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Simulation studies onCP and CPT violation in BB̄ mixing
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A simulation study is carried out for evaluating the experimental sensitivities of the BELLE detector at

KEK’s B factory onCP and CPT violating effects inB0B̄0 mixing. CP violating effects are examined in
terms of the charge asymmetries of same-sign dilepton events and single lepton events. TheCPT violating
effect is examined in terms of the time evolution of the opposite-sign dilepton events. As a by-product, it is

shown that a precise extraction of theB0B̄0 mixing parameterxd and theB lifetime tB is possible from the
proper time distribution of the same-sign dilepton events.@S0556-2821~98!02915-4#

PACS number~s!: 11.30.Er, 12.15.Hh, 13.20.He
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I. INTRODUCTION

With the commissioning ofB factories, studies ofCP
violation will be extended to a system outside the neu
kaon system for the first time since its 1964 discovery@1#.
The potential ofB factories is not limited to an investigatio
of the origin of CP violation. A variety of new measure
ments, especially in theCP-violating decay modes, can pro
vide alternative ways for exploring new physics. Precis

measurements of the time evolution of theB0B̄0 system that
will become possible in the new facilities provide a ne
place for testingCPT invariance in a system whereCP is
violated, also for the first time, outside the neutral kaon s
tem.

The CP violation which was observed inKL→pp de-
cays and the charge asymmetry inKL→p ln can be consis-
tently explained by introducing aCP-violating part in the
state mixing. While the standard model calculation leads

magnitude difference betweenK0→K̄0 and K̄0→K0 ampli-
tudes that are consistent with the observed effects@2#, the
equivalent effect in theB system, namely, a difference be

tweenB0→B̄0 andB̄0→B0 which can show up in the charg
asymmetry of same-sign dilepton final states in theY(4S)
decays, has been generally thought to be too small to
serve. Standard model calculations give the size of
asymmetry on the order of 1023 @3–5#. With the start of a
new B factory, however, we expect a significant improv
ment in this type of measurement. Moreover, it was poin
out by several authors@5–7# that the asymmetry might be
come as large as 1022. Among the possible reasons whic
can cause a larger asymmetry, an interesting possibilit
that an effect of new physics is already present in the

servedB0B̄0 mixing, in addition to the standard model co
tribution, and the new physics part has a different phase f
the standard model part@5,7#. If this is the case, it is possibl
that we observe a phase ofM12 which is quite different from
what we expect from the standard model even though
observed magnitude can be consistent with the stan
model expectation. It is worthwhile to carefully examine t
0556-2821/98/58~3!/036003~21!/$15.00 58 0360
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sensitivity for the charge asymmetry of same-sign dilepto
in future measurements. Besides dileptons, theCP violation
effect can also appear in the charge asymmetry of sin
leptons@3,8# whose measurement would further enhance
sensitivity for detecting theCP violation effect@9#.

In searching for an effect ofCPT violation, it is natural to
look for such effects in a system whereCP is violated@11#.
Up to now, such tests have come only from high precis
experiments in the neutral kaon system@12#. If CP is vio-

lated in theB0B̄0 system, it can provide another way o
testing CPT invariance using quite different experiment
techniques@11,13#. A possible difference of the time evolu

tion betweenB0 andB̄0 as a consequence ofCPT violation
can be directly detected in the time-dependent charge as
metry of opposite-sign dilepton events.

TheB factory that is expected to begin operation at KE
~KEKB! @14# in early 1999 is an asymmetric energye1e2

collider. The energy of electron beam and positron beam
set at 8 and 3.5 GeV, respectively. The center-of-mass
ergy in the collision corresponds to an energy just enoug
generateY(4S) nearly at rest in the center-of-mass frame.
the detector frame,Y(4S) moves with a speed ofgb
50.42, and this boost in subsequent decays causes the d
vertices of twoB’s separated typically by 200mm along the
beam direction. From the distance measurements betw
the two vertices, the proper time of the decay processes
be calculated.Y(4S) is produced from a photon that has th
charge conjugation quantum numberC521. The decay of

Y(4S) into BB̄ is a strong interaction process, and therefo
C is conserved. This constraint forces the wave function

B0B̄0 pair to evolve in such a way that at any given time o
is a charge-conjugate state of the other. This relation ma

the measurement of time evolution in theB0B̄0 decays pos-
sible in spite of the fact that typical separation along thez
direction between twoB decay points (;200 mm) is much
smaller than the size of interaction region at the beam cro
ing ~0.6 cm!. This relation also provides an unique meth
for flavor tagging. When decay vertices ofB1 and B2 are
© 1998 The American Physical Society03-1
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detected at timet1 andt2, respectively, we can determine th
flavor of B2 at t1 by knowing the flavor ofB1. TheB2 must
have been a charge-conjugate state ofB1 at t1. We can know
the time evolution ofB2 for the time duration oft22t1. The
BELLE detector@15# has been designed to provide a go
enough position resolution to allow this time evolution.
similar facility at SLAC~BaBar detector and thee1e2 stor-
age ring PEP-II! @16# is also expected to begin operation
early 1999. The analysis described in this article can also
performed using this facility.

In Sec. II we present a general formulation for obtaini

the joint decay rate ofB0B̄0 pair produced atY(4S) reso-
nance without assumingCPT invariance. Based on this for
mulation, we derive expressions for the cases where the
state contains two leptons or single lepton. We then ob
expressions for the charge asymmetries for same-sign d
ton events, single lepton events, and opposite-sign dilep
events. Time dependences for these charge asymmetrie
also derived.

Section III describes the method for simulating theY(4S)
decays and the analysis procedure for obtaining the ch
asymmetries and the proper-time distribution. We pres

sensitivities forCP- andCPT-violating effects in theB0B̄0

mixing based on the 100 fb21 data, although actual simula
tions were done for 106 Y(4S) decays corresponding to 0.8
fb21. The 100 fb21 data corresponds to an accumulati
during one year running when the accelerator reaches its
design luminosity. In the last section, we compare the
pected results from the BELLE experiment with existing
sults and future prospects from other places.

II. FORMALISM

A. Mixing mass matrix and mass eigenstates

The mixing of neutralB mesons,B0 and B̄0 is governed
by the 232 mixing mass matrix:

M2
i

2
G5S M112

i

2
G11 M122

i

2
G12

M12* 2
i

2
G12* M222

i

2
G22

D . ~1!

Here,M amdG are Hermitian matrix and these matrix el
ments are given with HamiltonianH as

S M2
i

2
G D

i j

5^Bi
0uHuBj

0& ~B1
05B0,B2

05B̄0!. ~2!

The above mass matrix can be equivalently parametrize
the form @17#
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M2
i

2
G5S 2 iD 1E cosu E sin ue2 if

E sin ueif 2 iD 2E cosu D , ~3!

whereD, E, u, andf are complex parameters and express
by Mi j andG i j as

eif5AM12* 2~ i /2!G12*

M122~ i /2!G12
, ~4!

cot u5

1
2 ~M112M22!2~ i /4!~G112G22!

A@M122~ i /2!G12#@M12* 2~ i /2!G12* #
.

~5!

TheCPT invariance requires diagonal matrix elements to
equal and theCP invariance further requires the absolu
values of off-diagonal matrix elements to be equal, i.e.,

CPT invariance: M115M22 and G115G22,

thus cotu50; ~6!

CP invariance:UM122
i

2
G12U5UM12* 2

i

2
G21* U,

thus Im~f!50. ~7!

Diagonalizing the mass matrix, the mass eigenstatesuBH&
and uBL& are given as

uBH&5puB0&1quB̄0&,

uBL&5p8uB0&2q8uB̄0&, ~8!

where the normalizations are

upu21uqu251, up8u21uq8u251.

(p,q) and (p8,q8) are related to the mass matrix elements

q

p
5tan

u

2
eif,

q8

p8
5cot

u

2
eif. ~9!

The masses of above eigenstates are given as

mH/L5mH/L2
i

2
GH/L52 iD 6E, ~10!

m5
1

2
~mH1mL!5m2

i

2
G52 iD

5
1

2
~M111M22!2

i

4
~G111G22!, ~11!
Dm5mH2mL5Dm2
i

2
DG52E52AS M122

i

2
G12D S M12* 2

i

2
G12* D1

1

4FM112M222
i

2
~G112G22!G2

. ~12!
3-2
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If CPT invariance holds, thenq/p5q8/p8. The above
formulas reduce to familiar forms:

q

p
5

q8

p8
5eif5AM12* 2~ i /2!G12*

M122~ i /2!G12

, ~13!

Dm52AS M122
i

2
G12D S M12* 2

i

2
G12* D .

~14!

Note that the following parametrization is usually used
the K-meson system:

p511e1 , q512e1 , p8511e2 , q8512e2 , ~15!

e5~e11e2!/2, d5~e12e2!/2. ~16!

From Eq.~9!, whenueu!1 andudu!1, Eq.~16! corresponds
to

e>2
i

2
f, d>

1

2
cosu. ~17!

Since e and d depend on the phase conventions and
suitable for sizableueu case which is expected in th
B-meson system, we do not use these parameters in the
lowing.

Using the time evolution of mass eigenstatesuBL& and
uBH&

uBL~ t !&5e2~ imL1GL/2!tuBL~0!&,

uBH~ t !&5e2~ imH1GH/2!tuBH~0!&, ~18!

the time evolution of initially pureuB0(t50)&[uB0& and

uB̄0(t50)&[uB̄0& states are expressed as

uB0~ t !&5H f 1~ t !1
c

d
f 2~ t !J uB0&12cqq8 f 2~ t !uB̄0&

5$ f 1~ t !1cosu f 2~ t !%uB0&1sin ueif f 2~ t !uB̄0&,

~19!
03600
t

ol-

uB̄0~ t !&5H f 1~ t !2
c

d
f 2~ t !J uB̄0&12cpp8 f 2~ t !uB0&

5$ f 1~ t !2cosu f 2~ t !%uB̄0&1sin ue2 if f 2~ t !uB0&,

~20!

where

f 1~ t !5e2~ im1g/2!t cos~Dmt/2!,

f 2~ t !5 ie2~ im1g/2!t sin~Dmt/2!, ~21!

c5
1

pq81qp8
, d5

1

pq82qp8
.

~22!

B. Joint decay rate ofB0B̄0 pair

The B mesons are always produced in pairs inY(4S)
decays. The originalY(4S) state has quantum numberJPC

5122. This quantum number is inherited by theBB̄ pair

since the decay ofY(4S) to BB̄ is a strong interaction pro
cess, in which both parity and charge conjugation are c
served. This constraint requires that the wave function of
B-meson pair when created is given by

uC~ t50!&5
1

A2
@ uB0&uB̄0&2uB̄0&uB0&]. ~23!

An expression which governs subsequent time evolution
the pair can be given by substituting Eqs.~19! and~20! into
this equation. It can be shown that at any given time the fo
of Eq. ~23! is preserved. This is to say that one is a char
conjugate state of the other at any given time. Let us c
sider one of the two neutralB mesons decay to a final sta
f a at timet1 and the other tof b at timet2. f a and f b may be
hadronic or semileptonic states.

The amplitude of this joint decay is written as

^ f af buC~ t1 ,t2!&5
1

A2
@^ f auB0~ t1!&^ f buB̄0~ t2!&

2^ f auB̄0~ t1!&^ f buB0~ t2!&#. ~24!

Substituting the expressions for time evolution forB0(t) and

B̄0(t) from Eqs.~19! and ~20! in Eq. ~24!, and denoting

^ f i uB0&5Ai and ^ f i uB̄0&5Āi

the joint amplitude takes the form
3-3
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^ f af buC~ t1 ,t2!&5
1

A2
F H f 1~ t1! f 1~ t2!2

c2

d2
@ f 2~ t1! f 1~ t2!#24c2pp8qq8 f 2~ t1! f 2~ t2!J ~AaĀb2ĀaAb!

12c$ f 1@ t1f 2~ t2!2 f 2~ t1! f 1~ t2#%~pp8AaAb2qq8ĀaĀb!2
c

d
$ f 1~ t1! f 2~ t2!2 f 2~ t1! f 1~ t2!%

3~AaĀb1ĀaAb!G
5

1

A2
@$ f 1~ t1! f 1~ t2!2cos2 u@ f 2~ t1! f 1~ t2!#2sin2 u f 2~ t1! f 2~ t2!%~AaĀb2ĀaAb!

1sin u$ f 1@ t1f 2~ t2!2 f 2~ t1! f 1~ t2#%~e2 ifAaAb2eifĀaAb̄!2cosu$ f 1~ t1! f 2~ t2!2 f 2~ t1! f 1~ t2!%

3~AaĀb1ĀaAb!#. ~25!

The joint decay rate is then given as

G@C~ t1 ,t2!→ f af b#5u^ f af buC~ t1 ,t2!&u2. ~26!

Substituting Eq.~25!, we obtain

G@c~ t1 ,t2!→ f af b#

5
1

2
e2g~ t11t2!F ucos@Dm~ t12t2!/2#u2uAaĀb2ĀaAbu214uc sin@Dm~ t12t2!/2#u2upp8AaAb2qq8ĀaĀbu2

1Ucdsin@Dm~ t12t2!/2#U2

uAaĀb1ĀaAbu214 Im$c sin@Dm~ t12t2!/2#cos@Dm* ~ t12t2!/2#

3~pp8AaAb2qq8ĀaĀb!~AaĀb2ĀaAb!* %22 ImH c

d
sin@Dm~ t12t2!/2#cos@Dm* ~ t12t2!/2#~AaĀb1ĀaAb!

3~AaĀb2ĀaAb!* J 24usin@Dm~ t12t2!/2#u2ReH cc*

d*
~pp8AaAb2qq8ĀaĀb!~AaĀb1ĀaAb!* J G

5
1

2
e2G~ t11t2!

„ucos@Dm~ t12t2!/2#u2uAaĀb2ĀaAbu21usin u sin@Dm~ t12t2!/2#u2ue2 ifAaAb2eifĀaAb̄u2

1ucosu sin@Dm~ t12t2!/2#u2uAaĀb1ĀaAbu212 Im$sin u sin@Dm~ t12t2!/2#cos@Dm* ~ t12t2!/2#

3~e2 ifAaAb2eifĀaĀb!~AaĀb2ĀaAb!* %22 Im$cosu sin@Dm~ t12t2!/2#cos@Dm* ~ t12t2!/2#~AaĀb1ĀaAb!

3~AaĀb2ĀaAb!* %22usin@Dm~ t12t2!/2#u2Re$cosu* sin u~e2 ifAaAb2eifĀaĀb!~AaĀb1ĀaAb!* %…. ~27!
-

This is the decay rate ofB0B̄0 pair produced atY(4S) reso-
nance to the final statesf a and f b without assumingCPT
invariance. The expressions with (p,p8,q,q8) and (u,f) are
simply translated using the relations

c

d
5cosu, cpp85

1

2
sin ue2 if, cqq85

1

2
sin ueif. ~28!

Henceforth, we will express all formulas in terms of (u,f)
only. Decay rates underCPT invariance can thus be ob
tained simply by setting cosu50 and sinu51:
03600
G@c~ t1 ,t2!→ f af b#CPT

5
1

2
e2G~ t11t2!

„ucos@Dm~ t12t2!/2#u2uAaĀb2ĀaAbu2

1usin@Dm~ t12t2!/2#u2ue2 ifAaAb2eifĀaĀbu2

12 Im$sin@Dm~ t12t2!/2#cos@Dm* ~ t12t2!/2#

3~e2 ifAaAb2eifĀaĀb!~AaĀb2ĀaAb!* %…. ~29!
3-4
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The physics information contained in the above express
will become apparent when applied to various cases in
following sections.

C. Same-sign dilepton charge asymmetry

For obtaining the joint decay rate ofB0B̄0 pair to posi-
tively charged dileptons, we set

f a5~ l 1X2!, f b5~ l 1X2!

and assume that the semileptonic decays ofB mesons are

flavor specific, i.e.,DB5DQ and thereforeB mesons (B̄
mesons! always produce positively charged leptons~nega-
tively charged leptons!, then

Aa5Ab5^l 1X2uB0&5Al

Āa5Āb5^l 1X2uB̄0&50. ~30!

Then the decay rate to positively charged dileptons can
derived from Eq.~27! as

GY~4S!→l 1l 1~ t1 ,t2!

5
uAl u4

2
e2G~ t11t2!usin ue2 if sin@Dm~ t12t2!/2#u2

5
uAl u4

4
e2G~ t11t2!usin ue2 ifu2FcoshS DG

2
~ t12t2! D

2cos@Dm~ t12t2!#G . ~31!

For the second line, we used the relations

Dm1Dm* 52Dm,

Dm2Dm* 52 iDG. ~32!

If CPT invariance is assumed, the joint decay rate becom

GY~4S!→l 1l 1~ t1 ,t2!

5
uAl u4

4
e2G~ t11t2!ue2 ifu2FcoshS DG

2
~ t12t2! D

2cos@Dm~ t12t2!#G . ~33!

In the KEKB experiment, we can only measureDt5t12t2,
not t1 andt2 individually. The observable joint decay rate
a function of Dt is obtained by integrating Eq.~31! with
t15t11t2 which is orthogonal toDt:

GY~4S!→l 1l 1~Dt !

5
uAl u4

4G
e2GuDtuusin ue2 ifu2FcoshS DG

2
Dt D

2cos~DmDt !G . ~34!
03600
s
e

e

es

The time-integrated number of thel 1l 1 events is given by
integrating overDt,

N115
uAl u4

4G2
usin ue2 ifu2

x21y2

~11x2!~12y2!
, ~35!

wherex andy are defined as

x[
Dm

G
, y[

DG

2G
. ~36!

For negatively charged dileptons, we take

f a5~ l 2X1!, f b5~ l 2X1!

so that

Aa5Ab5^l 2X1uB0&50,

Āa5Āb5^l 2X1uB̄0&5Āl . ~37!

The joint decay rate in this case is given as

GY~4S!→l 2l 2~ t1 ,t2!

5
uĀl u4

2
e2G~ t11t2!usin ueif sin@Dm~ t12t2!/2#u2

5
uĀl u4

4
e2G~ t11t2!usin ueifu2$cosh@DG~ t12t2!/2#

2cos@Dm~ t12t2!#%. ~38!

The observable joint decay rate as a funtion ofDt is given as

GY~4S!→l 2l 2~Dt !

5
uĀl u4

4G
e2GuDtuusin ueifu2@cosh~DGDt/2!

2cos~DmDt !#, ~39!

and the time-integrated number of thel 2l 2 events is given
as

N225
uĀl u4

4G2
usin ueifu2

x21y2

~11x2!~12y2!
. ~40!

We note here that thel 1l 1 and l 2l 2 events have ex-
actly the sameDt dependence, irrespective of whetherCPT
is conserved or not. Thus asymmetry between them does
depend onDt, and the expression

Asym
l l 5

GY~4S!→l 1l 1~Dt !2GY~4S!→l 2l 2~Dt !

GY~4S!→l 1l 1~Dt !1GY~4S!→l 2l 2~Dt !
~41!

becomes equal to
3-5
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Asym
l l 5

uAl u4ue2 ifu22uĀl u4ueifu2

uAl u4ue2 ifu21uĀl u4ueifu2
~42!

5
ue2 ifu22ueifu2

ue2 ifu21ueifu2
5tanh~ Im f!. ~43!

In the second line, we assume no directCPT violation in the

semileptonic decay ofB0 and B̄0, i.e., uAl u25uĀl u2. Note
that Asym

l l is exactly the same as the asymmetry of the tr

sition rate of B0B̄0 mixing which can be obtained in
straightforward way from Eqs.~19! and~20! and is given as

Asym
mix5

G~B0→B̄0!2G~B̄0→B0!

G~B0→B̄0!1G~B̄0→B0!
5

ue2 ifu22ueifu2

ue2 ifu21ueifu2
.

~44!

The nonvanishing ofAsym
mix will imply CP violation in B0B̄0

mixing. In terms of the elements of the mixing mass mat
@Eq. ~4!#, the asymmetry can be written as
03600
-

Asym
l l 5

Im~G12/M12!

11 1
4 uG12/M12u2

. ~45!

D. Single leptons charge asymmetry

Let us now consider the case when one of the final sta

in B0B̄0 decay is a lepton and the other may be anyth
else. Two such cases arise:

f a5~ l 1X2! and f b5Y,

f a5~ l 2X1! and f b5Y,

where Y is any state. The general expression for the jo
decay rate without assumingCPT symmetry can be obtaine
from Eq. ~27! and is given as
GY~4S!→l 1Y5
1

2
e2G~ t11t2!uAl u2

„ucos@Dm~ t12t2!/2#u2uĀYu21usin@Dm~ t12t2!/2#u2usin ue2 ifAYu2

1ucosu sin@Dm~ t12t2!/2#u2ĀYu212 Im$sin@Dm~ t12t2!/2#cos@Dm* ~ t12t2!/2#sin ue2 ifAYĀY* %

22 Im$cosu sin@Dm~ t12t2!/2#cos@Dm* ~ t12t2!/2#ĀYĀY* %22usin@Dm~ t12t2!/2#u2

3Re$cosu* sin ue2 ifAYĀY* %…. ~46!

In terms ofDG andDm the above expression takes the form

GY~4S!→l 1Y5
uAl u2

4
e2g~ t11t2!Fcos@Dm~ t12t2!#(

Y
$~12ucosuu2!uĀYu22usin ue2 ifu2uAYu21sin ue2 ifAYĀY* cosu*

1sin u* eif* AY* ĀY cosu%1cosh@DG~ t12t2!/2!](
Y

$~11ucosuu2!uĀYu21usin ue2 ifu2uAYu2

2sin ue2 ifAYĀY* cosu* 2sin u* eif* AY* ĀY cosu%1sin@Dm~ t12t2!#(
Y

$2 i sin ue2 ifAYĀY*

1 i sin u* e2 if* AY* ĀY1 i ~cosu2cosu* !uĀYu2%2sinh@DG~ t12t2!/2#(
Y

$sin ue2 ifAYĀY*

1sin u* eif* AY* ĀY2~cosu2cosu* !uĀYu2%G . ~47!

Now we want to integrate overt1 and sum over all final statesY:

GY~4S!→l 1~ t2!52(
Y

E
0

`

GY~4S!→l 1Y~ t1 ,t2!dt1 . ~48!

The factor 2 accounts for the fact that the final stateY can come from either side of theY(4S) decay:
3-6
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GY~4S!→l 1~ t2!5
uAl u2

4G
e2Gt2F H 1

11x2
cos~Dmt2!1

x

11x2
sin~Dmt2!J 3(

Y
$~12ucosuu2!uĀYu22usin ue2 ifu2uAYu2

1sin ue2 ifAYĀY* cosu* 1sin u* e2 if* AY* ĀY cosu%1H 1

12y2
cosh~DGt2/2!2

y

12y2
sinh~DGt2/2!J

3(
Y

$~11ucosuu2!uĀYu21usin ue2 ifu2uAYu22sin ue2 ifAYĀY* cosu* 2sin u* e2 if* AY* ĀY cosu%

1H x

11x2
cos~Dmt2!2

1

11x2
sin~Dmt2!J (

Y
$2 i sin ue2 ifAYĀY* 1 i sin u* e2 if* AY* ĀY

1 i ~cosu2cosu* !uĀYu2%2H y

12y2
cosh~DGt2/2!2

1

12y2
sinh~DGt2/2!J

3(
Y

$sin ue2 ifAYĀY* 1sin u* e2 if* AY* ĀY2~cosu1cosu* !uĀYu2%G . ~49!

Using the relation

(
Y

u^Yuc&u252
d

dt
^cuc& ~50!

and puttingB0 andB̄0 for c, we get a series of relations which are derived in the Appendix. Using the relations given b
~A8!–~A11! in Eq. ~49!, the dependence of joint decay rate on the final stateY is eliminated and one obtains

GY~4S!→l 1~ t2!5
uAl u2

4
e2Gt2Fcos~Dmt2!H 12x2

11x2
~12ucosuu22usin ue2 ifu2!1

2ix

11x2
~cosu2cosu* !J

1coshS DGt2

2 D H 11y2

12y2
~11ucosuu21usin ue2 ifu2!1

2y

12y2
~cosu1cosu* !J

1sin~Dmt2!H 2x

11x2
~12ucosuu22usin ue2 ifu2!2 i

12x2

11x2
~cosu2cosu* !J

2sinhS DGt2

2 D H 2y

12y2
~11ucosuu21usin ue2 ifu2!1

11y2

12y2
~cosu1cosu* !J G . ~51!

A similar expression can be obtained for negatively charged single lepton case. This is given as

GY~4S!→l 2~ t2!5
uAl u2

4
e2Gt2Fcos~Dmt2!H 12x2

11x2
~12ucosuu22usin ueifu2!2

2ix

11x2
~cosu2cosu* !J

1coshS DGt2

2 D H 11y2

12y2
~11ucosuu21usin ueifu2!2

2y

12y2
~cosu1cosu* !J

1sin~Dmt2!H 2x

11x2
~12ucosuu22usin ueifu2!1 i

12x2

11x2
~cosu2cosu* !J

2sinhS DGt2

2 D H 2y

12y2
~11ucosuu21usin ueifu2!2

11y2

12y2
~cosu1cosu* !J G . ~52!
036003-7
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Here we have made use of the relations given in Eqs.~A12!–
~A15! to eliminateY. Let us denote the total expected num
ber of l 1 andl 2 states in the decay process asN1 andN2,
respectively. These are defined as

N15E
0

`

GY~4S!→l 1~ t2!dt2 , ~53!

N25E
0

`

GY~4S!→l 2~ t2!dt2 . ~54!

Substituting Eqs.~52! and~53! in Eqs.~53! and~54!, respec-
tively, and carrying out the integrations overt2, N1 andN2

are obtained as

N15
uAl u2

4G F 1

11x2
~12ucosuu22usin ue2 ifu2!

1 i
x

11x2
~cosu2cosu* !1

1

12y2
~11ucosuu2

1usin ue2 ifu2!1
y

12y2
~cosu1cosu* !G , ~55!

N25
uĀl u2

4G F 1

11x2
~12ucosuu22usin ueifu2!

1 i
x

11x2
~cosu2cosu* !

1
1

12y2
~11ucosuu21usin ueifu2!

2
y

12y2
~cosu1cosu* !G . ~56!

These are the exact espressions forN1 and N2, obtained
without assumingCPT invariance. WhenCPT invariance is
assumed, the above equations simplify to

N15
uAl u2

4G F ~12ue2 ifu2!
1

11x2
1~11ue2 ifu2!

1

12y2G ,

~57!

N25
uĀl u2

4G F ~12ueifu2!
1

11x2
1~11ueifu2!

1

12y2G .

~58!

Using x5(x21y2)/2(11x2) which is a mixing paramete
described later, the inclusive lepton yields from theY(4S)
decay is obtained as

N15
uAl u2

G~12y2!
@11~ ue2 ifu221!x#, ~59!
03600
N25
uĀl u2

G~12y2!
@11~ ueifu221!x#. ~60!

One notes here that there is an asymmetry inN1 andN2 if
ue2 ifu2Þueifu2. Therefore,Y(4S) decay into single lepton
final states can also give rise to an asymmetry which m
give a signature ofCP violation. The single lepton charg
asymmetry can be obtained from the above equations as

Asym
l 5

N12N2

N11N2
5

~ ue2 ifu22ueifu2!x

21~ ue2 ifu21ueifu222!x
.xAsym

l l .

~61!

Here, we assumeuAl u25uĀl u2 as in Eq.~43!. It is to be
noted that the single lepton method is more useful in det
ing CP violation for largerx @9#. The most recent result o
x50.14960.031~CLEO! @10# is rather large for an effective
utilization of this method.

E. Time evolution of opposite sign dileptons

We now calculate the joint decay rates to opppsite-s
dilepton final states and discuss their time evolution. Let
first consider the case where

f a5l 1X2, f b5l 2X1,

then

Aa5^B0ul 1X2&5Al , Āa5^B̄0ul 1X2&50,

Ab5^B0ul 2X1&50, Āb5^B̄0ul 2X1&5Āl .

The joint decay rate is obtained using Eq.~27! as

GY~4S!→l 1l 2~ t1 ,t2!

5
1

2
e2G~ t11t2!uAl Āl u2„ucos@Dm~ t12t2!/2#u2

1ucosu sin@Dm~ t12t2!/2#u2

22 Im$cosu sin@Dm~ t12t2!/2#

3cos@Dm* ~ t12t2!/2#%…. ~62!

After simplifying and using the values ofDm and Dm* in
terms ofDm andDG, the joint decay rate in this particula
case is

GY~4S!→l 1l 2~ t1 ,t2!

5
1

4
e2G~ t11t2!uAl Āl u2„cosh@DG~ t12t2!/2#

1cos@Dm~ t12t2!#1ucosuu2$cosh@DG~ t12t2!/2#

2cos@Dm~ t12t2!#%12 Re~cosu!sinh@DG~ t12t2!/2#

22 Im~cosu!sin@Dm~ t12t2!#…. ~63!

Next, we consider the case where
3-8
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f a5l 2X1, f b5l 1X2,

then

Aa5^B0ul 2X1&50, Āa5^B̄0ul 2X1&5Āl

Ab5^B0ul 1X2&5Al , Āb5^B̄0ul 1X2&50.

Exactly in the same way as in thel 1(t1)l 2(t2) case, the joint decay rateGY(4S)→l 2l 1 is obtained as

GY~4S!→l 2l 1~ t1 ,t2!5
1

2
e2G~ t11t2!uAl Āl u23„ucos@Dm~ t12t2!/2#u21ucosu sin@Dm~ t12t2!/2#u2

12 Im$cosu sin@Dm~ t12t2!/2#cos@Dm* ~ t12t2!/2#%… ~64!

5
1

4
e2G~ t11t2!uAl Āl u23„cosh@DG~ t12t2!/2#1cos@Dm~ t12t2!#

1ucosuu2$cosh@DG~ t12t2!/2#2cos@Dm~ t12t2!#%22 Re~cosu!sinh@DG~ t12t2!/2#

12 Im~cosu!sin@Dm~ t12t2!#…, ~65!

In the following, we always define the decay time ofl 1 to be t1 and that ofl 2 to be t2. Integrating overt15t11t2, the
observed joint decay rate as a function ofDt is given as

GY~4S!→l 1l 2~Dt !5
1

2G
e2GuDtuuAl Āl u23@cosh~DGDt/2!1cos~DmDt !

1ucosuu2$cosh~DGDt/2!2cos~DmDt !%12 Re~cosu!sinh~DGDt/2!22 Im~cosu!sin~DmDt !#.

~66!

The presence of cosu terms in Eq.~66! indicates theCPT violation and it can best be seen if we define an asymmet

Asym
12~Dt !5

GY~4S!→l 1l 2~Dt !2GY~4S!→l 1l 2~2Dt !

GY~4S!→l 1l 2~Dt !1GY~4S!→l 1l 2~2Dt !
. ~67!

Substituting the expressions of Eq.~66! it can be expressed as

Asym
12~Dt !5

2 Re~cosu!sinh~DGDt/2!22 Im~cosu!sin~DmDt !

cosh~DGDt/2!1cos~DmDt !1ucosuu2@cosh~DGDt/2!2cos~DmDt !#
. ~68!

It is natural to assume thatCPT-violating effect is small so that we can setucotuu!1 and cosu'cotu, and keep onlyO(cotu)
terms. Then Eq.~68! becomes

Asym
12~Dt !5

2 Re~cot u!sinh~DGDt/2!22 Im~cot u!sin~DmDt !

cosh~DGDt/2!1cos~DmDt !
. ~69!

If one putsDG50 then one gets

Asym
12~Dt !5

22 Im~cot u!sin~DmDt !

11cos~DmDt !
. ~70!

It should be noted that for a small range ofDmDt near (2n11)p wheren is an integer, Eq.~70! is a poor approximation to
Eq. ~68!. If CPT is conserved then the decay rates of opposite sign dileptons are reduced to

GY~4S!→l 1l 2~Dt !5
uAl Āl u2

4
e2GuDtu@cosh~DGDt/2!1cos~DmDt !#5GY~4S!→l 1l 2~2Dt !, ~71!

andAsym
12 obviously becomes zero.

Integrating Eq.~66! over Dt, the time-integrated number ofl 1l 2 events is given as
036003-9
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N125
uAl Āl u2

2G2 F 21x22y2

~11x2!~12y2!
1ucosuu2

x21y2

~11x2!~12y2!
G . ~72!

From Eqs.~35!, ~40!, and~72!, the observable mixing parameterx is written as

x[
N111N22

N121N111N22
~73!

5
usin uu2~ ue2 ifu21ueifu2!~x21y2!

2~21x22y2!12ucosuu2~x21y2!1usin uu2~ ue2 ifu21ueifu2!~x21y2!
~74!

5
~ ue2 ifu21ueifu2!~x21y2!

2~21x22y2!u11cot u2u12ucot uu2~x21y2!1~ ue2 ifu21ueifu2!~x21y2!
. ~75!
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Here, we assumeuAl u25uĀl u2 as in Eq. ~43!. If CPT is

conserved and the charge asymmetry of theB0B̄0 mixing is
small (ue6 ifu2>172 Im(f)#, the expression forx reduces
to the standard one

x5
1

2

x21y2

11x2
. ~76!

III. SIMULATION STUDIES

A. Event generation

We used theQQ event generator program~version 8.08!
which was developed by the CLEO group to generateY(4S)

and qq̄ continuum events.Y(4S) decays intoB0B̄0 and

B1B2 with equal branching ratios and allB0, B̄0, andB6

decay generically with a defaultQQ decay table tuned to th

CLEO data. TheB0B̄0 mixing was included withxd50.66
and DG was assumed to be 0. The value ofxd50.66 was
given in a defaultQQ decay table based on the CLEO me
surements@10#, and not the most recent result. However, th
does not affect the outcome of our analysis. We set
CP-violation parameter Im(f) to 0. TheCPT-violation pa-
rameter cotu was set to 0 except for the opposite sign dile
ton study. 106 events were generated each forY(4S) and
continuum events and analyzed. The obtained numbe
events are normalized according to the cross section ra
1.15 and 2.8 nb forY(4S) and continuum, respectively. 106

Y(4S) events corresponds to the integrated luminosity
0.87 fb21.

B. Simulation of the BELLE detector

Figure 1 shows the BELLE detector, which the detec
simulation program in this paper is based on. The expec
performance of the detector is summarized in Table I.

We used a fast detector simulator~FSIM! program in
which the detector response were parametrized based o
results of detector research an development orGEANT full
03600
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detector simulation studies. The simulation parameters
evant to this study are described in the following.

1. Charged particle tracking

The detection and reconstruction of charged particles
done by the SVD~silicon vertex detector! and CDC~central
drift chanber!. The charged particle tracking efficiency wa
parametrized as a function of particle type, minimum dete
able momentum (pmin), total momentum (p), and polar
angle of the particle (u) based on theGEANT full detector
simulation study. The SVD and CDC cover the polar an
17°,u,150°. The track is represented by a helix with t
following five parameters:pt , the transverse momntum wit
respect to the beam axis (5z axis!; d0, the closest distance
from the z axis of the track helix;z0, the z position of the
closest point to thez axis of the track helix;f0, the azi-
muthal angle of track direction at the closest point toz axis;
u, the polar angle of track direction.

These track-helix resolutions for the combined CD
1SVD tracking system are parametrized as a function of
particle momentum, velocity (b), andu as

FIG. 1. BELLE detector used in this simulation study.
3-10
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TABLE I. Performance parameters of the BELLE detector used in the simulation.

Detector Type Configuration Performance

Beam pipe Beryllium cylindrical,r 52.3 cm Helium gas cooled
double wall 0.5 mm Be/2 mm He/0.5 mm Be

double 300-mm thick, 4 layers s rf<10 mm
SVD sided r 52.725.8 cm sz57240 mm

Si strip length522234 cm sDz;80 mm
small cell anode: 52 layers s rf5130 mm

CDC drift cathode: 3 layers sz520021400mm
chamber r 58.5290 cm

277<z<160 cm sdE/dx56%
silica ;12312312 cm3 blocks

PID aerogel 960 barrel/268 endcap Np.e.>6
n.1.01 FM-PMT readout K/p 1.2,p,3.5 GeV/c

TOF scintillator 128f segmentation s t5100 ps
r 5120 cm, 3-m long K/p up to 1.2 GeV/c

cesium towered structure sE /E5

ECL iodide ;5.535.5330 cm3 crystals 0.67%/AE% 1.8%
crystal barrel:r 51252162 cm spos50.5 cm/AE
~CsI! endcap:z52102 and 196 cm E in GeV

MAGNET super- inner radius5170 cm B51.5 T
conducting

KLM resistive 14 layers~5 cm Fe14 cm gap! Df5Du530 mr for KL

plate two RPCs in each gap s t51 ns
counter u andf strips 1% hadron fakes
-
e

tro

n
its

d on

e
e
lo-

in
spt

pt
.0.11pt %

0.20

b
% ~u590°!, ~77!

sd0
519%

31

pb sin3/2 u
mm, ~78!

sz0
5~13167 cos2 u! %

30

pb sin5/2 u
mm,

~79!

sf0
50.47%

1.16

pb sin3/2 u
mr, ~80!

scot u5~0.3411.92 cos2 u!

%
1.14

pb sin5/2 u
31023. ~81!

2. Lepton identification

Electrons. The electron identification is provided by com
paring the energy deposit in the CsI calorimeter and the m
sured momenta of the corresponding track. The elec
identification efficiency is

eff50.0 ~E,0.5 GeV!, ~82!

50.9 ~0.5<E,1.0 GeV!, ~83!

50.95 ~1.0 GeV<E!. ~84!
03600
a-
n

The CsI calorimeter covers polar angle region 17°,u
,150°. The probability for misidentifying a hadron as a
electron depends on the sign of the particle’s charge and
momentum as shown in Fig. 2. These numbers are base
our research and development results.

The dE/dx information from the CDC can also provid
the electron identification which is particularly useful in th
low momentum region. However, we only used the CsI ca
rimeter and did not use thedE/dx information in this analy-
sis.

Muons. The muon identification is provided by the KLM

FIG. 2. Probability for misidentifying a hadron as an electron
the CsI.
3-11
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which consists of 14 layers of 5-cm-thick iron plates a
RPC~resistive plate counter! planes. The muon identificatio
efficiency is 90% forp>1.2 GeV/c and zero for lower mo-
mentum over the 30°<u<140° angular region. This mo
mentum cut approximately corresponds to the energy los
a muon in 1-m-thick iron. The hadron punch-through rate
1%. These are crude approximations of full-simulation
sults.

3. Lepton Z-vertex determination

In this analysis, we used a simple method for the de
mination of thez-vertex position of a lepton. We defined th
z position of closest point to thez axis of the lepton track
~i.e., z0 of the helix parameter of the lepton track! as thez
position of the lepton vertex. This method assumes the de
point of B mesons to be on thez axis, and therefore neglect
a beam spread and a flight path before decay inx-y direc-
tions. These contribute to the error of thez-vertex measure-
ment in addition to the detector resolution and the multi
scattering effect. We examined the contribution of ea
sources to thez-vertex measurement error for primary le
tons by comparing thez-vertex resolutions with and withou
the beam spread and detector effect. Table II summarizes
result. The beam spread is assumed to besx5110 mm, sy
53 mm, andsz50.6 cm in the simulation. The contributio
from the beam spread is similar to that from the detec
effect. The poorer resolution for electrons than muons is
to the larger forward and backward acceptance coverag
the electron detection. In this method of determining the v
tex z position, forward and backward tracks suffer a larg
effect than the central track. An extended detection cover
of electrons for lower momentum than the muon is also
source of worsesmeasbecause of the larger multiple scatte
ing effect.

FIG. 3. Lepton momentum spectra in the c.m. frame for
generated leptons fromY(4S) for various sources. All the gener
ated leptons are included~no acceptance cut is applied!: ~a! for
electrons and~b! for muons.

TABLE II. Contribution to z-vertex resolution from various
sources.

sbeam sflight smeas total

electron 82mm 28 mm 93 mm 127mm
muon 61mm 23 mm 51 mm 83 mm
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C. Lepton sources and c.m. momentum distributions

Since the leptons are originated from various sources
thee1e2 collisions atY(4S), we first examined the source
and the c.m. momentum (Pc.m.) distributions of the single
leptons. We categorized the source of leptons into the

lowing six types:~a! primary decay fromB0 andB̄0 mesons;
~b! primary decay fromB1 andB2 mesons;~c! leptons from
charmed mesons~neutral and chargedD, D* , Ds* only,
charmed baryons are not included!; ~d! leptons from tau lep-
tons; ~e! leptons from other hadrons;~f! misidentified had-
rons ~fake leptons!.

In order to understand the behavior of the detected lept
from different sources, we examined the c.m. moment
distributions of leptons in two cases: for all the genera
leptons without detector effects and the identified leptons
the detectors mentioned in the previous section. Figure
and 4 show the c.m. momentum spectra of the gener
leptons for various sources fromY(4S) and the continuum
events. Here, the number of events are for 106 generated
events in bothY(4S) and continuum cases. Figures 5 and
show the c.m. momentum spectra of the identified lepto
As is well known, primary leptons from neutral and charg
B mesons are peaked at higher momentum (Pc.m.;1.5 GeV!,
while leptons from all other sources, whose main contrib
tion comes from charm decays, are peaked at low mom
tum. The distributions for muons are similar to those f
electrons except that low momentum components from h
rons are only present in the electron. As commonly adop

e

FIG. 4. Lepton momentum spectra in the c.m. frame for
detected leptons fromY(4S) for various sources:~a! for electrons
and ~b! for muons.

FIG. 5. Lepton momentum spectra in the c.m. frame for
generated leptons from the continuum events for various sour
All the generated leptons are included~no acceptance cut is ap
plied!: ~a! for electrons and~b! for muons.
3-12
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the cut on the lepton momentum effectively reduces the fr
tion of background.

D. Analysis of same-sign dilepton events

1. Event selection

In the events with two or more identified leptons, t
same-sign dileptons are selected and classified into three
egories: SS-1, both are primary leptons~i.e., from neutralB
mesons only!; SS-2, both are leptons, but at least one is
a primary lepton; SS-3, at least one is a fake lepton. Categ
SS-1 is the signals and categories SS-2 and SS-3 are
backgrounds. When more than two leptons are found in
event, all pairs of leptons are taken. As expected from
single lepton distributions, events in categories SS-2
SS-3 mainly consist of one high and one low moment
lepton pair. This implies a simultaneous cut on both lep
momenta eliminates a large fraction of these categories.
ure 7 shows the same-sign dilepton yield for each source
function of lepton momentum cut value, where we requir
that both lepton momenta were above the cut value. As
pected, backgrounds fall rapidly for low momentum cut v
ues, i.e., (,1.5 GeV!, while signals fall smoothly.

2. Sensitivity to charge asymmetry

Figure 8 shows the expected statistical errors of the as
metry measurement as a function of lepton momentum

FIG. 6. Lepton momentum spectra in the c.m. frame for
detected leptons from the continuum events for various sources~a!
for electrons and~b! for muons.

FIG. 7. Same-sign dilepton yield vs lepton momentum cut
c.m. frame with luminosity of 0.87 fb21: ~a! from Y(4S) and ~b!
from continuum. Electrons and muons are summed together. S
sign dileptons are classified into three categories which are
scribed in the text.
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with the luminosity corresponding to 0.87 fb21. In the cal-
culation, we followed a general formula for the statistic
error estimation

sA
25

1

S2
@~12A2!N12A~A2X!B1~A2X!2sB

21B2sX
2 #,

~85!

where A is the signal symmetry,S the number of signal
events,B the total number of background events,X the
asymmetry of the background,N the total number of events
(5S1B). Assuming no asymmetry in background (X50)
and neglecting its error (sX50), the formula reduces fo
small signal asymmetry (A2!1) to

sA.A11B/S

S
. ~86!

The optimum cut is;1.2 GeV/c and we expect to getsA
;0.008 with a luminosity of 100 fb21.

With the above momentum cut the signal events are
duced to about half, but stillN/S is ;3. Therefore, it is
possible to improve the sensitivity by combining with oth
effective cuts to further reduce the backgrounds while ke
ing the same or more signal events. As seen in Fig. 7,
dominant background is category SS-2 fromY(4S) where
one is a primary lepton fromB meson and the other come
from secondary charm decay.

3. Dz cut

As described in the previous section, the proper time d
tribution of the same-sign dilepton events is given by E
~34! and~39!. The time evolution forl 1l 1 and l 2l 2 are
exactly the same. The population is zero atut12t2u50 and
has a peakut12t2u;0.6ptB . SincebgctB;0.2 mm with
833.5 GeV KEK B factory, the peak corresponds toDz
;400mm, whereDz is the difference of two lepton vertice
along thez axis. On the other hand, for backgrounds fro
any sources we expect exponential distribution inDz which
peaks atDz50. Therefore, cut onDz would enhanceS/N
ratio and improve the sensitivity.

e

e-
e-

FIG. 8. Expected statistical errors of the charge asymmetry m
surement for the same-sign dileptons as a function of lepton
mentum cut with the luminosity corresponding to 0.87 fb21.
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Figure 9 showsDz for the same-sign dileptons for variou
categories. As expected, the distribution for category
shows a dip atDz50 and has peaksuDzu;400mm, whereas
those for backgrounds peak atDz50.

We applied cuts on lepton momenta andDz trying to find
the optimal cuts. Figure 10 shows the expected statist
errors of the asymmetry measurement as a function of lep
momentum cut for variousDz cut values with the luminosity
corresponding to 0.87 fb21. An optimum cut is found with
Dz cut of 0.3 mm andPc.m. cut of 1.1 GeV/c. The statistical
error is improved by;20% compared with that ofPc.m. cut
alone and we expect to getsA;0.0066 with a luminosity of
100 fb21.

FIG. 9. Dz distributions for the same-sign dileptons for vario
categories. No lepton momentum cut is applied.ee, mm, andem
events are summed up.~a! For signals,~b! for category SS-2 from
Y(4S), ~c! for category SS-3 fromY(4S), and ~d! category SS-2
and SS-3 from continuum.

FIG. 10. Expected statistical errors of the asymmetry meas
ment as a function of lepton momentum cut for variousDz cut
values with the luminosity corresponding to 0.87 fb21. ee, mm, and
em events are summed up.
03600
1
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E. Analysis of single lepton events

As described in the previous section, the charge asym
try can also be measured by the single leptons. The ma
tude of the asymmetry is diluted by factorxd , but statistical
sensitivity can be better because of the much larger num
of samples@9#.

We applied cuts on lepton c.m. momenta at 1.1 GeVc
which minimized the factorA(11B/S)/S, where S is the

number of primary leptons fromB0 andB̄0 @source type~a!#
and B is the number of background leptons from all oth
sources. The result is listed in Table III. The primary lepto

from B6 cannot be distinguished from those fromB0 andB̄0

and contribute to the background the same amount as
signals. Using Eq.~86! we obtained the statistical error o
asymmetrysAl

50.006 for the integrated luminosity of 0.8

fb21, which corresponds tosAl l
5sAl

/xd50.04. Thus, as
expected, the single lepton asymmetry measurement can
vide better statistical sensitivity than the same-sign dilep
case (sAl l

50.066). Combinining the two measuremen

we obtained the sensitivitysAl l
50.034(0.0034) for an in-

tegrated luminosity of 0.87~100! fb21.

F. Analysis of opposite-sign dilepton events

1. Event selection

Events containing opposite-sign dileptons are selected
classified into five categories: OS-1, both are primary lept

from B0B̄0; OS-2, both are primary leptons fromB1B2;
OS-3, both are leptons from charmed mesonsc andc̄; OS-4,
others but no fake lepton; OS-5, at least one is a fake lep
~fake!. Only the events in category OS-1 constitute the sig
we are interested in. However, since the events in the
egory OS-2 have identical signature and we cannot sepa
them, we must treat the events in these two categories
gether. Others are backgrounds. Again, multiple pairs of l
tons found in one event are included. Events in the categ
OS-4 and OS-5~major backgrounds! mainly consist of one
high and one low momentum lepton pair as expected fr
the single lepton momentum distribution. A simultaneous
on both lepton momenta successfully eliminates a large f
tion of these categories.

Figure 11 shows the yield as a function ofPc.m. cut for
each category of opposite-sign dilepton events. We o
mized the cut value by minimizing the factorA(11B/S)/S,

e-

TABLE III. Number of single leptons with lepton c.m. momen
tum cut at 1.1 GeV/c for the luminosity of 0.87 fb21.

lepton source number of lepton

signal primary leptons fromB0 and B̄0 93.73103

primary leptons fromB6 93.73103

background other leptons fromY(4S) 30.83103

leptons from continuum events 97.43103

total background 221.93103
3-14
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whereS and B are the number of signal events~categories
OS-1 and OS-2! and those of other background events,
spectively. We used the 1.0 GeV/c cut for the analysis.

2. Proper-time distribution and determination ofIm „cot u…

Figure 12 shows the distributions of the proper-time d
ference for the opposite-sign dileptons that passed thePc.m.
cut in each category. The proper-time differen
Dt(5Dt/tB) is calculated from thez vertices using the fol-
lowing expression:

Dt5t12t25
t1

tB
2

t2

tB
5

z1

cbgtB
2

z2

cbgtB
5

Dz

cbgtB
,

~87!

wherezi5 the measuredz vertex of thei th lepton,bg5the
Lorentz boost factor of thee1e2 c.m. system, andtB5B0

FIG. 11. Opposite-sign dilepton yield vs lepton momentum
in c.m. frame with luminosity of 0.87 fb21. ~a! FromY(4S) and~b!
from continuum. Electrons and muons are summed together.

FIG. 12. Proper time distributions for the opposite-sign dile
tons from various categories. Lepton momentum cut (Pc.m.>1.0
GeV/c) is applied.ee, mm, andem events are summed up.~a! For
primary leptons fromB0 andB6 ~category OS-1 and OS-2!, ~b! for
category OS-3 and OS-4~summed! from Y(4S), ~c! for category
OS-5 fromY(4S), and~d! all leptons from continuum.
03600
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lifetime. We call the positively charged lepton lepton-1 a
the negatively charged one as lepton-2.

It is not possible to distinguish the primary leptons co
ing from neutral and chargedB’s. On the other hand, the
time evolutions of the neutral and chargedB mesons are
known exactly. So the data containing both neutral a
chargedB mesons can be fit to a theoretical expression t
also contains bothB0B̄0 andB1B2. Other backgrounds are
assumed to be subtracted using Monte Carlo or continu
data taken belowY(4S), although the errors of the back
ground statistics must be taken into account correctly. T
theoretical function which expresses the proper-time evo
tion is given by

f ~Dt8!}e2GuDt8u@11cosxd~Dt8/tB!

22 Im~cot u!sin xd~Dt8!/tB#12e2GuDt8u.

~88!

Here the first and second terms are fromB0B̄0 and B1B2

contributions, respectively. The observed proper time diff
ence distribution must be modified by taking into account
experimental resolution for the proper time:

F~Dt !5E g~Dt2Dt8! f ~Dt8!d~Dt8!, ~89!

where g(Dt2Dt8) is the resolution function that is dete
mined by fitting the Monte Carlo~MC! distribution to a
double Gaussian function,

g~Dt2Dt8!5a3e2~Dt2Dt8!2/2s1
2
1b3e2~Dt2Dt8!2/2s2

2

~90!

as shown in Fig. 13. The fitting results weres150.37tB ,
s250.90tB , anda/b54.3. The rms of the proper-time dif
ference resolution was 0.68. In the fittings of the proper-ti
difference, we used two free parameters, Im(cotu) and the
overall normalization factor.

We used the input values (0.1,0.3,0.4) for Im(cotu) and
tried to visualize how exactly these values are reprodu
from the fit. We included the effect of background by assig
ing the error in the fit as

s i5ANS
i ~11 f B

i !

for each bin, whereNS
i and f B

i are the number of signals an
ratio of the backgrounds to signals for thei th bin.

3. Sensitivity toIm „cot u…

Results of the fit are summarized in Table IV. Result
the fit in the case of Im(cotu)(input)50.1 is shown in Figs.
14 and 15. It indicates that Im(cotu) can be measured with
an accuracy of 0.05 corresponding to 0.87 fb21 of data. We
expect to measure the Im(cotu) parameter with a sensitivity
of ;0.005 with a luminosity of 100 fb21.

t

-
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G. Determination of xd

1. Fitting to proper-time distribution

As described in the previous section, the proper-time d
tribution for dilepton events contains the information of t
mixing parameterDm ~or xd5Dm/G). Figure 16 shows the
distributions of the proper-time difference in each categ
for the same-sign dileptons with thePc.m. cut at 1.1 GeV/c.
Among the backgrounds, those from continuum@Fig. 16~c!#
are assumed to be subtracted using the data taken b
Y(4S). We fit the proper-time difference distribution wit
the function

F tot~Dt!5NSFsig~Dt!1NBFbkg~Dt!, ~91!

whereFsig(Dt) is an observed proper-time difference dist
bution for signals~SS-1! which is a convolution of the the
oretical time evolution and detector resolution functions
the same way as in the opposite-sign dilepton case.Fbkg(Dt)
is that for backgrounds@SS-2 and SS-3 fromY(4S)#. We
assumed that this function could be determined by fitting
proper-time difference distribution of the backgrounds w
the Monte Carlo simulation. In this analysis, we used
function consisting of double Gaussian and second o
polynomial. The fit to the background distribution is al
shown in Fig. 16~b!. NS andNB are the normalization for the
signals and backgrounds, respectively. The effect of the c
tinuum background was statistically taken into account in
same way as the opposite-sign dilepton case.

2. Result

In order to obtainxd , we fixed theB0 lifetime (tB) and
made a fit with three free parameters (xd , NS , andNB). The
result of the fit is shown in Fig. 17. With this sample corr
sponding to the luminosity of 0.87 fb21, we obtained

FIG. 13. Resolution for proper time difference.

TABLE IV. Results of the fit to measure Im(cotu).

input Im(cotu) No. events Im(cotu)
used in fit from fit

0.1 8732 0.04960.05
0.3 8830 0.28760.05
0.4 8855 0.38360.05
03600
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xd50.7760.06120.022
10.020, ~92!

where the first error is a statistical one and the second
systematic one coming from the error oftB50.04 ps
~present world average! @18#. We expect the statistical erro
of xd to be 0.006 with a luminosity of 100 fb21. We discuss
the systematic error in the next section.

Whenxd is fixed and fit is made fortB , we obtained with
the same sample

tB51.4960.09320.037
10.046 ps, ~93!

where the first error is a statistical one and the second
systematic one coming from the error ofxd50.033~present
world average! @18#. When bothxd andtB are taken as free
in the fit, errors become much larger because of the la
correlation between these two parameters.

IV. DISCUSSION

We have carried out a simulation study for possible d

tection ofCP violation andCPT violation in B0B̄0 mixing
using the BELLE detector at KEKB. First we derived a ge

eral expression for the joint decay rate of theB0B̄0 pair
produced atY(4S) resonance without assumingCPT invari-
ance. The use of (u,f) notation for describing the mixing
mass matrix elements, rather than physically straightforw
Mi j andG i j , simplifies the necessary equations that are u

FIG. 14. Simulation result on proper time difference distributi
for the signals with Im(cotu)50.1. The line is the result of fit.

FIG. 15. Simulation result onCPT asymmetry. The line shows
the asymmetry with Im(cotu)50.05 obtained by the fit to proper
time distribution in Fig. 14.
3-16



te
t

f

ly

s

ove
hose
ed

ng
e
re-
n-
r-

rge
t
nce

-

alid
se

ich

ts,

a,

-
t

n.
n

at

s

fit

g

SIMULATION STUDIES ON CP AND CPT VIOLATIO N . . . PHYSICAL REVIEW D 58 036003
here. In this notation,CPT invariance requires cotu50 and
CP invariance requires Im(f)50.

In the same-sign dilepton and single lepton final sta
Asym

l l andAsym
l we use time-integrated charge asymmetries

extract relevant information. SinceAsym
l l 5tanh@Im(f)# and

Asym
l 5xdAsym

l l , we can considerAsym
l as a measurement o

Asym
l l diluted by the mixing parameterxd . Their nonzero val-

ues are an indication ofCP violation in B0B̄0 mixing. The
simulation results based on 100 fb21 data indicates that we
can reachs(Asym

l l )50.0066 ands(Asym
l )50.0006. Since the

event sample of same-sign dilepton events occupies on
small fraction of the single lepton event sample,Asym

l l and
Asym

l can be considered as independent. These two mo

FIG. 16. Distributions of the proper-time difference in each c
egory for the same-sign dileptons with thePc.m. cut at 1.1 GeV/c.
~a! For signal~category SS-1!, ~b! for background fromY(4S) ~cat-
egories SS-2 and SS-3!, ~c! for background from the continuum
events. The curves in~b! are the fit with double Gaussian plu
second order polynomial.

FIG. 17. Distributions of the proper-time difference and
curve. The solid histogram and line are those for the total~sum of
the signal and background! sample. Those for signals~hatched his-
togram and dot-dash curve! and backgrounds~dotted histogram and
curve! are also shown.
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independent measurements should in principle help rem
some of the possible systematic uncertainties such as t
arising from asymmetries in the backgrounds. We combin
the two results by convertings(Asym

l )50.0006 tos(Asym
l l )

50.004, giving an overall sensitivity ofs(Asym
l l )50.0034.

While this may not be quite enough for thoroughly coveri
a region ofO(1023) which is a present prediction of th
standard model, some significant fraction of the search
gion can be covered by the BELLE experiment. Any e
hancement to the 1022 level due to new physics can be ce
tainly detected.

In the case of opposite-sign dilepton events, the cha
asymmetry has a coefficient Im(cotu) in the time-dependen
behavior, but the asymmetry vanishes if the time depende
is not measured. Thus a nonzeroAsym

12(Dt) is an indication of

CPT violation in B0B̄0 mixing. The BELLE experiment
with an accumulation of 100 fb21 data will allow a measure-
ment of Im(cotu) with a sensitivity of 0.005. The only as
sumptions we used to reach this conclusion are that cotu is
small enough to neglect cot2 u and higher terms, and thatDG
is zero. Both assumptions are considered to be safely v
and there is no known cause to doubt the validity of tho
assumptions.

Information onCPT-violation parameter cotu can also
be obtained from the comparison of two parameters wh

describe theB0B̄0 mixing, x andxd . xd is directly obtained
from the time evolution of the same-sign dilepton even
and is independent of cotu. On the other hand,x depends on
cotu as well asxd as seen in Eq.~75!. Therefore, comparison
of the two independently measuredx andxd values provides
a constraint on cotu. Figure 18~a! shows the 1-s allowed
region in complex cotu plane obtained from the recent dat
x50.14960.031 ~CLEO! @10# and xd50.72260.035
~CERN e1e2 collider LEP average! @18#. Here, we sety

50 and assume small charge asymmetry of theB0B̄0 mixing
@ ue6 ifu2>172 Im(f)#. From the simulation study, we ex
pect with 100 fb21 data sxd

(stat)>0.006. We also expec

that the accuracy ofB0 lifetime measurement will improve
by a factor of 3 or more and reach to 1% level by the
Presently, the accuracy ofx measurement using dilepto
events is limited by the uncertainty (;15%) of L

-

FIG. 18. Allowed region (1-s) in the complex cotu plane ob-
tained fromx andxd measurements:~a! with the current data~see
text!, ~b! with expected accuracies of 2% forx and 1% forxd in the
case of Im(cotu)50. The allowed regions are those containin
cotu50 for all cases.
3-17
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[f1b1
2 /(f1b1

2 1f0b0
2), wheref 1 ( f 0) is the fraction ofB1B2

(B0B̄0) pairs from Y(4S) and b1 (b0) is a semileptonic
branching ratio ofB6 (B0). To avoid the effect of the large
uncertainty ofL, other methods such as partialD* l n recon-
struction were also tried by CLEO@10#, where a statistica
error was the dominant contribution. In both cases, the ac
racy of thex measurements are approximately 20% with
fb21 data. Assuming that the accuracy of the measurem
improves inversely with the square-root of the accumula
data, we expect about 2% accuracy inx measurement with
100 fb21 data. With the above measurement accuracies,
allowed region in cotu will be reduced as shown in Fig
18~b! in the case of Im(cotu)50. Combining the Im(cotu)
measurement fromAsym

12(Dt) using the opposite-sign dilep
ton events, we expect a sensitivity of 0.16 on Re(cotu).

The measurement of the imaginary part of cotu in the
kaon system uses a relation^KSuKL&;2 Re(e)22i Im(d).
CPT invariance requiresd to be zero, and this implies tha
there is no imaginary part in this amplitude. Here one sho
be reminded thatd is approximately equal to (cotu)/2 for
d!1 as given in Eq.~17!. An assumption that intermediat
physical states in the transition betweenKL andKS are domi-
nated by theI 50 two-pion state, leads to the expressi
^KSuKL&;2(h12gS

121h00gS
00)/(2iDmK1gs1gL). Here

gL andgS are the total decay widths ofKL andKS , gS
12 and

gS
00 are the partial decay widths ofKS into p1p2 andp0p0,

DmK is the mass difference betweenKL and KS . The
currently available data @19# leads to Im(d)
;2.2831023@2/3(f122fe)11/3(f002fe)#. Here, f12

andf00 are the phases ofh12 andh00, respectively, andfe
is the phase ofe. Both f12 and f00 have been measure
with an accuracy of an order of one degree. If one uses
superweak phase in place offe , which is defined asfSW
5tan21(2DmK /gS) and is determined fromtS and DmK
measurements to an accuracy of a fractional degree, one
attempt to conclude that Im(d) has been measured to 1024

level in contrast to the 531023 level of our proposed analy
sis. Although the two analyses try to detect the same qu
tity, namely, the imaginary part of cotu, a significant differ-
ence between the two should be noted. While the metho

the B0B̄0 case is straightforward, that of the neutral ka
system assumesfe;fSW. This is to say that no additiona
phase other than the superweak phase contributes tofe . It
has been pointed out that non-negligible contribution to
phase of̂ KSuKL& from the I 52 two-pion state, three-pion
state, and semileptonic decays might be present@20#.

The real part of cotu can be measured in the kaon expe

ment whereK0 and K̄0 are generated and tagged. Here t
time evolution takes an identical expression as describe
Sec. II, and the charge asymmetry for semileptonic decay

given by Eq.~69! with Dt replaced byt. In the case ofB0B̄0

the term which contains the real part of cotu drops out be-
cause of the conditionDG50. In the case of neutral kao
system, this condition no longer holds, and Re(cotu) can be
measured fromAsym

12(t) in the large t region, because
Asym

12(t) becomes 2 Re(cotu) in the limit DGt@1. The first
such measurement was done by CPLEAR, giving the re
03600
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Re(d)5@0.0760.53(stat)60.45(sys)#31023 @21#. Similar
measurements will be possible in futuref factory experi-
ments@22#.

The physical consequence ofCPT violation must show
up in differences of the mass or the lifetime between a p
ticle and its antiparticle. We can examine the relation b
tween cosu and those quantities using Eqs.~5! and ~12!:

Re~cosu!5
Dm0Dm1 1

4 DG0DG

Dm21 1
4 DG2

Im~cosu!5
1

2

Dm0DG2DG0Dm

Dm21 1
4 DG2

. ~94!

HereDm0[(M112M22) andDG0[(G112G22). We can set

cosu.cotu since we assume cosu!1. In theB0B̄0 system,
we can setDG50. This leads to

Re~cot u!;Dm0 /Dm, Im~cot u!;2DG0 /~2Dm!.
~95!

This implies that the Im(cotu) measurement gives informa
tion about the lifetime difference. The sensitivity o
531023 in this analysis translates to a sensitivity
DG0 /G; several31023 since Dm is of the order ofG.
Information on the mass difference comes from Re(cou)
and the sensitivity we can achieve from this analysis
Dm0 /Dm;0.16.

In the case of the kaon system, we use a triangular r
tion in the complex plane

h125e2d ~96!

which is derived from the decay amplitudes ofKS5K11(e
1d)K2 and KL5K21(e2d)K1 to the p1p2 state. From
this, one can obtain the component ofd perpendicular toe,

d'.uh12u~f122fe!. ~97!

Solving Eq.~94! for Dm0 andDG0, we obtain

Dm0 /DmK.2d' /sin fSW,

DG0 /gS.22d i /cosfSW, ~98!

where we useDG5gL2gS.2gS . When an assumption
fe5fSW is made and currently available data are used
d' , one can set a limitDm0 /DmK<1024. This is better than
the sensitivity that is obtained using measurements of Red)
and Im(d). However, as in the case of the Im(d) measure-
ment, the validity of assumingfe5fSW is a concern. Setting
a limit on DG0 cannot be done in this analysis and measu
ments of Re(d) and Im(d) are necessary. Currently availab
data of Re(d) and Im(d) set a limitDG0 /gS<1023.

As demonstrated in the section of simulation studi
analysis of the lepton events is rather straightforward. T
experimental sensitivity that can be reached from the BEL
detector with the 100 fb21 data provides valuable informa
tion regarding the standard model. ForCP analysis, a large
3-18
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deviation from the expectation can open a window of n

physics. TheCPT analysis of theB0B̄0 system has a signifi
cant difference compared with the kaon case and the c
parison between the two might be interesting.
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APPENDIX

Here we derive the normalization conditions from t
continuity equation of quantum mechanics without assum
CPT invariance, which are used to eliminate the summat
over all final statesY in the calculation of joint decay rat
involving the single lepton final state. We start with the co
tinuity equation

d

dt
^c~ t !uc~ t !&52(

Y
u^Yuc~ t !&u2. ~A1!
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-

l

g
n

-

Let us takec(t)5B̄0 then from the time evolution ofB̄0 @Eq.

~20!# ^B̄0(t)uB̄0(t)& is obtained as

^B̄0~ t !uB̄0~ t !&5u f 1~ t !2cosu f 2~ t !u2

1usin ue2 ifu2u f 2~ t !u2. ~A2!

Using the expressions forf 1(t) and f 2(t) from the main
text, the above relation can be written in terms of theDm
andDG as

^B̄0~ t !uB̄0~ t !&

5
e2Gt

2
@~12ucosuu22usin ue2 ifu2!cos~Dmt!

1~11ucosuu21usin ue2 ifu2!cosh~DGt/2!

2 i ~cosu2cosu* !sin~Dmt!

2~cosu1cosu* !sinh~DGt/2!#. ~A3!

The time derivative of the above equation gives
d

dt
^B̄0~ t !uB̄0~ t !&52

e2Gt

2 Fcos~Dmt!$G~12ucosuu22usin ue2 ifu2!1 iDm~cosu2cosu* !%

1cosh~DGt/2!H G~11ucosuu21usin ue2 ifu2!1
DG

2
~cosu1cosu* !J

2sin~Dmt!$ iG~cosu2cosu* !2Dm~12ucosuu22usin ue2 ifu2!%

2sinh~DGt/2!H G~cosu1cosu* !1
DG

2
~11ucosuu21usin ue2 ifu2!J G . ~A4!

We now evaluate the right-hand side of Eq.~A1!. This is given as

(
Y

u^YuB̄0~ t !&u25(
Y

u^Yu$@ f 1~ t !2cosu f 2~ t !#uB̄0&1sin ue2 if f 2~ t !uB0&%u2. ~A5!

This can be further written as

(
Y

u^YuB̄0~ t !&u25(
Y

@ u f 1~ t !u2uĀYu21u f 2~ t !u2$ucosuu2uĀYu21usin ue2 ifu2uAYu2

2sin u* eif* cosuĀYAY* 2sin ue2 ifcosu* AYĀY* %

1 f 1~ t ! f 2~ t !* $2cosu* uĀYu21sin u* eif* ĀYAY* %

1 f 2~ t ! f 1~ t !* $2cosuuĀYu21sin ue2 ifĀY* AY%#. ~A6!

Substituting the values off 1(t) and f 2(t) the above expression can be written in terms ofDm andDG as
3-19
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(
Y

u^YuB̄0~ t !&u25
e2Gt

2 (
Y

@cos~Dmt!$~12ucosuu2!uĀYu22usin ue2 ifu2uAYu21sin u* eif* cosuĀYAY*

1sin ue2 ifcosu* AYĀY* %1cosh~DGt/2!$~11ucosuu2!uĀYu21usin ue2 ifu2uAYu2

2sin u* eif* cosuĀYAY* 2sin ue2 ifcosu* AYĀ* %1 i sin~Dmt!$~2cosu1cosu* !uĀYu2

1sin ue2 ifAYĀY* 2sin u* eif* ĀYAY* %1sinh~DGt/2!$2~cosu1cosu* !uĀYu21sin u* eif* ĀYAY*

1sin ue2 ifAYĀY* %#. ~A7!

Equating the coefficients of cos(Dmt), cosh(DGt/2), sin(Dmt), and sinh(DGt/2) one gets the following conditions:

(
Y

$~12ucosuu2!uĀYu22usin ue2 ifu2uAYu21sin u* eif* cosuĀYAY* 1sin ue2 ifcosu* AYĀY* %

5G~12ucosuu22usin ue2 ifu2!1 iDm~cosu2cosu* !, ~A8!

(
Y

$~11ucosuu2!uĀYu21usin ue2 ifu2uAYu22sin u* eif* cosuĀYAY* 2sin ue2 ifcosu* AYĀY* %

5G~11ucosuu21usin ue2 ifu2!1
DG

2
~cosu1cosu* !, ~A9!

(
Y

$~2cosu1cosu* !uĀYu21sin ue2 ifAYĀY* 2sin u* eif* ĀYAY* %

52G~cosu2cosu* !2 iDm~12ucosuu22usin ue2 ifu2!, ~A10!

(
Y

$~cosu1cosu* !uĀYu22sin u* eif* ĀYAY* 2sin ue2 ifAYĀY* %5G~cosu1cosu* !1
DG

2
~11ucosuu21usin ue2 ifu2!.

~A11!

Taking c(t)5B0(t) in the continuity equation given in Eq.~A1! and exactly following the same procedure, a set
relations corresponding to those obtained in Eqs.~A8!–~A11! are found to be

(
Y

$~12ucosu2!uAYu22usin ueifu2uĀYu22sin u* e2 if* cosuAYĀY* 2sin ueifcosu* ĀYAY* %

5G~12ucosuu22usin ueifu2!2 iDm~cosu2cosu* !, ~A12!

(
Y

$~11ucosuu2!uAYu21usin ueifu2uĀYu21sin u* e2 if* cosuAYĀY* 1sin ueifcosu* ĀYAY* %

5G~11ucosuu21usin ueifu2!2
DG

2
~cosu1cosu* !, ~A13!

(
Y

$~cosu2cosu* !uAYu21sin ueifĀYAY* 2sin u* e2 if* AYĀY* %5G~cosu2cosu* !2 iDm~12ucosuu22usin ueifu2!,

~A14!

(
Y

$~cosu1cosu* !uAYu21sin u* e2 if* AYĀY* 1sin ueifĀYAY* %5G~cosu1cosu* !2
DG

2
~11ucosuu21usin ueifu2!.

~A15!
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From the above relations, the normalizations of decay am
tudes are given as

(
Y

uAYu25G1Dm Im~cosu!2
DG

2
Re~cosu!

~A16!

(
Y

uĀYu25G2Dm Im~cosu!1
DG

2
Re~cosu!,

~A17!

(
Y

$sin u* eif* AY* ĀY2sin ue2 ifAYĀY* %

5 iDm~12ucosuu22usin ue2 ifu2!12i Im~cosu!

3FDm Im~cosu!2
DG

2
Re~cosu!G , ~A18!
y,

03600
li- (
Y

$sin u* eif* AY* ĀY1sin ue2 ifAYĀY* %

52
DG

2
~11ucosuu21usin ue2 ifu2!

22 Re~cosu!FDm Im~cosu!2
DG

2
Re~cosu!G .

~A19!

If CPT is conserved, the above expressions reduce to

(
Y

uAYu25G, ~A20!

(
Y

uĀYu25G, ~A21!

(
Y

$eif* AY* ĀY2e2 ifAYĀY* %5 iDm~12ue2 ifu2!,

~A22!

(
Y

$eif* AY* ĀY1e2 ifAYĀY* %52
DG

2
~11ue2 ifu2!.

~A23!
5.
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