discussions
te,

@1# T.E. Browder, Proceedings of International Symposium o

Lepton and Photon Interactions at High Energies~LP 03!,
Batavia, Illinois, 2003@Int. J. Mod. Phys. A19, 965 ~2004!#.

@2# O. Long, M. Baak, R.N. Cahn, and D. Kirkby, Phys. Rev.
68, 034010~2003!.

@3# Y. Grossman, A.L. Kagan, and Z. Ligeti, Phys. Lett. B538,
327 ~2002!.

@4# I.I.Y. Bigi and A.I. Sanda, Nucl. Phys.B193, 85 ~1981!.
@5# R. Fleischer and Th. Mannel, Phys. Lett. B506, 311

~2001!.
@6# J.S. Hagelin, Nucl. Phys.B193, 123 ~1981!.
@7# M. Beneke, G. Buchalla, C. Greub, A. Lenz, and U. Niers

Phys. Lett. B459, 631 ~1999!.
@8# A.J. Buras, W. Slominski, and H. Steger, Nucl. Phys.B245,

369 ~1984!; B238, 529 ~1984!.
@9# I.I.Y. Bigi and A.I. Sanda, Phys. Lett. B171, 320 ~1986!.

@10# H. Georgi, Phys. Lett. B297, 353 ~1992!.
@11# Th. Ohl, G. Ricciardi, and E.H. Simmons, Nucl. Phys.B403,

605 ~1993!.
@12# S. Herrlich and U. Nierste, Nucl. Phys.B476, 27 ~1996!.
6-9



nd

od

l.

da

ab,

tt.

eir
rge

he
at

BOOS, REUTER, AND MANNEL PHYSICAL REVIEW D70, 036006 ~2004!
@13# T. Inami and C.S. Lim, Prog. Theor. Phys.65, 297 ~1981!; 65,
1772~E! ~1981!.

@14# J. Urban, F. Krauss, and G. Soff, J. Phys. G23, L25 ~1997!.
@15# A textbook presentation can be found in A.V. Manohar a

M.B. Wise, Heavy Quark Physics, ~Cambridge University
Press, New York, 2002!.

@16# G. Buchalla, A.J. Buras, and M. Lautenbacher, Rev. M
Phys.68, 1125~1996!.

@17# F.J. Gilman and M.B. Wise, Phys. Rev. D21, 3150~1980!.
@18# F.J. Gilman and M.B. Wise, Phys. Rev. D20, 2392~1979!.
@19# B. Grinstein, W. Kilian, T. Mannel, and M.B. Wise, Nuc

Phys.B363, 19 ~1991!.
@20# R. Fleischer, Int. J. Mod. Phys. A12, 2459~1997!.
@21# M. Bander, D. Silverman, and A. Soni, Phys. Rev. Lett.44, 7

~1980!; 44, 962~E! ~1980!.
@22# M. Beneke, G. Buchalla, M. Neubert, and C.T. Sachraj

Phys. Rev. Lett.83, 1914 ~1999!; Nucl. Phys. B591, 313
~2000!.

@23# K. Hagiwaraet al., Phys. Rev. D66, 010001~2002!.
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