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A bstract

We have measured the mixing param eter A m  and searched for C P T  violation in 

the B° mixing from the time evolution of dilepton events on the T(4S) resonance. 

The study was performed on a sample corresponding to an integrated lum inosity of

5.1 fb-1 of d a ta  collected with the Belle detector between January and July of 2000. 

If we invoke the C P T  symmetry we m easure

Am = 0.456 ±  0.008 (s ta t) ±  0.018 (sys) ps~l

This is the first direct measurement of A m  from a time-dependent analysis on the 

T(4S) resonance.

If we fit simultaneously for Am and the  C PT-violating parameter cos# we mea­

sure

Am = 0.456 ±  0.009 (s ta t) ±  0.019 (sys) p s '1

Re(cos0) =  0.00 ±  0.21 (sta t) ±0.30 (sys)

Im(cos0) =  0.019 ±  0.031 (sta t) ±0.061 (sys)

The cos# measurement corresponds to the  following mass and lifetime differences 

between B°  and B°:

~ < 4.1 x 10"14. a t 95% C.L.
fTl go

= [-2 .9  ±  4.7 (sta t) ±  9.2 (sys)]%
r  b°

The res’ Ts are consistent with C P T  conservation.

This is the first measurement on a  search for a mass difference between B°  and

B°.
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Chapter 1

Introduction

Since the discovery of the T(4S) resonance in 1977 [1], considerable effort has been 

devoted to the study of B  mesons. Even before tha t discovery, physicists had realized 

tha t the existence of the 3rd generation 6-quark in the B  mesons could open the 

door to large C P  violating effects [2]. It was quickly realized that B  pairs could be 

obtained in large numbers through resonant production in e + e '  collisions via the 

reaction e ' e '  —> Y(4S) —> BB.  W ith a generous source of B  pairs available, the 

field has since become very active, and progress has been steadily achieved.

Even though many measurements from very successful experiments, such as AR­

GUS at DORIS and CLEO at CESR, have been carried out. until recently, two 

obstacles have limited progress. First, the most interesting C P  channels have small 

branching ratios (~  0(1O~'*)). and therefore a very high luminosity machine 

(1033 - lO33 cm -2 s ' 1) is needed. Second, because B  pairs are born in an antisym ­

metric state , most of the time-integrated C P  asymmetries (otherwise, expected to 

be large) vanish. Since T(4S)s have barely enough energy to produce B  pairs, B  

mesons a t the T(4S) rest frame do not typically travel measurable distances. There­

fore. their tim e evolution during their lifetime of ~  1.6 ps cannot be observed. This 

difficulty was circumvented by P. Oddone’s ingenious idea [3]: at a collider with 

unequal e+ and e~ energies (also called an asymm etric e+e~ collider), the boosted

1
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B  mesons will travel distances large enough to measure, and therefore the time de­

pendent asymmetries could be extracted from their decay vertex reconstruction. It 

is only today tha t we are technologically advanced enough to build high luminosity 

asymmetric e+e~ colliders and have finally overcome these two obstacles. We belong 

to the fortunate first generation of scientists, researchers and scholars to have access 

to such rich samples of B  mesons with the time evolution information.

The high energy physics community has studied effects related to the mixing of 

neutral kaons for four decades. The phenomenology of neutral B  mesons is similar 

to that for kaons but there are substantial differences between the two systems that 

could result in interesting, yet thus far unexplored, physics. The key points that are 

the foundation of mixing in the B  system are:

•  The B  lifetime is much larger than what one would naively expect from exam­

ining other heavy mesons, such as the D mesons. Assuming a m~r‘ dependence 

for the lifetim e1, we would expect Tg /~d = (’Bg/nig)^  ~  o x  1 0 B  and D  

mesons, however, have comparable lifetimes, on the order of one ps. This is a 

direct consequence of the CKM matrix suppression. The 6-quark, being much 

lighter than the t-quark. has no other choice than to decay to quarks from 

another generation, typically c-quarks. The small value of 1 ~  0.04 pushes 

the lifetimes for the B  mesons (charged and neutral) to relatively large values. 

Since 6-quarks are much heavier than the quarks from the first two genera­

tions. when a B  decays, it has a large selection of decay modes to choose from. 

So. the picture for the two eigenstates is the following: many decay channels 

and small branching fractions. The existence of many (Cabibbo suppressed) 

modes to wrhich both B°  and 5° can decay, leads to a  very small lifetime dif­

ference for B g  and B £., on the order of 1%, or less [4]. This is very different 

from the kaon system, where the phase-space for K$ —> 2ir and Kg -> 3tt 

differ significantly, producing a dramatic lifetime difference (t« l / r g s ~  500).

‘This is guessed by the muon lifetime formula: =  I9'2x3/ G 2F m®.
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3

•  According to Standard Model predictions, large C P  violating effects are ex­

pected in the neutral B  meson system . Although these are somewhat beyond 

the scope of this dissertation, a brief comment is in order. W ith oscillation 

rates comparable to their decay rates, there are points in the time evolution 

of neutral B mesons where B°  and  B°  contribute equally to the overall ampli­

tude for decay to C P  eigenstates. Indeed such interference effects are thought 

to be the most promising way to  study C P  violation since poorly understood 

strong-interaction effects do not enter. To take it one step further. C P  vi­

olation in the B system depends on mixing. B mixing is therefore a crucial 

element in the study of C P  violation. In view of its im portant role, it is essen­

tial to acquire a firm theoretical and experimental understanding of neutra l-P  

mixing.

The approximate equality between the oscillation period in the neutral B  

system and the B° lifetime is a "coincidence": it just so happens tha t the 

small value of Vcb and the heaviness of the f-quark conspire to produce a 

mixing parameter x,i =  A m /F  of order unity.

•  In the B  mesons the width difference of the physical states is expected to be 

very small, when compared to the mass difference:

Am  s> AT

It is. therefore, mainly Am  th a t controls the oscillation. Am is a tiny mass 

difference, thirteen orders of m agnitude smaller than the B  mass. This inter- 

ferometry makes the neutral B  system very sensitive compared to. e.g. the 

charged B  mesons, and therefore miniscule effects can. in principle, be de­

tected. This is the reason th a t  people believe that the B°-B°  mixing is not 

ju s t the place to look for large C P  violating effects, but also a powerful probe 

tha t will allow us to look for physics beyond the Standard Model.
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In this analysis, we focus on tests of C P T  symmetry. A straightforward vio­

lation of the C P T  conservation theorem would be mass or lifetime differences 

between a particle and its antiparticle: here 5 °  and B°. Am sets the scale for 

the sensitivity in the measurement of a hypothetical mass difference between 

the two Darticles: ~  0 (1 0~11 G eY /c2). On the other hand, since Am ~  I \  

the sensitivity on the B°-B° fractional lifetime difference measurement is not 

as large.

There are several theoretical models tha t suggest the breaking of C P T  symme­

try [6j. In some cases. C P T  violation arises from terms in the Lagrangian whose 

coupling strength is quark dependent. Therefore, it is im portant to make separate 

tests for C P T  invariance in neutral meson systems with different quark content (B .

A').

In this dissertation we limit ourselves to the phenomenology2 and param eter­

ization of a CPT-violating signal (The basic equations are given in Ch. 2: more 

details can be found in Appendix, Sec. A .l). The phenomenology used here does 

not explain a hypothetical C P T  violation signal. Assuming that C P T  is not a good 

symmetry, we use the phenomenology to param eterize the deviation from the S tan­

dard Model, so tha t we can measure it. Ch. 3 gives an overview of the asymm etric 

“5-factory" KEKB. the Belle detector and the software used. The complete analysis 

is described in Ch. 4. We discuss the findings in Ch. 5.

-For a suggestive list of phenomenological studies on ways of testing a CPT violation hypothesis 
see Ref. [7] - [9].
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Chapter 2

Physics and Formalism: Overview

Neutral B  mesons resemble neutral K  mesons in that they share the property of 

having mass eigenstates th a t differ from their flavor eigenstates. Since we understand 

the production and decay processes of the B  mesons in terms of quark content 

(flavor eigenstates) but the time evolution in terms of mass and lifetime (mass 

eigenstates), we need the transform ation tha t leads from one language to the other. 

The phenomenology' tha t has been developed predicts the mixing between the two 

flavor states and parameterizes a possible C P T  violating signal. Here we only state  

the essential results: details can be found in Appendix (Section A .l).

The phenomenon of neutral particle-antiparticle oscillation is very general. Just 

like kaons. D  mesons, or even neutrinos. B°  and B°  mesons evolve with tim e and 

mix into each other. In the Standard Model, the mixing is described with a  weak 

interaction involving two 11* bosons. If we write down the terms tha t contribute to 

this process1

2.1 Mixing in the B  system

lThe approximation corresponds to the dominant (logarithmically diverging) part of the 
interaction.

o
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2.1. Mixing in the B  system 6

we see that the first term vanishes due to the unitarity condition

' ; ;  =  •> (22)
I

and therefore the interaction is proportional to the square of the mass of the quark 

involved. In the limit tha t all quarks arc the same, there is no mixing:

£  , — > , , ‘ ... £  =  o (2.3)
.=1Tx.t Ui1 ~ ™r) Ur -  "*-) t=ux.t

Since

m j  >  rnj 2> m2

the /-diagram is the main contribution to the mixing (Fig. 2.1). The calculation of

the Feynman diagrams gives for the mixing parameter x,i [3]:

_  Am G2F F l  m H rn'ir  qt F (x t ) |\  Vld\2 By
—  p  —  p  * r  •) v - * " * )L t D/i "

where Gy  is the Fermi constant, m B. m u- and rnt are the B°. U’ and /-quark masses, 

x t = m j /n i f v . Fb is the decay constant. By  the bag parameter. \ ’tJ the CKM matrix 

elements and qt ~  0.55 the QCD correction. The function E{xt ) is given by

r,/ , 4x< -  1 lx'2 +  x? 3x?lnxt
£ ( X l )  =   ( - ' 0 )

The mixing param eter x^ =  0.723 ±0.035 [5] is much larger than what physicists 

initially expected. Theoretical prejudice that the /-quark should be relatively light 

led to early "discoveries" of a ~  40 GeV/c2 top quark2, which forced theorists to 

think of a £  system without oscillations, which originally led experim entalists into 

"measuring" a B  mixing consistent with zero. The large mass of the /-quark is 

the main reason for the large oscillation rate, comparable to the B  decay width. 

ARGUS soon did see the the mixing, LEP showed that the top was heavy and CDF 

eventually found it.

2The mass of the /-quark is 173.8±5.2 GeV/c2 [5],
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2.1. Mixing in the B  system

d ^td t I tl b

0 \v \v B°

■■ -

b \Yb t Vtd d

d v td w  i ; ;  6

RO

b

Figure 2.1: Feynman diagrams for the B°-B°  mixing: the f-quark is the main con­
tribution to the oscillation.
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2.2. The C P T  violation parameter c o s 6 8

The Am measurement is considered to be one of p articu lar value because it leads 

to the determination of the  |l 'td| CKM matrix element. C urrently  the uncertainty in 

the estimation of is lim ited by the Am (~  4%) and m t (3%) measurements, but 

is especially hampered by the theoretical uncertainty in the calculation of Fb \JTTb 

(13-20%). As m entioned in Ch. 1. the B°-B°  mixing is an essential ingredient of 

the C P  violation process. The B° decay rates are com parable to the oscillation 

rate, so there are both B°  and B° contributions to C P  final states. A precise Am 

measurement is therefore necessary for the determ ination of the size of C P  violation 

in the B  meson system.

Apart from the Q CD  uncertainties. D-mixing is thought to be well understood 

in the context of the S tandard  Model, since the Feynman diagram s shown in Fig. 2.1 

can be reliably calculated. Thus if we see a deviation from what is expected, it is 

likely brought about by ‘new physics.-’ not included in the Standard Model. In this 

dissertation we consider C P T  violation as a possible signature  of such a deviation. 

The next section describes how such a C PT-violating signal can be parameterized.

2.2 The C P T  violation parameter cosO

The most general effective Hamiltonian that governs the  B  mixing can be described 

with 4 complex param eters. In the B° — B° basis, the representation of the Hamil­

tonian is [7. 8. 9]
( E qosO - iD E sintfe \

H  = ( 2 .6 )

\  EsinOe'0 — EcosO — iD  J 
The param eterization of C P T  violation arises from the remark that C P T  in­

variance requires th a t the  diagonal elements should be equal

(B°\H\B°) = (B°\H \B°)
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2.2. The C P T  violation param eter cos 9 9

or cos# =  03. The param eter 6  is related to C P  violation in the 5 °  <-> B° mixing: 

C P  invariance would require |(B ° |/ f |B ° ) | = \(B°\H\B°)\.  or Im o =  0.

A CPT-violating cos9 ^  0 corresponds to differences in the mass and the life­

time of a particle and those of its antiparticle: B° and B°. By using the good

approximation3 [4]
AT
r

we obtain

~  0 (2.7)

Re(cos#) ~  ——-. Im(cos#) ~  — -—- (2.8)
A m  2 A m

or

n i s o - m g o  Am rgo -  Vg0 2 A m
------------ — ~  ------  x Re(cos#) and — ----- — ^  — - —  x Im(cos#) (2.9)

m go m go Vgo P go

where Am0 = mgo — mg,,. AT0 =  Tgo — Tgn the mass and width differences between 

B° and B°. and Am =  m g  — m i  the mass difference of the eigenvalues of the 

Hamiltonian

^ h.l =  ±  E  -  iD =  mg.i  -  - T m  (2.10)

with m g  i  and Th.l defined to  be real.

Using the world average values for Am = 3.1 x 10"13 Ge \ ' / c 2. rrigo =  5.28 

G eV /cr and Tgo =  4.1 x 10-13 G e V / h  [5] we obtain

~  5.8 x 10~14 x Re(cos#) and ~  -1 .5  x Im(cos#) (2.11)
mgo l go

So. a non-zero Re(cos#) corresponds to a mass difference between B° and B°. 

whereas a non-zero Im(cos 9) corresponds to a lifetime difference between the two fla­

vor states. Im(cos#) is practically  equivalent to ITgo -  Tgo|/Tgo. however. Re(cos0) 

probes mass differences fourteen orders of magnitude smaller than the B mass.

3This is a short proof: If C P T  =  C. then (<^|o),C|d)) =  (,d|a). By setting a  = HB°  and
3  =  B°.  we have (B°\H\B°) =  [QH\B°),  C l^ )) . If C P T  is a good symmetry then CP C 1 = &■  
or (B°\H\B°) = (H ^\B ° ) , Q B 0)) =  (B°\H \B°).

4The effect of a non-zero AT is discussed later in the analysis (Sec. 4.13).
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2.3. Decay rate o f  B°B° pairs: Dileptons 10

2.3 D ecay rate of B°BQ pairs: Dileptons

An initially (t =  0) pure flavor eigenstate ( |B 0) or |B 0)) will evolve in time. Due to 

mixing, at a tim e t >  0. the two B  meson sta tes  |B °(0 ) and |£?°(t)) will be linear 

combinations of |B °) and \B°) components.

The standard  approach for the study of m ixing is the use of a mode where both  

B mesons decay to a flavor-specific state, in other words, a state that tags the flavor 

of the B  meson (b or b). This is a final s ta te  tha t cannot be accessed from an

unmixed B.  For example, in the leading order, a B° can give a t + X~  state, b u t an

unmixed B° cannot, according to the SM prediction:

At* = ( rx - \ T \B ° )  * 0. At- = (r.Y+|r|B°) * o 12

At- =  <£-A' + | T\B°)  = 0. . V  =  ( f +X - \ T \ B Q) = 0

In this analysis we use exclusively leptons to tag the flavor of the mesons. This 

mode is referred in the bibliography as “dileptons'': events where both B  mesons 

are flavor-tagged by leptons. With the term  "dileptons" it is implied tha t b o th  of 

the B  mesons decay via a semileptonic process.

B°{t). B°(t) — > e±x ^

We are actually interested only in primary  lepton pairs.

A prim ary lepton is one that is generated through a b -> c quark tran sitio n 0 

(Fig. 2.2.a). However, a cascade decay can potentionally produce a secondary lepton 

of opposite (c —>• s. Fig. 2.2.a), or same (c —> s. Fig. 2.2.b) sign. In this analysis, all 

secondary leptons are considered to be background.

From Eqs. (2.12) it follows tha t B°(t)  and B°(t)  can only give a (prim ary) £+ 

through the |B °) component and a (prim ary) l~ through the |B°) component. The 

sign of the leptons is used to tag the meson as a  |J3°) or a |B°). B° <-> B°  m ixing 

is the only way we can get two primary leptons of same sign (B°B°  or B ° B ° ) .

3Text and figures refer to a B° decay. All conjugate modes are implied.
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2.3. Decay rate o f B°B ° pairs: Dileptons II

B° b

B° b

IP
' \ s

secondary 
lepton

(a) H'~ \

pnmary
lepton

(b)

i r -
secondary

lepton

Figure 2.2: T ag g in g  th e  B  flavor, (a) The 6 quark of the B  meson decays to a c 
quark and a IT boson, which can give a primary lepton. The c -> .s cascade decay 
can give a secondary lepton of opposite charge, (b) It is also possible for a c -> .s 
cascade decay to give a secondary lepton with charge equal to  tha t of a primary 
lepton, even though there is no prim ary lepton in this case. Secondary leptons have 
typically smaller energies/m om enta than primary leptons.
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2.4. Proper time distributions 12

One expects that a primary lepton will typically have higher m om entum  than 

a secondary one. since the former comes with the "hard" U’ boson of the prim ary 

b —> c vertex, whereas the latter originates from a much “softer’ U ' of a cascade 

decay. Therefore, the standard technique is to set some momentum threshold for 

the tagging lepton in the center of mass, thus eliminating a large fraction of the 

secondary leptons.

Note tha t although A'* of the final states in Eqs. (2.12) could be any hadronic 

state, in practice I can only be an e or p. We avoid at this level the reconstruction 

needed for the r  leptons. which decay inside the detector. Because of the heaviness 

of the t  mass, there is a substantial phase space suppression in b  — > c r u  decays:

B (B  — > t u X )  =  (2.2 ±  0.5)% [40]

whereas

B (B  — > e v X )  =  (10.4 ±0.3)%  f l
N

B{B  — > p u X )  =  (10.3 ±0.5)%

So. we end up with a primary electron or muon decay ~  21% of the time. When 

we combine the primary lepton branching fractions for both B  mesons, we see that 

prim ary dilepton pair events occur ~  4% of the time. A high efficiency and low fake 

rate lepton ID system is needed.

2.4 Proper tim e distributions

The most general (and complex) case is presented first, which describes the B  mixing 

w ithout assuming C P  or C P T  sym m etry (Sec. 2.4.1). The standard expressions 

in the bibliography of the mixing phenomenology are a simplified version, and are 

derived from the general case assuming C P T  invariance (Sec. 2.4.2).

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



2.4. Proper tim e distributions 13

2.4.1 If C PT  is not a good sym m etry  

Sam e-Sign D ileptons (SS)

The proper time distributions for same-sign lepton pairs are

r>f />-*-/>+ w \  i i2 „-riAti  ri \ o ii  L .  _ A l  ) ^   — - - - -  |  <3111 1/  C  j  C  [L  - » < -  f  j
41

I 4 It
, A t ) ~  e j s in f le ^  [1 -  cos(Am A f )]

41

(2.13)

where T is the mean width of the mass eigenstates: T =  (IT +  IT )/2. and Am their 

mass difference.

One notices tha t there is 110 way to time order the experimentally indistinguish­

able same sign leptons. Therefore, it only makes sense to talk about |Af| and tre a t 

the (symmetric) distributions of Eqs. (2.13) as a function of A t. expanding from 0 

to oc.

To get the total number of same-sign dileptons we integrate:
70 t | >.| 2

.V++ =  . \ ( C C )  = 2  [  P ( C P . A t ) < l ( A t )  ~  K ^ - \ s i n O e - llt,\2- ^ (2.14)
I '  1 +  £'d

20 14 I4 x*
. V -  =  - V ( r r )  = 2  [  P ( r r . A t ) d { ± t )  ~  ^ - ^ L |s in ^ e ^  (2.15)

J Zl ~ I t*  X,/
0 a

where

x j  = = 0.723 ±  0.035 [5]

is the mixing param eter for the B°B°  pair.

O pposite-Sign Dileptons (OS)

The proper time distribution for opposite-sign lepton pairs is

P { P i ~ . A t )  ~   ̂ e~r Ât| [(1 — 1 cost?)2) cos(Am  A t)

-2 Im (co s0 )s in (A m  A£) + (1 +  |co s0 |2)J (2.16)

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



2.4. Proper tim e distributions 14

Here A t  is always defined as t(+ — t(- .

The total number of opposite-sign dilepton events from neutral B  pairs is

X

,v+- = .v(tT) = J  P ( t +r . s t ) d { A t )
-  3C

I 1 .  . T . I -  ( O  _1_  r -  - U  r -  I o n e  Q \ 2 \| V- * -(I ‘ /
p  1 +  4

(2.17)

In Eq. (2.17), .V+~ refers to final products independent of order, corresponding to 

both f:+(~ and f~E+ cases.

Combining Eqs. (2.14). (2.15) and (2.17). we obtain the fraction of the same-sign 

dileptons in the total sample from neutral B  pairs

y^+ _|_ y - -
\d = ----- -------- ---------------  (2.18)Xd _y++ j. _ y -  v '

For direct C P  invariance

| . V | -  =  l -V I2 (2.19)

so
___________ 1 sinfl|2(|e ,0f2 + |e,0|2) 4 ___________

^ d | sin^l2(|e_,° |-  +  |e"®|-) x 2d +  2(2 + xd +  x 2d | cos# |2)

At this point we will assume a small Im (o)6 and approximate

je±,*l2 _  j ,  2Im(0) (2 21)

So
_  , m _   1 sin 9\2 x d___________

Xd - \ d{xd .6) | s in 0\2x d +  (2 +  xjj +  x d | cos0,*)

6This is related to the expectation that C P  violation should be small in the B  mixing; see 
Ref [3].
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2.4. Proper time distributions 15

2.4.2 If CPT is a good sym m etry  

Sam e-Sign Dileptons (SS)

The proper time distributions for same-sign lepton pairs are

I 4. J4 . .
P ( r r . A t )  ~  | 'e -1 l*i£| [1  -  cos(Am Af)]

(2.23)

The integrated numbers are

v ++ -  ld id ! u - « < > |2 _ £ L _  ( o o 4 )
2 F  1 1 1 + x* '

I 4 /  I4 r 2~  '• e~' |p«»|2---- :L_ (0 0 5 )
2 P  1 1 1 + 4  '

O pposite-Sign Dileptons (OS)

The proper time distribution for opposite-sign lepton pairs is

14 4 - 1 *F(rr . At) ~  - e~r u i l [l +  cos(Am At)] (2.26)

The to ta l number of opposite-sign dilepton events from neutral B  pairs is

V+- ~ 1-V -V 12 (2 + 4 ) (997)
n  i +  4

and the expression for becomes the standard  one

2
Xd = Xdi-Cd) =  ^  .,-v (2-28)2(1 +  j j )

The above equations define the param eters of the problem: the dilepton proper 

time distributions are simple, and contain oscillation terms tha t should be easy to 

detect, a t least in principle. The mass difference of the B  eigenstates defines the 

scale of the microscopic world tha t we are probing: O(10-14 GeV). Any deviation
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2.5. Asym m etric e+e colliders and proper tim e determination 16

from the SM equations (Sec. 2.4.2), comparable in size to Am (or T) should be 

apparent. Am is a very small mass difference, thirteen orders of magnitude smaller 

than the B  mass. Therefore, the B  mixing is not just the mechanism that gives 

birth to large C P  violation, but also a great tool for testing the C P T  symmetry.

2.5 Asym m etric e+e~ colliders and proper time 

determ ination

Since the B  lifetime is ~1.6 ps. a time scale tha t cannot be measured directly, the 

decay vertex determ ination is the only method to draw conclusions about the time 

evolution of a B  before its decay. The effect of an asymmetric collider on the vertex 

measurement will be examined.

The T(4S) mass (10.58 G e V /r2) is just above the threshold of B pair production 

(~  10.56 GeV). Therefore, the B  mesons in the T (4S) rest frame are born quite non- 

relativistic:

7 =  A/^ l5) ~  1.002. or |J | ~  0.064 
2M b o

To estim ate the average distance traveled bv a B in the Y(4S) frame we use the 

same boost: t  ~  ydcTg  ~  30^m. So. in a symmetric collider, the B  mesons typically 

travel only a few tens of microns, a distance tha t is too short to measure.

In an asym m etric collider, however, because of the electron-positron energy 

asymmetry, the T (4S) (and the B  pair) is boosted. Since the two B mesons are 

practically a t rest in the T(4S) rest frame, in the laboratory they move together 

and a t the same speed until the first of them decays. The distance between the two 

decay vertices corresponds to the difference between the decay times (in the T(4S) 

frame), which is the quantity appearing in the tim e distributions.

In Belle, the difference in the electron (8.0 GeV) and positron (3.5 GeV) energies
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2.5. A sym m etric e+e colliders and proper time determination 17

yields for the boost from the laboratory to the T(4S) rest frame

13 1 =  ^ ~  0.39L. or d~ ~  0.425 
Ee- +  E e+

The average decay tim e difference for the two B mesons at their center of mass is
—“ .  1 p  *-»(-• I U • «v« ^  >1 r>»• ..»»•+» rM->r> r o  f  n f l  Vm* ft .  «•> ■} -V/
I t f  -  l . u  p j .  4. t l l J >  t t l i i C  L u i i c a p u i i u a  L U  U C C t l V  ^ C i b i L L O  J t .  ^ t l i a i L U  U /*  C -  ; . A « y  ----

200 ^m . As we will see later, the Belle decay vertex resolution (100 — 110 pm)  allows 

us to measure distances of this scale.

It was mentioned earlier th a t the Re(cos0) measurement corresponds to mass 

differences fourteen orders of magnitude smaller than the B  rmiss. The Am interfer- 

ometry does not give the same sensitivity for the lifetime difference measurement, 

since Am ~  f .  However, an assumed Vyo-Tg0 x Im(costf) difference would intro­

duce antisym m etric terms in the decay time distributions (Eq. (2.16)). Therefore, if 

there is a difference between the B° and B° lifetimes an asymmetric machine 

is the right place to look for it.
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Chapter 3

The Tools: M achine, D etector, 

Software

The primary goal of a "B factory", such as KEKB or PEP-II. is the study of C P  

violation. An asymmetric high luminosity c + r ‘ collider provides an ideal combina­

tion of a clean environment (e+ and e~ beams), lots of B  pairs (high luminosity and 

machine tuned on Y(4S) resonance) and sensitivity to time dependent asymmetries 

(asymmetric machine with the addition of a suitable vertex detector). The Belle 

experiment operating at the B  factory (KEKB) of the High Energy Accelerator Re­

search Organization (KEK) is optim ized for B  Physics studies. The Belle detector 

has a good Particle Identification system (PID). high reconstruction efficiency for 

charged and neutral particles, and makes precise vertex measurements with a silicon 

vertex detector. In Sec. 3.1 we give a short description of the KEKB machine, and 

in Sec. 3.2 we give a brief overview of the Belle detector. Sec. 3.3 describes the 

software used in this study.

3.1 The KEKB accelerator

KEKB is located in Tsukuba. Japan . It has an 8.0 GeV' electron beam (or High En­

ergy Ring — HER) and a 3.5 GeV positron beam (LER). The B  mesons are produced

18
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3.1. The K EK B accelerator 19

in pairs a t the T (45) resonance of the e+e~ annihilation: e+e~ —>• Y(45) -» B°B°  

(or B +B~),  with Ec m — 10.58 GeV. The 45 is the 4th excited sta te  of the T. a bb 

bound state  (Fig. 3.1). The first three states (15. 25 and 35) have much narrower 

peaks than the 45. as they decay through a 3 gluon exchange and are. therefore.

cimnrnccpd ( I Q\ K*>o nnnrfn' iiicf Knroli' aKovn tKo R R nrnflnpHnn fKroc^pIrl Rp1  ̂ i u  y t i a o  l i d  I J UO L I. 4 '  U O O U . «.<1C

T (45) decays almost instantaneously to a B  pair w ithout any additional byprod­

ucts. resulting in a broad peak. The misfortune is th a t the Y (45) peak is much 

shorter than the three lowest lying T states, so we have to  compromise with a cross 

section of 1.05 tib [10]. The Y (45) sits on a continuum background of a ~  3.7 nb 

cross section.

The HER and the LER are two separate rings w ith a 3 km circumference 

(Fig. 3.2). They are located in the TRISTAN tunnel. A crossover at the Fuji 

area reverses the relative position of the two rings so as to give them the same 

length. The single interaction point order for them to have the same length. The 

single interaction point (IP) is found in the Tsukuba Hall ( “Tsukuba Area").

A unique feature of KEKB is tha t electrons and positrons do not collide “head- 

on". but at a small angle (±11 mrad). in order to reduce parasitic collisions near 

the IP. To achieve the design luminosity 1031 cm _2s_1 (corresponding to about 100 

million neutral and charged B  meson pairs a year). 5000 bunches need to be injected 

in each ring. T hat sets the spacing between them to ju s t 60 cm. or 2 ns. As of July 

2000. the achieved luminosity is 2 x l0 33 cm _2s_1. a factor of five lower than in the 

full operation mode. The number of bunches is 1150 and  the  spacing between them 

240 cm. Finally, the achieved beam currents are 465 mA for the LER and 420 raA 

for the HER. The design values are 2600 mA and 1100 mA. respectively. The design 

specifications of KEKB are listed in Table 3.1 [12].
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Figure 3.1: The first four T  excited states. KEKB is operating on the 45 resonance. 
The figure is reproduced from the CLEO www page [11].

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



3.1. The K EK B accelerator

X
X ,Interaction

v
Point

Electron

A

HER : High Energy Ring 
LER : Low Energy Ring

Electron
Source

Positron Target

Figure 3.2: The KEKB B  factorv.
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3.1. The K E K B  accelerator 22

T*iK1o 1 ♦ Tl>o U ITls'P f l o c i « T n  n*> r o m o t n r c1  u c  J  u l  CV. I>-1 1 4 1 ' J i

P a r a m e te r Sym bol L E R H E R U n its
Energy E 3.5 8.0 GeV

Circumference C 3016.26 m
Luminosity C 10;M _•) _ 1 cm "s

Crossing angle A ±11 mrad
Tune shifts Zr/S« 0.039/0.052 —

Beta function at IP 3" Li'xi u 0.33/0.01 m
Beam current I 2.6 l.l A

Natural bunch length o. 0.1 cm
Energy spread (7.- 7.1 x 10—1 6.7 x 10-' —
Bunch spacing sb 0.59 rn

#  of particles/bunch .V 3.3 x IQ10 1.4 x 1010 —
Em ittance 1.8 x 1 0 -7 3 .6  x lO"10 m

Synchrotron tune ", 0.01-0.02 _

Betatron tune "r/"-, 45.52/45.08 47.52/43.08 —
Momentum compaction factor o p I x 10-* -  2 x 10-'

Energy loss/turn Vo 0.81/1.5 3.5 MeV
RF voltage Vc 5 -  10 10 -  20 MV

RF frequency fRF 508.887 MHz
Harmonic number h 5120 —

Longitudinal damping time 7% 43/23 23 ms
Total beam power A 2.7/4.5 4.0 MW
Radiation power PSR 2.1/4.0 3.8 MW

HOM power Phom 0.57 0.15 MW
Bending radius P 16.3 104.5 m

Length of bending magnet 0.915 5.86 m

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



3.2. The Belle detector 23

3.2 The Belle detector

The Belle group is an international collaboration of about 250 scientists from more 

than 50 Institutes and from eleven countries around the world (A ustralia. China. In­

dia, Korea. Japan. Philippines. Poland. Russia. Taiwan. Ukraine. USA). Along with 

the C'P measurement in the "gold-plated" .J/ii'Ks decay, there are numerous other 

decay modes, through whose reconstruction we can make precision measurements of 

the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements [2]. By completing the 

mosaic, in the long run. people hope to test and verify to a large degree the Stan­

dard Model (SM) picture for the B  system, or reject it. A parallel set of studies 

is performed on charm, two-photon and tail physics, and of course, the search for 

physics beyond the SM. as is a large part of this dissertation. The properties that 

a detector with such a wide range of goals must include are:

•  the ability to make precise vertex measurements for the determ ination of the 

B  decay times.

•  a good PID system for the identification of charged particles (e. //. ~. K. p ) 

and a strong detection system  for neutral particles (7 . ,t° . A’/.).

•  efficient charged-particle tracking

•  high-resolution photon detection.

•  high performance in the reconstruction of particles th a t decay inside the de­

tector and determ ination of exclusive final states, and

•  an efficient trigger and DAQ system.

A picture of the Belle detector is shown in Fig. 3.3.

For the vertexing. the trajectories of the charged particles m ust be reconstructed. 

This is accomplished with a com bination of a vertex detector (in Belle it is called

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



3.2. The Belle detector 24

Silicon Vertex Detector, or SVD) and a drift chamber (Central Drift Cham ber, or 

CDC. for Belle) surrounding the vertex detector. For measurements of the charged 

particle momenta, the SVD and CD C are embedded in a 1.5 T m agnetic field, which 

runs parallel to the direction of th e  c-axis (defined by the electron beam ). Tracks 

3x0  defined by the pnttem  of the h it wires in the (TDC1. Refined p °s itinn vrdues of 

the tracks with respect to the wires are obtained using drift-tim e inform ation. The 

curvature of the tracks in the m agnetic field reveals the charges of the  particles and 

their momenta. The SVD provides precise vertex information near the  IP.

For the PID. three subsystem s are employed: the CDC (which measures the 

mean energy loss dE/dx) .  the Aerogel Cerenkov Counter (ACC) and the Time of 

Flight (TOF) systems. The ACC is a set of Cerenkov radiation m odules located 

outside the CDC volume. The T O F  is a system of scintillators providing time 

information. Besides the PID. it is also used for the trigger.

A pair of calorimeters, the Electrom agnetic Calorimeter (ECL) and  the Electro­

magnetic Forward Calorimeter (E FC ), is used for the detection and identification of 

photons and electrons by the am ount and the pattern of the energy deposited. The 

picture is completed by the h'c and  muon Detector (KLM). which is used for the 

identification of muons and A Vs.

The following sections give details  on the specifications of the detecto r compo­

nents [13]. A cylindrical coordinate system (r. <z>. 6) with origin a t the  IP is assumed 

throughout.

3.2.1 The Silicon V ertex D etector (SVD)

The SVD provides information for the reconstruction of decay vertices close to the 

IP. As mentioned in Sec. 2.5. precision vertexing is necessary for the  B  decay time 

difference extraction. The tracking is done with a combination o f h its from the 

CDC. The SVD improves the partic le  momentum resolution with the  addition of a 

number of associated hits and by expanding the lever arm over which the curvature
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PID (A«rog«l)

For the KEK B factory

Figure 3.3: The Belle detector.
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of the track is calculated.

The SVD consists of three layers of 300-pm-thick double sided silicon sensors, 

surrounding a double walled beryllium beam pipe of total thickness L.O mm and 

diam eter 4.6 cm (Fig. 3.4). The configuration of the sensors is such that there 

is an overlap between adjacent pairs. This geometry ensn.r^ that a trajectory  will 

necessarily pass through at least one sensor from each layer, providing the maximum 

number of hits. The radial position of the layers are at r = 3.0 cm. 4.55 cm and 6.05 

cm. which have 8. 10 and 14 sensor ladders in the o  direction, respectively (Fig. 3.5). 

The polar angle coverage is from 20° to 140°. which corresponds to 87% of the 4rr 

solid angle in the center of mass frame. The number of readout channels is 81900. 

The impact param eter resolution at the interaction point is (21 +  6 9 /p d s in 3/* 9) /im 

in rd> and (41 +  4 8 /p Js in ^ 2 9) pin in the c direction.

During the first two months of its operation in the summer of 1999. Belle suffered 

from beam backgrounds (mainly synchrotron radiation) that seriously damaged the 

SVD. Specifically, 5 keV X-rays from the HER steering magnet close to the IP were 

h itting the inner layers. As the dose m onitor was not sensitive to this particular 

radiation, the SVD was eventually destroyed and had to be replaced. The runs for 

Experiments 5 and 7 (Fall 1999 through Summer 2000) were taken with SVD 1.2. 

with a 200 kRad radiation hardness. At the end of the summer of 2000. SVD 1.2 

will be replaced by SVD 1.5 (500 kRad). Finally, the plan for the sum m er of 2001 

is to install an even more tolerant to radiation vertex detector: SVD 2.0. which can 

w ithstand up to  2 MRad.

A more detailed description of the SVD and its performance is given in [14].

3.2.2 The Central Drift Chamber (CDC)

The CDC is used for the detection of charged particles. This is achieved with the 

partial collection of the charge produced when high momentum particles ionize the 

gas contained in the chamber. The positive and negative ion avalanches very quickly
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□

□
Figure 3.4: The three double-sided silicon sensors of the SVD (profile and cross 
section).
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Figure 3.o: The configuration of the SVD ladders.
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reach their maximum speed in the gas (typically 50 pm /ns for electrons) and "drift” 

towards cathode and anode wires, which are included in the same structure.

The tracks of the event are defined by the hits in the drift chamber. The time 

ordering of the hits depends on rad ial differences of the particle tra jectory  from the 

wirp« An nlcrnrithm failed a K alm an fiber r*npihiriP< the rnr with tfie SVD h 'ts* * * “ * * '*■ *o ‘ . . . . .  ■ '

by taking into account the small variations of the magnetic field [15]. The result is 

three-dimensional reconstructed trajectories.

Besides the tracking inform ation, the CDC hit pattern leads to the determ i­

nation of the mean ionization deposition d E /d x .  dE/dx  scales as ln ( J 2~<J) / J '  for 

moderately relativistic particles and as \ n { 3 ^ ) /3 2 for higher energies [5], From the 

d E / d x  and the measured m om entum  of the particle a PID hypothesis is derived. 

The CDC is employed in this analysis both for tracking (vertexing and momentum 

determination) and for lepton identification.

The CDC consists of 32 axial anode wire layers (j; -  y measurement). IS sinall- 

angle stereo wire layers (: m easurem ent) and three cathode-strip layers a t the inner 

radius with fine segmentation for high precision c measurement at the entrance point 

of the track. It occupies the region from r =  8 cm to r = 88 cm. and covers polar 

angles between 17° and 150°. This is equivalent to 92% of the 4~ solid angle in the 

T(4S) rest frame. There are 8400 readout channels for the anode wires and 1792 

for the cathode strips. A low Z  gas m ixture (50% helium - 50% ethane) is used in 

order to minimize the multiple Coulomb scattering contribution to the momentum 

resolution.

Using muon tracks from cosmic rays and from e+e_ — ► p +p~ interactions, a 

resolution of Spt/pt =  (0.36© 0.28pe)%  (the transverse momentum pt in G eV /c) was 

obtained. The d E /d x  resolution for hadron tracks is 6.9%.

More details on CDC can be found in [16].
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3.2.3 The Aerogel Cerenkov Counter (ACC)

The ACC system is the backbone of the PID system. It is designed to separate kaons 

from pions in the 1.5 G eV /c < p < 3.5 GeV/c region. The ACC consists of blocks of 

silica aerogel in 0.2 mm aluminum boxes. This material is a colloidal form of glass, in 

soiid form, transparent and very iight. The choice of aerogei as the radiation material 

was made because its index of refraction (n) can be controlled to be 1.0 L < n < 1.05. 

a regime otherwise difficult to reach. Fine-mesh photo-multipliers (FM-PMT) tha t 

can operate inside the strong magnetic fields are attached to the aerogel radiator 

modules for the detection of Cerenkov radiation. This is the light emitted when a 

particle travels faster than  the speed of light in the m aterial, i.e. when J  > l / n .  

The index of refraction of the aerogel in the barrel region varies with the polar angle 

(n = 1.010 -  1.028) and has been optimized to match the kinematics of two-body 

decays from the boosted B  mesons (Fig. 3.6). On the other hand, the index of 

refraction for the endcap (n =  1.030) has been tuned for kaon identification, which 

will ultimately be used for B  flavor tagging. Even though in this analysis we are 

not using kaons for tagging, the ACC information is im portant for the suppression 

of fake leptons. mainly from kaons.

There are 960 ACC modules in the barrel region (16 c and 60 o  segments) and 

228 ACC modules in the endcap in 5 layers (36. 36, 48. 48 and 60 segments going 

outwards). The number of readout channels is 1560 for the barrel and 228 for the 

endcap.

Ref. [17] gives more details on the ACC system.

3.2.4 The Trigger/T im e of Flight Counter (TOF)

The TOF is part of the PID system, mainly for slow particles (p < 1.2 GeV/c). 

The TOF modules are mounted on the inner surface of the Csl electromagnetic 

calorimeter. They measure the elapsed time between a collision at the IP and the
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| A e r s g e t  C h e r e t t o v  C o u n t e r  C o n f ig u ra t io n !
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Figure 3.6: T h e  A C C  co n fig u ra tio n  in th e  b a r r e l  re g io n . The index of refrac­
tion n varies w ith the polar angle in order to m atch the kinematics of B  decays. 
The design is based on Monte Carlo studies.

moment at which a particle crosses the TOF layer. W ith the particle momentum

measured by the  CDC. this time difference gives an estim ate of the particle mass.

There are 128 TO F scintillation o-sector counters. Their dimensions are 4 cm 

x 6 cm x 255 cm. and are located at r =  120 cm. T he time resolution achieved is

100 — 120 ps. and  the track matching efficiency ~  90%.

More details on TO F can be found in Ref. [18].

3.2.5 T he Electrom agnetic Calorim eter (ECL)

The main purpose of the ECL is the detection of the  numerous photons from tt° de­

cays or de-excitation of D '  and I \ ‘ states, with high efficiency and good resolution. 

It is also used for the PID of electrons, making good use of the characteristic electro­

magnetic showers th a t they create through the B rem sstrahlung and pair-production 

mechanisms. In principle, showers in the ECL from photons and electrons are
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indistinguishable. However, a charged track in the CDC associated with an elec­

tromagnetic shower in the ECL separates electrons from photons. Muons, being 

much heavier than electrons, lose little energy in the ECL while ionizing the atoms, 

and therefore leave a very different energy deposition pattern than  electrons. Pions. 

uii tht; o th er hand, interact atronglv wi t h the ahsuiher o f Lhe ca lo r im eter  and lea ie  

a much longer and larger showrer than electrons, which fall very quickly below the 

critical energy. The pattern and the amount of the deposited energy ("calorime­

try") can be combined with the m omentum of the track from the CDC and used for 

electron-hadron separation. Good ECL energy resolution is im portan t in order to 

tell electrons from hadrons and to keep the electron fake rates (m ainly from pions) 

to a low level.

The ECL comprises 8736 blocks of 30.0 cm x 3.5 cm x 5.5 cm Csl (Tl) crys­

tals situated  just inside the solenoid and the end yokes. The thickness of 30 cm 

corresponds to 16.1 radiation lengths. The crystals are placed in the barrel region 

(6624), and forward (1152) and backward (960) endcaps. The barrel part has 46 9 

and 144 o  segments, and occupies the region between r =  125 cm and r =  162 cm. 

The forward endcap has 13 9 and 48 to 144 0  segments and is located at ;  =  196 

cm. whereas the backward endcap has 10 9 and 64 to 144 6  segments and is located 

at z — —102 cm. The energy resolution is crg/E =  (1.3 0  0 .0 7 /E  0  0 .8 /E l , l )%. 

with E  given in GeV. The ECL covers the same angular region as the CDC.

Fig. 3.7 summarizes the ECL performance.

A detailed description of ECL can be found in Ref. [20].

3.2.6 The Superconducting M agnet

Belle has a magnetic field of B  = 1.5 T  parallel to the beam axis. Charged particles 

with m om entum  vectors forming an angle A with respect to  the field will be forced 

to move on a helix. The momentum can be measured by the curvature of the helix
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Figure 3.7: ECL p e rfo rm a n c e . Energy resolution vs. incident photon energy for 
3 x 3 (left) and 5 x 5 (right) m atrices. Results obtained for different values of electron 
beam energies. Compton edge and Monte Carlo are shown [19].

(defined by the CDC and SVD hits). R:

BqR
P = -----7cos A

where q =  ±1 is the usual value of the charge of the particle.

The field is generated by a superconducting coil, which consists of a single layer 

of a  niobium-titanium-copper alloy embedded in a high purity aluminum stabilizer. 

It is wound around the inner surface of an aluminum support cylinder of 3.4 m in 

diam eter and 4.4 m in length. T he cooling is provided by liquid helium circulating 

through a tube on the inner surface of the aluminum cylinder. The iron yoke in the 

barrel and endcap regions serves as the magnetic flux return path outside the coil.

3.2.7 The K l and m uon Detector (KLM)

The KLM, as its name suggests, is used for the detection of muons and K ^ s .  It 

consists of 14 layers of Resistive P late  Counters (RPC). It is the only sub-detector 

placed outside the coil. The R P C 's  are sandwiched betwen 4.7 cm thick iron plates
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and are filled up with a gas mixture (30% argon. 8% butane and 62% HFCl34a). 

High voltage is applied to the glass plate electrodes. Charged particles going through 

the R PC ’s ionize the gas. and the amplified signal is picked up by two sets of strips: 

x  and y in the barrel, and 9 and 0 in the endcaps. The role of the iron is double: 

to interact with h i 's. giving a small shower tha t we can dpt.ert. and to serve as the 

return path for the magnetic flux outside the coil. A shower in the KLM without 

an associated charged track in the CDC is a K i  candidate. An example is shown 

in Fig. 3.8.

Muons, as heavy leptons, have much cleaner tracks (see Fig. 3.9 [21]) since they 

lose energy only through ionization. Pions. on the other hand, interact strongly 

with the iron and scatter randomly usually without managing to penetrate more 

than a few KLM layers. This is a dram atic signature difference that helps us keep 

the fake rates from the (numerous) pions at relatively low numbers. A finite number 

of pions decaying in-flight to muons, however, cannot be avoided.

The picture of a shower associated with strong interactions applies also to kaons. 

with the difference that pions. ju st like muons, fire the ACC's, whereas the kaons 

generally do not.

The KLM polar angle coverage is from 20° to 155°. The number of readout 

channels is 21856 in the barrel and 16128 in the endcap sections.

Reference [22] gives more details about the KLM sub-detector.

3.2.8 The Electromagnetic Forward Calorimeter

The EFC is an additional electromagnetic calorimeter for very small polar angles: 

6.2° < 6 < 11.6° and 163.1° < 9  < 171.5°. It consists of 320 radiation-hard BGO 

(Bism uth Germanate - Bi4Ge30 i 2) crystals, with 12.0 and 10.5 radiation lengths 

in the forward and the backward regions, respectively. The role of the EFC is the 

m onitoring of the luminosity, and the study of a series of processes, such as Bhabha, 

e+e~ —> e+e~7 . e+e~ —> e+e~fj.+/.i~. or even e^e -  —> e+e “ 7 7  for the search of
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BELLE
\

\

Figure 3.8: x  — y  v iew  o f a n  even t reco rded  a t  B e lle . A small shower is detected 
at the lower side of the KLM detector, without any associated charged tracks in the 
CDC. This is a h'L candidate.
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BELLE
/ X

\

Figure 3.9: x  — y  view  of a n o th e r  e v en t rec o rd ed  a t  B elle . Clean muon tracks 
at the top (X-XE) and bottom (S\V) diagonal of the KLM detector, which can be 
traced back to the CDC.
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exotic resonances and gluon balls. These reactions have a very large cross section 

for small angles. By including the EFC, we increase the hermiticity of the detector 

and the photon detection efficiency, and we hopefully reduce the background in rare 

B  decays channels. The potential problem with the the EFC is that high beam 

currents give high levels of background.

3.2.9 The Trigger and Data-Acquisition System (DAQ)

The concept of the trigger is that of a fast signal that controls the DAQ. If the event 

is interesting, then information (the data) needs to be stored. Otherwise, the event 

is ignored. The decision is based on a pre-designed combination of logic steps, which 

are implemented electronically.

In Belle, the sub-triggers from the sub-detectors are combined in what is called 

the Global Decision Logic (GDL). to form the master trigger. A decision for the 

trigger is made within 2.2 fis after the beam collision at the IP. Using a pipelined 

trigger system reduces the dead time, a critical factor for the trigger system, espe­

cially in full operation modes when the typical time between two beam crossings is 

only a few ns. The logic diagram of the trigger is given in Fig. 3.10.

If a decision to keep the event is made, the “news’’ is passed to the DAQ system 

by the Sequence Control Unit. The d a ta  from the sub-detectors has to be digitized 

in 200 /is. This corresponds to dead tim e of 10% for a 500 Hz trigger ra te1. The 

Event Builder combines the data  from the sub-detectors to form full event records, 

which will in turn be fed to the on-line com puter farm. There is one last step before 

the data  is saved on disc: the on-line event reconstruction, which takes place a t the 

com puter farm. Fig. 3.11 shows the logic diagram  of the DAQ system.

'The average trigger rate for the runs in the summer of '2000 is approximately 200 Hz.
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Figure 3.11: Belle detector - Logic diagram of the DAQ system.
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3.3 The Software

We give a brief overview of the structure  of the analysis environment and the de­

scription of Belle's Monte Carlo sim ulation program.

3.3.1 The Computing Environment

The Monte Carlo simulation used in this dissertation invokes the Belle Analysis 

and Simulation Framework (BASF) [23]. BASF is the main generic structure for 

the Belle analysis software and combines different blocks of software, or ‘modules", 

to  build the analysis program. The user typically provides the specific purpose 

analysis code as a “plug-in" module and makes use of existing external software 

th a t is necessary for the analysis. T he convenience that BASF offers is tha t the user 

need not worry about the interface between the different modules. There is also 

a choice of more than one supported computer languages: Fortran. C and C + + . 

Using BASF, the user can

•  choose the input and output for his/her reconstruction code.

•  use the provided event d a ta  management to create objects of h is/her own.

•  choose between single- and m ulti-CPU 2 (parallel processing) mode for reading 

and analyzing events.

•  use existing utilities, such as initialization of constants and functions, his­

togram and N-tupIe m anagem ent, etc.

The philosophy of BASF is to provide a common analysis environment for Monte 

Carlo and data. This offers the user the advantage of analyzing and comparing 

real d a ta  to the simulation by using the very same software (reconstruction code, 

utility  functions, data  format), which provides autom atic control over a potentially

2The multi-processing mode is developed based on a FPDA package [24].
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important source of system atic error. A central event data  management called 

PANTHER [25] is used for the derivation of structures and objects containing the 

event information. The user has access to a series of tables called MDST tables [26] 

tha t contain or combine information from the detector sub-systems on an event-by­

event basis, in a u^er-friendly form In the case of Monte Carlo studies, additional 

tables are obviously available to the user (containing information about the true 

nature of the event, independent of the traces in the detector: the "Truth Tables’). 

Apart of course from the origin of the events, this is the only important difference 

between Monte Carlo and real data.

Along with the tables containing hits from the sub-detectors, a set of generic use 

modules are available. Among other things, they autom atically calculate and store 

several parameters: prim ary vertices, lists of charged and neutral particles, etc.: and 

implement more advanced functions, such as PID. vertexing, Havor tagging. Ptc.

3.3.2 The M onte Carlo simulator

There are problems th a t can be solved best or only by the Monte Carlo method. The 

study of a high energy physics detector's behavior belongs to the latter category. 

The motive for the sim ulation of the physical geometry of the sub-detectors and their 

expected responses lies in the complexity of the system: many components, many 

particles, many interactions, varying conditions. Some of the modes of interest are 

very rare and leave traces in the detector similar to those from other, maybe less 

interesting, processes. A Monte Carlo simulation can show us what we should expect 

and hopefully help us realize ways to increase the detector sensitivity. A nother 

great advantage is th a t with the current CPU power available, we can sim ulate 

large numbers of "interactions" and get projections in the future for an equivalent 

of many years of d a ta  taking.
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A Monte Carlo simulation has two main parts: The event generator, which sim­

ulates the physics of the collision and the subsequent decays of the daughter parti­

cles. and the detector simulation, which parameterizes its behavior and is obviously 

unique for every experiment.

We use the 00 (and 0098) event generator program f‘27]. which was developed 

by the CLEO collaboration [28) for the study of B  mesons in the T(4S) resonance. 

The program setup includes a set of parameters that are controlled by the user, such 

as the electron and positron beam energies, the crossing angle, the decay products 

(Y(-15). continuum. Bhabha. muon and tau pairs, etc.) and the number and the 

kind of allowed interactions. So. even though QQ was designed for a symmetric 

collider (CESR) and another experiment (CLEO). it has been adjusted to describe 

the Belle experiment. We can study specific interactions of interest by adjusting 

a "decay table" that defines the interactions and the final products, and can be 

modified by the user.

For the event generation of this analysis, a standard  decay table has been used, 

based on early CLEO data  on B  decays, and modified accordingly, as new mea­

surements have become available (QQ98). For T( 15) decays, charged and neutral B  

pairs are produced via a virtual photon, typically with a sin2 d angular distribution 

at their center of mass. The mixing parameter used is =  0 . 6 6  and x,i =  0.723 for 

the generation of two large sets of Monte Carlo events. The continuum generation 

uses the LUND (JE T SET  7.3) program [29]. in which the subsequent hadronization 

process is based on the Lund string fragmentation model [30].

The detector is sim ulated by a full Monte Carlo (GEANT [31]) program called 

GSIM. The performance of the sub-detectors in the simulation is based on beam 

tests, cosmic ray runs, and finally, on- and off-resonance data. Discrepancies in effi­

ciencies. tracking performance, or global positioning are monitored and the software 

library is periodically updated. A simpler and faster version of GSIM is available, 

the ‘‘fast" simulator, or FSIM [32], which uses param eterized detector responses and
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is mainly invoked for debugging or less detailed studies.

The C PT-violating event generator tha t we use is a modified version of the 

official QQ software. Details on the developed subroutine can be found in the Ap­

pendix (Sec. A.2). Whereas the M onte Carlo samples used in the fit are generated 

with GSIM. the modified subroutine and the sensitivity of the analysis in detecting 

C PT-violating signals have been tested on FSIM.
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Chapter 4

Analysis

4.1 The data set

The analysis is performed on d a ta  from Belle's Experiment 7 (January  - July 2000) 

"on-resonance" runs. The to ta l integrated luminosity is 5.12 fb _ l . The runs are 

listed in Table 4.1.

4.2 Hadronic event selection

First, the hadronic events are selected. The following criteria elim inate events from 

other sources, such as beam backgrounds. QED. continuum, etc.

• Use only "good” tracks. A good track is defined by 

Pt > 0 .1  GeV/c, |A r| <  2.0 cm. |A r| < 4.0 cm.

with A r and Ac being the  closest distance of a track to the c-axis and the r 

position of the closest po in t, respectively.

For charged tracks a pion mass hypothesis is used.

•  Use only “good” clusters. A good cluster is defined by 

E  > 0.1 GeV

43
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Table 4.1: "On-resonance" runs from Experim ent 7 ( January - Juiv 2000) used in 
this analysis.

D ates Run # f C d t  ( p b - 1)
Jan 15 - Feb 14 0006-0243 245.5
Feb 14 - Feb 21 0244-0454 262.9
Feb 21 - Feb 22 0455-0475 28.0
Feb 25 - Mar 04 0537-0727 290.7
Mar 10 - Mar 17 0729-0827 179.8
Mar 31 - Apr 08 0858-0982 239.1
Apr 08 - Apr 16 0983-1138 353.5
Apr 16 - Apr 24 1141-1229 358.3
Apr 24 - Apr 25 1231-1248 80.9
Apr 25 - Apr 26 1251-1256 15.6
Apr 26 - Apr 30 1257-1320 169.3
Apr 30 - May 05 1321-1413 362.3
May 05 - May 07 1414-1439 93.6
May 07 - May 09 1441-1486 188.1
May 13 - May 20 1538-1639 243.6
May 20 - May 23 1641-1746 234.4
May 23 - May 27 1752-1825 252.1
May 27 - May 31 1826-1897 250.4
Jun 05 - Jun 11 1913-1996 260.2
Jun 11 - Jun 14 1997-2059 210.7
Jun 14 - Jun 18 2063-2123 234.8
Jun 18 - Jun 20 2124-2156 135.3
Jun 27 - Jul 04 2294-2430 289.8
Jul 04 - Jul 07 2432-2515 140.2

Total 5119.1
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• A primary event vertex must have radial (l 'r ) and c {Vz) components satisfying

< 1.5 cm. |V.| < 3.5 cm

• Number of good tracks > 5

•  Tutal visible energy detected by the ECL and CDC:

£ ( - ' + £  E l >  509c of CM energy
a l l  c h a r g e d  a l l  c l u s t e r

t r a c k s  e n e r g y

• e-component of to ta l visible energy:

I £  * l  + £  E\ < 305c of  CM energy
a l l  c h a r g e d  a l l  c l u s t e r

t r a c k s  e n e r g y

• Total cluster energy:

2.5% of CM energy < ^  E'  < 90.09c of CM energy
a l l  c l u s t e r  

e n e r g y

4.3 Lepton identification

In this analysis, electrons and muons have been used for B  flavor tagging. Their 

PID performance is given separately.

4.3.1 Electrons

For electron1 ID we use a likelihood function, which returns the probability th a t the 

detected particle is an electron. The input param eters of this function are:

• energy to momentum ratio: E/p.

•  mean energy loss rate in CDC: d E /d x .

'The term “electrons", throughout the analysis, stands for both electrons and positrons.
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•  information about the cluster energy, position and shape of the electromagnetic 

shower in ECL.

•  matching between the track in the CDC and the cluster in the ECL. and

•  TO F and ACC hit information for suppression of hadrons mimicking electrons 

producing fake leptons.

Optimization of the above param eters yields a ~  90% ID efficiency for electrons 

and a ~  0.5% misidentification probability for hadron tracks with p > 1 GeV/c.

A more detailed description of the electron likelihood function and its perfor­

mance is given in Ref. [33].

4.3.2 Muons

For muon ID. the process is the following: we first find the track in the CDC. 

and extrapolate it to the KLM. We estim ate the expected penetration in the KLM 

layers, given the (measured) momentum of the particle. We construct a variable 

tha t examines

•  the difference between the expected and the actual penetration, and

•  the y2 of the distances of the hits from the fitted track.

A muon ID is assigned if the track is not consistent with hadron track patterns. The 

efficiency is ~  85% for muon tracks and the misidentification probability ~  2 % for 

particles with p > 1 GeY/c.

A more detailed description of the muon ID can be found in Ref. [34].

4.4 Cuts

Once an event is classified as ••hadronic’ (Sec. 4.2), but before it is tested with the 

"dilepton candidate" selection cuts, there are still two criteria it m ust satisfy. These

tt
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are:

1 . the cutoff on /?■>'" (Fox-Wolfram second moment), mainly for continuum and 

Bhabha, muon and tau pair rejection. The event is rejected if /?•> > 0.7

2 . the -Ij'c veto: charmcnium events am! prim arv dileptons arp mut'iallv pxr|u - 

sive. The invariant mass .V/inv =  Me+t- is therefore calculated for all combi­

nations of each identified lepton of the event and all oppositely charged tracks 

(without PID). The mass window is somewhat looser for the low edge if the 

lepton is an electron or a positron, to account for radiative photons. The event 

is rejected if at least one pair is found with

\Mj/w -  < 50 MeY/V'. or

M Jiv -  150 M eV/r2 < \ [ e*e- < MJ/v + 50 MeV/c2

Monte Carlo studies show that the . / / w veto discards ~  2.09c of B° B° or B°B°  

and ~  3.69o of B°B°  pairs tha t have generated primary lepton pairs. This cut 

efficiency difference is taken into account.

From the list of electrons and positrons of the event, the ones tha t are consistent 

with pair production are rejected. To this end. the invariant mass of each particle 

identified as electron or positron and all oppositely charged tracks (without PID) is 

calculated. The track is rejected if 1 < 100 MeV/c2. Monte Carlo studies

show th a t with the 7  —> e+e~ conversion cut we lose ~  0 .2 % of the primary lepton 

pairs.

All remaining leptons of the event are ordered according to the m agnitude of 

their momentum at the T(4S) rest frame. Dilepton event candidates must have at

" /? 2  is defined as
ElPillPjl Pm(COS0tJ)

R -  21 m -  12_______________
n z ~ H 0' (£ E ,)2

I
R -2 is a measure of the “jettiness" of the event, i.e. discriminates between T(4S) and continuum 
events. See Ref. [35].
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least two particles identified as leptons. The leptons with the highest and the second 

highest momenta in the CM are selected as "dileptons".

The final set of cuts is applied on the selected dileptons:

3. Lepton momentum threshold at CM (mainly for suppression of fake and sec­

ondary leptons):

p} > L.l GeV/c (applied on both leptons)

4. Angle between lepton mom enta directions at the CM (mainly for suppression 

of fake and secondary leptons):

-0 .80 < c o s < 0.95

5. Lepton momentum cutoff a t C’M (mainly for suppression of continuum): 

pi < 2.3 GeY/c (applied on both leptons)

6. c-decay vertex differences (for suppression of beam backgrounds):

|Ac| =  |c ,  -  Cf,| < 1850 pm

7. r and c distances of decay vertex from interaction point3 (for suppression of 

beam backgrounds):

|A r IP| < 0.05 cm
(applied on both leptons)

|Ac IP| < 2.00 cm

8. #  of hits in SVD (r. o) and SVD (c) layer strips (for be tter vertex resolution): 

-Vsyd(r. o) > 1 and .Vsvd(i) > -  (applied on both leptons)

9. Lepton polar angle in the laboratory frame (for be tter vertex resolution): 

30° < 0jab < 135° (applied on both leptons)

3The description of the run-by-ran interaction point is given in Sec. 4.5.
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The above values of the cuts have been optimized based on Monte Carlo studies. 

A set of kinematic parameter distributions is plotted for the selected events. 

The expected distributions for various sources from a Monte Carlo sim ulation are 

superimposed on the same plots.

T(4S) rest frame. The leptons from T(4S) events are separated into primary, 

secondary and fakes. The continuum contribution is shown separately.

•  Fig. 4.2 shows the distributions of /?> (Fox-Wolfram second moment), calcu­

lated at the laboratory frame (top), and the opening angle between the two 

leptons a t the T (45) rest frame (bottom ). The latter plot reveals the expected 

partial correlation for events with at least one fake or secondary lepton. and 

continuum. On the other hand, primary lepton pairs show no correlation.

•  Fig. 4.3 shows the invariant mass of the dileptons. The . / / c  mass cut is 

apparent.

Applying the cuts listed above yields samples of 7429 same-sign (SS) and 35646 

opposite-sign (OS) dilepton events.

4.5 Vertexing and proper tim e differences

The proper tim e difference can be calculated from the c-component of the distance 

between the decay vertices of the B  meson pair. Ac. Using the approxim ation that 

the B  mesons are at rest in the Y(4S) frame we have1

Fig. 4.1 sh ow s the iepton m om enta d istr ib u tio n s o f the d ilep ton  even ts m the  

^proper — ^T( IS) (4.1)

And therefore

A c =  7 ( A c,proper proper proper proper —

4We will use this approximation throughout this analysis.
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Figure 4.1: Comparison between Monte Carlo and data for the high (top) and the 
low (bottom) momentum distributions of the selected lepton pairs at the Y(4S) rest 
frame.
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Figure 4.2: Comparison between Monte Carlo and data for i?-> (Fox-Wolfram second 
moment) (top) and cosi9'( i>) (bottom ) distributions for the selected dilepton
events. R> is calculated in the laboratory frame and c o s 0 ' ( i s  given at the 
Y(45) rest frame. The Y(4S) background is defined as events with at least one 
secondary or fakp lepton.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.5. Vertexiag and proper tim e differences 52

c
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Figure 4.3: Comparison between Monte Carlo and data for the dilepton invariant 
mass of the selected events. The Y(45) background is defined as events with at 
least one secondary or fake lepton.
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where 3n/ =  0.425 is the Lorentz boost factor for the Belle experiment. The effect

of the B  motion in the T (4S) rest frame and the system atic error associated with

this approximation are discussed in Sec. 4.13.

The error in A^pr0per0 depends on the accuracy of the determ ination of the decay 

vertices of the B  pairs.

In the dilepton mode there is no reconstruction of the event or vertexing, with 

the strict definition of the term. Instead, for the B  decay vertex determination, 

we use the intersection of the fitted lepton track with a three dimensional ellipsoid 

known to contain the B  meson decay vertices [36]. The dimensions of this volume 

{rrT ~  100- 120 pm. Gy ~  20 pm. rr. ~  2000 — 3000 pm ) are calculated by convolving 

the interaction point (IP) "profile'' with the average unboosted6 flight length of the 

B  meson. crs :

rj\ ~ (<??)'

a; ~  ( v ' f f  + cri

rr: ~

The center and the dimensions of the IP profile (cdp ~  100 — 120 pm. <7̂p ~  5 pm. 

cr[p ~  2000 — 3000 pm ) are determined by the prim ary vertex position distribution 

on a run-by-run basis (a few thousand events). The value of crB used is 20 pm. based 

on a Monte Carlo estim ate. The B  motion has a small effect on the x  width of the 

ellipsoid, a more substantial one for the y com ponent', and practically no effect on 

the c direction. Given the above dimensions, it becomes clear that the "vertexing" 

boils down to. for ail practical purposes, the intersection of the leptonic track with

'Since only proper times are mentioned in this paper, we drop the index "proper" from now 
on. The convention is that distances measured in the laboratory correspond to times in the T(4S) 
rest frame (B°B° CM).

6This correction is meaningful only for the i  and y  directions. The motion of the B mesons in 
the : direction is negligible compared to the J7  = 0.425 boost from the T(4S) rest frame to the 
laboratory frame.

1 The vertex measurement resolution is not, of course, as good as <7 iJ>: the distribution of the y 
component of the vertex defines the resolution.
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the z axis, as this is determined for every run. The error in the IP determ ination 

further dilutes the precision of the decay vertex measurement. The smearing in Ac: 

reduces the analysis sensitivity.

4.6 Strategy

In general, an event can be identified as "signal" or "background". A signal event 

is one th a t contains a pair of primary leptons. Background is everything th a t is 

not signal, i.e. events with at least one non-prim ary lepton (secondary or fake). 

The shape of the signal Ac distribution contains explicit information about the 

parameters of the fit8. While signal events are always correctly tagged -i.e . it is 

always correctly determined whether the the D pair decayed as B° B° ( f +f~)  or 

B0B ° / B ° B 0 ( ) —background events could be either correctly or wrongly 

tagged. If we can determine the relative numbers of the background events with 

correct or wrong tagging from the (different) shapes of their distributions, we can 

actually use this information to help determ ine \ tl. On a more advanced level, we 

would like the fit to "recognize" a Am dependence in the background distributions. 

Since this problem is too hard to solve analytically, is is done numerically. In general, 

all distributions are normalized, whether signal or background.

In the above, we have described the possible scenarios for T(45) events. There 

is a special category of background event th a t does not provide information for Am 

or cos0: the continuum events.

4.6.1 General event classification

The analysis is structured in the following logic steps:

I. After all cuts have been applied, we separate the selected lepton pairs in two 

bins: pairs of same-sign (SS) and opposite-sign (OS). The indices “SS“ and

8In principle, so do the background distributions, but this is a much harder problem.
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"OS" refer to the observed tag. i.e. a quantity that is determined experimen­

tally by the sign of charge of the (putative) primary leptons.

2. A selected event can originate from

•  D+ B~ (labeled as "fhd' 1̂

• B°B°  ("unm ” )

•  B°B°  or B °B °  ("mix"), or

•  continuum ( “cnt")

The indices "ehd". "unm". "mix" and "cnt" refer to the "true" origin of events, 

in other words, information that can be retrieved only with access to the Truth 

Table of the Monte Carlo.

3. Events from B  pairs (charged and neutral) and continuum are assigned prob­

abilities of being selected as dilepton candidates. An event originating from

• a B + B~ pair can give

-  a pair of prim ary leptons (with opposite sign) with probability ej+'l-.

-  an opposite-sign lepton pair, with at least one of them being fake or 

secondary, and with probability (correct tagging), or

-  a same-sign lepton pair, with at least one of them  being fake or 

secondary, and with probability (wrong tagging).

•  a B°B°  pair can give

-  a pair of prim ary leptons (with opposite sign) with probability

-  an opposite-sign lepton pair, with at least one of them  being fake or

secondary, and with probability (correct tagging), or

9\Ve cannot tell neutral from charged B mesons based only on a high momentum lepton; the 
two terms, however, have different lifetimes and. therefore. Ac distributions.
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— a same-sign lepton pair, with at least one of them  being fake or

-  a same-sign lepton pair, with at least one of them being fake or 

secondary, and with probability e ( c o r r e c t  tagging), or

-  an opposite-sign lepton pair, with at least one of them being fake or 

secondary, and with probability (wrong tagging).

•  A continuum event gan give

-  a same-sign (true or fake) lepton pair with probability and

-  an opposite-sign (true or fake) lepton pair with probability

The above probabilities e’s represent selection cut efficiencies, in other words, 

they are absolute efficiencies with the respect to the number of generated 

events for the specific category.

4. Bv defining
f ± _  g (T (4 S )—>B+B~)

~  f 0 ~  B(T(4S) -> B°B°)
and by assuming [37]

secondary, and with probability (wrong tagging).

• a B°B°  or B ° B °  pair can give

-  a pair of prim ary leptons (with the same sign) with probability f™1**.

/o + f ± — 1 (4.4)

we can write the fractions of neutral and charged B  pairs as

and

In this analysis we use the measurement

^  =  1.07 ± 0 .09  [38] 
Jo

(4.5)
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If we have .VT(.,5 ) Y(4S) events, then the number of generated

•  B +B~  pairs is /±  .VT( l5).

•  B°B°  pairs is / 0 -VT(.,S) (1 -  \ d).

•  B°B°  or B°B°  pairs is f n \,i-

\ j  is a function of r d (if C'PT  is not conserved, of 6 as well: see Eqs. (2.22) 

and (2.28) ).

. To describe the SS and OS A : distributions we divide the events into the 

following categories:

• Lepton pairs from T (4S) events that consist of

-  two primary leptons. which we model analytically by smearing a the­

oretical expression with explicit lifetime and m ixing (and. in gen­

eral. C PT  violation) dependence. The shape of the distribution con­

tains information about the parameters to be fitted: Pf±(~ (Afsnu,iir). 

P ^ _ ( A f smear). Pft7 -(A fsmear)'- the subscripts "00” . stand for 

neutral and charged B  pairs, respectively.

-  (at least) one fake or secondary lepton. which we m odel numerically 

by using look-up tables from Monte Carlo. At this point, the shape 

of the distribution contains information relevant to  the  mixing, even 

though not explicitly. The disadvantage of this m ethod is that for 

this part we have to  rely on the Monte Carlo: P ^ (A fsmear)- with 

3 -  "mix", "unm", "chd” and a  =  “SS” . "OS'". See discussion in 

Sec. 4.8.2 about the modeling of the background distributions.

•  contributions from continuum events: Again, we use lookup tables from 

Monte Carlo: B fg (A fsmear). Bo5 (Afsmear)-
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For study of the systematic errors, we need to define one last set of parameters: 

the selection efficiencies for primary lepton pairs, q. The link between the efficiencies 

e and q for primary dileptons is the semileptonic branching fractions for D° and B ±. 

bo and b±, respectively.
_ nmix ^

'l~C~ Lf

=  q“J™ b2o (-1.7)

<£4- =  b2± (4.8)

We now can separate the hadronic and selection cut efficiencies from the uncer­

tainty in the semileptonic branching fraction measurements. We will actually go

one step further and relate b0 and b± .

We will use

r ( B ± —> P X v )  ~ r(a° —v e * x v )  (4.9)

The arguments for this approxim ation are

•  the isospin symmetry between B + {B~)  and B° (B°).

•  the near equality of the B ± and B°  masses, and

•  the theoretical prejudice that the light spectator quark (u for B + and d for

B°) should not affect the partial decay width.

Then, the semileptonic branching ratios are just

t± g r(a* -+  p.y,) and " s n * - n * x , )  (410)
r s ± i b°

or

^  =  —  =  1.04 ±  0.04 [5] (4.11)
o t b °

The lifetime ratio is measured with better accuracy than the two semileptonic 

ratios measurements separately:
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b~  = ( 1Q-3 ± ?-9| ^  =  o 981 ±  o Q94 [5] (4.1.2)
b° (10.5 ±  0.8)% 11

4.6.2 Breaking the distributions into pieces

By using the above classification of events we can separate the different contributions 

to the two histograms: SS and OS. Nqq is the number of generated continuum events.

• SS:

-  B°B°  or B°B°  pairs that gave a (detected) prim ary lepton pair event:

P(± t±  ( A f slne :ir  ) fo  \ d  -V T i 15)

-  B° B° or B° B° pairs tha t gave a background event with correct tagging:

^  B ^ ( A f s m e a r ) / o X( / .VT ( t 5 )

-  B°B°  pairs tha t gave a background event with wrong tagging:

smear ) / o  ( 1 ~  \ u )  .VT (-«S)

-  B +B~  pairs th a t gave a background event with wrong tagging:

f ^ B ' “ (Afsmrar) /±  .VT,,SI

-  continuum th a t gave a same-sign event:

^ B £ ( A f s m e a r ) ^

• OS:

-  B +B~  pairs th a t gave a (detected) primary lepton pair event:

smear ) f ±  - ^ T ( A S )
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-  B °B °  pairs tha t gave a (detected) primary lepton pair event:

P°+V  (A ŝmear ) /o ( I ~ \<i) -VT(4S)smear

-  B ^  B  pairs tha t gave a background event with correct tagging:

B c0™ ( A t „  ) f ± .VT( t5)sm ear

-  B°B °  pairs that gave a background event with correct tagging:

CoT B u0™ (A tsme;i[ ) / 0 (1 -  \ d) -Vt( .s)smear

-  B°B°  or B°B°  pairs tha t gave a background event w ith wrong tagging:

Fig. 4.4 illustrates the separation of the proper time d istributions in different 

contributions from mixed, unmixed, charged and continuum events.

4.7 Response function

One of the most im portant tasks in a time-dependent analysis is the accurate mod­

eling or param eterization of the response function g(A t  — A fsmear )• The response 

function is a measure of the typical deviation of the measured vertex or. equiv­

alently, calculated proper tim e difference from the actual value A t  =  Af-true": in 

other words, the vertex resolution of the detector. We will use a  suitably normal­

ized g to sm ear the theoretical expressions, trying to reproduce the  distributions for 

the measured times.

eSs, ^ ( A W ) / o \ r f - V T M S )  

-  continuum that gave an opposite-sign event:

sm ear

P(Af„near) =  /  <?(Afsmear ~  At) PlheoIy.(At)  d (A t )  (4.13)
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Figure 4.4: Schematic illustration of the origin of signal and background terms in 
the fitting and their contributions to the SS and OS histograms.
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with

y P ( A f smear)ri(_ysme„)  =  I Ptheory(Af)d(Af) =  1 (4.14)

In principle the response function can be determ ined from the Monte Carlo. The 

problem is that for our da ta  and the current level of analysis the vertex resolution is 

not as good as the Monte Carlo predicts, due to system atic errors not fully examined 

and understood yet. This results in larger-than-predicted RMS widths in the proper 

time distributions. The width of the actual response function is estimated to be 

larger than in the Monte Carlo by ~  10%l°. More subtle discrepancies between 

Monte Carlo and d a ta  in the (less important) long tails of the response function are 

hard to estim ate with the current statistics.

In order to solve this problem we have chosen to  use the A ; = -  r/, distri­

bution of .//('■ —► f +£~ decays from the same d a ta  runs. The .J/u' instantaneously 

decays to a lepton pair, so the Ac distribution of the  .J/v 's  daughters determined 

with the same m ethod tha t we use for the dileptons (see Sec. 4.5)11 should be a 

good approximation to the tf(Atsmear -  At) function.

In order to obtain a response function tha t is as realistic as possible, we select 

dileptons from candidate J /w  decays from the sam e d a ta  runs, from events that pass 

the hadronic selection criteria (Sec. 4.2) and by applying the same cuts described 

in Sec. 4.4. The only exceptions are

•  the .J/u; veto (cut # 2 ). which was replaced by

2'. -  M j , t \ < 40 MeV/c2

for obvious reasons, and

•  the angle between the lepton tracks constrain t (cut #4 ) which was omitted 

since it does not affect the vertex resolution and is used for suppression of

I0The procedure for this calculation is described in Sec. 4.8.2.
11 That is. by finding two separate r-vertices for the two lepton tracks.
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kinematically correlated leptons. Unlike primary lepton pairs, leptons from 

J/U  decays are strongly correlated.

The background events in the the mass window have, in general, different vertex 

resolution than the lepton pairs from J / u  decays and. therefore, complicate the 

determination of the response function. The reason is tha t random leptons do not 

share a common ‘‘geometrical point” as their origin. They will therefore tend to 

degrade the vertex resolution. To correct for this, we follow the procedure outlined 

below.

The level of background contam ination is estimated by fitting the dilepton in­

variant mass spectrum (2.75 G eV /c2 - 3.50 GeY/c2) to a Gaussian plus a linear 

function (Fig. 4.5). This m ethod underestimates the number of J / u ' s by ~  2.7% 

due to the radiative tail events, which do not match the Gaussian model. After the 

correction, the estimated purity  of the J /u  sample is 87.4% and 82.4% for Monte 

Carlo and data, respectively.

For the Ac distribution of the background contained in the event sample, the 

\f(+i- > 3.15 GeV/c2 region of the mass spectrum is used, since it does not con­

tain radiative photon events. The distribution thus obtained is scaled to match the 

expected level of background contam ination in the mass window, and is then sub­

tracted from the Ac distribution of the -  Mj/u,I <  40 M eY/c2 region. The

response function is the resulting Ac distribution.

To be precise, the J / u  Ac distribution gives the Acsmear A c - t r u e " ’ — A c sm ear 

deviation. This is equivalent to the Afsmear -  At~tnie- difference only if the B  mesons 

are at rest at the T (45) rest frame. This subtle point is discussed again in Sec. 4.13.

The hypothesis tha t we can use the J / u  Ac distribution for the response function 

was tested using Monte Carlo: good agreement was achieved between the dilepton 

response function and the A c distribution from J /U  decays, and no significant 

difference in the fit results with the two methods was observed. Fig. 4.6 shows the 

very good matching between the two response functions.
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Figure 4.5: Invariant mass spectrum of dileptons for Monte Carlo (top) and data 
(bottom). The J j v  peak is fitted by a Gaussian and the background by a linear 
form function. Candidate J / v ' s  from the marked region are used for the response 
function.
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Figure 4.6: Response functions for prim ary dileptons (histogram) and J j v  leptons 
(points) for Monte Carlo.
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Fitting the J / c  Ac distributions obtained with this method to a single Gaussian 

yields widths of o  — 100 /mi and o =  112 /zm, for Monte Carlo and data, respectively. 

Since this is the A c resolution, it follows th a t  the vertex resolution for a single track 

is ~80 finl. The tracking performance discrepancy between Monte Carlo and data 

can be parameterized with an amount of ex tra  smearing" — specifically 50 finl — 

added quadratically to the expected vertex resolution: A convolution of the . / / w Ac 

distribution for Monte Carlo with a single Gaussian of a = 50 fim gives a  good fit 

to the corresponding distribution from data . Fig. 4.7 compares the distributions for 

Monte Carlo and data, with and without the extra smearing.

4.8 M odeling of background

For most of the pieces that go into the modeling of the background in our analysis 

we rely on the Monte Carlo. We categorize the different aspects of the Monte Carlo 

dependence in order to disentangle the different parts of the problem.

4.8.1 Sources of background - Tim e integrated quantities

• Secondary leptons: The major component of the background is the combi­

nation of a primary and a secondary lepton from a cascade decay (c —> s or 

r  decay). Primary - secondary pairs from B°B°  and B + B~ usually end up 

in the SS dilepton sample. This is actually the majority of the SS events. 

When the secondary lepton is coming from the same B  that generated the 

(detected) primary lepton. the lepton pair will typically be a (background) 

OS event (Fig. 2.2.(a) demonstrates this).

Most of the time B  mesons decay to D  mesons, which, in turn, can give off 

leptons. The decay vertex of these (secondary by definition) leptons will be 

very displaced from the B  decay vertex due to the non-negligible D  lifetime. 

For this reason, secondary leptons produce a systematic shift when used for
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Figure 4.7: Ac distributions for dileptons from J / v  decays for data  (points) anti 
Monte Carlo (histogram), without (top) and with extra smearing (bottom) for the 
Monte Carlo. The distributions are after the sideband background subtraction, as 
described in the text.
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vertexing. As charged and neutral D  mesons have significantly different life­

times (~1.1 ps and 0.4 ps. respectively), leptons from D ± and D° decays have 

unequal contributions to the mean shift. In general, they have different im­

pacts on the Ac distributions. The relative fractions of D ± and D° were scaled 

to match the branching ratios measured bv CLEO [39j:

B{B  — > D ± X )  = (23.5 ±  2.7)%

B (B  — ► D° X )  = (63.6 ±  2.3)%

A similar effect is caused by electrons and muons from tau decays. Taus have 

a lifetime of ~0.3 ps and decay leptonically (to electrons and muons) 35% of 

the time. However. B  mesons decay to r leptons 4-5 times less often than to 

muons and electrons due to phase space differences [40]. So. in fact, taus have 

a small, albeit non negligible, contribution to the mean shift of the secondary 

lepton vertexing. We use again the Monte Carlo for the modeling of this 

component of the background.

•  Fake leptons: Fake leptons are usually combined with a primary lepton and 

end up in either the SS or the OS sample.

The fake rates of pions in electron and muon identification were measured using 

As -> t +7t_ decays. We found the fake rates to be12 (0.182±0.025)% for the 

electrons and (1.893±0.092)% for the muons. These numbers are smaller than 

in the Monte Carlo by (10.4±6.1)% and (2±22)%. respectively. The difference 

is comparable to the statistical errors of the fake rate measurements for both 

Monte Carlo and data. We correct for this small discrepancy.

•  Continuum: The continuum contamination is estimated to be kept at relatively 

low levels. This is what the Monte Carlo shows and the off-resonance data

12Defined as: (#  of fakes lep tons)/(#  of non-lepton tracks).
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verifies.

We use 0.60 fb_l of off-resonance data, taken at energies 50-60 MeV below 

the T(4S) peak, to determine the level of continuum in the selected hadronic 

sample (see Sec. 4.2). Based on a Monte Carlo simulation for the efficiencies 

of the hadronic cuts for T(4S)  and continuum, and by using all on- and off- 

resonance data we determine [ L0 ]

cr(e + e“ —> qq)
o ( c  + e -  -> reds’)) =  3.66 ±0.37

This ratio is used for the admixture of Y(4S) and continuum events in the 

Monte Carlo. The number of the continuum events from the off-resonance 

data surviving the cuts is consistent with the Monte Carlo predictions.

4.8.2 Ac distributions

In Sec. 4.6.1 (pg. 57) we described the difference in the modeling between signal and 

background in the fit. Whereas the signal terms are analytical functions, for the 

background distributions we use lookup tables, derived from the Monte Carlo and 

modified accordingly to the assumptions of the fit. This section describes how we 

partially overcome the problem of the non-flexibility and the static representation 

of the background distributions in a dynamic calculation, i.e. the fitting.

•  Tracking performance: As we mentioned in Sec. 4.7. the vertex resolution is 

not as good as the Monte Carlo predicts. We therefore need to introduce 

some extra "smearing" in the background distributions to account for the 

larger RMS's. To this end. a convolution of the Ac distributions with a single 

Gaussian was tested. Specifically, the J / w  Ac distribution for Monte Carlo 

was smeared with a single Gaussian with varying cr. and then compared with 

the J/il' Ac distribution for data. For every value of o. the confidence level of
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the matching between the two distributions was obtained (see Fig. 4.8). This 

method determines the parameter o  of the convolving Gaussian to be

30
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<7 { p e n )

Figure 4.8: Confidence level of comparison between J/t/> A z  distribution from data 
and the one from Monte Carlo convolved with a single Gaussian of width a , vs. a .

Fig. 4.7 shows the comparison between Monte Carlo and data without (top) 

and with the extra smearing (bottom).

This procedure was verified with a different set of events. Instead of the J / ib  

sample, the Az  distributions of lepton-kaon and lepton-pion pairs for data 

and the fake lepton Monte Carlo distributions (with the extra smearing) were 

compared. Good agreement between the two sets of distributions was achieved. 

This verifies that a convolution with a single Gaussian is a satisfactory method 

for getting the background distributions from the Monte Carlo with a vertex 

resolution similar to that of the data.
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We do not use the lepton-kaon and lepton-pion pair Ac distributions from the 

da ta  for the fake lepton background distributions in the fit since the method 

that we use in this analysis requires different contributions from mixed (B°B°  

and B°B°). unmixed (B ° B ° ) or charged ( B +B~) B  mesons. Only Monte

•  Am dependence: The background distributions have an implicit Am depen­

dence that becomes apparent when we compare distributions generated with 

different values of Am (see Fig. 4.9). Since the background is a sum of con­

tributions from different sources (secondary or fake leptons. correct or wrong 

tagging, particles from the same or different B mesons), which have very dif­

ferent vertex resolution, it is very difficult to encode the mixing dependence 

and derive an analytical expression. Despite the small differences between the 

Monte Carlo background distributions generated with Am = 0.423 p s ' 1 or 

Am =  0.464 ps ' 1 (shown in Fig. 4.9). the choice of the Am value for the 

background distributions used in the analysis has an important impact on the 

fit. In other words, if the "wrong" background distribution is given to the fit. 

we end up with a non-negligible systematic shift in the measurement.

One way of solving this problem is to give the fitting algorithm a choice of 

background shape. We use a  linear interpolation of background distributions 

generated with Am = 0.423 ps " 1 and Am = 0.464 p s ' 1:

Z?(Am; Ac) = (1 — 7 ) B{Arn = 0.423 ps-1: Ac) + 7  B{ Am = 0.464 p s ' l: Ac)

Although the relationship between 7  and Am is not necessarily strictly linear, 

for Anrs over a small enough interval, the linearity will be sufficiently good. 

Monte Carlo studies show th a t  this is the case for the [0.423 p s ' 1. 0.464 ps-1] 

interval employed in this analysis.

Carlo can provide this information.

where
A m  -  0.423 

0.464 -  0.423
(Am in ps [)
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With this method we allow the fitting to take into account small variations 

in Am and adjust accordingly the shape of the background distributions in 

'‘real-time", i.e. in a dynamic way. Furthermore, with this manipulation we 

explicitly involve Am in the background distributions (through ~ =  '(A m )  ). 

which actually serves to increase the fit's sensitivity to Am. and indirectly the 

C P T  violating parameters.

•COC ' 2CC ' SOC '3CC

3 OS

0 32

SCOSO
A/....-, vurn’l

Figure 4.9: Monte Carlo background distributions from neutral B  pairs, generated 
with Am = 0.423 ps - 1  and Am =  0.464 ps -1  for SS (top) and OS (bottom) dilep­
tons.

• B  lifetime dependence: In this dilepton analysis we do not separately measure
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the charged and neutral B lifetimes since without partially reconstructing the 

B  mesons we cannot tell charged B  pairs from neutral B pairs. Moreover, 

the dilepton sample is contaminated with backgrounds arising from secondary 

and fake leptons. However, using a value for the ratio tb± / tbo from other

m o o c u r n m o n t o  n fr>r * p lifpt i m n  T ^ t c  n r o r o r l n r o  u'OC f i r r u ' f l  n u t
tiiVciutil L i i tv t l tu  it C Ciiti lie tUl illL 1_> l i t l t t t t iV .  *. i t. t. 11 tt i • • LM » WUL

mainly to crosscheck the modeling of the vertexing.

The B  lifetime defines the steepness of the exponential form of the proper 

time distributions. Therefore, the B  lifetime dependence of the background 

distributions is probably more important than tha t for Am. We initially as­

sume that the B  lifetimes are measured with adequate precision. The study 

of the systematic errors, however, shows tha t the uncertainty in the B  lifetime 

measurements is the main limitation to accurate Am and Re(cos^) measure­

ments. Therefore, when we vary the lifetimes in the analytical expressions of 

the signal terms for the determination of the relevant systematic shift, we also 

have to do so for the background distributions. We do this '"off-line”, i.e. the 

B  lifetime dependence of the background is static and does not change during 

the fit.

•  Continuum: Because of the poor statistics of the off-resonance data, we rely 

on the Monte Carlo for the continuum A ;  distributions in the dilepton sample. 

The problem of the vertex resolution difference between Monte Carlo and data  

is dealt with in the same way that it is for the T(4S) background: through a 

convolution with a single Gaussian of <x =  50 pm.

4.9 Signal and background populations

We calculate the expected numbers for signal and background terms in the dilepton 

sample for the cuts discussed in Secs. 4.2 and 4.4. For this Monte Carlo study we use
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3M charged and 3M neutral B  events, generated with .rd =  0.723 (Am =  0.464 ps-1 ). 

and 24M continuum events.

For this calculation we use the following measurements

•  f± / fo  = 1-07 ± 0 .0 9  [38]

•  b±/b0 = tb± / tbo =  1.04 ±  0.04 (Sec. 4.6)

•  B(B  — > D ± X )  =  (23.5 ±  2.7)% , ,
v [39]

B{B  — ► D° X )  = (63.6 ±  2.3)%

•  Muon fake rate : (1.893 ±0.092)%
v (Sec. 4.8.1)

Electron fake rate : (0.182 ±0.025)%

•  ~r f ' - e ^r?Pc\ \  =  3.66 ± 0 .37  (Sec. 4.8.1) o(e e -*• 1(45))

and scale accordingly the different terms when there is a discrepancy with the Monte 

Carlo.

Table 4.2 lists the event categories in the dilepton sample as combinations of 

primary, secondary and fake leptons (for T(45) events), and continuum, and their 

relative fractions.

The expected numbers of signal and background terms in the SS and OS dilepton 

samples for the same Monte Carlo sample and under the same conditions can be 

found in Table 4.3.

Fig. 4.10 and Fig. 4.11 display the content of Tables 4.2 and 4.3 in a pie-chart 

format.

The Monte Carlo shows tha t the ratio of SS to OS events in the dilepton sample 

is 0.201, assuming x j =  0.723. The ratio for da ta  is 0.208±0.003.
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Table 4.2: Relative fractions of categories of events in Y(4S) and total dilepton 
sample based on a Monte Carlo simulation. The different combinations include pri­
mary (p). secondary (s) and fake (f) leptons. True and fake leptons from continuum 
are collectively labeled as "continuum". The Monte Carlo sample consists of 3M 
charged and 3M neutral B  events, generated with x« =  0.723 (A m  = 0.464 ps-1). 
assuming /± / /o = 1 0 ~  and b±/b0 =  r B± / r Bo =  l.04. and 24M continuum events.

E v e n t  C a te g o r ie s F rac tions  (%)
In  T ( 4 S )  sam ple In  t o t a l  s a m p le

Signal P-P 75.2 71.3
B p-s 18.2 17.2
c p-f 4.9 4.7
k
9 s-s 1 .2 1 . 2
r
0 s-f 0.4 0.4
nn f-f 0 .1 0 . 1

d continuum - 5.2

Table 4.3: Classification of different contributions to SS and OS dilepton samples 
and relative weights. The numbers are calculated from a Monte Carlo sample of 3M 
charged and 3M neutral B  events, generated with x^ =  0.723 (A m  = 0.464 ps-1). 
assuming f ±/ / 0=  1.07 and 6 ±/fto =  tb±/ tbo = 1.04. and 24.M continuum events.

Source C a te g o r y Sam e Sign (% ) O p p o s i t e  Sign (%)
B ^ B 0 Primary dileptons 34.4 —

and Background, correct tag 2 . 8 —
B ° B ° Background, wrong tag — 1.7

Primary dileptons — 32.4
B ° B ° Background, correct tag — 6 . 1

Background, wrong tag 26.6 —
Primary dileptons — 46.4

B + B ~ Background, correct tag — 8.4
Background, wrong tag 30.3 —

C o n tin u u m Background 5.9 5.0
Toteil 1 0 0 . 0 1 0 0 . 0
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Figure 4.10: Relative fractions of combinations of leptons: primary (p). secondary 
(s) and fake (f). in (a) the Y(4S) dilepton sample (b) the total dilepton sample 
(including continuum).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.9. Signal and background populations

3°90/ a ’3 a
Z r y  C i l e o t o n s

Figure 4.11: Expected representation of B QB ° / B QB°. B°B°. B~B~  and continuum 
events in (a) Sarne-Sign and (b) Opposite-Sign Dilepton samples, separated in signal 
and background terms.
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4.10 Time dependent analysis: signal terms

We summarize here the form in which the signal terms (primary dileptons) appear 

in the fitting.

We start with the theoretical expressions presented in Sec. 2.4.

The expression for the same-sign dileptons is coming from BuB u and B ° B U pairs

P ^ A t )  =  —i— e-Ut/>flol [j_ _  cos(Am A t )] (4.15)
C ( ± ( ±

with normalization constant
2

C(±(± = tbo (d.16)
( 1 + J j)

and for the opposite-sign dileptons. the neutral B  term ( B ° B ° )

PtuhX v(At) =  —  e - 'Af / ' s 0,[(l + |cos0|2) + (1 -  |co s0 |2) cos(Am A t )
t ' t+ t-  L

-2Im (cos0) sin( Am A f )] (4.17)

with normalization constant

_ n _  (2 +  x 5 +  .q | c o s 0 | - )

r'* '- =2 'B0 fTTIj)  (4'18)
and the charged B  term

= A - e - ' * " . * '  (4.1D)
1 t b ±

where tb± is the B* lifetime, and rBo = T-1. T being the average decay rate of the 

mass eigenstates of the B  system.

The last term — Eq. (4.19) — is the contribution from charged B  pairs (no mix­

ing). The advantage of treating the primary lepton pairs from charged B  mesons 

as signal, even though the relevant expressions contain no mixing or C P T  viola­

tion information, becomes obvious here: their time evolution is known and simple 

(e - |At /rs ± |) Furthermore, the existence of both t b ±  and t b o  in the theoretical ex­

pressions serves the very important goal of testing the accuracy of the response
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function modeling. This point was explained earlier while discussing about the B 

lifetime dependence of the background distributions, in Sec. 4.8.2.

The next step is to use the response function (Sec. 4.7) to smear the theoretical 

expressions. By doing this we reproduce the observed distributions for the primary 

dilepton (measured) proper times, or equivalentlv. distances measured in the labo­

ratory frame.

P (A fsme ar) =  /  </(Atsmear -  A O / ’theo ry*  Af) d( AO (4.20)

In Eq. (4.20) we plug in

P,h„„(A() = P,ZUU0. P,r”.y(Af) and P' .̂fAf).

to get

P ( A f sme.-ir ) =  P(±(± ( - \ t sme a r ) .  P( a f - ( A c s m e a r )  <ind P(^/~ ( A f sm e a r ). 

respectively.

4.11 Fitting

The equations for the fitting algorithm are

i A ) expected  — D  X  ( A ) g _ mesons -F ( A  )con tinuum (4.21)

with
I  -Vss( 0  \

( A ) eXpected =

'  A o s ( 0  )  expected

The (i)-th bin runs along the A tsmear spectrum.

The D matrix is given by

(4.22)
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where

B qB ° /B ° B q B°B ° B +B '

D =

SS

OS

D ^ ( i )  D ^T U )  D f i ( i )

{ D™{i) D"0T ( i )  D$$(i)

A

(4.23)

(4.24)

Dunm/;\   ,unm nunm/;\
5 5  ( 0  =  S5  B ss  (i) (4.25)

(4.26)

Dm i x / ; \  — .mix D m i x / : \  
O S  U )  =  €OS  B O S  U ) (4.27)

Du n m / ; \    .u n m  pOO i , unm p u n m / \
O S \ l > =  e i+ l~  +  ( OS  a OS  \ l > (4.28)

Dgg(0 H ff4_ + fgs So"”(‘) (4.29)

The rows of D correspond to events stored in the SS and OS histograms, whereas 

the columns correspond to “true" neutral mixed (B°B°  or B°B°)  and unmixed 

(B°B°).  and charged ( B + B~)  events.

The number of generated B  pairs is:

/  foXd \

(-V)b- mesons — 4Vf(4S) /o (I ~  Xd)

V  f±  /

(4.30)
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The last contribution to the dilepton sample is from continuum:

(-V)continuum (4.31)

\ < 2 s B  §*.(<)/

-Vt(4S) and are not independent, but related through their expeiimenlallv 

measured ratio (as discussed in Sec. 4.8.1). This ratio is the only relevant external 

parameter in the fitting besides .Vtot =  .V5 5  +  Nos- the total number of selected 

events (for both SS and OS dilepton spectra).

In the above expressions, signal and background distributions are normalized:

background distributions £ ? ( A / smea r )  a rp not modeled with analytic shapes, but

tion of mixed events, yj = \u{£<i- #)• controls both the populations of signal and 

background events, as Eqs. (4.21) and (4.30) indicate.

The number of free parameters can be separated into those that are of interest 

in terms of physics (Am. cost?). and those that describe the fractions of signal 

and background in the event samples (qf±(±. ri'ft™- rjnt-13 an(I (j- " '^h  1 =  ■mix", 

‘unm". “chd", "cnt" and j  = "SS", "OS": 3 +  4 x 2 =  11 parameters). For this 

secondary set of parameters we do the following:

•  We fix the ratios of the primary dilepton selection efficiencies to values deter­

mined by the Monte Carlo:

•  We fix the ratios of background with correct tagging efficiencies to values 

determined by the Monte Carlo:

I3The primary lepton pair selection efficiencies rj are defined in Sec. 4.6.1.

A m .O ) .  (Atsmear) and B(Afsmear). Thesmear smear

rather employ the interpolation scheme described in Sec. 4.8.2. Moreover, the frac-

m+<-,unm ..mix r)mix 
rl(±f± mc..unm

" t + l -  M C
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,chd
' O S

' O S

,c h d
OS

OS
and

,chd
OS

, ch d
f OS

MC S S  S S  MC

•  We fix the ratios of background with wrong tagging efficiencies to values de­

termined bv the Monte Carlo:

,c h d  
t  S S

' S S

, r h d  
6 SS
- .S'.S'

and
MC

,chd  
e S S

' O S

,chdSS
-o s MC

•  The continuum efficiencies eĉ  and are not independent from the Y(-lS’) 

efficiencies i f  s and c's. but scaled in a way that keeps the fraction of continuum 

events in the dilepton sample equal to a value determined by the Monte Carlo 

(as shown in Table 4.3 and Fig. 4.11).

These conditions reduce the number of secondary parameters to 1 1 -  4 x 2 = 3. 

The number of degrees of freedom .V,iof is reduced by one more unit by the implied 

condition that .Vtot is fixed (see Eqs. (4.2L)-(4.31)). What is left completely uncon­

strained in the fit is the ratio of the rj's and the c's: that is. the ratio of the number 

of primary dilepton to the amount of background with correct and wrong tagging 

efficiencies. So. effectively the number of free-to-vary secondary parameters in the 

fit is two: f//e‘correct tag- and f7/ e “Wrong tag" - for all categories of B pairs. Everything 

else is determined through the corresponding Monte Carlo ratios.

We do the fit by minimizing an "Almeida-Barbi-do Male" \ 2 [41]:

'•2 Art!
Xa b v 2 ( N

(0
expected - i V . ( < )

observed 1 ) In
2N

observed
(')

4- 1 

4- 1
(4.32)

expected

where -V^ ted and Aobserved are the numbers of expected and observed events in 

the z-th bin of the Afsmear spectrum. The fit is performed simultaneously on the SS 

and OS Afsmear histograms.

There are three ways in which the fitting procedure is sensitive to Am  and cos0:
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•  The time-dependent level: this is achieved through the signal terms for the 

neutral B  pairs. P°i,±(Afsrnf, a r : ) and P™/_ (A ismear: A m .0). The ability 

to measure the time evolution of the B  pair is the  main advantage of an 

asymmetric e*e~ collider.

•  The time-integrated level: through the time integrated mixing probability 

\u — YdU'ii- $)• Since in this analysis the B  lifetime is assumed known and 

fixed, a constraint on x^ is effectively a constraint on Am.

_  | sin 0|2 r2o Am-
\ d =Y,<(Am.0) =

j s in0 | 2 r | 0 Am- 4- (2 +  r | 0 A m - -I- r 2 0 Am- | cosfl|2)

• The interpolation of the background: By using a background that explicitly 

depends on Am (through 7  =  ' (A m ))  in the fit. we use a large fraction of the 

dilepton sample (~  24% - Fig. l.lO.b or Table 4.2) for the determination of 

Am that would otherwise remain "unused". In o ther words, the background 

provides some additional information on Am.

4.12 Results

With the assumptions listed in Sec. 4.9 and by holding the  B°  lifetime fixed to its 

world average value1 1 (r^o =  1.56 ±  0.04 ps [5]), we ob ta in  the following results:

• F itting for Am :

Assuming that C P T  is a good symmetry, and therefore by keeping the C P T  

violation parameters fixed (cos0  =  0 ) we find

A m  = 0.456 ±  0.008 ps - 1

14 When we test the CP T  symmetry by looking for a B°-B° lifetime difference, rgo stands for 
the average lifetime of B° and 6 ° .
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\7-Vdof =  341.6/381

• F i t t in g  for A m  a n d  cos 9 =  R e(cos  9) + i Im (co s  9)  :

A m  = 0.456^008 ps " 1 

Im(cos0) =  0.019^030 

Re(cosfl) =  0.00 ±0 .21

\7-V«iof = 341.2/379

We use the larger value of the positive and negative error bars as the statistical 

error.

Fig. 4.12 shows the Ac distributions for the data and the fitted Monte Carlo 

distributions, for the SS (top) and OS (bottom) dileptons. The Monte Carlo distri­

butions in Fig. 4.12 are not normalized separately to the numbers of the events of 

the two histograms, but only to the total number of da ta  events .Vtot =  -Yss +  A’os- 

In other words, the ratio of the populations of the two distributions (SS. OS) is 

taken care of by the fit result for the mixing, and this is a very strong constraint on 

the \d ( A m . 0 ) parameter.

The mixing term appears in the SS Ac distribution and is marked as "primary 

dileptons-' (signal). That this term is zero for Ac =  0 is the Einstein-Rosen-Podolsky 

(EPR) paradox in the B world: B mesons that decay at the same time (equivalently, 

at the same c in the laboratory) cannot have the same flavor. The signal term  in 

the SS histogram is buried under the background from B°B° and B+B~. A much
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Figure 4.L2: Ac distributions for same-sign (top) and opposite-sign (bottom) dilep­
tons for data and the fit rod Monte Carlo distributions. For the Monte Carlo distri­
butions. signal and background from different categories are plotted separately.
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more evocative way of displaying the B° — B° oscillation is by plotting the time 

dependent asymmetry between SS and OS dileptons:

By assuming that only primary dileptons are in the SS and OS histograms, then 

.-l(Af) as given by Eqs. (2.23) and (2.26) is

.4(Af) = cos(AmAt)

The background from neutral and charged B  pairs complicates this expres­

sion. To a good approximation, however, most of these extra terms cancel out. 

and the time dependent asymmetry reveals a clean oscillation signal, as illustrated 

in Fig. 4.13. In the same plot, a convolved cosine term is superimposed on the data 

points, with the period determined from the fit:

2  ~c.l~i T  :  L1 mixing / v \

In Fig. 4.13. the negative A z region for the OS histogram has been folded into 

the positive region for display purposes.

4.13 System atic Errors

The systematic errors for Am  and the C P T  violating parameter cos 9 arise from 

numerous sources. In order to estimate the effect of each of them, the associated 

parameter is varied, typically by ±cr. and then the fit is repeated. The shift in the 

central value is taken to be the systematic error. The same data  set is used for 

this procedure, except for some systematic errors related to the response function, 

for which studies are performed on the Monte Carlo. We examined the following 

sources of systematic errors:
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\7 ,

Figaro 4.13: Time dependent asymmetry between SS and OS dileptons. The curve 
is a convoluted cosine with period dererrnined by rhe hr.
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• B  lifetim es and sem ileptonic branching ratios. We use the current 

uncertainty in the B° lifetime. r Bo =  1.56 ±  0.04 ps. and the charged-to- 

neutral lifetime ratio. t b± / t bo = 1.04 ±0 .04  [5]. We also use the relation 

b±/b° - t b± / t bo (see Sec. 4.6.1. pg. 58) to vary accordingly the semileptonic 

branching ratios. Varving the B°. B~  lifetimes affects both signal and back­

ground distributions, by changing the slope of their generic exponential form. 

Varying the semileptonic branching ratios affects all contributions with one 

or two primary leptons. Since all relevant terms are scaled according to the 

lifetime ratio, signal terms (two primary leptons) will be more affected than 

background events with one primary lepton. Finally, we check the effect of a 

non-zero AT in the proper time distributions1 ’. Since no interesting constraint 

has been derived experimentally, we use the limit given by most theorists [4]:

A r / r  < l c/c.

•  f ± / f 0 ratio. We vary the fractions of charged and neutral B  mesons at 

the generator level according to the measurement J±/fo  =  1.07 ±  0.09 [38]. 

Since B° and B ± have different lifetimes, changing the relative fractions affects 

the RMS of the total Ac distribution. This parameter change affects mostly 

\  = \ ( x d,0). and therefore A m  and Re(cos0) indirectly through Eq. (2.22). 

Im(cosff) is not strongly affected by a \  variation, because it is the only 

antisymmetric term tha t appears in the proper time distributions. Eq. (2.16). 

and is therefore independent from changes in time integrated quantities.

• Response function.

-  B  m otion in Y (4 S )  rest frame and vertex resolution. There are 

two issues here: the first one is the effect that the B  motion in the 

Y(4S) rest frame has on their time evolution, i.e. the Afros') vs. (t — 

loThe proper time distributions for A f  ^  0 can be found in Sec. A. 1.5

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



4.13. Systematic Errors 89

t g^1) systematic error16, and the second one is whether primary dileptons 

and leptons from .1 /iv decays have the same vertex resolution, i.e. the 

Ac ( " 6  —> cEu")/c3y vs. A z("J /n '  —> W')jc3~< systematic error. Since 

we are interested in the difference of the measured vertices from the actual 

times that the D mesons decay at. we combine both effects by performing 

the fit for two cases: one by using the y(tcB*{ -  tlB*1 -  A /cJ~r) and 

one by using the g( Ar-.//t._ « " /c J -  ) its the response function. Comparing 

the results we find the shift in Am. Re(cos0) and Im(sind) measurements 

to be negligible: ~ 0 .0 0 l p s ' 1. < 0 . 0 1  and < 0 .0 0 1 . respectively.

-  S ta t is t ic a l  u n c e r ta in ty  in  J / i p  A z  d i s t r ib u t io n .  The statistical 

uncertainty in the . / / c  Ac distribution (obtained from data  as described 

in Sec. 4.7) is another source of systematic error, mainly due to the small 

number of .//(.• decay events surviving the cuts (-~ 4700) used in the 

analysis. We repeat the fit by varying the numbers of events on a bin- 

by-bin basis for the Ac distributions from the . / / c  mass window and the 

sideband background, assuming Poisson distributions with mean equal 

to the actual number of entries for every bin. The resulting response 

function is used for the fit. and the central value of the fit is stored. We 

repeat this procedure until we obtain distributions of “mean values” for 

Am. Re(cos0) and Im(eos0). The RMS of the distributions is used as 

the systematic error. The main effect is on Im(cos0) since this is the 

only asymmetric term in the distributions (see Eq. (2.16)). and a small 

asymmetry in the J/iv  Ac distribution is perceived by the fit as a C P T -  

violating InRcosf?)^ 0. This is the main contribution to the Im(cos0) 

systematic error.

This parameter change affects only the signal terms.

16See Sec. A. 1.3 for more details.
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• O th e r  b ack g ro u n d  r e la te d  p a r a m e te r s .  The fractions of different back­

ground categories are listed in Table 4.2.

-  S econdary  le p to n  ra te s .  We examine the possibility of an inaccurate 

Monte Carlo in the description of D meson decays to charm mesons, 

especially for final states involving higher resonance states and virtual 

IT decays. To this end. we use the current measurements of the D° and 

D ± branching ratios. B(B  — > D * X )  = (23.5 ±  2.7)% and B(B  — ► 

0° X )  =  (63.6 ±  2.3)% [39]. This change affects the populations of 

secondary leptons originating from D° and D±. Since the lifetimes of 

charged ( ~ l . l  ps) and neutral (~~0.4 ps) D mesons are very different, the 

Ac distributions of the secondary lepton background are also affected.

-  Fake le p to n  ra te s .  We conservatively take the fake rate uncertainty to 

be ±35%. This number takes into account the ~L0% discrepancy in the 

fake rates between Monte Carlo anti da ta  (comparable to the statistical 

error of the measurements), and includes fake rates from both pions and 

kaons. About 5% of the selected event sample contains at least one fake 

lepton (~90% of the time combined with a primary lepton. ~8% of the 

time with a secondary lepton. and only ~2% combined with another fake 

lepton). So. this parameter change has only a small impact on the central 

values of the fit.

-  C o n t in u u m  c o n t r ib u t io n .  The uncertainty in the level of continuum 

contamination arises from the uncertainty in the hadronic cut efficiency 

(Sec. 4.2) for continuum events, but it also includes the statistical error 

from the Monte Carlo study. We conservatively estimate this uncertainty 

to be ±10%. This change affects the continuum population (~  5% of the 

sample).
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-  D e te c to r  re so lu tion . The Ac resolution of the signal terms in the SS 

and OS histograms is defined by the response function. The uncertainty 

in the modeling of the detector resolution for the signal is expressed by 

the variations in the response function.

For the background from T(4S) and continuum we use a convolution of 

the Monte Carlo Ac distributions with a single Gaussian, in order to 

compensate for the vertex resolution discrepancy between Monte Carlo 

and da ta  (~  10%). The error in the determination of the width of the 

Gaussian (<r =  oOtlij ptti) is used as the uncertainty in the detector 

resolution for the background terms ( ~  30% of the sample).

•  B in n in g :  Finally, we estimate the possible bias from using a binned mini­

mization method. We repeat the fit after changing the number of bins in the 

SS and OS histograms and report possible shifts.

Table 4.4 summarizes the systematic errors for Am. Re(cos0) and Im(cos0). 

Since the asymmetry between positive and negative errors is small (~  15 -  20%). 

we conservatively take the larger of the values to be the systematic error.

4.14 Other consistency checks

As an additional check, we examine the effect of changing the value of the kinematic 

cuts on p me and c o s G )  (which were optimized based on Monte Carlo studies) 

on the central values of the fit. The small shifts are consistent with being statistical 

fluctuations.

A similar study is performed on sub-sets of the  dilepton sample, separated ac­

cording to the lepton id: ee. pp  and ep.

•  ee sample (10142 events):
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Table 4.4: Summary of systematic errors (a) with and (b) without invoking the 
C P T  symmetry.

Parameter F i t t in g  for
and (a) A m (b) A m  a n d  cos 9

uncertainty A m  (p s"1) Am (ps l ) Re (cos 9) lrn(cos 0)
B lifetimes and semileptonic branching ratios

tbo = 1.56 ±  0.04 ps -0 .009
±0.008

-0.009
±0.008

< 0 . 0 1 ±0.003

tb± /"go ■ 1.04 ±  0.04 ±0.009
-0.012

±0.009
-0.011

±0.15 ±0.004

A r/r  < i% < 0.001 < 0.001 ±0.02 < 0.001
Fractions of charged and neutral B mesons

f t / ' f Q =  1.07 ±0.09 ±0.008 ±0.008 
-0 .0  U

±0.26 ±0.001
-0.002

Response function
B  motion in T(4S) frame ±0.001 ±0.001 < 0.01 < 0.001
statistics of .J/v  sample ±0.004 ±0.004 < 0.01 ±0.061

Other background related parameters
B{B  -> D°.Y) (±4.670) < 0.001 < 0 . 0 0 1 < 0.01 ±0.001

B (B  -> D± X)  (±14.3%) - 0 . 0 0 0

±0.001
- 0 . 0 0 0

±0.001
< 0 .01 -0.002

±0.001

Fake rates (±35%) ±0.003 ±0.003 < 0 .01 ±0.002
-0.004

Continuum (±10%) ±0.001 ±0.001 < 0.01 -0.001
±0.000

Detector resolution (i{® pm) ±0.001 ±0.001 < 0.01 ±0.001
±0.002

Ot ler systematic errors
Binning ±0.001 ±0.001 < 0.01 ±0.001

Total + 0 .015
-0 .0 1 8

+ 0.015
-0 .0 1 9

± 0 .3 0 ±0.061
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-  Fitting for Am (cos0 =  0)

Am = 0.456 ±0.011 p s ' 1

-  Fitting for Am and cos 9

Am = 0.454 ±0.011 p s ' 1 

Im(cos0) =  0.096 ±  0.060 

Re (cos 9) =  0.00 ±0.36

•  fif.i sample (1L624 events):

-  Fitting for Am (cos 9 =  0)

Am = 0.447 ±  0.011 p s ' 1

-  Fitting for Am and cos 9

Am =  0.448 ±0.011 p s ' 1 

Irn(cos 0) =  0.032 ±  0.070 

Re(cos0) =  0.00 ±0.22

•  fyi sample (21309 events):

-  Fitting for Am (cos# =  0)

Am =  0.460 ±0.011 p s ' 1

-  Fitting for Am and cos9

Am =  0.465 ±0.016 p s ' 1 

Im(cos 9) = -0 .023 ±0.042 

Re(cos0) =  0.16^o^4

All the results for the sub-sets are consistent with each other, within the statis­

tical errors.
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Chapter 5

Summary and discussion

5.1 A m  and eos0 measurements

We have measured the mixing parameter (mass difference of Du and B i  eigenstates) 

Am and searched for C P T  violation in the B° system from the time evolution of 

dileptons in Y(4S) decays with an integrated luminosity o f -3.1 fb_l of data collected 

with the Belle detector. The run period was from .January to .July of 2000.

The asymmetric e+e~ KEKB machine allows for the extraction of the B  evolution 

from decay vertex measurements with the lepton tracks. Distributions for same-sign 

(SS) and opposite-sign (OS) dileptons were made. Am and cos# were obtained 

by simultaneously fitting the SS and OS dilepton time distributions to complex 

functions. The modeling of the functions was done by using theoretical expressions 

for primary dilepton pairs (signal) and lookup tables obtained from Monte Carlo 

simulations for events with at least one secondary or fake lepton (background). The 

decay vertex resolution for the signal was estimated by the Ac distribution o f . / /  c  —> 

decays from the same runs. A discrepancy of ~10% for the resolution between 

Monte Carlo and data was taken into account in the modeling of the background. For 

T(4S) background events, recent CLEO measurements were used and a sideband 

study of kaons and pions was performed for the determination of the num ber of 

secondary and fake leptons. respectively. For the level of continuum contamination.

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.1. Am and cos 6 measurements 95

on- and off-resonance data and a Monte Carlo study for the determination of the 

hadronic cut efficiency were used.

Am is determined by the signal (explicitly through the mixing oscillation period) 

and the background (through a linear interpolation) distributions, and the time- 

in.tpgratpd analysis (indirectly through the fraction of mixed D pairs, or. mixing 

integrated probability. \ [{). Re(cos#) is mainly determined from the \ d constraint 

and Im(cos0) is obtained from the analytical expressions (the only antisymmetric 

term).

If we invoke C P T  symmetry for Am we obtain:

Am = 0.-156 ± 0.008 (stat) ±  0.018 (sys) ps^1

If we fit simultaneously for Am and the CPT-vio lating  parameter cos# wp ob­

tain:

Am = 0.456 ± 0.009 (stat) ±  0.019 (sys) ps-1 

Re (cos 0) = 0.00 ±  0.21 (stat) ±0.30 (sys)

Im(cos#) =0.019 ±0.031 (stat) ±0.061 (sys)

By using the relations (2.11) we get for the mass and the lifetime difference for 

B°  and B ° :

= [0.0 ±  1.2 (stat) ±  1.7 (sys)] x 1 0 '“
rn go

or

^ B° ~ < 4.1 x 10-14. at 957c C.L.
m B o

and

= [-2 .9  ±  4.7 (stat) ±  9.2 (sys)]7
f  bo
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The results are consistent with C P T  conservation and with the world average 

value Am =  0.464 ±  0.01S ps~l .

This is the first direct measurement of Am from a time-dependent analysis on 

the T(4S) resonance.

There are two previous measurements in the bibliography on Imfcos#) from 

OPAL and DELPHI:

OPAL : Im(cos#) =  -0.040 ±  0.032 ±  0.012 [42]

DELPHI : Im(cos 6) =  -0.022 ±  0.034 ±  0.010 [43]

Their statistical errors are comparable with the number from this analysis. However, 

our systematic error on Im(cos#) is still large. As discussed in See. 4.13. this is due

to the limited number of reconstructed -» ( f  decays that are used for the

response function. With more data, we expect that the systematic error will be 

significantly decreased. ;is studies on the Monte Carlo show.

This is the first measurement on Re(cos#). and consequently, on the mass dif­

ference between D° and B°.

5.2 Future prospects of mixing studies

With the current integrated luminosity, the statistical errors of our measurements 

are smaller than the systematic ones. The main contributions for Am and Re(cos#) 

come from the uncertainty in the measurements of the B° and B k lifetimes and 

the fractions of neutral and charged B  mesons in the T(4S) decays. Neither of 

these quantities is determined by the analysis in the dilepton mode. This is because 

we do not fully or partially reconstruct the B  mesons, and therefore, we cannot 

distinguish between neutral and charged ones. The necessary improvement in t b o, 

t b ±  / t b °  and f ±  / /o measurements for reducing the systematic errors of this analysis 

has to be external, i.e. it will be provided by another study. For Im(cos#), where
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the systematic error depends on the number of reconstructed . / / c  —► i f  (at least for 

this dilepton analysis), the above thoughts do not apply. On the contrary, since the 

Im(cos#) appears in the only antisymmetric term in the proper time distributions, 

the lepton vertexing is the ideal method of proper time determination since it does 

not give a system atic shift1. A mean shift in the A '  distributions would mimic a 

CPT-violating Im(costf)^ 0 signal.

The study of dileptons is not the only method for mixing studies. The fla­

vor tag of B mesons can be determined from full (B  -» D(,) rr. D(,) p) or partial 

(B  -> D 1’1 f. v) reconstruction. Typically, one of the B  mesons is reconstructed and 

the flavor of the other is determined by a standard tagging method (kaon(s) or high 

momentum lepton). This mode has very small systematic error because the recon­

struction practically eliminates the background, but, for the same reason, only a 

small number of events is obtained and therefore the dominant contribution comes 

from the statistical error [4-1].

Dikaon events provide another mode suitable for mixing studies. If there are two 

kaons in the event then we can use their charge product in the same manner we do 

with the dileptons. Events with more than two kaons are in general more compli­

cated cases. Kaons offer much better statistics than leptons. The disadvantage of 

studying the mixing with kaons is tha t we do not understand them as well as leptons 

in the B  decays. This is due to the large uncertainty in the branching ratio measure­

ments ~ B ( B ± /B°  -v I<+ A'-) =  66 ±  5% and B {B h / B° -> K~  A'*) =  13 ±  4%— . 

but especially because of theoretical QCD uncertainties in the numerous cascade 

decays. Furthermore, kaons are generated from secondary, or 'displaced" vertices. 

So. one has to take into account the dilution of the vertex measurement by the 

average shift, or more precisely, the uncertainty in the shift due to our limited un­

derstanding of the kaon dynamics. It is not clear how soon all these effects will be

1 Secondary leptons do give a systematic shift when they are used for vertexing. but by taking 
the difference of the two decay vertices, the shift cancels out.
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studied and resolved. The large number of kaons in the D decays makes this mode, 

however, very promising.

At this early stage of the experiment, dileptons seem to be the best choice for 

precise A m  and Re(cosfl) measurements. The D reconstruction mode has large 

statistical errors and dikann.s a r e  currently hampered by systematics. It is not 

obvious what the optimum mode in the future will be. This will depend on the 

accuracy of the lifetime and f ± / f o  measurements for dileptons and the theoretical 

and experimental understanding of the kaons in B  decays for the dikaon mode. The 

partial and full B  reconstruction is at this point the safest mode for the future, 

when many tens or even hundreds of millions B  pairs are available. In any ease, the 

study of B° — B°  mixing at a high luminosity asymmetric e~e~ collider offers a very 

sensitive interferometry and might open a window to new physics. The comparison 

of results obtained with different methods will be interesting.
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Appendix A

A .l Formalism

A. 1.1 Mass m atrix

The effective Hamiltonian of the -  B° mixing can he described with 1 complex 

parameters. In the approach generally followed in the bibliography 1 one solves the 

time-independent Schrodinger equation using the most general Hamiltonian for a B  

at rest. In the B° -  B°  base

(  EcosO -  iD Es\x\Qc~ \

H  = (A.l)

V EsinOc10 - Ecos  9 — i D /

Clearly, one can see tha t C P  invariance requires \ (B°\H\B°)\  = \(B°\H\B°)\.  i.e. 

Imd) =  0. and C P T  invariance — which is the focus of this analysis — implies 

(B°\H\B°) = (B° \H \B°) ,  or cosO =  0-.

‘For a more detailed description of the mixing phenomenology in B physics, see Ref. [45j-[46j. 
For the formalism of C P T  violation. Ref. [7] is the original paper that one should read. We use 
the notation found in [8j-[9] that has also been used in a Belle paper before [47].

2This is because if we define C P T  ~  then (C|a).C|d)) =  (,J|a). By setting a = HB°  and 
J =  B°. we have {B °\H \B °) =  (C ff|B °).C l^))- If C P T  is a good symmetry then q/TC-1 =  H*, 
or {B°\H\B°) =  (ff^'IB0).t,'|B0)) =  (£ ° |tf |B °).

99
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(A.2)

The mass eigenstates of the Hamiltonian are:

|B„) = m  =  1 ; (Pt |B°> + % |B0))
V !/h I2 + I</1 i'

|B l> s  |B,) = ,, (p, |B°) -  ,/, |B 0))
y / \ P 7 \ -  f  \' l-2\-

with eigenvalues

\ HL =  A[._> =  ±  E  -  iD  =  r n \ ' 2 - - r i :> (A.3)

where E  and D  are complex in general and m\ > and Ti.^ are defined to he real.

The p\. r/i. p-y and t}> are simply related to the parameters o  and 0 via the 

following equations:

^  ^  ?  (A.4)
P i  2  p-y 2

Since C P T  invariance demands

< h  < h
=

P i  P .

one naturally uses a quantity such as cos 6 or

(A.5)

cot# = l̂ - ) e - 10 (A.6)
2  P i  P i

to probe for C P T  violation. A CPT-violating cos# ^  0 corresponds to differences in 

the mass and the lifetime of a particle and those of its antiparticle. From Eqs. (A.l). 

(A.3) it follows tha t

/ / 11 — Hvy Amo — ( i / 2 ) ATo t K
C°S<,= r w T = A m - ( , / 2 ) A T  (A-‘’

where Am0 =  m Bo — nig0. AT0 =  Tgo — Tg0. Am =  rri\ — m> =  m g  — tni  and

a t  =  1 , - ^ 1  =  r „  -  r L . So

4 A m 0 A m  +  AT0 AT
Re(cos#) =

Irn(cos #) =

4( A m )2 +  (AT)2
(A.8)

2(Am 0 AT — AT0 Am) 
4( A m )2 +  (AT)2
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By using the approximation3 [-4]
A r
—  -  0 (A.9)r

we obtain

Rp(cos$) ~  ——-. Im(cosfl) ~  — —- (A. 10)
Am 2 Am

or

ttiro — mso ... A m  T go — THo -  Am------------ — ~  Re(cns0) v ------ ami  — ~  — -----  x Im(cosff) (A. 11)
m fjo rn go r  go i go

Using the bibliography values for Am = 3.1 x 1 0 “ 13 GeV/c3. nigo =  5.28 Ge\ /c3 

and Tgo = 4.1 x 10” 13 GeV/h [5] we obtain

~  5 .8 x 10“ "  x Re(cos0) and ~  — l .o x  Im(ros0) (A.12)
nigo I go

So. a non-zero Re(cos0) corresponds to a mass difference between D° and B°. 

whereas a non-zero Im(cosO) corresponds to a lifetime difference between the two 

flavor states.

A .1.2 Decay rate o f B°B° pair

An initially (t = 0 ) pure flavor eigenstate (|B°) or |B0)) will evolve in time; this time- 

dependence will not be the same for the two states because of different contributions 

from the two mass eigenstates [reverse of Eq. (A.2)]. The proper time evolution at 

the rest frame of the B  mesons is given by:

|fl°(f)> = (c -V ,Alf +  .s2 e - A-‘ ) 18 °) 4- sce‘° (e - ,A“ -  e " lA-f ) |8 °> ^

|B°{t)) = sce-, 0 (e - tXlt- e - ‘̂ t ) \B°) + {s2e - ,Xit+ F2e - ‘̂ t ) \B°)

where c =  cos § and s =  sin %.

Using the mean mass m  =  (m[ 4- m2 ) / 2 . mean width T =  (IT 4 - r 2 ),/2. mass 

difference Am =  m { — m2 = and width difference A f  =  Tj — f 2 =  V[{~f t •

T  is the mean width of the mass eigenstates: f  = (Tt 4- T. )/2 .
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the equations take the more familiar form:

| B°(t.)) =  e - ^ ^ [ g 4 t ) \ B ° )  + g ^ t ) \ B 0)}

IB°(t)) =  c -("n+§)‘ [ g j t ) \ B ° )  + ( J - ( t )  |B 0)]

where
q±[t) =  ^ ± ( , ^ + ^ , 4
' x v / V I - \
g±(0  =  .sre±IO[e - (,-im+^ r ,3 -  

Notice that the condition Imo ^  0 [ C P  violation) is equivalent to |^ +(n | r  l</-U)| 

and tha t  C P T  violation originates from the inequality g+{t) ^

We consider the wavefunction describing the B°B°  pair:

\*{t)) = ^ = [ \ B ° ( k . t ) ) \ B ° ( - k . t ) )  +  C \ B ° ( - k . t ) ) \ B ° ( k . t ) ) }  (A. 16)

The strong decay T(4S) — ► B°B°  conserves the quantum numbers J p< = l~~. 

so the charge conjugation of the B°B °  pair is C  = -  I. In Eq. (A .16). ±k  are the 

wavelength/momentum vectors of the neutral B pair at the B °B °  CM frame. The 

meson pair undergoes a coherent mixing until one of them decays, say as B°. At that

point the wavefunction l'l'(f)) collapses and the other meson is tagged as a £?°(f)

evolving according to the second of Eqs. (A.14). This quantum-mechanical approach 

eventually leads to a new version of the EPR paradox: how does the second meson 

know what the first meson decayed as and when! To avoid this nuisance we can 

take an alternative path and calculate directly the amplitude for the joint  decay. 

We call ta and tb the times that the B  mesons (whether B°  or B°  is irrelevant) with 

momenta k and —k decay to the final states f a and f b. respectively.

T(4S) — ¥ B B .  at f =  0 

B{k)  — > f a. at t = ta

B ( —k)  — >• f b. at t - tb

The most general probability density for the joint decay is:

P(<b —> f a. ta; f b, tb) ~  )(/„.ta: f b. t b\T\'i)\~ =

~\(fa\T\B°{k,ta) ) ( fb\ T \ ^ { - k . t b)) -  ( fb\T \B°(-k . tb) ) ( fa\T \B°(k . ta))\2 (A.17)
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Defining

.4, =  { /« |r |S 0>. .4, =  ( f t\T\B°)

and by using the approximation (A.9) we obtain after a few steps

(A. 18)

P(fa. ta: fb.tb) ^  - e  r('', ~t,,l[A (0 )cos[A m (fa - b ))] +  5 (0 )sin [A m (< a -f(,) ]  +  C’(0)] (A .19) 
4

where

,1(0) =  |Aa,U  -  AaAb |2 -  | s in 0 |2| e - ,o Aa A6 -  e,0Aa.46|2 -  | cos0!2|.4(1.46 +  .4a.46|2

+2 Refcos0* s in 0 (c  ,c>.4a.46 -  e ,0 .4„.4/!,)(*4a.46 +  . 1 , , ) ‘ I 

B(0) =  2 Im [sin 0 (e-‘° .4 aA6 -  e ,0 .4a, i fc)(.4a .4h -  AaAh)m 

— cos0(.4„.4fc +  .4 a Ab) ( .4a A b — .4„.4(,)*]

(A .20)

(A. 2 1 )

C(9) = |.40.46 -  .4«.46|2 +  | s in 0 |2|e - '° .4 a.46 -  e,0 .4n.46|J +  | ro s0 |2| , l („ U  +  .4a .46|2 

-  2 R e[cos0*sin 0 ( e - ,o .4o.46 -  e ,0AaAb)(AaAb + .4„.4ft)'] (A.2

The hist equations are significantly simplified for the dilepton mode.

A .1.3 M otion of the B m esons in the Y(4S) rest frame

In section A. 1.2 we assumed that the two B  mesons are still in the T (45) rest frame 

(B°B°  CM) and that the time appearing in the equations represents time measured 

in that frame. However, the decay of T (45) = T( 10580) offers energy to each of 

the B(5279) mesons that is slightly more than their mass. So. technically speaking, 

identifying the B°B°  CM with the B°  and the B° rest frames is not accurate. In 

practice, the B  mesons are born quite nonrelativistic ( |J |  ~  0.064) so that the 

only result of this discrepancy is a minor Doppler shift in their energy and time 

distributions. We will examine what changes in the formalism when we consider a 

B  in motion.

The time dependence of the B  mesons — e.g. in Eq. (A. 13) — includes the 

invariant phase and the decay probability
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In the above expression the time t should not be taken as the time elapsed at the 

Y(4S) rest frame, but as the time at a frame where the B  is still. Therefore t. — ^proper

is the time elapsed in the B  rest frame and the above expression is aceuiate for both 

B mesons, but calculated at their proper times and at their rest frames [48].

So. we need to redefine the frame of the times t x. t-> and A t  = t 1 — t> in the 

equations. The general rule is that all times are times elapsed at the respective 

rest frames for the two B mesons. Therefore, the products A m A t  and TAf in the 

proper time distributions are defined with A t  =  t'Bx -  t Bi. In order to estim ate  the 

error that we introduce by assuming a common rest frame we need the (weak) boost 

from the B rest frame to the B°B° CM

,  =  -U T(-IS) _  L 0 0 2  ̂ n r , J |  ^  ()064
•2 A /flo

Since
i _ ^T( t-S') rest fram e
^proper — ~

it follows that we overestimate the time difference by 0 .2 ‘X.

A .1.4 Proper time distribution o f D ileptons

The Standard Model gives in the leading order

. V  H (£+.Y-|T\B°) #  0. A,- =  ( r X  + \T\B°) *  0
_  ( A .  2.3)

A (- = { t x +\T\B°) =  o. . v  = < r .v - |r |f l° )  = o

We will elaborate on the same-sign and opposite-sign cases separately.

Same-sign dileptons

Setting |f a) =  |f b) =  I^A '*) in Eqs. (A.20)-(A.22). we have:

•  for |£~t~A'‘~): (Aa)f+j+ =  (A&) *-•-*+ =  At+ and (-4U )*+{-*- =  (-4ft )*+£-*- =  0- ancl

•  for \E~X+): (Aa)t-t-  =  (Ab)t- t - = 0  and (Aa) ,- ,-  =  (Ab)t-t- =  At-
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Then

- 4 ( 0 W  = - C ( 6 ) (±l± =  - | s i n 0 e - “ |2 x { _ (A.24)
i f r r

and

B ( 9 U = 0  (A. 25)

So

P ( f +. t n-J+. tb ) ~  k k d ! | sin ^ -« « |2 e - n f-+tM[i -  cos[Am (ta -  (b )]]

(A.26)

P { r . t a: r . t b ) -  ! i k i | s m ^ +,,9 |-,e ' r(,“+‘s' [ l  -  cos[Am (/„ -  b , ))

Since in the Belle experiment we don't have the luxury of independently knowing ta 

and tb but only their relative difference At =  fa -  tb. we need to modify Eqs. (A.26). 

We integrate over t' = ta -t tb. for At held fixed1, yielding in a distribution that is a 

function solely of At.

P(f+r . A t )  -  ^ ^ | s i n 0 e - ,o f -V r , A ' 1 [1 -  cos(A/n At )]
41

(A.27)

P ( r r . A t )  ~  i ^ - | s i n f f e +,° | V nAl|[l -  cos(Am A t )]

One notices that there is no way to tell apart the experimentally indistinguishable 

same sign leptons by putting labels "a" or “b" since | / a) =  \ fb). Therefore, it only 

makes sense to talk about |At| and treat the (symmetric) distribution of Eqs. (A.27) 

as a function of At expanding from 0 to oc.

P(£+( +. At) and P{£~£~. At) have the same dependence on At. regardless of the 

value of 9.

To get the total number of same-sign dileptons we integrate Eqs. (A.27):

.V++ =  N { t t )  = 2 / P ( f ^ + . A t)d (A t )  ~  ^ P r - | s i n 0 e ~ ‘* T - r ( A-28)J 2 T -  l  +  r 5

4The limits of integration are t'm in  = |At| and t'max =  0 0 .
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y — = .v(f-r) =2 f  p ( rr . s i ) iHAt)  ~ ^ ^ s in ee" ’ !2—̂  (A-29'J ar- i + xj
where

x d =  = 0.723 ±  0.035 [5] (A.30)

is the mixing parameter for the 13®B® pair.

Opposite-sign dileptons

Taking |/„) = \ fb) =  I^ A '* )  we similarly find

.  f o r \fa- j b) = \ i+x - - j - x ^ y .

(•■!„)/+/- = .4^+. (Ab)e+t- =  .4(f- and (Ab)i+r- =  (.4a)f+?- =  0. and

.  for \fa: f b) = \ f - X  + : ( +X - ) :

(Ab)f-t+ = A/?2-. (-4a )f - ;+• =  .4^- and (Aa)/-f+ =  (Ab)f-t+ =  0

Then

- 4 ( 0 W  = |.4f. .V | - | ( T  -  Icosfll2). C(0),*,* =  |.4^ .4 ,- |- |(1  +  |cos0 |2) (A.31) 

and

B(6)t±tT = T | - 4 ,* .V |2| x 2Im(eos0) (A.32)

The coefficient of the only antisymmetric — with respect to A t = ta — tb — contribu­

tion. B{9). has unlike sign for ( +£~ and f~ (+. resulting in an identical distribution 

for the two cases. So. we define | / a) =  |£+A"~). \ f b )  =  |£- A’ + ) and we obtain

P { i* . ta: (~ . tb) ~  — e~r (fa~t~ffc>[(1 -  |cosfl|2) cos(Am Af)

—2 Imfcos 6) sin(Am A t) +  (1 +  | cos 6 \J)| (A.33)

Here A t is always defined as t t+ — t(- .
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Integrating as before over t' =  ta + tb

P { f+r .  I t )  — LlHjiL_Le - r lA<l (l — |cosf?|2 )cos(Am At)

- 2  Im(cos<9) sin(Am At) + (1 + j cos 0 |2)j (A.34)

The total number of opposite-sign dilepton events from neutral B  pairs is
X

,v+- =  .v(f+ n  = J  P ( f f r . A t ) rf(At)
- X
|.4f*.A/ - | 2 ( 2  + sft ■+■ x;j | cos/912)

P  l + x 2
(A. 35)

In Eq. (A.35) S ' " ’ refers to final products independent of order, corresponding to 

both C+P.~ and f ~ C  cases.

Combining Eqs. (A.28). (A.29) and (A.35) we obtain the fraction of the same- 

sign dileptons in the total sample of neutral B  pairs

V 1-4- + V“ "
V, -  v ._  + v  <A:,6>

For

| . V | a =  | . V | 2 (A.37)

we obtain

___________ |s in g |2 ( |e - | 0 | 2 +  \el*[2) x l___________
^ d j sin 0|-( -t- |e,0 |2 )x^ 4- 2(2 4- xj + x 2d | cos0|2)

At this point we will use the theoretical expectation that C P  violation in the B  

mixing should not be large1 and use a small Im(tf) to approximate

|e±,c>| 2 ~  1 T  21m(o) (A.39)

So
_  , r _   j sin Pj~ x~)___________

Xd — Xd d- | sin 0|2 x'̂  +  ( 2 -t-xj +  Xj | cos0|-)

If C P T  is a good symmetry

^  C= (A-41) 2 ( 1  + x j )

JA quantitative argument for this can be found in Ref. [3].
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A .1.5 Proper time distribution of Dileptons if Ar ^  0

For completeness, we give the proper time distributions if the lifetime difference of 

the physical states A r  = T\ -  V> = Vn -  VL \s non zero.

Same-sign dileptons

P ( ^ +.A t )  -  ^ ^ i s i n 0 f - ' * | V r|A(|[cosh(Ar A t /2 )  - c o s (A m A t) ]

n  _ 11
P ( t r .  A t ) ~  s i n 0 ^ '°  |-e - r | A ' 1 [cosh(Ar A t /2) -  cos(Am A f )]

4 L

(A.42)

•V”  5  ,V (f*C ) ~  ! ^ | r f B* - » | » _ H ± J S L _  (A.43)
i r -  ( i  +  j j ) ( i  -  1/5)

,Y ~  ee , V | m  ~  A A l s i n f l ^ l - ,, (A.44)
^ r-  (i + j-j)(i -  1/5 )

where

!/d = (A.45)

O p p o s i te - s ig n  d ilep to n s

1 j  • 1 ‘2
P(E+i ~ .At) ~ e— e _r Â<̂ ( l  — |cos0|2 )cos(AmAt) -  2  Im(cos0) sin(Am At)

+2 Ro(eos0) sinh(Ar A t/2) 4- cosh(AT A t/2)( 1 + | eos#|~) (A.46)

The total number of opposite-sign dilepton events from neutral D pairs is

v + _ _  y , r r , 1-4,+ .V  |- [2  +  x 2d -  iq + (x2d 4- yj) | cosftj2]
A  =  A (t  f ) ~  ------—------------ — —  7r--------------------- ( A . 4 1)

T- ( 1  +  x-d)(l -  yd)

The fraction of the same-sign dileptons in the total sample is

 | singl2 ( |e - ,,&l2 + |et0|2) (x2d +  yj)__________________
d 1 sin0 |2 (!e- ' ® | 2 + |el<£>!2 ) (x 2d + y2d) + 2 ( 2  + x j  -  yj) + 2{x2d + yj) \ cos0 | 2

For a  small Im(<t>)

^ m ________________I sin 9\2 (x 2 +  ij2d)____________
d Xd  d -  !Jd , ^  +  x 2 _  y 2 j  +  ( x 2 + y 2 ) ( |  c o s  0 \2  +  | s i n  0 |2 )

I
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A.2 The C P T  violating event generator

The QQ mcmxcp.F subroutine does the mixing and the C P  violation through the

mixing mechanism. The modified mcmxcp.F can handle C P T  violation for coherent

mixing with charge conjugation C  =  — 1 (B ° B ° ) for CP  - e.g. J / t y K s — or non-

C P  —e.g. dileptons -  decay modes6. Even though the mcmxcp.F can be used with

cos 0 = 0. in case of C P T  conservation a flag switches to the original version of

mcmxcp.F to eliminate the effect of a hypothetical bug in the code.

The parameter of the program that controls the C PT  violation is the complex

angle 0 =  9\ 4 - i do. given in degrees and converted to radians. Then, cos# and sin#

are calculated using the relations

e - « 2 + r *2 V - ' h  _  C -
Re(cos#) =  cos#(   ------ . Imfcos#) = sin#i -----    (B.l)

+ f lh _
Refsin#) = s in # t    . Imfsin#) = cos -----    (B.2)

A.2.1 D ilep ton  mode

First the generator decides for mixing or non-mixing by comparing a random number 

RAN(O) to the ratio

R  =  -V^  + -V~~ =  j sin #|~ rfj
•V + -  (2 +  x;j -I- Xj j cos#|2)

• I f  R A N ( 0 ) <  R:  then mixing occurs. 509c of the time the generator will 

produce a B ° B °  pair and 509& of the time a B ° B n pair. The B  mesons will 

decay with a time difference A t  =  t*Bl — fg, from each o ther'. with Af following 

the distribution

P { B 0B ° /B ° B 0. A t ) ~  e - |A£/rflol[l -  cos(Am At)\

6The subroutine can be found on the bwg03 machine, under '"leo/work/safe/
‘See Sec. A. 1.3.
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•  If R A N (0)>  R:  then there is no mixing. A B°B°  pair is generated and the 

B  mesons decay with a time difference A t  = t'Bi — t'B.y from each other, with 

A t  = tBo -  fg0 following the distribution

P(B° B°. A t )  f -IA,/r0 ° i | ( l  — | cos 6? |2) cosfAm A t )  — 2 Im(cos 0) sin(Am At)

+ (1 + |cosf?|*')j

A .2.2 CP  Eigenstate m ode

For completeness, we give the proper time distributions and the relative fractions of 

B°  and B° flavor tags for C P  modes8. Here we use the "gold-plated" J/u'  I \s  mode 

as an example, sin 2 d is the C P  violation parameter.

The generator decides if the B° or the B° will decay to the C P  eigenstate by 

comparing a random number RAN’(O) to the ratio

R c p  = * 1  =

2 + xjj 1 + | sin 9\1 +  | cos 6t |2 — 2[Im(cos 0“ sin 9) sin 2d +  Rofcos 0' sin 9) cos 2 d ]

2 + xfi 1 + |sin#|- + |cos# |- — 2[Im(cos0* sin 9) sin 2d — Re(cos0* sin0) cos 2d j

•  If R A N (0 )<  R q p '  then one B  decays as B° ( / + generic decay). The other 

B  decays to the CP eigenstate (traditionally, it decays as B°.  even though this 

is only a technicality that does not affect the generation process).

•  If R A N (0 )>  R c p : then one B  decays as B° (/_  generic decay) and the other 

B  decays to the CP eigenstate (as B°).

The B  mesons will decay again with a time difference A t  =  t*B — t ’Bn from each 

other, with At = t j /yKs -  t f± = tcp  — t /± following the distribution

P { J / * K S' f± : A t )  ~  e-A t /rBl i _  | gin£?|2 — | cos9\2

+  2[Im(cos0* sin#) sin 2d +  R e(cos#*sin0)cos2d] }cos(Am At)

8The formalism for the C P  modes including C P T  violation can be found in Ref. [49].
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+  2  jlm (sin 9) cos 2 J  ±  Re(sin 9) sin 23  ±  Im(cos#)} sin(Am At)  

+ 1 +  | sin 9 12 +  | cos<9| 2 — 2[Im(cos0* sin 9) sin 23  +  Re(cos0* sin 9) cos2ii]|
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