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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 inB°B° mixing. CP violating effects are examined in
terms of the charge asymmetries of same-sign dilepton events and single lepton ever@$ Thimlating
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 tB8B° mixing parametexy and theB lifetime g is possible from the
proper time distribution of the same-sign dilepton evef$§556-282(98)02915-4

PACS numbes): 11.30.Er, 12.15.Hh, 13.20.He

I. INTRODUCTION sensitivity for the charge asymmetry of same-sign dileptons
in future measurements. Besides dileptons,Geviolation

With the commissioning oB factories, studies oCP  effect can also appear in the charge asymmetry of single
violation will be extended to a system outside the neutraleptons[3,8] whose measurement would further enhance the
kaon system for the first time since its 1964 discoviglyy  sensitivity for detecting th€ P violation effect[9].
The potential oB factories is not limited to an investigation In searching for an effect & PT violation, it is natural to
of the origin of CP violation. A variety of new measure- look for such effects in a system whe@ is violated[11].
ments, especially in th€ P-violating decay modes, can pro- Up to now, such tests have come only from high precision
vide alternative ways for exploring new physics. Precisionexperiments in the neutral kaon systé®]. If CP is vio-
measurements of the time evolution of B&B° system that |ated in theB°B° system, it can provide another way of
will become possible in the new facilities provide a newtesting CPT invariance using quite different experimental

place for testingCPT invariance in a system whe@P is  techniqueg11,13. A possible difference of the time evolu-

violated, also for the first time, outside the neutral kaon sys-. — D
tem y tion betweerB® andB° as a consequence 6fP T violation

The CP violation which was observed ik — mm de- can be directly detected in the time-dependent charge asym-
cays and the charge asymmetryKp— v can be consis- MeWY of opposite-sign dilepton events. _
tently explained by introducing & P-violating part in the The B factory that is expected to begin operation at KEK

state mixing. While the standard model calculation leads to &EKB) [14] in early 1999 is an asymmetric energye™
collider. The energy of electron beam and positron beam are

set at 8 and 3.5 GeV, respectively. The center-of-mass en-
ergy in the collision corresponds to an energy just enough to
generatéY (4S) nearly at rest in the center-of-mass frame. In

magnitude difference betweeé¢?— K° and K°—K° ampli-
tudes that are consistent with the observed effg2isthe
equivalent effect in thé8 system, namely, a difference be-

0_. RO RO 0 \whi ;
tweenB”—B" andB”—B" which can show up in the charge . qatector frame)Y (4S) moves with a speed ofys3

32>(l:rar_]yn;et;};SOfk):Z?Z_(j:]gerl]'a(ﬂi)llefl’;[gzgfli]rt]aiL)SE)aeteti) ci)nsﬂm‘(:ls)to OQT 0.42, and this boost in subsequent decays causes the decay
serve. Standard model calculations give the size of thi ertices of twoB's separated typically by 20im along the

h d £ 16 [3—5]. With th ¢ Heam direction. From the distance measurements between
asymBmfetry on the order o [3-5] '.t Ff.e sta_rt T2 the two vertices, the proper time of the decay processes can
new B ac_tory, owever, we expect a signi |c_ant IMprove- ,q calculatedY (4S) is produced from a photon that has the
ment in this type of measurement. Moreover, it was pointe

. harge conjugation qguantum numb@r —1. The decay of
out by several authorb—7] that the asymmetry might be- ) - ] )
come as large as 16. Among the possible reasons which Y (4S) into BB is a strong interaction process, and therefore

can cause a larger asymmetry, an interesting possibility i€ is conserved. This constraint forces the wave function of
that an effect of new physics is already present in the obB°B° pair to evolve in such a way that at any given time one
servedB?BP mixing, in addition to the standard model con- is a charge-conjugate state of the other. 'I;his relation makes
tribution, and the new physics part has a different phase frorthe measurement of time evolution in tB8B° decays pos-

the standard model pdi,7]. If this is the case, it is possible sible in spite of the fact that typical separation along the
that we observe a phase Mf;, which is quite different from direction between tw® decay points {200 xm) is much
what we expect from the standard model even though themaller than the size of interaction region at the beam cross-
observed magnitude can be consistent with the standaidg (0.6 cm). This relation also provides an unique method
model expectation. It is worthwhile to carefully examine thefor flavor tagging. When decay vertices Bf and B, are
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i M—=-I'= . i .
flavor of B, att, by knowing the flavor oB,. The B, must E sin ge'¢ _iD—E cosd

detected at timg; andt,, respectively, we can determine the i ( —iD+E cosf E singe ¢
2

. 3
have been a charge-conjugate stat8phtt;. We can know )
the time evolution 0B, for the time duration of,—t,. The  \yhereD, E, 9, and¢ are complex parameters and expressed
BELLE detector[15] has been designed to provide a goodby M. andT.: as

enough position resolution to allow this time evolution. A N N

similar facility at SLAC (BaBar detector and the" e~ stor- ' L= (12T,

age ring PEP-)I[16] is also expected to begin operation in e'¢= Mo (/DT (4)
early 1999. The analysis described in this article can also be 12~ (112)T 12

performed using this facility.

1 .
In Sec. Il we present a general formulation for obtaining cot 9= 2(M13—Mago) = (i/4)(I' 13— T35
the joint decay rate oB°B° pair produced alY' (4S) reso- \/[M12—(i/2)F1ﬂ[M’1*2—(i/2)1“’1‘2].
nance without assumin@ P T invariance. Based on this for- (5)

mulation, we derive expressions for the cases where the final
state contains two leptons or single lepton. We then obtaifhe CP T invariance requires diagonal matrix elements to be
expressions for the charge asymmetries for same-sign dileggual and theCP invariance further requires the absolute
ton events, single lepton events, and opposite-sign dileptovialues of off-diagonal matrix elements to be equal, i.e.,
events. Time dependences for these charge asymmetries are ) )
also derived. CPT invariance: M{1=M,, and TI'1=T,,,

Section Il describes the method for simulating the4S) thus cotd=0: (6)
decays and the analysis procedure for obtaining the charge
asymmetries and the proper-time distribution. We present

sensitivities forC P- and C P T-violating effects in theg®8° ~ CP invariance
mixing based on the 100 3 data, although actual simula-

tions were done for 10Y (4S) decays corresponding to 0.87 thus  In(¢)=0. (7)
fo~l. The 100 fo ! data corresponds to an accumulation _. . . .

during one year running when the accelerator reaches its fuff'agonalizing .the mass matrix, the mass eigenstiied
design luminosity. In the last section, we compare the exf’deBL> are given as
pected results from the BELLE experiment with existing re-
sults and future prospects from other places.

i
=Ty =

M12_ 2

* _ _T%*
’MM 221

By)=p|B%+q|B%),

Il. FORMALISM BL)=p'|B%—q'[B%), (8)
A. Mixing mass matrix and mass eigenstates where the normalizations are
The mixing of neutraB mesonsB® andB° is governed Ipl?+1]al?>=1, |p'|*+|q’|*=1.

by the 2<2 mixing mass matrix: ]
(p,q) and (p’,q’) are related to the mass matrix elements as

i i
_F12

. Mii— =111 Myo— 0 . ! 0 .
[ R ) q_ tar; e’ q—, = cot; e, 9)
M—zI'= ) . . (1) p p
2 R . i
M1~ §F12 Mao— §F22 The masses of above eigenstates are given as
Here,M amdI" are Hermitian matrix and these matrix ele- i :
' : . . . =my,— 'y =—ID=xE, 10
ments are given with HamiltoniaH as ML= TIHLT 25 HiL (10
i _/Rpo 0 0_ R0 R0O_ RO 1 i ;
M-I =(B{|H|B}) (BI=B°B3=B"). (2 p=5(uutp)=m=5I'=—iD
ij
The above mass matrix can be equivalently parametrized in :E _i_
the form[17] > (M11+Myy) 2 (It o), (11)

2

1 i
*t M11_M22_§(F11_F22) . (12

i i [
Ap=py—pL=Am— EAF:ZE:Z\/( M- §F12) ( M1~ 2 2
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If CPT invariance holds, them/p=q’/p’. The above — C — o
formulas reduce to familiar forms: [B(1))= fr(O—gf-® |B%)+2cpp’f_(1)|B°)

={f (t)—cos f _(t)}|BO)+sin ge~'¢f_(1)|BO),

qa q9° = (i2)T'7, (20)
RPN et 13
p p M= (i/2)I"1, 13

where

i i f,(t)y=e (MY cog A ut/2),
Au=2 \/( Mo~ Erlz) ( M1~ 2 ’Iz)

(14) _
f_(t)=ie (M2t gin(A ut/2), (21)

Note that the following parametrization is usually used in
the K-meson system: 1 1

c= ’ ’ d= ’ ’e.
pPg +dqp pa —ap

(22)
p=1+¢€;, q=1—€;, p'=1+¢€, ' =1—¢€,, (15
B. Joint decay rate of B°BP pair
The B mesons are always produced in pairsYi4S)
decays. The original (4S) state has quantum numb&?®
=1"". This quantum number is inherited by tIBeB pair

From Eq.(9), when|e|<1 and|8]<1, Eq.(16) corresponds since the decay of (4S) to BB is a strong interaction pro-
to cess, in which both parity and charge conjugation are con-

served. This constraint requires that the wave function of the
B-meson pair when created is given by

e=(e1t€)/2, 5=(€1—€9)l2. (16)

1

2

€=— Ed)’ 0= -C0S 4. (17)

[W(t=0))= —=[|B)[BY)—-|BY)B%)]. (23

Since € and & depend on the phase conventions and nofan expression which governs subsequent time evolution of
B-meson system, we do not use these parameters in the fahjs equation. It can be shown that at any given time the form

lowing. _ _ . of Eq. (23) is preserved. This is to say that one is a charge-
Using the time evolution of mass eigenstal@s) and  conjugate state of the other at any given time. Let us con-
|Bw) sider one of the two neutr& mesons decay to a final state

f, at timet, and the other td, at timet,. f, andf, may be
_ hadronic or semileptonic states.
[BL(1))=e (IM*TL2Y B (0)), The amplitude of this joint decay is written as

B — a—(imy+Ty/2)t B 1 1 _
[Bu(t))=e 1B(0), 18 (Fafo W (ts,t)) = ~=[(1BOAt))(f6lB(t2))
2
the time evolution of initially pure/B°(t=0))=|B°) and —(fa[BO(t))(foBO(t2))].  (24)
|B%(t=0))=|BO) states are expressed as
Substituting the expressions for time evolution B}(t) and

BY(t) from Egs.(19) and (20) in Eq. (24), and denoting

|Bo(t)>:[f+<t)+gf(t)]|50>+chqrf(t)|§°> .
(fIB%=A; and (f|B%)=A

={f_ (t)+cos 6f _(1)}|B% +sin 6e'f_(1)|B%),
(190  the joint amplitude takes the form
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1 2 — —
(Taful¥ (t1.12)) = {u(tlm(tz)— %[utl)n(tz)]—4c2pp'qq'f7<tl>f7<tz> (AaPo=Aghy)
+20{ . [taf (1)~ T (t) 4 (tTH(PP Ay~ 40 Ay — <1 (1T ()~ (1) (1)}

X (AaKb + KaAb)

1

V2

+sin 6{f  [tif _(t) = f_(t)f (] (e A A, — ' PAA,) —cos 0{f . (1) f_(t) — f_(t)f (tp)}

[{F4(t) 4 (o) —cof @[ _(t) T (t2)] =S OF _(t1)F (1) }(AaPp— AsAp)

X (AaAp+AdAp)]. (25
The joint decay rate is then given as

P (ty,ty) = fafp]=[(fafp| W (ty,t2))|% (26)
Substituting Eq(25), we obtain

CLap(ty, 1) — 4]

= }e_ y(ty+to)
2

|cO$ A ety —t5)/2]14 AdAp— AxAp| 2+ 4|C SIMA u(t; — t5)/2]|2 PP’ AdAp— G’ AgAy|?

2

+ |ALAL+ ALAL 2+ 4 Im{c sinAu(ty—ty)/2]cod Ap* (t;—t,)/2]

ST At ~15)12]

- - c -
X(PP AaAb =00 AdAb) (AgAp— AaAp) ™} — 2 |m[aSlr{AM(tl—tz)/Z]COé{AM*(tl—tz)/Z](AaAb+AaAb)

*

— — cc
X(AaAp = Aahp)* ] —4fsinApu(t;— tz)/2]|2R€'| pm

(PP AdAp— a0  AgAp) (AgA, + AAp)*

1 — — ) [
= 5e*F(tl“z)(lcoiAM(tl—tz)/2]|2|AaAb—AaAb|2+ [sin 6 sin{Apu(ty—t2)/2]|%[e ™ ?AA, — €' PAA,|*

+|cos 0 Sin A u(ty—t5)/2]|2| AgAp+ AgAu 2+ 2 Im{sin 6 sin A p(t;—ty)/2]cog A p* (t,—t,)/2]
X (87T ALAL— € PAAL) (AA,— AAL)* L — 2 Im{cos 6 si A u(t;—t,)/2]cog A w* (t;—t2)/2](AgAp+ AsAp)

X (AgAp—AgAp)* L —2[sin A u(t; —t,)/2]|2Re[cos 8% sin B(e T *AA,— € PAA) (AAr+ AAL)*Y.  (27)

This is the decay rate @°B° pair produced aY (4S) reso-  I[#(ty,t2)—fafplepr
nance to the final statefs, and f,, without assumingCPT

invariance. The expressions with,0',q,9’) and (9, ¢) are 1 STty +t) A T T oA 12
simply translated using the relations =€ (Jcog A u(ts—t2)/2][*[AaAp = AcAy|
(o] 1 . 1 : . o ——
g=¢cos9, cpp' = Esin e '*  cqq = Esin 0e'®. (29 +|siMAu(t;—t,)/2]|%|e "PAA,— € PAA, |

. B wrn
Henceforth, we will express all formulas in terms of, &) +2 Im{sinf A p(ty—t;)/2]cod Ap™ (.- 15)/2]

only. Decay rates unde€PT invariance can thus be ob- - e -
tained simply by setting co8=0 and sing=1: X (67 PAAL— €' PAAL) (AAL— AsAL)* ). (29
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The physics information contained in the above expression$he time-integrated number of thé" /" events is given by
will become apparent when applied to various cases in thentegrating overAt,
following sections.

L A g2 x*+y?
C. Same-sign dilepton charge asymmetry N"T= 47?2 |sin 6e™'7] (1+X2)(1_y2) ! (39
For obtaining the joint decay rate &°B° pair to posi- _
tively charged dileptons, we set wherex andy are defined as
— (- — (¥ Am AT
fa=(77X7), fp=(77X7) X=71 Y=or- (36)
and assume that the semileptonic decay8afhesons are
flavor specific, i.e.,AB=AQ and thereforeB mesons B For negatively charged dileptons, we take
meson$ always produce positively charged leptofmega- a a
tively charged leptons then fa=(/"X7), fp=(/"X")
A=A,=(/"X"|BY=A, so that
- _ A /ROy
Aa=Rp=(/"X"[B%)=0. (30 Aa=Ap=(/"X"|B%)=0,
Then the decay rate to positively charged dileptons can be A=A,=(/"X"|BY=A,. (37)
derived from Eq.(27) as
The joint decay rate in this case is given as
Uy ag— +,+(t1,t2)
A4 Ty as)— —,-(11,t3)
:2—'e—F<t1+‘z>|sin ge ' si Au(t;—1,)/2]|? —
A .
1A AT =|T/|e*”t1“2>|sin 0e'? siMAu(t;—1t,)/2]|?
ZT/e*ml“ZHsin ge '%|? cosl{T(tl—tz)) -
Al .
=%e‘ml“z)|sin 6e'?|2{coshH AT (t;—1,)/2]
—co§Am(t;—ty)]]. (3D
—cogAm(t;—t,)]}. (39
For the second line, we used the relations o ) )
The observable joint decay rate as a funtio\ofis given as
Au+Au*=2Am,
Iy (as)— -~ (Al)
Apu—Au*=—iAT. (32
A |4
If CPT invariance is assumed, the joint decay rate becomes :%e—mtusin 6e'¢|2[ cosHAT At/2)
r
y(ag) - ++(t1,12) —cogAmAY)], (39
A —T(ty+1) | a—i ]2 Al . . : L
=——e 1"e"'?? cos T(tl_t2) and the time-integrated number of tHe /"~ events is given
as
—cogAm(t;—ty)]|. (33 VL X2+ y2
N“:%bin 0e‘¢|2%. (40
4r (1+x9)(1—-y?)

In the KEKB experiment, we can only measuké=t;—t,,
nott, andt, individually. The observable joint decay rate as
a function of At is obtained by integrating Eq31) with
t,=t,+t, which is orthogonal ta\t:

We note here that th&™ /" and/~/~ events have ex-
actly the samé\t dependence, irrespective of whetl@P T
is conserved or not. Thus asymmetry between them does not
Tyas +, +(AD) depend om\t, and the expression
_ |A*
ar

COSI’( £At) N Tyas)—r++(A) =T'yus) .~ (A1)
2

~TIat)sin gei¢|2

e sin ge™'?| -
sym

Cyas)— + +(A)+Tyag -~ (AL)

(41)

—cogAmALt)|. (349  becomes equal to

036003-5



A. MOHAPATRA, M. SATPATHY, K. ABE, AND Y. SAKAI PHYSICAL REVIEW D 58 036003

Al e 12— |A,|4el?|? IM(I'35/M 1)
gy/m=| A | *— 1A | | 42 a2l M) 45
|A e 2+ A4 1+2|T12/M
e 2= €2
:W =tanh(im ¢). (43 D. Single leptons charge asymmetry
In the second line, we assume no dir€® T violation in the Let us now consider the case when one of the final states

semileptonic decay oB® andB?, i.e., |A,|?=|A,|2. Note in B°BC decay is a lepton and the other may be anything
that A, is exactly the same as the asymmetry of the tran®!Se. Two such cases arise:
sition rate of B°B® mixing which can be obtained in a

straightforward way from Eq$19) and (20) and is given as fa=(/"X") and f,=Y,
F(BOHEO)—I‘(EO—)BO) ~ |efi¢|2_|ei¢|2

F(BO—>EO)+I‘(EO—>BO) - |e7i¢|2+|ei¢>|2'
(44)

mix _
sym

fa=(/"X") and f,=Y,

The nonvanishing o mix | imply CP violation in gog® WwhereY is any state. The general expression for the joint
sym . . .
mixing. In terms of the elements of the mixing mass matrixdecay rate without assumir@PT symmetry can be obtained

[Eq. (4)], the asymmetry can be written as from Eq.(27) and is given as

1 _ S
FY(4S)H/+Y=Eeir(tl+t2)|A/|2(|COiAM(tl_tZ)/2]|2|AY|2+|S|r[A:U“(tl_t2)/2]|2|sm ge ' ?Ay|?

+|cos @ sin A u(ty—t,)/2]|2Ay| 2+ 2 Im{Sir A u(t, —t,)/2]cog A u* (t;—t,)/2]sin fe TPA A%}
— 2 Im{cos @ SiM A u(t;—t,)/2]Cog A * (t;— t2)I2]AVA* } — 2|sin A u(t; — t5)/2]|2

X Re{COs 8% sin fe~ PAVAL*)). (46)
In terms of AT" and Am the above expression takes the form
_|AI|2 — oty +ty) 2\ A |2 ; —ig¢|2 2 qi —ipp A * *
FY(4S)H/+Y—Te Y+ cog Am(t;—t,) 1>, {(1—|cos 6]2)|Ay|2—|sin 6e~'?|?|Ay|2+sin ge ?AyAy* cos 6
Y
+sin g*e' 4" A¥ Ay cos 6} + cosHAT (t;—1,)/2)] >, {(1+|cos 8]2)|Ay|2+]sin ge~ 42| Ay|?
Y

—sin ge 1*A AL cos % —sin 6*el¢* A% A cos 0}+sir{Am(t1—t2)]2 {—i sin e PALA*

+i sin 0*e 1" AY Ay +i(cos §— cos 9*)|KY|2}—sinf‘[AF(tl—tz)/Z]g {sin e 1P ALA*

+sin g*e'¢" A¥ Ay— (cos 6—cos 6% )| Ay|2}|. (47)
Now we want to integrate ovey and sum over all final states:
I‘Y(4S)—>/+(t2):22 fo Ly as)—+v(t1,tp)dt;. (48)

The factor 2 accounts for the fact that the final stétean come from either side of thé(4S) decay:
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A2

X
Cyag— +(ty)= ar ©

Itz N 2sin(Am'[z)J X >, {(1—|cos 6]2)|Ay|2—|sin Be1¢|2|Ay|2
X v

1
———cog Amt,)+
L2 osAm)* g

+sin e PALA* cos g% +sin 0% e ¢ AL A, cos 6} +

cosiAT't,/2)—
[ OSAT D)~

sinh(AT't,/2)

xg {(1+|cos 6]2)|Ay|2+|sin e~ 19| Ay|2—sin ge~ ®AyAy* cos 6* —sin 6* e ' ¢* AL A, cos 6}

X 1 o = ke
+ cogAmt,) — si(Amt,) ¢ >, {—i sin fe ' PAJA/* +i sin 0¥ e P AX A,
1+x? 1+x? v

+i(cos #— cos 6* )|KY| 2 — [ 1 SCOSHAT't5/2) - sinr(AI‘tZIZ)]
-y

1-y?

X >, {sin fe 1 PAA* +sin 0% e 14" Ay* Ay— (cos 0+ cos 6% )| Ay|2} | (49)
Y

Using the relation

d
2 Y 2= = glulw) (50

and puttingB® andB® for i, we get a series of relations which are derived in the Appendix. Using the relations given by Egs.
(A8)—(A11) in Eq. (49), the dependence of joint decay rate on the final state eliminated and one obtains

2
|A/] —

Cyag—, +(ta)=

1—x2 s i igian 2IX
cogAmt,) (1—|cos 6]%>—|sin ge~4|?)+ (cos §—cos 6*)
1+ 1+x2

X2
4 oo ATtz
COos >

1+y? _
[ y2(1+|c036|2+|sin ge '%|2)+ 5
-y

2y
(cos §+cos 6*)

2X . 1-x2
(1—|cos 62— |sin ge~1%4|?)—i
1+x? 1

+sin(Amt2)[ n 2(cos¢9—cos€*)]
X

ATt 2 ) 1+y?
—sinP( 2) y (1+]|cos 6%+ |sin ge~¢|?)+ Y (cosf+cos6*) ¢ |. (51)
2 l_y2 1_y2

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

IAAZ 1—x2 s e igan 20X
I'y(as) - (t))=——€ " 2| cogAmt,) 2(1—|c036| —|sin ge'?|?)— 5(cos §—cos 6)
4 1+x 1+x
ATt [ 1+y? . 2
+cosr( 3 2 { y2(1+|coselz+|sin €' *|?) — yz(cose+cos0*)]
1-y 1-y
_ 2X T '
+sin(Amt,){ —— (1—|cos 6|%—|sin #e'?|?) +i (cos §—cos 6*)
1+x? 1+x?
ATt 2 . 1+y?
—sin 2 Y (1+]|cos 6%+ |sin ge'?|?) — Y (cos@+cos6*) ¢ |. (52
2 1_y2 1_y2
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Here we have made use of the relations given in E§%2)—
(A15) to eliminateY. Let us denote the total expected num-
ber of /" and/ "~ states in the decay process\is andN ™,
respectively. These are defined as

©

N = |

0

V-]
0

Substituting Eqs(52) and(53) in Eqs.(53) and(54), respec-
tively, and carrying out the integrations owgyr N* andN~
are obtained as

[y as)—+(tx)dty, (53

[y s ~(tx)dt;. (54

+=|A/|2 (1—|cos 62— |sin ge”'¢|?)
AT | 1+x2
X
+i (cos #—cos 6% ) + (1+]|cos 6|
1+x2 1-y?
+|sin6e‘i¢|2)+1 5(cosf+cos6*)|, (55
-y
|K/|2 2 i
- _ A _ e #12
T 1+x2(l |cos 6] |sin ge'?|?)
+i 2(cos¢9—cos€*)
+x
+ 5(1+|cos 6]*+|sin 6e'¢|?)
1-y
— 2(cos 0+cos6*)|. (56)
1-y

These are the exact espressions Kor and N~, obtained
without assuming P T invariance. Wher€ P T invariance is
assumed, the above equations simplify to

A7 i i 1
+_ 0 _|a—i¢|2 —ig|2
N' = (A le g (e )
(57)
A2 A 1 .
T= 1_ e|¢2—+ l+ el¢2 .
a1
(58)

Using x= (x?>+y?)/2(1+x?) which is a mixing parameter
described later, the inclusive lepton yields from fi€¢4S)
decay is obtained as

A2

Nt=—C
r(1-y?

[1+(Je 2= 1)x], (59)
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|A,|?

- ip|2_
oyt

(60

One notes here that there is an asymmetri}inandN~ if
|e”1¢|2+ |e'?|2. Therefore,Y (4S) decay into single lepton
final states can also give rise to an asymmetry which may
give a signature oCP violation. The single lepton charge
asymmetry can be obtained from the above equations as

N =N~ ([e7"]*—[e'!]?)x
NT+N~  2+(le "?]?+|e'?|?—2)x

y

/o __ 0
sym -

sym*

(61)

Here, we assuméA |?=|A,|? as in Eq.(43). It is to be
noted that the single lepton method is more useful in detect-
ing CP violation for largery [9]. The most recent result of
x=0.149+0.031(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-sign
dilepton final states and discuss their time evolution. Let us
first consider the case where

fa=/+X_, fb=/_X+,
then
A=(BY /"X )=A,, A,=(BY/*X")=0,

A,=(B%/"X*)=0, A,=(B/"X*)=A,.

The joint decay rate is obtained using Eg7) as

Uyag— +-(t1,12)
1 _
:§efr(t1+t2)|A/A/|2(|COS{AM(t1_ t,)/2]|?

+|cos 6 si A u(t,—t,)/2]|?
—2 Im{cos @ siMAu(t;—t5)/2]
X Cog A p* (t1— t)/21}).

After simplifying and using the values dfu and Au* in
terms of Am and AT, the joint decay rate in this particular
case is

(62

Cyag)— +,-(t1,12)

1 _
=Ze’ml“Z)|A/A/|2(cosr[AF(tl—t2)/2]
+cog Am(t;—t,)]+]|cos 8|2 cosH AT (t;—t,)/2]
—co§Am(t;—ty) ]} +2 Recos O)sinH AT (t,—t5)/2]
—2Im(cos @)siMAm(t;—t5)]). (63

Next, we consider the case where
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fa=/_X+, fb=/+X_,
then

A,=(B%/"X")=0, A,=(BY/ X*)=A,

A,=(B%/*X )=A,, A,=(BO

/tX7)y=0.
Exactly in the same way as in thé" (t,)/ (t,) case, the joint decay ratéy 4s)_.,- -+ is obtained as
1 _
FY(4S>H/*/+(t1't2)=§e_r<tl+t2)|A/A/|2X(|CO§LAM(t1_t2)/2]|2+ |cos 6 sin{ A u(ty—t,)/2]]?

+2 Im{cos 6 sin A u(t;—t,)/2]cod A w* (t,—t5)/2]}) (64)

1 _
= Ze*F<‘1“z>|A/A/|2>< (CosHAT (t;—t,)/2]+co§ Am(t;—t,)]

+|cos §|?{cosH AT (t;—t,)/2]— co§ Am(t,; —t,) ]} — 2 Re(cos #)sin AT (t; —t,)/2]
+2 Im(cos #)simAm(t;—t,)]), (65)

In the following, we always define the decay time/6t to bet, and that of/~ to bet,. Integrating ovett, =t,+t,, the
observed joint decay rate as a functionAdf is given as

1 _
Tyas— +/-(At) =Ee*F‘At||A/A/|2>< [cosHAT At/2) +cog AmAt)

+|cos 0|2{cosr(AFAt/2) —cogAmAt)}+2 Rgcos #)sinh AT At/2)— 2 Im(cos §)sin(AmAt)].
(66)

The presence of cagterms in Eq.(66) indicates theCPT violation and it can best be seen if we define an asymmetry

Cyasy— +/~(A) =T'yag_,+,-(—Al)

Al (At)= . (67)
m Uyasy— +/~(A) +Ty4g_,+,-(—Al)
Substituting the expressions of H§6) it can be expressed as
3 2 Rgcos 6)sinh(AT'At/2) — 2 Im(cos 6)sinlAmALt)
Agm(At) (69)

B cos AT At/2) +cog AmAt) + |cos 6|4 cosH AT At/2) — cog AmAt) ]

It is natural to assume th&P T-violating effect is small so that we can gebt §|<1 and cos~cot 6, and keep onlyD(cot 6)
terms. Then Eq(68) becomes

2 Rgcot §)sinnAT'At/2) — 2 Im(cot #)sin(AmAt)
cosHAT'At/2) 4+ cog AmALt) '

Agm(At)= (69)

If one putsAT'=0 then one gets

—2 Im(cot #)sin(AmALt)
1+cogAmAt)

Agm(At) = (70)

It should be noted that for a small range&mAt near (21+ 1) 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

|A/K/|2 —T|At|
FY(45)H/+/—(A'[)=T€ [COSKAFAt/Z)+COiAmAt)]:Fy(4s>*>/+/—(_At), (71)

andAg,,, obviously becomes zero.
Integrating Eq.(66) over At, the time-integrated number af" /'~ events is given as
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AR 2eeey
2I2 | (1+x2)(1-y?)

+—

+|cos

PHYSICAL REVIEW D 58 036003

From Egs.(35), (40), and(72), the observable mixing parameteris written as

NfF+N~~
NT +NFt+N"~

XE

|sin 6]%(le™" |2+ |e'?|?) (x*+y?)

T 2(2+x2—y?) +2|cos 6 2(x2+y2) + |sin 6]3(|e 4|2 +|e'¢|2) (x2+y?)

(le”" 12+ e ?A (P +y?)

x2+y?

2

| (1+x3)(1-y?)] (72
(73)
(74)
(79)

©2(2+x2—y?)|1+cot 67 + 2|cot 6]2(x2+y?)+ (e 4|2+ |42 (xP+y?)

Here, we assuméA,|2=|A |2 as in Eq.(43). If CPTis  detector simulation studies. The simulation parameters rel-

conserved and the charge asymmetry of B8° mixing is
small (e*'?|?>=152 Im(¢)], the expression fox reduces
to the standard one

1x%2+y?
=

evant to this study are described in the following.

1. Charged particle tracking

The detection and reconstruction of charged particles are
done by the SVOXsilicon vertex detectgrand CDC(central
- 7 (76) drift chanbe). The charged particle tracking efficiency was
2 1+x? parametrized as a function of particle type, minimum detect-

able momentum (), total momentum |§), and polar
angle of the particle §) based on theseaNT full detector

Ill. SIMULATION STUDIES

simulation study. The SVD and CDC cover the polar angle

A. Event generation 17°< §<150°. The track is represented by a helix with the

We used thepQ event generator prograiversion 8.08
which was developed by the CLEO group to geneh&téS)

following five parametersp,, the transverse momntum with
respect to the beam axis=¢ axis); dg, the closest distance
from the z axis of the track helixzy, the z position of the

and qq continuum eventsY (4S) decays intoB°B® and  ¢losest point to ther axis of the track helix:po, the azi-
B*B~ with equal branching ratios and &&°, B®, andB* muthal angle of track direction at the closest poink taxis;
decay generically with a defauitQ decay table tuned to the 6, the polar angle of track direction.

CLEO data. TheB°B® mixing was included withx = 0.66

These track-helix resolutions for the combined CDC

and AT was assumed to be 0. The valuexpi=0.66 was +SVD tracking system are parametrized as a function of the
given in a defaulpQ decay table based on the CLEO mea-Particle momentum, velocityg), and ¢ as

surement$10], and not the most recent result. However, this
does not affect the outcome of our analysis. We set the
CP-violation parameter Img$) to 0. TheC P T-violation pa-
rameter cot) was set to 0 except for the opposite sign dilep-
ton study. 16 events were generated each M(4S) and
continuum events and analyzed. The obtained number oi
events are normalized according to the cross section ratios
1.15 and 2.8 nb fol (4S) and continuum, respectively. 40

Y (4S) events corresponds to the integrated luminosity of

0.87 fo L. -

B. Simulation of the BELLE detector

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

We used a fast detector simulat(fSIM) program in
which the detector response were parametrized based on the
results of detector research an developmentGeanT full

036003-10

3m

FIG. 1. BELLE detector used in this simulation study.



SIMULATION STUDIES ONCP AND CPT VIOLATION . ..

PHYSICAL REVIEW D 58 036003

TABLE I. Performance parameters of the BELLE detector used in the simulation.

Detector Type Configuration Performance
Beam pipe Beryllium cylindricalf=2.3 cm Helium gas cooled
double wall 0.5 mm Be/2 mm He/0.5 mm Be
double 300um thick, 4 layers 0, $<10 um
SVvD sided r=2.7-5.8cm 0,=7—40 um
Si strip length=22—-34 cm 0A,~80 um
small cell anode: 52 layers 0,4=130 um
CDC drift cathode: 3 layers o,=200-1400 um
chamber r=8.5-90 cm
—77<2z<160 cm O4e/dx=6%
silica ~12x12x12 cn? blocks
PID aerogel 960 barrel/268 endcap Npe=6
n=1.01 FM-PMT readout K# 1.2<p<3.5 GeVkt
TOF scintillator 1284 segmentation o=100 ps
r=120 cm, 3-m long Kfr up to 1.2 GeVé
cesium towered structure oglE=
ECL iodide ~5.5x5.5x 30 cn? crystals 0.67%N\E®1.8%
crystal barrelr =125-162 cm Opos= 0.5 cmiE
(Csl) endcapz=—102 and 196 cm E in GeV
MAGNET super- inner radius=170 cm B=15T
conducting
KLM resistive 14 layerg5 cm Fet 4 cm gap Adp=A6=30 mr forK_
plate two RPCs in each gap o=1ns
counter 6 and ¢ strips 1% hadron fakes

Op, 0.20
—=0.110,® —% (=90°),

The Csl calorimeter covers polar angle region 4¢

(77 <150°. The probability for misidentifying a hadron as an
Pt B electron depends on the sign of the particle’s charge and its
31 momentum as shown in Fig. 2. These numbers are based on
0q =190 —— —2— um, (78)  our research and development results.
% pB sim'® 6 The dE/dx information from the CDC can also provide
30 the electron identification which is particularly useful in the
—(13+67 cof 0@ ' m, Ic_)w momentum region. However, we only us_ed the Csl calo-
Iz ( ) ps sim?g * rimeter and did not use theE/dx information in this analy-
(79 sis.
116 Muons The muon identification is provided by the KLM
0‘¢O=0.47€B mmr’ (80) i R ]
T oot o= (0.34+1.92 cod 0) s —— for +hadron .
114 y 1073 o1 < E ----- —hadron E
© BT a ' 6 PO B
[o] + 4
&~ L . 4
2. Lepton identification - N  test beam ]
5 [ ]
Electrons The electron identification is provided by com- g C ]
paring the energy deposit in the Csl calorimeter and the mea- r ]
sured momenta of the corresponding track. The electron e, -
identification efficiency is U 1
eff=0.0 (E<0.5 GeV), (82 e E— ; "
Momentum (GeV/c)
=0.9 (0.5<E<1.0 GeV), (83
FIG. 2. Probability for misidentifying a hadron as an electron in
=0.95 (1.0 Ge\<E). (84)  the Csl.
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TABLE Il. Contribution to z-vertex resolution from various

a Entries 287128 o Entries 111241

sources. X ® ¥ 16¢ ®
Opeam Oflight Omeas total = g 12
10F
electron 82um 28 um 93 um 127 um 8t
muon 61lum 23 um 51 um 83 um 6r
4 E
B'B” 2L

. . . . ! . [

which consists of 14 layers of 5-cm-thick iron plates and 25 3 o

GeVic

RPC(resistive plate countgplanes. The muon identification
efficiency is 90% forp=1.2 GeVk and zero for lower mo- FIG. 4. Lepton momentum spectra in the c.m. frame for the
mentum over the 30%#<140° angular region. This mo- detected leptons frorY (4S) for various sourcesta) for electrons
mentum cut approximately corresponds to the energy l0oss aGind (b) for muons.

a muon in 1-m-thick iron. The hadron punch-through rate is

1%. These are crude approximations of full-simulation re- C. Lepton sources and c.m. momentum distributions

sults. . - . .
Since the leptons are originated from various sources in

thee*e™ collisions atY (4S), we first examined the sources
and the c.m. momentumP( ,,) distributions of the single

In this analysis, we used a simple method for the deterleptons. We categorized the source of leptons into the fol-
mination of thez-vertex position of a lepton. We defined the |owing six types:(a) primary decay fronB° andB® mesons;
z position of closest point to the axis of the lepton track (b) primary decay fronB™ andB~ mesons{c) leptons from
(i.e., Zy of the helix parameter of the |ept0n traGkS thez charmed meson$neutra| and Charge(ﬂ), D*, D;‘ 0n|y'
position of the lepton vertex. This method assumes the decayharmed baryons are not include¢t) leptons from tau lep-
point of B mesons to be on theaxis, and therefore neglects tons: (e) leptons from other hadrongf) misidentified had-
a beam spread and a flight path before decay-indirec- rons (fake leptons
tions. These contribute to the error of thevertex measure- In order to understand the behavior of the detected leptons
ment in addition to the detector resolution and the multlplefrom different sources, we examined the c.m. momentum
scattering effect. We examined the contribution of eachyjstributions of leptons in two cases: for all the generated
sources to the-vertex measurement error for primary lep- |eptons without detector effects and the identified leptons by
tons by comparing the-vertex resolutions with and without the detectors mentioned in the previous section. Figures 3
the beam spread and detector effect. Table Il summarizes thghd 4 show the c.m. momentum spectra of the generated
result. The beam spread is assumed tarke 110 um, o, |eptons for various sources froM(4S) and the continuum
=3 pum, ando,=0.6 cm in the simulation. The contribution events. Here, the number of events are fof f@nerated
from the beam spread is similar to that from the detectokyents in bothY (4S) and continuum cases. Figures 5 and 6
effect. The poorer resolution for electrons than muons is dughow the ¢.m. momentum spectra of the identified leptons.
to the larger forward and backward acceptance coverage &s is well known, primary leptons from neutral and charged
the electron detection. In this method of determining the verg mesons are peaked at higher momentg{~ 1.5 GeVj,
tex z position, forward and backward tracks suffer a largenwhile leptons from all other sources, whose main contribu-
effect than the central track. An extended detection coveragdgon comes from charm decays, are peaked at low momen-
of electrons for lower momentum than the muon is also aum. The distributions for muons are similar to those for
source of worseryeashecause of the larger multiple scatter- electrons except that low momentum components from had-

3. Lepton Z-vertex determination

ing effect. rons are only present in the electron. As commonly adopted,
“ 50 Entries 559367 < 50 Entries 435103 < 35 Entries 173671 o 35 Entries 77523
¥ @ x %o 20l @ X0l w
g g 4 g 3
& 35 E 35F E 25 E 2t
é Others é 5 !5
30 30F 2 20l
Total
25 25 Oothers y
20 20 / Charm 15 F
15 = 15F Tan BB® 10} Total .
iy _ 107 _ arm
sk B'B s i B'B st Others
7 L L 0 ''''' ‘.‘ L 1 1 1 o L 1 L L
25 3 0 05 1 15 2 25 3 25 3 0 05 1 15 2 25 3
GeVic P, GeV/e GeVic P GeVie

FIG. 3. Lepton momentum spectra in the c.m. frame for the FIG. 5. Lepton momentum spectra in the c.m. frame for the
generated leptons froni (4S) for various sources. All the gener- generated leptons from the continuum events for various sources.
ated leptons are include@o acceptance cut is applieda) for All the generated leptons are includédo acceptance cut is ap-
electrons andb) for muons. plied): (a) for electrons andb) for muons.
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-~ 7 ~ 7 < 0.3
lé Entries 88705 é Entries 20680 ©
X X 6
g g ® 025
£ £ st
= = L
ni 02
3 015
2_
0.1F
1 E
PS SURRINP ot o 0.05
0 05 1 15 2 25 3
Pm GeVic 0 L L | | | L |
02 04 0608 1 12 14 1.6 18
FIG. 6. Lepton momentum spectra in the c.m. frame for the Pycut GeVie
detected leptons from the continuum events for various soufaes: .
for electrons andb) for muons. FIG. 8. Expected statistical errors of the charge asymmetry mea-

surement for the same-sign dileptons as a function of lepton mo-

. mentum cut with the luminosity corresponding to 0.87 ¥b
the cut on the lepton momentum effectively reduces the frac-

tion of background. with the luminosity corresponding to 0.87 Th In the cal-
_ _ _ culation, we followed a general formula for the statistical
D. Analysis of same-sign dilepton events error estimation
1. Event selection

In the events with two or more identified leptons, the z_i _ a2 _ w\2.2, R2..2
same-sign dileptons are selected and classified ir?to three cat * _32[(1 AIN+2ZAA=X)B+(A=X)"0g+Booxl,
egories: SS-1, both are primary leptding., from neutraB (85)
mesons only;, SS-2, both are leptons, but at least one is not
a primary lepton; SS-3, at least one is a fake lepton. Categoryhere A is the signal symmetryS the number of signal
SS-1 is the signals and categories SS-2 and SS-3 are thgents,B the total number of background events, the
backgrounds. When more than two leptons are found in ongsymmetry of the backgroundl, the total number of events
event, all pairs of leptons are taken. As expected from thg=S+B). Assuming no asymmetry in background0)

single lepton distributions, events in categories SS-2 andnd neglecting its erroroy=0), the formula reduces for
SS-3 mainly consist of one high and one low momentumsmall signal asymmetryA?><1) to
lepton pair. This implies a simultaneous cut on both lepton

momenta eliminates a large fraction of these categories. Fig- 1+B/S
op= S

ure 7 shows the same-sign dilepton yield for each source as a
function of lepton momentum cut value, where we required

that both lepton momenta were above the cut value. As ex- ] ]
pected, backgrounds fall rapidly for low momentum cut val- 1he optimum cut is~1.2 GeVk and we expect to get,

(86)

ues, i.e., €1.5 Ge\), while signals fall smoothly. ~0.008 with a luminosity of 100 fo".
With the above momentum cut the signal events are re-
2. Sensitivity to charge asymmetry duced to about half, but stilN/S is ~3. Therefore, it is

_ e possible to improve the sensitivity by combining with other
Figure 8 shows the expected statistical errors of the asymeffective cuts to further reduce the backgrounds while keep-
metry measurement as a function of lepton momentum cuhg the same or more signal events. As seen in Fig. 7, the

dominant background is category SS-2 fraff4S) where

T be @ 2. o one is a primary lepton frorB meson and the other comes
X ey * ss1 4 from secondary charm decay.
'E s} ¥ v ss2 E 8+ v ss2
g h\ o s§s3 g e 553
6l S 6L 3. Az cut
® )-e
ol " b e As described in the previous section, the proper time dis-
", hY tribution of the same-sign dilepton events is given by Eqgs.
2t Yo% 20 e (34) and(39). The time evolution for’*/* and/ ™/~ are
i - Y PP exactly the same. The population is zerdtat-t,/|=0 and
002 0‘4 0‘6 0‘8 i 1‘2 14 1.6 18 00‘2 04 06 08 1 12 14 16 18 H H
20060 ot M o ot ook has a peaKt;—t,|~0.6mr7g. Since Bycrg~0.2 mm with

8% 3.5 GeV KEK B factory, the peak corresponds foz
FIG. 7. Same-sign dilepton yield vs lepton momentum cut in~400um, whereAz is the difference of two lepton vertices
c.m. frame with luminosity of 0.87 fb': (a) from Y (4S) and (b) along thez axis. On the other hand, for backgrounds from
from continuum. Electrons and muons are summed together. Sam@ny sources we expect exponential distributioddinwhich
sign dileptons are classified into three categories which are dgpeaks atAz=0. Therefore, cut om\z would enhances/N
scribed in the text. ratio and improve the sensitivity.
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3 60 - Enteies wi| L ogyf Entries 91as TABLE lIl. Number of single leptons with lepton c.m. momen-
E ol Ea ® tum cut at 1.1 GeW for the luminosity of 0.87 fb?.
40 & :2 lepton source number of leptons
¥ “r signal primary leptons fromB® and B° 93.7x10°
ny z: primary leptons fronB* 93.7x10°
0f ol background other leptons froi(4S) 30.8x1C°
obocinal M, ° . S leptons from continuum events 9%40®
3 2 41 0 1 2 3 302 4 0 1 2 3
Az {mm) Az (mm)
total background 221910
—g 100 [ Entries 9899 —; Entries 2191
% © x 25 @
E 80 E 2 E. Analysis of single lepton events
s -] [
™ = As described in the previous section, the charge asymme-
i try can also be measured by the single leptons. The magni-
or 10f tude of the asymmetry is diluted by factgy, but statistical
200 st sensitivity can be better because of the much larger number
of sampleq9].
L e S P 051 0T T We applied cuts on lepton c.m. momenta at 1.1 GeV/
Az (mm) Az (mm) which minimized the factorn/(1+B/S)/S, whereS is the

FIG. 9. Az distributions for the same-sign dileptons for various Number of primary leptons frofB® andB° [source typea)]
categories. No lepton momentum cut is applied, uu, andex ~ and B is the number of background leptons from all other
events are summed uf®) For signals,b) for category SS-2 from  sources. The result is listed in Table Ill. The primary leptons
Y(48), (c) for category SS-3 fron¥ (4S), and(d) category SS-2  from B* cannot be distinguished from those fr@f andB°
and SS-3 from continuum. and contribute to the background the same amount as the

signals. Using Eq(86) we obtained the statistical error of

Figure 9 shows\ z for the same-sign dileptons for various asymmetryo, =0.006 for the integrated luminosity of 0.87
categories. As expected, the distribution for category Ib~!, which corresponds top, =oa, /x4=0.04. Thus, as
shows a dip adz=0 and has peaka z| ~400 um, whereas  expected, the single lepton asymmetry measurement can pro-
those for backgrounds peak az=0. vide better statistical sensitivity than the same-sign dilepton

We applied cuts on lepton momenta akdtrying to find  case (rA//ZO.OGG). Combinining the two measurements,
the optimal cuts. Figure 10 shows the expecte_d statistical,e obtained the sensitivity,, =0.034(0.0034) for an in-
errors of the asymmet_ry measurement as a functlor] of I.epto{%grated luminosity of 0.87100) fb~ L.
momentum cut for varioud z cut values with the luminosity
corresponding to 0.87 fif. An optimum cut is found with

- F. Analysis of ite-sign dilept t
Az cut of 0.3 mm andP.. ,, cut of 1.1 GeVt. The statistical nAysis of opposite-sign diiepton even's

error is improved by~20% compared with that d? ,, cut 1. Event selection
alone and we expect to gef,~0.0066 with a luminosity of Events containing opposite-sign dileptons are selected and
100 fo . classified into five categories: OS-1, both are primary leptons
from B°B®; OS-2, both are primary leptons frol*B™;
g 012 0S-3, both are leptons from charmed mesorsdc; 0S-4,
o1l others but no fake lepton; OS-5, at least one is a fake lepton
(fake). Only the events in category OS-1 constitute the signal
0.08 - we are interested in. However, since the events in the cat-
egory OS-2 have identical signature and we cannot separate
0.06 - . .
* - Azeut-02mm them, we must treat the events in these two categories to-
0.04 E : ﬁﬁ gether. Others are backgrounds. Again, multiple pairs of lep-
% noAzeut tons found in one event are included. Events in the category
0021 0S-4 and OS-§major backgroundsmainly consist of one
0 e high and one low momentum lepton pair as expected from
0.7 08 09 1P liutl'z 13 (l}':wlc-s the single lepton momentum distribution. A simultaneous cut

on both lepton momenta successfully eliminates a large frac-
FIG. 10. Expected statistical errors of the asymmetry measureion of these categories.

ment as a function of lepton momentum cut for variais cut Figure 11 shows the yield as a function Bf ,, cut for
values with the luminosity corresponding to 0.87 foee, uu, and ~ €ach category of opposite-sign dilepton events. We opti-
eu events are summed up. mized the cut value by minimizing the factQ1+B/S)/S,
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T 160 @ . 0s1and082 € 6l o lifetime. We call the positively charged lepton lepton-1 and

2 14kaa 2 oss % g4t pRee the negatively charged one as lepton-2.

.8 Q ¥ -08-5 . . " . .

g Ivy; ® 08§ E ot It is not possible to distinguish the primary leptons com-
=

10} ing from neutral and chargeB’s. On the other hand, the
st time evolutions of the neutral and chargBdmesons are

6 known exactly. So the data containing both neutral and
af chargedB mesons can be fit to a theoretical expression that
2

00

: “ baaag ey also contains botiB°B® andB*B~. Other backgrounds are
0204 0608 1 12 14 16 18 2 04 0.6 08 1 12 14 16 18 assumed to be subtracted using Monte Carlo or continuum

Pt GeVie Pantut  GeVie data taken belowy (4S), although the errors of the back-
ground statistics must be taken into account correctly. The
theoretical function which expresses the proper-time evolu-
tion is given by

reee. A
L, V%eean 4

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

whereS and B are the number of signal evenfsategories f(At)oce TIAYI[ 14 cosxy(At'/ 75)
0S-1 and OS-Rand those of other background events, re- _ , At
spectively. We used the 1.0 Ge¥/tut for the analysis. —21Im(cot @)sin x4(At")/75] +2€ :

88

2. Proper-time distribution and determination dfn (cot ) 3

Figure 12 shows the distributions of the proper-time dif-ere the first and second terms are fr@f8° andB*B~
ference for the opposite-sign dileptons that passedPthg  contributions, respectively. The observed proper time differ-

cut in each category. The proper-time differenceence distribution must be modified by taking into account the
AT(ZAt/ TB) is calculated from the vertices using the fol- experimenta' resolution for the proper time:

lowing expression:

Are g _t_l_t_z_ = Az F(At)=fg(At—At’)f(At’)d(At’), (89
T TZ_TB TB_CBYTB 01377'5_0,377'5’

(87)

wherez;= the measured vertex of theith lepton,3y=the
Lorentz boost factor of the*e™ c.m. system, andy=B°

where g(At—At") is the resolution function that is deter-
mined by fitting the Monte CarlgMC) distribution to a
double Gaussian function,

_(At— 2/9,2 C(Af— 2/ 2

E 400 Entries 9266 §350F Entries 4909 g(At— At/) =axe (At-At') /Zgl‘l‘ bxe (At=At")*f20;
e z (90
300
250

as shown in Fig. 13. The fitting results wewg=0.3773,
0,=0.90rg, anda/b=4.3. The rms of the proper-time dif-
ference resolution was 0.68. In the fittings of the proper-time
difference, we used two free parameters, Im(@oand the
overall normalization factor.

200
150 |
100
501

0

ey

54321012345 5432101234 We used the input values (0.1,0.3,0.4) for Im(épand
At/Ty At/ Ty . . .
tried to visualize how exactly these values are reproduced
3 T i g & T i from the fit. We included the effect of background by assign-
E® o Eol o ing the error in the fit as
50
pl
04 ol ai=+Ng(1+fp)
300
o ! for each bin, wherd\s andf}; are the number of signals and
10} 10r ratio of the backgrounds to signals for tité bin.
ST T s T n
At/ At/ 3. Sensitivity tolm (cot 6)

FIG. 12. Proper time distributions for the opposite-sign dilep- ~R€sults of the fit are summarized in Table IV. Result of
tons from various categories. Lepton momentum ddg=1.0  the fitin the case of Im(cof)(input)=0.1 is shown in Figs.
GeVic) is applied.ee, uu, andex events are summed u@) For 14 and 15. It indicates that Im(cé} can be measured with
primary leptons fronB® andB* (category OS-1 and OSK2b) for ~ an accuracy of 0.05 corresponding to 0.87 fof data. We
category 0OS-3 and OS-&ummed from Y (4S), (c) for category ~ expect to measure the Im(cét parameter with a sensitivity
0S-5 fromY (4S), and(d) all leptons from continuum. of ~0.005 with a luminosity of 100 fb'.
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350 Entries a88 300 Entries 9159

300 -

Entries
Entries

250 -
200 -
150 ¢
100 -

50

0-4-3-2-10 1 2 3 4
(At Tg) peas - (AL Tg) e

FIG. 13. Resolution for proper time difference. FIG. 14. Simulation result on proper time difference distribution
for the signals with Im(co#)=0.1. The line is the result of fit.
G. Determination of x4
» o Xq=0.77+0.061" 009, (92
1. Fitting to proper-time distribution

As described in the previous section, the proper-time diswhere the first error is a statistical one and the second is a
tribution for dilepton events contains the information of the Systematic one coming from the error @z=0.04 ps
mixing parameternm (or x4=Am/T'). Figure 16 shows the (present world averag¢18]. We expect the statistical error
distributions of the proper-time difference in each categoryof Xq to be 0.006 with a luminosity of 100 fi. We discuss
for the same-sign dileptons with 2, ,, cut at 1.1 GeV¢.  the systematic error in the next section.
Among the backgrounds, those from continul[fig. 16c)] Whenxy is fixed and fit is made forg, we obtained with
are assumed to be subtracted using the data taken beldf{e same sample
Y (4S). We fit the proper-time difference distribution with 0.046
the function 75=1.49+0.093 5337 PS, (93

where the first error is a statistical one and the second is a
Fiotl A7) =NgFsig( A7) + NgFpr(AT), (91)  systematic one coming from the error xj=0.033 (present
world averagg[18]. When bothxy and 75 are taken as free
whereF (A7) is an observed proper-time difference distri- in the fit, errors become much larger because of the large
bution for signal(SS-1 which is a convolution of the the- correlation between these two parameters.
oretical time evolution and detector resolution functions in
the same way as in the opposite-sign dilepton cagg(A 7) IV. DISCUSSION
is that for background§SS-2 and SS-3 fronY'(4S)]. We ) ) ) )
assumed that this function could be determined by fitting the W€ have carried out a simulation study for possible de-
proper-time difference distribution of the backgrounds withtection of CP violation andCPT violation in B°B® mixing
the Monte Carlo simulation. In this analysis, we used theusing the BELLE detector at KEKB. First we derived a gen-

function consisting of double Gaussian and second ordegeg| expression for the joint decay rate of tBARO pair
polynomial. The fit to the background distribution is also produced aly (4S) resonance without assumil@P T invari-
shown in Fig. 160). Ns andNg are the normalization for the  ance. The use offf$) notation for describing the mixing
signals and backgrounds, respectively. The effect of the connass matrix elements, rather than physically straightforward

tinuum background was statistically taken into account in theMiJ_ andT; , simplifies the necessary equations that are used

same way as the opposite-sign dilepton case. I

1

LE
2. Result < 08
In order to obtairnxy, we fixed theB? lifetime (7g) and 0.6
made a fit with three free parameters ( Ng, andNg). The 0.4 o
result of the fit is shown in Fig. 17. With this sample corre- S R U T e,
sponding to the luminosity of 0.87 T3, we obtained 02 T Ty e BTy
TABLE IV. Results of the fit to measure Im(cé}. 'z':
input Im(cot6) No. events Im(cob) 08
used in fit from fit To0s 1 15 2 25 3
At/ T
0.1 8732 0.0420.05
0.3 8830 0.28%0.05 FIG. 15. Simulation result o€ PT asymmetry. The line shows
0.4 8855 0.3820.05 the asymmetry with Im(co)=0.05 obtained by the fit to proper-

time distribution in Fig. 14.
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FIG. 18. Allowed region (1e) in the complex cot plane ob-
tained fromy andxy measurementga) with the current datdsee
text), (b) with expected accuracies of 2% fgrand 1% forxy in the
case of Im(co¥)=0. The allowed regions are those containing
cot =0 for all cases.

independent measurements should in principle help remove
some of the possible systematic uncertainties such as those
arising from asymmetries in the backgrounds. We combined

the two results by converting(A,,) =0.0006 too(AZ,

FIG. 16. Distributions of the proper-time difference in each cat-=0.004, giving an overall sensitivity Otﬁ'(A'S/y/m) =0.0034.

egory for the same-sign dileptons with tRe ,, cut at 1.1 GeV¢.
(a) For signal(category SS-, (b) for background fron (4S) (cat-
egories SS-2 and S9;3(c) for background from the continuum
events. The curves ifb) are the fit with double Gaussian plus
second order polynomial.

here. In this notationCPT invariance requires cat=0 and
CP invariance requires Im§)=0.

While this may not be quite enough for thoroughly covering
a region of O(10 %) which is a present prediction of the
standard model, some significant fraction of the search re-
gion can be covered by the BELLE experiment. Any en-
hancement to the IG level due to new physics can be cer-
tainly detected.

In the case of opposite-sign dilepton events, the charge
asymmetry has a coefficient Im(cétin the time-dependent

In the same-sign dilepton and single lepton final statedehavior, but the asymmetry vanishes if the time dependence

W /
AgmandAg _ _ rated
extract relevant information. Sinckg,,=tantim(¢)] and
A= XdAgm: We can consideAy,, as a measurement of

sym
Asy/m diluted by the mixing parametety . Their nonzero val-

ues are an indication aE P violation in B°B® mixing. The
simulation results based on 100 fhdata indicates that we
can reachr(AZ/,) =0.0066 andr(A,,) =0.0006. Since the

event sample of same-sign dilepton events occupies only A5

small fraction of the single lepton event sampkgm and

Agym can be considered as independent. These two mostiyg

2827

&

5 160 [

=

= 140 |
120 f
100

FIG. 17. Distributions of the proper-time difference and fit
curve. The solid histogram and line are those for the t(giain of
the signal and backgroupdample. Those for signalkatched his-
togram and dot-dash curvand background&otted histogram and
curve are also shown.

we use time-integrated charge asymmetries tdS not measured. Thus a nonzekg;(At) is an indication of

CPT violation in B°B° mixing. The BELLE experiment
with an accumulation of 100 ot data will allow a measure-
ment of Im(cotd) with a sensitivity of 0.005. The only as-
sumptions we used to reach this conclusion are that ¢et
small enough to neglect cof and higher terms, and thAf"

is zero. Both assumptions are considered to be safely valid
and there is no known cause to doubt the validity of those
sumptions.

Information onCP T-violation parameter cad can also
obtained from the comparison of two parameters which

describe theB°B° mixing, y andxy. X4 is directly obtained
from the time evolution of the same-sign dilepton events,
and is independent of cét On the other handy depends on
cot # as well axy as seen in E(.75). Therefore, comparison
of the two independently measurgdandxy values provides

a constraint on cof. Figure 18a) shows the le allowed
region in complex cob plane obtained from the recent data,
x=0.149+0.031 (CLEO) [10] and x4=0.722+0.035
(CERN e*e™ collider LEP average[18]. Here, we sely

=0 and assume small charge asymmetry oBABC mixing
[|e*'?|2=1%F2 Im(¢)]. From the simulation study, we ex-
pect with 100 fb! data axd(stat)s 0.006. We also expect

that the accuracy oB° lifetime measurement will improve
by a factor of 3 or more and reach to 1% level by then.
Presently, the accuracy of measurement using dilepton
events is limited by the uncertainty ~(15%) of A
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=f, bi/(f,b% +fob), wheref . (fo) is the fraction oB*B~  Re(5)=[0.07+0.53(stat} 0.45(sys)]x 10 3 [21]. Similar
(B°B) pairs fromY(4S) and b, (by) is a semileptonic Measurements will be possible in futuge factory experi-
branching ratio oB* (B°). To avoid the effect of the large Ments(22]. o

uncertainty ofA, other methods such as partizf /v recon- The physical consequence GfPT violation must show
struction were also tried by CLEQLO], where a statistical UP. in differences of the mass or the lifetime between a par-
error was the dominant contribution. In both cases, the accyiclé and its antiparticle. We can examine the relation be-
racy of they measurements are approximately 20% with 1tWeen cosf and those quantities using EdS) and(12):

fb~! data. Assuming that the accuracy of the measurements

1
improves inversely with the square-root of the accumulated Re(cos a)zAmoAm+ zATAT
data, we expect about 2% accuracyyirmeasurement with Am2+ LAT?
100 fb ! data. With the above measurement accuracies, the
allowed region in co® will be reduced as shown in Fig. 1 AMAT —AT-Am
18(b) in the case of Im(co#)=0. Combining the Im(cot) Im(cos §)= = —— — 02 _ (94)
measurement fronAJ, (At) using the opposite-sign dilep- 2 Am?+AT

ton events, we expect a sensitivity of 0.16 on Re@ot

The measurement of the imaginary part of édn the ~ Her€AmMo=(M;—Mz;) andAT'o=(I';;—I'z;). We can set
kaon system uses a relatigi g|K, )~2 Re(e) —2i Im(8).  cosf@=cot § since we assume c@s<l. In theB°B? system,
CPT invariance requires to be zero, and this implies that we can seAI'=0. This leads to
there is no imaginary part in this amplitude. Here one should
be reminded tha® is approximately equal to (ca/2 for Re(cot ) ~Amg/Am,  Im(cot 6)~—ATo/(2Am).
6<1 as given in Eq(17). An assumption that intermediate (99

physical states in the transmon betwdenandK s are dom|-_ This implies that the Im(co) measurement gives informa-
nated by thel =0 two-pion State, leads to the expressionjon apout the lifetime difference. The sensitivity of
(KoK )~2(m4—ys + 7]00730)/_(2'Amr<+ Yst 7L)-+ Here 551072 in this analysis translates to a sensitivity of
VBOa”d s are the total decay widths &f,_andKs, ys = and A /T~ severalx 103 since Am is of the order ofl.

ys are the partial decay widths &fsinto =" 7~ and7°7°  |nformation on the mass difference comes from Re@ot
Amy is the mass difference betweefy and Ks. The  and the sensitivity we can achieve from this analysis is
currently available data [19] leads to Img) Amy/Am~0.16.

~2.28<107%[2/3(¢p - — )+ 13(dhgo— be)]. Here, b, In the case of the kaon system, we use a triangular rela-
and ¢ are the phases of *~ and %, respectively, ané. tion in the complex plane

is the phase ok. Both ¢, _ and ¢g9 have been measured

with an accuracy of an order of one degree. If one uses the Ny - =€—0 (96)
superweak phase in place gf,, which is defined aspgy L . .

=tan }(2Amy /ys) and is determined fromrg and Amy which is derived from the decay amph'[lidef}()é:Kl-I—(e
measurements to an accuracy of a fractional degree, one cand) Kz and K =K;+(e— 5K, to the 7" =~ state. From
attempt to conclude that Indj has been measured to 10D this, one can obtain the component®perpendicular ta,

level in contrast to the 5 102 level of our proposed analy- 5~ _ 9

sis. Although the two analyses try to detect the same quan- =74 [($-— o). 97

tity, namely, the imaginary part of c@t a significant differ- Solving Eq.(94) for Am, and AT, we obtain
ence between the two should be noted. While the method in ’

the B®B case is straightforward, that of the neutral kaon Amg/Amg=26, Isin ¢gw,
system assumeg.~ ¢gy. This is to say that no additional
phase other than the superweak phase contributes tdt AT o/ ys=—26)/cos psw, (98

has been pointed out that non-negligible contribution to the

phase of(KJK,) from the|=2 two-pion state, three-pion Where we useAl'=y, —ys=—ys. When an assumption
state, and semileptonic decays might be prefedit $.= ¢sw is made and currently available data are used for

. . 74 . .
The real part of cob can be measured in the kaon experi- oL » On€ can setalimidmy/Am,<10"". This is better than

the sensitivity that is obtained using measurements obRRe(

0 KO
ment whereK® and K" are generated and tagged. Here theand Im(5). However, as in the case of the 18)( measure-

time evolution takes an identical expression as described iy .\t the validity of assuming, = ¢ is a concern. Setting
Sec. Il, and the charge asymmetry for semileptonic decays '3 Iimi’t on ATy cannot be doneein this analysis and measure-

given by Eq.(69) with At replaced byt. In the case 0B°B°  ments of Re§) and Im(s) are necessary. Currently available
the term which contains the real part of ¢btirops out be-  data of Reg) and Im(s) set a limitAT' o/ ys<10"2.

cause of the conditiodI"=0. In the case of neutral kaon  As demonstrated in the section of simulation studies,
system, this condition no longer holds, and Re(@otan be  analysis of the lepton events is rather straightforward. The
measured fromAg,(t) in the larget region, because experimental sensitivity that can be reached from the BELLE
Agy;(t) becomes 2 Re(cd in the limit ATt>1. The first detector with the 100 fb* data provides valuable informa-
such measurement was done by CPLEAR, giving the resution regarding the standard model. FoP analysis, a large
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deviation from the expectation can open a window of new| et ys takey(t) = B° then from the time evolution @° [Eq.

physics. TheCPT analysis of the8°B° system has a signifi- (20] (B°(t)|BY(t)) is obtained as

cant difference compared with the kaon case and the com
arison between the two might be interestin S0/4\ ST

P J g (BO(1)[B°(1)) = F., (1)~ cos 6 _(1)|?
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APPENDIX (BO(t)[B%(1))
—TI't

: - iy e _
Here we derive the normalization conditions from the — [(1—|cos 6]2—|sin ge 4|2 cog Amt)

continuity equation of quantum mechanics without assuming
CPT invariance, which are used to eliminate the summation 5 i ig12
over all final statesy in the calculation of joint decay rate +(1+|cos 6]°+|sin ge'?|*)coslAT't/2)
i_nvo_lving the_ single lepton final state. We start with the con- —i(cos §—cos 6* )sin(Amt)
tinuity equation
d —(cos #+cos 6*)sinh(AT't/2)]. (A3)
GEPOl) == [(YIp)I*. (A1)

The time derivative of the above equation gives

d — _ efl“t
G (B°[BY)=—

cod Amt){T'(1—|cos 6|%>—|sin e~ "¢|?)+iAm(cos 6—cos 6*)}

+coshiAI't/2)

o AT
I'(1+]|cos 6|?+|sin e~ '¢|?)+ —(cos f+cos 0*)
—sin(Amt){iT"(cos #—cos §* ) — Am(1—|cos 62— sin fe~'¢|?)}

, AT o
—smf’(AFt/Z)(l“(cos 6+ cos %)+ 7(1+|cos 6|2+ |sin 0e"/’|2)H. (A4)

We now evaluate the right-hand side of E41). This is given as

Y |<Y|§°<t)>|2=2 [(Y{Lf4(t)—cos 6F _(1)]|B®) +sin ge ™ #f_(1)|B%)}2. (A5)
This can be further written as

2 (YIBO)I? =2 [If (1) Ayf>+ [T (D)]*{]cos 67| Ay|*+[sin be 4[| Af?

—sin 6 €1%* cos OAyAV* —sin ge~ %cos 6* AyAy*
+f,(t)f_(t)*{—cos 0*|KY|2+ sin B*ei“’*KYAY*}

+_()f 4 (1)*{—cos 8| Ay|2+sin Ge 1 ¢A* AL} (AB)

Substituting the values df, (t) andf_(t) the above expression can be written in term@\af and AT as
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-TI't
_ e — ) o —
> |(Y|B°(t)>|2=72 [cog Amt){(1—|cos ]?)|Ay|?—|sin e~ ¢|2|Ay|?+sin 6* €' cos BAA*
Y Y

+5sin e 1?cos 0% AyAy* } + cosi AT t/2){(1+|cos 6])|Ay|2+|sin 6e~1¢|2|Ay|2

—sin 6* €1%" cos AAVAV* —sin ge~1%cos 0* AyA* L +i sin(Amt){(—cos 6+ cos % )| Ay|?

+sin e PAVAL* —sin 0% 6% AyAy* L+ sinh(ATt/2){ — (Cos 6+ cos 6* ) |Ay|%+sin 6% e ** AyA*
+sin e PAVA* . (A7)

Equating the coefficients of casft), coshQAI't/2), sinAmt), and sinhAT't/2) one gets the following conditions:

> {(1—|cos 6]2)|Ay|?—|sin de1#|2|Ay|2+sin 6% ¢ cos GAVAL* +sin fe”1cos 0% AyAL* )
Y

=I'(1—|cos 6|%>—|sin #e'%|?)+iAm(cos #—cos 6% ), (A8)

> {(1+]|cos 6]2)|Ay|?+ |sin de1#|2|Ay|2—sin 6* ¢ cos GAVAL* —sin fe” 1 cos 0% AyAL* )
Y

- AT
=T'(1+]|cos 6%+ |sin e '¢|?)+ —-(cos+cos ), (A9)

> {(—cos 6+ cos 6% )| Ay|2+sin fe T ¢AALK —sin 0% €47 AVA )
Y
=—T'(cos —cos #*)—iAm(1—|cos 6]°>—|sin ge~'¢|?), (A10)

— o e— L — AT )
> {(cos 6+cos 6*)|Ay|2—sin 6* e " AyAY —sin ge ' ?AyAy* }=T'(cos 6+ cos 6* ) + 7(1+|cos 6|?+|sin e ¢|?).
Y

(A11)

Taking #(t)=B°(t) in the continuity equation given in EGA1) and exactly following the same procedure, a set of
relations corresponding to those obtained in E&48)—(A11) are found to be
2 {(1—|cos 62)|Ay|2—|sin 8e'#|2|Ay|2—sin 6* e %" cos A Ay* —sin B ¢cos g% AyAL* }
=T'(1—|cos 6|%>—|sin #e'?|?)—i Am(cos 6—cos 6*), (A12)
2 {(1+|cos 6]2)| Ay|2+|sin 66'¢|2| Ay|2+sin 6% e 1#" cos OAVA* +sin e ®Cos 0* AyAy* }
s o AT
=I'(1+]cos 0]%+|sin ge'?| )—7(cose+coso*), (A13)
> {(cos 6—cos 6* ) |Ay|?+sin 06/ PAVA* —sin 6* e~ 1" AyA* 1 =T'(cos §— cos g% ) —i Am(1—|cos 6%~ |sin 6€'¢|?),
Y
(A14)

— J— AT .
> {(cos 6+cos %)|Ay|2+sin 6* e *" AVA% +sin fe' ’AyAE}=T"(cos 6+ cos 6* ) — 7(1+|cos 6|2+ |sin 6e'?|?).
Y
(A15)
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From the above relations, the normalizations of decay ampli-

tudes are given as

AT
> |Ay|2=T"+Am Im(cos 6) — — Re(cos 6)
Y

(Al6)

— AT
> |Ay|2=T'—Am Im(cos 6) + TRe(cos 0),
Y
(A17)

> {sin 6*€'¢" Ay*Ay—sin e PALAL}
Y

=iAm(1—|cos 62— |sin #e"¢|?)+2i Im(cos 6)

AT
X| Am Im(cos 6) — TRe(cos 0)|, (A18)

PHYSICAL REVIEW D 58 036003
> {sin 6% €¢" Ay* Ay+sin e PAVA )}
Y
AT .
-1+ |cos 6|2+ |sin ge~?|?)

AT
—2 Rgcos )| Am Im(cos §) — TRe(cos 0)|.

(A19)

If CPT is conserved, the above expressions reduce to

2 AdP=T, (A20)
2 |AV|2=T, (A21)

> {eiQS*AY*KY_e_wAYKY*}:iAm(l_|e_i¢|2),
Y
(A22)
" A %A —ippa A * :_£ —ig|2
2 e A A e IAAN = - —(1+]e ).
(A23)
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