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Abstract

This thesis describes a study of the time-dependent C'P asymmetry using the Belle detec-
tor. A sample of 6.3x 10° BB pairs obtained with the KEKB asymmetric electron-positron
collider operating at the Y(4S5) resonance is used. The neutral B meson is fully recon-
structed via its decay into a C'P eigenstate: J/¢Kg, ¥(25)Kg, and x.Kgs. The flavor
of the accompanying B meson is identified mainly from the charge of high-momentum
leptons or kaons among its decay products. The time interval between the two decays is
determined from the distance between the decay vertices. A maximum likelihood fitting
method is used to extract sin2¢; from the asymmetry in the time interval distribution of
50 B — charmonium + Kg events. We obtain

sin 2¢ = 0.5870 2% (stat.)T0-50(syst.).

This result is consistent with the region allowed by the other experimental data and the
Standard Model.
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Chapter 1

Introduction

One of the major unresolved issues in our understanding of the universe is how the present
universe, which is composed entirely of matter, evolved from the matter-antimatter-
symmetric Big Bang. The laws of the nature have a high degree of symmetry between
matter and antimatter. The excess of matter over antimatter is not an easily explained
property of the universe. C'P violation is a key to the puzzle of the matter dominance in
the universe|[1].

Since the first observation of C'P violation in the neutral kaon system in 1964[2], an
enormous amount of theoretical work has been done to try to understand the phenomenon.
In a remarkable paper published in 1973, Kobayashi and Maskawa (KM) noted that C'P
violation could be accommodated in the framework of the Standard Model (SM) only
if there were at least six quark flavors, twice the number of quark flavors known at
that time[3]. Subsequent discoveries of ¢, b and ¢ quarks have proven the six-quark KM
hypothesis, and the KM model for C'P violation is now considered to be an essential part
of the SM.

However, the KM scheme is not the only model that can accommodate the C'P viola-
tion to the SM and in spite of a considerable amount of experimental effort over the past
three decades, there remain other theoretical proposals that are consistent with presently-
available experimental data.

In 1980, Sanda and Carter pointed out that the KM model contained a possibility
of sizable C'P violating asymmetries in certain decay modes of the B mesons[4]. An
observation of C'P violation in B meson decays would strengthen the validity of the KM
model. The key to the test of the SM is the measurement of the “unitarity triangle” which
shows relations between the Cabibbo-Kabayashi-Maskawa (CKM) matrix elements. The
KM model provides definitive predictions for three C'P angles, ¢1, ¢2, ¢3, which can be
extracted from measurements of asymmetries between B and B° in various decay modes.

The largest observable effects are expected to show up in the difference of the decay
rates between B® and B® mesons to the same C'P eigenstate. A resonance Y (4S5) is a good
place to obtain pure samples of B® and B°. However, the time integrated C'P asymmetry
would vanish because of C=odd nature of Y(4S5). Therefore measurements of C'P asym-
metries using B°B° pairs from T(4S5) decays must be derived from comparisons of the
time evolution of the BY and B° decays. The most favorable experimental situation is an
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asymmetric ete™ storage ring at the T (4S5) resonance[5]. This would boost the decaying
B mesons in the laboratory frame, allowing current vertex measurement technology to
measure the time order of BYB° decay pairs, even with the short B meson flight distance.
The proper time difference At is given by

At ~ Az/cfBy,

where (v is the Lorentz boost factor due to the asymmetric beam energy, ¢ the speed
of light and Az is the distance between the decay vertices of the two B mesons along
the beam direction. In addition to the feasibility of the measurement of the proper
time distribution, the asymmetric ete™ collider on Y(4S5) is expected to provide a large
number of BB pairs. Hence it will become possible to obtain a sizable number of fully-
reconstructed B decays into C'P eigenstates in spite of the fact that each decay has a
typical branching ratio of 107%.

The KEK B-factory has been constructed to achieve the goal specified above. The
accelerator, referred to as KEKB, promises to provide the luminosity of 103*cm™2s7!
with asymmetric Y(45) production at a 3v of 0.425 (with 8.0GeV electrons on 3.5 GeV
positrons). In this condition, the mean decay length of B meson would be ~200pm. It is
therefore possible to measure the dependence of the relative decay time of two B mesons
on the C'P asymmetry. A total number of 10® T(45) in a year is expected, from which one
can perform a precise measurement of the C'P violating parameters in the CKM matrix.
For example in B® — J/19Kg, the asymmetry, A, is related to the CP angle ¢, as

T(BY(At) — J/1Ks) — D(BY(At) — J/Ks)

A = T B (Al S JJuKs) T TBUAY) = Jjoky) 200 sin(Ampal)

where Amp is the mass difference of two mass eigenstates of BY meson. The resolution of
vertex measurement directly affects the accuracy of C'P angle measurement. The detector,
referred to as Belle, must be capable of efficient reconstruction of extremely rare exclusive
final states of B mesons. This requirement places a premium on solid angle coverage,
charged particle momentum resolution, particle species identification, detection efficiency
of photons with good resolution.

Among the three C'P angles of unitarity triangle, ¢; is expected to be the most ac-
cessible experimentally, and its measurement is one of the primary goals of the B-factory
experiment. The decay BY — J/¢Kg is generally considered to be the cleanest channel
for measuring ¢;. This is because of the fact that its final state, namely .J/v decays into
a pair of leptons and K into a pair of charged pions, is essentially background-free, and
its decay diagram is dominated by a single diagram, allowing a straightforward extrac-
tion of C'P angle. For the precise measurement, however, we need a large sample and
therefore we have incorporated other similar decay modes such as, B® — (2S)Kg and
BY — v, Kg, all of them provide alternative possibilities for measuring ¢.

The importance of the research of C'P violation in B decays is reflected in the number
of laboratories engaged in the measurement of the asymmetry of B decays. The BaBar|6]
experiment at SLAC and the HERAB[7] experiment at DESY are taking data with com-
petitive schedules with Belle. Other projects addressing to this physics are also planned
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at the Tevatron collider[8] and at LHC[9]. A goal of the Belle experiment is to establish
the C'P violation in B decays.

The Belle experiment commenced taking data in June 1999. The integrated luminosity
accumulated by July 2000 is 6.8 fb~! where 6.2 fb™' was taken on the T(4S5) resonance
and 0.6 fb~! off the resonance, and 6.3 x 10° BB pairs were created. In this thesis, we
present a study for the measurement of the time dependent C'P asymmetry and extract
sin 2¢; from the decay mode, B — charmonium + K using data sample taken in June
1999 - July 2000.

The outline of this thesis is as follows: Physics formalism for C'P violation is given in
Chapter 2. An overview of the experimental apparatus, the KEKB accelerator, the Belle
detector, and software are described in Chapter 3. Reconstruction of B — charmonium +
Ky is explained in Chapter 4. The C' P asymmetry parameter sin 2¢; is estimated in Chap-
ter 5, with the evaluation of the statistical and systematic errors. Finally, the conclusion
of this thesis is given in Chapter 6.



Chapter 2

C'P violation in B meson decays

The violation of C'P symmetry is one of the most interesting topics of high-energy physics
today. Experimentally, it is one of the least tested properties of the Standard Model. This
chapter explains a basic theory of C'P violation in B decays and ways to measure the
angles of the unitarity triangle. First of all, we explain the discovery of C'P violation in K
decays in Section 2.1. After describing phenomenology of mixing-induced C'P violation in
B decays, we discuss the origin of C'P violation and Cabibbo-Kobayashi-Maskawa matrix
in the framework of the Standard Model in Section 2.3. The expected magnitude of the
mixing-induced CP violation based on the present experimental constraints is also given.
In the end the basis of the measurement of mixing-induced CP violation at an asymmetric
B-factory is described in Section 2.4.

2.1 Discovery of C'P violation

In quantum theory, there are conservation laws corresponding to discrete transformations.
One of these is reflection in space (“parity operation”) P. Invariance of laws of nature
under P means that a mirror image experiment yields the same result in its reflected frame
of reference as the original experiment in the original frame of reference. This means that
“left” and “right” cannot be defined in an absolute sense.

Similarly, the particle-antiparticle conjugation C transforms each particle into its an-
tiparticle, by which all additive quantum numbers change their sign. C invariance of laws
means that experiments in a C-conjugate world consisting mainly of antiparticles will
give identical results as the one in our world provided all names of particles are “anti”
relative to ours.

A third transformation of this kind is time reversal T, which reverses momenta and
angular momenta. This formally corresponds to an inversion of direction of time. Ac-
cording to the C'PT theorem of Liiders and Pauli[10] there is a connection among these
three transformations such that under rather weak assumptions in a local field theory, all
processes are invariant under the combined operation CPT.

For a long time it was assumed that all the elementary processes are also invariant
under the application of each of the three operation C, P, and T separately. However, the
work of Lee and Yang[11] questioned this assumption, and the subsequent experiments

10
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demonstrated the violation of P and C invariance in weak decays of nuclei[12] and of
pions and muons[13, 14]. At that time CP was still considered to be invariant, replacing
the separate P and C invariance of weak interactions.

One consequence of this postulated C'P invariance for the neutral K mesons was
predicted by Gell-Mann and Pais: there should be a long-lived partner to known VO(K?)
particle of short lifetime (~ 107! sec). According to this proposal these two particles
are mixtures of two strangeness eigenstates, K°(S = +1) and K°(S = —1) produced
in strong interactions. Weak interactions do not conserve strangeness and the physical
particles should be eigenstates of C'P if the weak interactions are C'P invariant. These
eigenstates are(with K° = CPK")

CPK, = CP[(K° + K°) /2] = (K° + K°)/\/2 = K,

CPK, = CP[(K° — K% /2] = (K° — K°) /2 = —K,. (2.1)

Because of CP(nt7™) = (777 ~) for 7 mesons in a state with the zero angular momentum,
the decay into w7~ is allowed for the K7, but forbidden for the K5; hence the longer
lifetime of K5 , which was indeed confirmed when the K5 was discovered.

In 1964, however, Christenson, Cronin, Fitch and Turlay discovered that the long-lived
neutral K meson also decays to 777~ with a branching ratio of ~ 2 x 1073[2]. Since then
the long-lived state was called K because it was no longer identical to the C'P eigenstate
Ky; similarly, the short-lived state was called Kg. The C'P violation that manifested itself
by the decay K; — 777~ was confirmed by subsequent discoveries of the K — w%7°[15],
and of a charge asymmetry in the decays K; — 7=eTv[16] and K; — 7=uTv[17].

In spite of all the experimental efforts made so far, however, CP violation was seen
in the kaon system only. In the next section, we will describe CP violation in B decays
which has the greatest possibilities other than the kaon system today.

2.2 Phenomenology of mixing-induced C'P violation
in B decays

One of the most promising ways to observe C'P violation in B decays is to measure the
difference between the time-dependent decay rates of B® and B® mesons into a common
C'P ecigenstate. As the mixing between B® and B° plays a key role in this mechanism,
we call this “mixing-induced” C'P violation hereafter. In this section we first explain the
phenomenology of time evolution of neutral B mesons. Then we consider the case that
both B? and B decay into the same C P eigenstate which as a good place to observe the
C'P violation.

2.2.1 Time evolution of neutral B mesons

B® and BY can mix through second order weak interactions known as the “Box Dia-
grams” (Figure 2.1). Therefore an arbitrary neutral B meson state is written as the
admixture of B® and B°,

(1)) = a(t)| B%) +b(t)| B°), (2:2)
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which is governed by the time-dependent Schrodinger equation
L0
zhalé(t)) = H|®(t)). (2.3)

The matrix H is given by

H:M-h“:(

My, — %Fn M — %Fm )
2 )

A A 24
My — 5121 Mag — 5192 (24)

where M and I' are Hermitian 2 x 2 matrices, which are called the mass and decay
matrices, respectively. Note that B? and B are flavor eigenstates containing the b and
b quarks, respectively, and are not the mass eigenstates. The two mass eigenstates, By
and By, (H means heavy mass and L means light mass)!, are given by;

|Br) = p|B°) + q|B°),

2 2.5
|Bu) = p|B°) — q|B°), (2:5)
where the ratio ¢/p is expressed as follows assuming the CPT symmetry:?
My, — i
q_ 4+ 127312 (2.6)
p Mg — 5T12
The time evolution of these states is given by
[Bu()) = e e'e™ ¥ B (0)
(2.7)

|Bu(t)) = e ™Mute=4| By (0)),

where My gy and I'gy are the mass and width of the By g state, respectively. The
differences in the eigenvalues are expressed with the off-diagonal elements of M and T as
follows:

Am MH—ML
q 1
= —2Re|-=(Miy — =T 2.8
e(p( 1273 12)) (2.8)
Al = FL—FH

q 7
= —AIm | =(Myy — =T
Hl(p( 12 5 12))

In the B meson system, Al is much smaller than the average width defined as I' =
(T + T'y)/2, because the difference is produced by common decay channels to B° and

BY with branching ratios of order 10~3 or less. Thus the relation et = ¢ T ~ 1 holds.

1On the mass difference between the two states within the framework of the Standard Model with the
Kobayashi-Maskawa ansatz, see [18]. B
2Here the phase convention is chosen such that the relation CP|B%) = |B°) holds.
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On the other hand the mass difference, Am, is comparable to I" and is measured to be
Am/I" ~0.73 [19].

In an actual experiment, a pair of B® and B is produced where each B meson carries
a specific quark flavor. Therefore what is practically important is the time evolution of
an initially pure B® or B? state which is obtained from equations (2.5), (2.7) and (2.8):

|BO(t)) = e~ iMte—3sTt Ecos (%Amt) |B%) +ifsin (%Amt) ]B%{ :

=e
_ . 1 _ 2.9
|B(t)) = e="Mfem2™ il sin (%Amt) |BY) + cos (%Amt) | BY) (29)

€ ’

where M is the average mass defined as M = (M, + My)/2.

b t b -
B{ } B° B{ t ¢ } B°

d t b d b

Figure 2.1: Box diagrams for the B — B® mixing in the Standard Model.

2.2.2 B meson decay into a C'P eigenstate

Now we consider a decay of neutral B mesons into a CP eigenstate fcp. The decay
amplitudes of B® and B are expressed by

A(fop) = (for|Hw|B®), A(fep) = (fer|Hw|B®), (2.10)

where Hy is the weak-decay Hamiltonian. The key point here is that both B® and B°
can decay into fop. For convenience we introduce the ratio of the two amplitudes:

p(for) = iggi;’ plfer) = gggi; N ﬁ(flcp)'

From (2.9), (2.10) and (2.11), we can calculate the time-dependent decay rate of initially
pure B° and BO states:

L(BY(t) = fer) = [{for|Hw|B (t))”

_ 1+ cos Amt
- oA Lemsm

(2.11)

2

\p(for)

’21 — cos Amt

2 2

—Im [(%) p_(fcp)] sin Amt] (2.12)
D(B(t) — fer) = Kfer|Hw|B(1)

- 14 cos Amt
= A fop) P[RS

2
P 1 — cos Amt
2] It ren =52

—Im [(g) o fcp)] sin Amt] (2.13)
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As the decay B°(t) — fcp is the CP-conjugate process of B°(t) — fcp, the C'P invariance
is violated if

L(B(t) — fop) # D(B°(t) — fep).

For convenience we also introduce the product

L

Aep = = plfop), (2.14)

i

which is independent of phase conventions and thus physically meaningful. Then the
time-dependent C' P asymmetry is expressed as follows:

D(B°(t) — fer) —T(B°(t) — fer)
['(B(t) — fep) + T(B(t) — fop)
(JAcp|? — 1) cos Amt + 2Im(Acp) - sin Amit

= . 2.15
1+ ’)\CPP ( )

acp (t) =

CP asymmetry arises if Im(Acp) # 0, i.e. if the phase in B® — B mixing is different from
the phase in the decay. In the next section, we will show that this condition is satisfied
in the Standard Model and indeed a large C'P asymmetry is predicted in a special case.

CP invariance is also violated if [Acp|? # 1. We will explain in the next section
that |¢/p| ~ 1 holds with good accuracy. Assuming that, the condition [Acp|* # 1 is
satisfied only if the sizes of the decay amplitudes, |A(fcp)| and |A(fop)l|, are different
from each other. As this occurs solely in the decay without a help of B® — B mixing,
it is often called direct C'P violation. This can be realized if there are more than one
Feynman diagrams describing the decay with different weak-decay phases. As shown in
the next section, however, decays to important C'P eigenstates are described with a single
dominant amplitude. Hence the cosine dependence in equation (2.15) vanishes with good
accuracy.

When there is only one amplitude (or more than one but with the same weak phase)
contributing to the decay to a C'P eigenstate, |A\cp| = 1 holds. As a result, equa-
tions (2.12), (2.13) and (2.15) become much simpler:

D(B°(t) — fep) = e "MA(fep)?[1 — Im(Acp) - sin Amt], (2.16)
D(B°(t) — fep) = e "A(fep)? [1 4+ Im(Acp) - sin Amt], (2.17)
acp(t) = Im(Acp) - sin Amd. (2.18)

So far we have examined the phenomenological aspects of the mixing-induced CP
violation in B decays. In the next section, we describe the C'P violation in the Standard
Model, explaining that Im(Acp) is directly related to elements of Cabibbo-Kobayashi-
Maskawa matrix.

2.3 (P violation in the Standard Model

In this section, we first explain the Cabibbo-Kobayashi-Maskawa matrix and the unitarity
triangle. Then we show that the CP violation in B® — J/1 Kg is proportional to sin 2¢,



viAaritnogv 2. UL VIULALIUIN LIN D VILOUIN DUJECUCAYO

where ¢ is an angle of the unitarity triangle. After describing the present experimental
constraints on the unitarity triangle that imply a rather large value of sin 2¢;, we comment
on other decay modes usable to measure sin 2¢;.

2.3.1 The CKM matrix and the unitarity triangle

In terms of the mass eigenstates, a Lagrangian of charged-current weak interaction forms

d,
Lint = —% (ur, eL, tL) YV | sL W, + h.c. (2.19)
br,

The CKM (Cabibbo-Kobayashi-Maskawa) mixing matrix V' is a unitary matrix in the
flavor space. In the general case of n quark generations, V' would be an n X n matrix.
For the case of three generations, V' is then, explicitly,

‘/11 ‘/12 ‘/13 Vud Vus Vub
Vi=| Var Vao Vag | =| Ve Ves Vi |, (2.20)
Var Vi Vi Via Vis Vi

which can be parametrized by three Euler angles and six phases, five of which can be
removed by adjusting the relative phases of left-handed quark fields. Hence, three angles
0;; and observable phase J remain in the quark mixing matrix, as was first pointed out
by Kobayashi and Maskawa[3]. The imaginary part of the mixing matrix is necessary
to describe C'P violation in the Standard Model. In general, C'P is violated in flavor-
changing decays if there is no degeneracy of any two quark masses, and if the quantity
Jop # 0, where

Jop = [Im(ViVuVi Vi)

itk AL (2.21)

It can be shown that all the C'P-violating amplitudes in the Standard Model are propor-
tional to Jop, and that this quantity is invariant under phase redefinitions of the quark
fields[20, 21].

For many applications, it is convenient to use an approximate parametrization of the
CKM matrix, called Wolfenstein parametrization[22], which makes explicit the strong
hierarchy observed experimentally:

1—(3*/2) A AN} (p — in)
Ve —\ 1—(\2/2) AN . (2.22)
AN(1—p—in)  —AN? 1

Using this parametrization, we obtain
Jop =~ An)°, (2.23)

which shows that Jeop is of order 107 for A ~ 0.22 and A ~ 0.8.
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The CKM matrix is unitary. A simple visualization of the implications of unitarity is
provided by the so-called unitarity triangle, which uses the fact that the unitarity equation

3
S ViVi=0 (j#k) (2.24)
i=1
can be represented as the equation of a closed triangle in the complex plane. Most useful
from the phenomenological point of view is the triangle relation

VuaViay, + VeaViy + VidVy, = 0, (2.25)

since it contains the most poorly-known entries in the CKM matrix. In the parametriza-
tion (2.22), V4V; is real, and the unitarity triangle has the form shown in Figure 2.2. It
is useful to rescale the triangle by dividing all sides by |V,.4V;|. The rescaled triangle has
the coordinates (0,0),(1,0), and (p,7), where

p= X p, N= X n (2.26)
(=3)e =(-3)

are related to the Wolfenstein parameters p and 7 appearing in (2.22). CP is violated
when the area of the triangle does not vanish, ¢.e. when all the angles are different from
zero. The three angles of the triangle are defined as [23]

ViV ViV ViV,

=V Ved

(0.0) (10)

VeaVeb

Figure 2.2: The unitarity triangle of the CKM matrix (left) and its rescaled form in the
(p — 1) plane (right).

2.3.2 CP Asymmetry in B" — J/yKg

The combination of relatively large branching fractions, readily accessible final states with
small backgrounds and negligible theoretical uncertainty have earned the decay B® —
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J/1pKg the name “gold-plated mode”. Among all B — charmonium + Kg channels,
J/1 K is the most effective decay mode experimentally to measure ¢;.

As described in the previous section, the size of the mixing-induced CP violation
is expressed with the parameter Im(\;/yx,) (Where the symbol “C'P” is replaced with
“J/YKg”). The decay B® — J/¢ K is based on the quark transition b — ces, for which
a single Feynman diagram, called tree diagram shown in the left side of Figure 2.3, is
dominant. The contamination from the loop diagram, often called a penguin diagram
shown in the right side of Figure 2.3, is extremely small[4]. Furthermore because of the
relation Vi, Vi = =V, Vi + O(AY), it follows that up to very small corrections the penguin
contributions have the same weak phase as the tree diagram. Therefore it is quite unlikely
to exhibit direct CP violation; thus with good accuracy

|A(J/YKs)| = |[A(J/VKs)|, |p(J/¢Ks)] = 1. (2.28)

Detailed estimates show that the level of uncertainty is only of order 107?[24]. Also
p(J/ Y Kg) is expressed with the CKM elements as follows:

A(J/VKs) _ VaVi
A(J/VKs)  ViVes

p(J/YKs) = (2.29)
Now we turn to estimate ¢/p. Within the Standard Model, one can explicitly calculate
the ratio I'12/Mis, obtaining ~ 1072[25]. Thus (2.6) becomes

M* *
PN el thv{‘f. (2.30)
p My thth

This also implies |¢/p| ~ 1. This combination of CKM parameters can be read off
directly from the vertices of the box diagram in Figure 2.1, which in the Standard Model
are responsible for the non-diagonal element M5 of the mass matrix. Notice that for the
real part of the box diagrams, which determines Mo, the contributions of ¢ and u quarks
in the loops can be neglected.

Some care is required before we obtain the final expression of Im(A k). First of all,
we need to take into account the phase from the K° — K9 mixing amplitude because of
the Kg in the final state. The additional factor is

q Ves Vea
- . 2.31
(2), = v 230
Also there is an extra minus sign due to J/1 Kg being a CP odd state. Thus from (2.29),
(2.30) and (2.31), one finally finds

(0)- (1) AUED Vil Volly Yo __ s, (o
p) \p)x A(J/YKs) VsV ViVea  VipVes ’

Ajjpks = =
Therefore we readily obtain
Im)\J/wKS ~ sin 2¢1 (233)

Hence a measurement of mixing-induced CP violation in B® — J/¢Kg is a direct mea-
surement of sin 2¢; which constrains the unitarity triangle.
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C

Figure 2.3: Tree (left) and penguin (right) diagrams for the decay B — J/{ K.

2.3.3 Constraints on the unitarity triangle and sin 2¢,

In this section we review the present experimental constraints on the unitarity triangle,
which allow us to derive a constraint on sin 2¢;.

The entries in the first two rows of the CKM matrix are accessible in so-called direct
(tree-level) processes, i.e. in weak decays of hadrons containing the corresponding quarks.
In practice, |V,q4| and |V,s| are known to an accuracy of better than 1%, |V| is known
to 5%, and |V.4| and |V.s| are known to about 10~20%. Hence, the two Wolfenstein
parameters A and A are rather well determined experimentally:

Ve

A= Vi = 02205400018, A=|7

— 0.80 £ 0.04. (2.34)

On the other hand, |V,;| has an uncertainty of about 30%, and the same is true for |V,4/,
which is obtained from B® — B® mixing. This implies a rather significant uncertainty in
the values of the Wolfenstein parameters p and 1. A more precise determination of these
parameters will be a challenge to experiments and theory over the next decade.

To determine the shape of the triangle, one can aim for measurements of the two sides
Ry and Ry, and three angles ¢1, ¢9, and ¢3 (Figure 2.2). So far, experimental information
is available only on the sides of the triangle.

Ry or ‘%ﬂ can be extracted from semileptonic B decays,

Vub

A%\ 1
Ri=+/p2+i2=1(1- — . 2.
b=1\/P T+ ( 2>)\Vc (2.35)
To determine R; , one needs information on |Vi4l:
5 1|V
R, = 1 — 52 2 _ — ) 2.
== T =Ty (2.36)

We are able to extract this value from the measurement of B® — BY mixing. In the
Standard Model, the mass difference Am between the two neutral B meson states is
calculable from the box diagrams shown in Figure 2.1. The theoretical expression is

2. 92
Grmiy

s = g

08B, f5,m5,S(mi/mw)|ViaVis |, (2.37)

where np, accounts for the QCD corrections[26], and S(m:/mw ) is a function of the top
quark mass[27]. The product Bp, f%d parameterizes the hadronic matrix element of a local
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four-quark operator between Bj-meson states. \/Bp, fp, has a theoretical uncertainty of
about 20% from systematic errors in the lattice QCD calculation[28, 29, 30]. Another
way of improving the determination of R; is through a measurement of B? — BY mixing,

2
9 fB.v/Bp,\ mp, Amp, 1 — N(1 - 2p)
R? = = (2.38)
de /BBd mp, AmBS A

The advantage of this determination over the one from Amp, alone is that the dependence
on my and |V| has been eliminated and that the ratio fg /fp, can be more precisely
determined than each decay constant itself. Presently only a lower limit on Ampg, has
been obtained. Thus Amp, value gives us an upper limit on R;.

Equations (2.35) and (2.36) yield constraints on the Wolfenstein parameters p and 7,
which have the form of rings centered at (p,7) = (0,0) and (0,1). Another constraint
can be obtained from the measurement of indirect C'P violation in the kaon system. The
experimental result on the parameter ex measuring C'P violation in K° — K° mixing
implies that the unitarity triangle lies in the upper half plane. The constraint arising in
the p — 7 plane has the form of a hyperbola, the shape of which depends on a hadronic
parameter By[31].

Figure 2.4 shows experimental constraints on the unitarity triangle in the p — 7
plane[32]. In Figure 2.4, we show the constraints which the measurements of Ry, Ry,

0.8
0.6

04

‘\\_\‘\\\‘\\\‘\\\

; - WA R
/ SN .
0.2 / ol N . \

Figure 2.4: Experimental constraints on the unitarity triangle in the p — 7 plane. The
region between the dashed (dotted) circles is allowed by the measurement of Ry, (R:)
discussed in the text. The dot-dashed curves show the constraint from the measurement
of the ¢, parameter in the kaon system. Fach constraint shows the region with the
confidence level of 95%. An example of allowed unitarity triangle is also shown.

and ex imply in the p — 77 plane. Given the present theoretical and experimental uncer-
tainties in the analysis of charmless B-decays, B — B° mixing, and C'P violation in the
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kaon system, there is still a rather large region allowed for the Wolfenstein parameters.
The allowed region for sin 2¢; obtained from Figure 2.4 is

0.50 < sin2¢; < 0.85

at the 95% C.L. Thus large mixing-induced CP violation is expected. There also exist
other estimations by several groups with different sizes of the error,[33, 34, 35] but the
central values more or less agree.

2.3.4 Comments on the other decay modes

All processes, which have quark transition of b — cés, follow the same line described in
previous sections, except the C'P eigenvalue of the final states. In order to minimize the
statistical error, one needs to include similar decay modes as many as possible. Table
2.1 shows observed branching ratios for BY(B%) — charmonium + K(K*). The decay

Table 2.1: Branching ratios of B — Charmonium + K (K™*)

Decay mode | Experimental Branching Ratio[19]
J/WK° (8.94+1.2) x 1074
JJWK~ (10.0 £ 1.0) x 10~*
J /Y EK*0 (1.50 £+ 0.17) x 1073
J/ W K* (1.48 4 0.27) x 1073
»(28)K° <8x107*
V(29)K~ (5.8 £1.0) x 1074
Y (25)K*0 (9.3 +2.3) x 107
V(28)K*~ <3x107°

Xt KS° <27%x1073

X K~ (1.040.4) x 1073
Xer K* <21x107°

X K™ <21x107?

modes B°(B%) — 1(259)Ks and B°(B%) — y.Ks are promising. Although the branching
fraction has not been established yet, the accompanying charged modes show the similar
branching fractions to that of J/¢K~. Assuming isospin symmetry, one can also expect
a similar situation in the decays of neutral B mesons. Another experimental advantage is
that these decays have a decay topology similar to J/¢Kg. The vertex resolution is also
expected to be almost identical as the final states include J/1 in all cases. Thus we will
include these decay modes in this study.

The decay modes J/K*® and ¢(25)K** have the large branching fractions. However
these are mixtures of CP-even and CP-odd states because the final state consists of two
vector particles. In order to disentangle one from the other, we need to investigate the
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angular distributions of decay particles which are rather complicated. Therefore we will
not include them.

So far we have concentrated on the final states including Kg. The other interesting
option is to use Ky in the final state, namely J/¢¥ K. As the event topology is quite
different in this case, the analysis method is also rather different. Hence it is not included
in this study.

2.4 Mixing-induced CP violation at an asymmetric
B-factory

In the KEK B-factory experiment, the B meson pair in Y(4S) — B°B° is produced
into a C odd configuration with the two mesons flying apart from each other at time
of production t = 0. Subsequently oscillations between B? and B° start that are highly
correlated for C = -1. Bose statistics tells us that if one of the mesons is a B° at some
time ¢, the other one cannot be a B as well at the same time, since the state must be
odd under exchange of the two mesons. The time evolution of the pair is then given by

(BB oo (1) = % 1B°()B°(-R) - 1B (-B)B°(R)] . (2:39)

where k and —k are momenta of B mesons in the Y(45) rest frame. Once one of the B has
decayed, this coherence is lost, and the remaining B will oscillate without the production
constraint.

If one B decays to a C'P eigenmode, B — charmonium + Kg in our case, and the
other decays to a state that can come from either B® or B°, but not both?, the event can

be used to examine the time dependence of C'P asymmetry (Figure 2.5).

B°J/<:

e-ocen) (4S) - 1 ks sqeh T 4
bt BRI .

~

Bo
| |Tagged decay

"
Az =yBCAt

Figure 2.5: Decay scheme of the BB° system at the asymmetric B factory. The proper
time is measured from the distance of two B decays.

3Such a state is called “flavor-specific” hereafter.
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CP asymmetry appears in difference of the decay rates between B° and B°. When
one B decays to a C'P eigenmode and the other decays to a flavor-specific mode, the
decay rates are expressed as

D(f(t1), B(ty)) = e T8MF2)(1 4 sin2¢, - sin Am(t; — t5))
D(f(t1), Bty)) = e T8ttt (1 —sin2¢,; - sin Am(t; —t5)).

where f is defined as a certain C'P eigenstate. Integrating this equation over (t; + t2) to
(t1 —t2)(= At), the proper time distribution becomes the same form as (2.16) and (2.17).

0.6

05 sin2®, = +0.6

04

B ()JApK(t)

BY()IApK(0)
03

0.2

0.1

-5 4 -3 -2 -1 0 1 2 3 4 5
(t-t)/r,

Figure 2.6: Proper time distribution for B°(B°) — J/¢ K.

Figure 2.6 shows the proper time distribution for B® — J/1Kg decays for the case of
sin 2¢; = +0.6 as a function of the time distribution in the unit of the B lifetime, 7. The
solid and dotted lines are the decay rates of the BY and B, respectively. The difference
between the positive and negative time scale reflects the C'P asymmetry. This can be
seen either in the solid and dotted curves separately, or in the sum after the time scale of
the dotted curve is reversed.

The proper time of B decay is measured with the distance of vertices of two B mesons

as
At ~ Az/cf, (2.40)

where (37 is the Lorentz boost factor due to the asymmetric beam energy (v = 0.425 at
KEKB) and Az is the distance between the decay vertices of the two B mesons along the
beam direction. Figure 2.5 shows the measurement scheme of proper time of B mesons.
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One of the key issues in an experimental point of view is to find flavor-specific decays
efficiently. This process is called “favor tagging”.
The following informations are useful to tag the flavor of the B meson:

e The charge of leptons from semi-leptonic decay of B meson.,
e the charge of kaons which signatures a cascade decay b — ¢ — s,
e the charge of slow pions from B — D**X, D** — DOr*,

As shown in Figure 2.7, the lepton’s charge from the b-quark (b-quark) that decays
into cW~ (¢WT) indicates the flavor of the B meson. Also as shown in Figure 2.8, the
flavor of the B meson has correlation with the charge of the kaon in the final state. Yet
another method is to tag pions in the decay D** — 7D, because about 1/4 of B mesons
decay into states with D*. The detail of the methods of the flavor tagging in this study
is described in Section 4.6.

B° B°

Figure 2.8: Diagrams for flavor tagging with charged kaons.

2.5 Previous experimental results

The first direct measurement of sin 2¢; was performed by the OPAL collaboration with
B® — J/¥Kg at the energy of the Z° peak. They have measured sin 2¢; with 24 J/¢ Kg
events including background. The result was[36]

OPAL sin 2¢; = 3.2755(stat.) £ 0.5(syst.).
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The CDF collaboration measured with 395 + 31 B® — J/¢ Ky events in pp collisions at
/s = 1.8 TeV. The result was [37]
CDF sin 2¢, = 0.797041 (stat. + syst.).

The ALEPH collaboration also measured with 23 candidates. The preliminary result was
[38]

ALEPH : sin 2¢; = 0.841)53(stat.) & 0.16(syst.)

Belle and BaBar recently reported the following preliminary results with 6.2 fb~! sample
and 9.0fb~! sample respectively [39, 32]:
Belle sin 2¢; = 0.451013 (stat) 75 06 (syst)
BaBar sin2¢; = 0.12 £ 0.37(stat) £ 0.09(syst),

where the result from Belle is based on B — J/¢Y Ky, J/¢7° J/¢PKs(— m7°), as well
as the modes covered in this thesis which had the dominant contribution.



Chapter 3

Experimental apparatus and
software

In this chapter, we describe the KEK B-factory and its apparatus, the Belle detector and
the KEKB accelerator, for the C'P violation measurement at the neutral B system.

The KEKB accelerator is designed to produce a large number of B mesons like a
factory. The Belle detector is optimized to detect particles from B meson decays effi-
ciently. These are built at KEK (High Energy Accelerator Research Organization). The
experiment was started in June, 1999. In Section 3.1, a brief introduction of the KEKB ac-
celerator is given. In Section 3.2, an overview of the Belle detector follows. In Section 3.3,
the software used in this study is described.

3.1 KEKB accelerator

The KEKB is an asymmetric eTe™ collider. The energy of electrons and positrons are
8 GeV and 3.5 GeV, respectively. Hence the center-of-mass energy is 10.58 GeV, where
the Y(45) resonance resides, and the Lorentz boost parameter (v is 0.425. Electrons
have higher energy than positrons in order to avoid ion trapping, which happens only at
low energies. The KEKB consists of two rings as illustrated in Figure 3.1. The electron
ring is called HER (High Energy Ring) and the positron ring is called LER (Low Energy
Ring). These rings are located side by side in the existing TRISTAN tunnel with the
circumference of about 3 km. A single interaction point (IP) is located in the Tsukuba
experimental hall.(“Tsukuba Area”)

Electrons (positrons) can be directly injected from the LINAC to the HER (LER) at
Fuji area and circulate clockwise (anti-clockwise). At the KEKB, electron and positron
beams collide at a finite angle of +11 mrad, in order to avoid parasitic collisions near the
IP. To achieve the design luminosity of 103" cm™2s~! which corresponds to 108 T(495) a
year, 5000 bunches need to be injected in each ring, where the bunch interval is only 2 ns
(or 60cm). As of July 2000, the achieved luminosity is 2 x 10%* cm~2s~! with 1146 bunches
and the spacing between them of 240 ¢m. The achieved beam currents are 465 mA for
the LER and 420 mA for the HER. Main parameters of the KEKB are summarized in
Table 3.1.

25
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The detailed description for KEKB is given in [40].

Interaction Region
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Figure 3.1: Configuration of the KEKB accelerator

3.2 Belle Detector

The configuration of the Belle detector is shown in Figure 3.2 and Figure 3.3.

Because of the asymmetry of the beam energy, the detector itself also has the asym-
metry: i.e. it has a larger acceptance in the direction of electrons (which is defined as “the
forward region”). B meson decay vertices are measured by a silicon strip detector (SVD)
just outside a beryllium beam pipe. Charged particles are reconstructed by the central
drift chamber (CDC). Particle identification is provided by dE/dx measurements in the
CDC, the Aerogel Cerenkov counter (ACC) and the time of flight (TOF) counter arrays
outside the CDC. Electromagnetic showers are detected in the CsI(T!) electromagnetic
calorimeter (ECL) located inside the superconducting solenoid, which provides magnetic
field of 1.5 Tesla. K mesons and muon counters (KLM), which consist of resistive plate
counters (RPCs), are interspersed in the iron return yoke of the magnet.

The performance of each detector is summarized in Table 3.2. The details of each de-
tector component except SVD is described in [41]. A brief description of these components
follows.
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Table 3.1: Main parameters of KEKB.

Ring LER HER

Energy E 3.5 8.0 GeV
Circumference C 3016.26 m
Luminosity L 1 x 103 cm 257!
Crossing angle 0. +11 mrad
Tune shifts & /&y 0.039/0.052

Beta function at IP B:/5; 0.33/0.01 m
Beam current 1 2.6 1.1 A
Natural bunch length o 0.4 cm
Energy spread o, 71x107™*  6.7x 1074

Bunch spacing Sb 0.59 m
Particle/bunch N 3.3x 10" 1.4 x 10"
Emittance e/, 1.8x1078/3.6x 107 m
Synchrotron tune Vs 0.01 ~ 0.02

Betatron tune vy /vy, 45.52/45.08 47.52/43.08
Momentum ay 1x107* ~ 2x 10~

compaction factor

Energy loss/turn U, 0.811/1.5% 3.5 MeV
RF voltage V. 5 ~ 10 10 ~ 20 MV
RF frequency frE 508.887 MHz
Harmonic number h 5120
Longitudinal Te 43t/23% 23 ms
damping time
Total beam power P, 2.71/4.51 4.0 MW
Radiation power Psr 2.11/4.0% 3.8 MW
HOM power Prom 0.57 0.15 MW
Bending radius p 16.3 104.5 m
Length of bending (g 0.915 5.86 m
magnet

T: without wigglers, 1: with wigglers
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Figure 3.2: Belle detector

=)

Figure 3.3: Side view of the Belle detector
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3.2.1 Silicon Vertex Detector (SVD)

It is crucially important to measure the flight length in the z direction of the produced
two B mesons in studying the C'P violation. The Silicon Vertex Detector (SVD) provides
information necessary for the reconstruction of decay vertices close to the IP. Therefore
the SVD is one of the most important detectors in the mixing-induced C'P analysis.

The configuration of the the SVD is shown in Figure 3.4. The SVD has three cylindrical
detection layers consisting of 8, 10 and 14 units of Double-sided Silicon Strip Detectors
(DSSDs) with 300um thickness. The position of each sensor is 3.0cm, 4.55cm, and 6.05cm
in the radial direction, respectively. The polar angle coverage is from 23° to 140°. The
number of readout channels is 81920. The impact parameter' resolution at the IP is
(19 + 50/pBsin®? @) um in r-¢ and (36 + 42/pBsin®? §)pm in z direction, as shown in
Figure 3.5.

The details of SVD are described in [42].

3.2.2 Central Drift Chamber (CDC)

The role of the Central Drift Chamber (CDC) is to measure the momentum and dFE/dx
of charged particles used for the particle identification.

The configuration of the the CDC is shown in Figure 3.6. The inner and outer radii of
CDC are 8 cm and 88cm, respectively. The CDC is a small-cell drift chamber containing a
total of 50 sense wire layers (32 axial wire layers and 18 stereo wire layers) and 3 cathode
strip layers. The sense-wire layers are grouped into 11 super layers. Stereo angles range
from 42.5 mrad to 72.1 mrad. The number of readout channels is 8,400 for anode wires and
1,792 for cathode strips. A 50% helium-50% ethane gas mixture is used in the chamber
to minimize the multiple Coulomb scattering contribution to the momentum resolution.

The position resolution is estimated to be 0,4 = 130um. The transverse momentum
resolution oy /p; is (0.20p; @ 0.29)% where p; is the transverse momentum in GeV/c (Fig-
ure 3.7). The dE/dx resolution is 04g/4e = 7.8% and 6% for minimum ionizing pions from
K? decay and for Bhabha and p-pair events, respectively (Figure 3.8). The details of the
CDC are described elsewhere [43].

3.2.3 Aerogel Cherenkov Counter (ACC)

The ACC is mainly used for separation of kaons and pions in the high momentum range
(1.2 < p < 3.5GeV/c). The ACC consists of blocks of silica aerogel in 0.2mm-thick
aluminum boxes. This material is a colloidal form of glass, in solid form, transparent and
very light.

The barrel part consists of 960 aerogel counters segmented into 16 division in z and 60
in ¢. Counters with five different refractive indices, namely, n = 1.010, 1.013, 1.015, 1.020
and 1.028 are used depending on the polar angle. The Cerenkov light from each barrel
counter is fed into two fine-mesh photomultipliers (FMPMTs) attached to the aerogel

LAn impact parameter is defined as the distance between a position at the closest approach to one
point and the point.
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Figure 3.5: The impact parameter resolutions at the IP. Left figure shows this resolution
in the r-¢ plane and right figure shows that in the Z plane.

radiator modules. FMPMTs can work within the 1.5'T magnetic field. Forward endcap
has a total of 224 counters with n = 1.03 and is structured in five concentric rings with
60-, 48-, 48-, 36- and 36-fold segmentations. Each endcap counter is connected to one
FMPMT. The number of readout channels is 1,560 in the barrel and 228 in the endcap.
The configurations of barrel and endcap aerogel Cerenkov counter are shown in Figure 3.9
and Figure 3.10.

3.2.4 Time of Flight counter (TOF)

The TOF is used to distinguish kaons from pions up to 1.2 GeV /c. The Trigger Scintil-
lation Counter (TSC) also generates timing signal for trigger. They measure the elapsed
time between a collision at the IP and the time which the particle hits the TOF layer.
With the particle momentum measured by the CDC, this time difference gives an identi-
fication of the particle mass.

One 5 mm-thick T'SC layer and one 4 cm-thick Time-of-Flight counter (TOF) layer are
placed at the position of 120 cm in radius from the IP with a 2cm gap. TOF is segmented
into 128 in ¢ sectors and each counter is read out by one FMPMT at each end. TSC’s
have a 64-fold segmentation and are read out only from the backward end by a single
FMPMT. The total number of readout channels is 256 for TOF and 64 for TSC. The
time resolution is o; = 100ps. The TOF hit efficiency is found to be 95% for single-end
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Figure 3.10: Endcap aerogel Cerenkov counter
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hits and 88% for both-end hits in p-pair events. The configuration of TOF /TSC is shown
in Figure 3.11. The time resolution for u-pair events is shown in Figure 3.12.

3.2.5 Electromagnetic Calorimeter (ECL)

The ECL is used for detection of numerous photons, including those from 7° decays, as well
as for the electron identification. The ECL measures energy deposited by electromagnetic
showers. Photons and electrons deposit most of their energies, but other kinds of particles
deposit only a fraction of their energies. The matching of the energy measured by the
ECL and the momentum measured by the CDC is used for the electron identification.
Good energy resolution of the calorimeter results in the better hadron rejection.

Figure 3.13 shows an overall configuration of the calorimeter. The ECL consists of
8,736 CsI(TI) crystals in total. All of the CsI(TI) crystals are 30cm long, and are as-
sembled into a tower structure pointing near the interaction point. The barrel part has
a 46-fold segmentation in € and a 144-fold segmentation in ¢. The forward (backward)
endcap has a 13- (10-) fold segmentation in 6 and the ¢ segmentation varies from 48 to 144
(from 64 to 144). The barrel part has 6,624 crystals and the forward (backward) endcap
has 1,152 (960) crystals. Each crystal is read out by two 2cm x 1 ecm photodiodes. Barrel
crystals are placed at r = 125cm, while forward (backward) endcap crystals are at z =
4+196cm (—102cm). The energy resolution is o /E = 0.066%/E & 0.81%/EY* @ 1.34%
and the position resolution is ops = 0.27mm + 3.4mm/vE 4+ 1.8mm/v/E, where the
unit of F is GeV. The performance of ECL is shown in Figure 3.14 and The position
resolution is shown in Figure 3.15. The detail of ECL is described in [44].

3.2.6 Superconducting Magnet

Belle has a magnetic field of B = 1.57 parallel to the beam pipe. Charged particles are
forced to path on a helix trajectory whose curvature is related to the momentum of the
particles.

The superconducting coil 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 with 3.4m in diameter and 4.4m in length. Indirect
cooling is provided by liquid helium circulating through a tube on the inner surface of the
aluminum cylinder.

3.2.7 The K /i1 Detector (KLM)

The aim of the KLM is to measure the direction of Ks and to identify muons. A muon can
be identified by comparing actual KLM hits to the expected track position extrapolated
from the CDC. Since K7, is a neutral hadron, K, rarely interacts in the inner sub-detectors
and can be detected by the KLM. The KLM cannot measure K} energy but can measure
K, direction, since deposited energy in KLM by K spreads widely. The measurement
of K, direction is enough for reconstruction of the B — J/¢ K| decay to analyze C'P
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Figure 3.11: Time of flight and trigger scintillation counters
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Figure 3.12: Time resolution for p-pair events for the TOF.

violation, since B — J/¢ K, is a two body decay and K momentum can be determined
by using B mass constraint.

The KLM consists of 14 layers of 4.7cm iron plates and Resistive Plate Counter
(RPC) superlayers. One RPC superlayer contains two RPC planes and provides 6 and
¢ information. It is the only sub-detector placed outside the coil. One additional RPC
superlayer is placed in front of the first iron plate in the barrel part. An RPC is made of
a 2mm-thick glass electrode. The iron plate is an absorber material for KLM and also
serves as a return path of the magnetic flux provided by solenoid magnet. Its polar angle
coverage is from 20° to 155°. The configuration of barrel and endcap RPC are shown in
Figure 3.16 and Figure 3.17, respectively.

Signals are read out by roughly 5cm wide cathode strips in both 6 and ¢ directions.
The number of readout channels is 21,856 for the barrel part and 16,128 for the endcap
part. The position resolution for K is A¢ = Af = 30 mrad and the time resolution is a

few ns.
The details of the KLM are described in [44]

3.2.8 The Extreme Forward Calorimeter (EFC)

The EFC is used to measure the energy of photons and electrons scattered in the extreme
forward direction, which cannot be detected by the ECL.
Since the EFC is exposed to the high irradiation (about 5 MRad per year) of photons
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and electrons due to the synchrotron radiation and the spent electrons, BGO (BiyGesO12)
crystals are used. Both forward and backward EFC consist of BGO crystals divided into
5 segments in # and 32 in ¢, respectively. Typical cross-section of a crystal is about
2cm x 2cm, with 12X, for forward and 10.5X for backward, where X is the radiation
length. The EFC covers 6.4° < 0 < 12.4° and 162.2° < 0 < 173.4°.

3.2.9 The Trigger/DAQ

The trigger signal is provided by several sub-detectors (see Figure 3.19). Trigger timing is
determined by the TSC signal. There are two major types of triggers in the Belle system.
One is provided by the tracking information from the CDC and the other is provided by
the energy information from the calorimeter. The Global Decision Logic (GDL) combines
the trigger signal from each sub-detector and makes a final decision to initiate a Belle-
wide data acquisition within 2.2 usec from beam crossing. The trigger rate was typically
200 Hz.

A schematic view of the Belle data acquisition system is shown in Figure 3.20. The
data from the sub-detectors have to be digitized in 200us in order to achieve the dead
time less than 10% at 500Hz trigger rate. The signals from sub-detectors are converted
to timing signals by the Q-to-T converters except for the KLM, which provides the time-
multiplexed information on a single line, and for the SVD. All sub-detectors except the
SVD use TDC readout system which is controlled by VME and FASTBUS. The data
signals from the SVD are sent to flash ADC’s (FADC) and the data are gathered in a
memory module.

The read out data are then transfered to the Event Builder. The Event Builder
combines the data from the sub-detectors to form full event records. The data are then
shipped to each node of the Online Computer Farm. The Online Computer Farm formats
the event data and sends them to the Mass Storage System at the Computer Center via
optical fiber. The Online Computer Farm also sends the sampled events to the Data
Quality Monitor (DQM) and the Event Display.

3.3 Software

In the section, we give a brief overview of the structure of the offline environment and
describe Monte Carlo simulation program of Belle.

3.3.1 Offline computer system

Collected data by the Belle detector are analyzed by an offline computer system. Monte
Carlo simulation is also an important task of the offline computer system. Required
processing power of the offline computer system is about 30,000 MIPS. This computational
power cannot be achieved by a single CPU. Therefore, parallel processing by multi-CPUs
is necessary. The Symmetric Multi Processor (SMP) architecture machine was chosen as
the parallel computer. The Belle offline computer system is illustrated in Figure 3.21. It
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Detector Type Configuration Readout | Performance
Beryllium | Cylindrical, r=2.0 cm Helium gas cooled
Beam pipe | double-wall | 0.5mm Be/2.5mm He
/0.5mm Be
Double 300 pum-thick, 3 layers 19+ 50/pp sin®2 Qpum: r-¢
SVD Sided r=3.0-58cm 36 + 42/pBsin®? Oum: 2
Si Strip Length =22-34cm | 81.92K | oa, ~ 115 um
Small Cell | Anode: 50 layers orp = 130 pm
CDC Drift Cathode: 3 layers o, =200 ~ 1,400pm
Chamber | r = 8- 88 cm A: 84 K | ap,/pe = (0.20p:850.29)%
-79< 2 < 160 cm C: 15K | 04pjar = ™%
n:1.01 ~12x12x12 cm? blocks
ACC ~ 1.03 | 960 barrel feff > 6
Silica / 228 endcap K/m 1.2<p<3.5GeV/c
Aerogel FM-PMT readout 1,788
Scintillator | 128 ¢ segmentation or = 100 ps
TOF r = 120 cm, 128x2 | K/m up to 1.2GeV/c
3 m-long
Towered structure op/E=
Csl ~ 5.5x5.5x30 cm? 0.066%/E®
crystals 0.81%/E'/*®1.34%
ECL Barrel: r = 6,624 Tpos(Mim) =
125 - 162 cm 0.27 +3.4/VE +1.8/VE
Endcap: z = 1,152(f)
-102 and +196 cm 960(b)
MAGNET super inn.rad. = 170 cm B=15T
conducting
Resistive | 14layers Ap=A0=30mrad for K,
(5em Fe4-4cm gap)
KLM Plate c. two RPCs o= a few ns
in each gap 0:16 K
0 and ¢ strips ¢:16 K
EFC BGO 2x1.5x12 cm? 0:5 op/E=
$:32 0.3~ 1)%/VE

Table 3.2: Performance parameters of the Belle detector (p and p; in GeV /¢, E in GeV)
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consists of SMP servers, tape libraries and disk servers. These are nodes of the AP3000 and
connected by the AP-Net to each other. The transfer speed of the AP-Net is 200 MB/s.
The AP3000 is also connected to the ATM/FDDI LAN. There are other SMP servers
(called workgroup servers) for sub-detector groups, user work stations and X-terminals,
which are connected to the network. Furthermore, the SMP PC servers are used to
generate Monte Carlo events. The total number of CPUs is more than 300.

In order to use the SMP servers efficiently, a framework for parallel data analyses
(FPDA; Framework for Parallel Data Analysis) [45] has been developed to support parallel
event processing. Based on the FPDA, BASF (Belle Analysis Framework) [46] has been
developed for data analyses and Monte Carlo simulation. BASF is the main generic
structure for the Belle analysis software and combines different “modules” of software
to build an analysis program. A user typically provides an analysis code with a specific
purpose as a module and makes use of existing external software that is necessary for the
analysis. One does not need to worry about the interface between the different modules
under the BASF framework. There is also a choice of more than one supported computer
languages(Fortran, C and C++).

Event data are managed by Panther [47] which is a bank system based on the entity
relationship model. Each user has access to a series of tables called MDST tables [48]
that are converted into user-friendly form from tables of reconstruction information.

BASF provide a common analysis environment for Monte Carlo and data for users.
Therefore one can analyze and compare real data to the simulation by using the same
software.

3.3.2 Monte Carlo simulator
Event generator

The event generator simulates the physical process of the particle decay chains. The
initial state is Y(495) or gg(for continuum) and the final states consist of stable particles.
The QQI8 generator was originally developed by the CLEO group [49] and has been
modified for the use of the Belle analysis [50]. The QQ98 can handle both Y(45) decays
and continuum process. The decay of T(4S) is performed by referring to the decay tables
which contain decay modes and branching ratios mainly measured by CLEO. Users can
control decays by changing the decay table. The continuum generation uses the LUND
(JETSET 7.3) program [51], in which the subsequent hadronization process is based on
the Lund string fragmentation model [52].

Detector simulator

The full detector simulator called GSIM, is based on GEANT [53]. GEANT is a library
developed at CERN to simulate reactions between particles and matters. This simulator
takes the data from the QQ98 as an input and traces the behavior of each particle in the
detector, generating detector response which simulates the real detector output.
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Chapter 4

Selection of B' decays to C'P
eigenstates

In this section we describe the reconstruction of the BY decays to C'P eigenstates: J/¥ K3,
Y(25)Ks, and xa K.

4.1 Event Sample

Data which we analyzed were taken in June 1999 - July 2000. Integrated luminosity is
6.8 fb~! where 6.2 fb~! was taken on the Y(4S5) resonance and 0.6 fb~' off resonance,
and (6.37915) x 105 BB pairs were created. Figure 4.1 shows the history of the daily
luminosity as well as the integrated luminosity.

4.2 BB event selection
The hadronic events were selected by requiring all of the following:

e At least three “good” tracks come from the interaction point, where a “good” track
was defined by (i) |dr| < 2.0cm and |dz| < 4.0cm at the closest approach to the
beam axis, (ii) momentum projected onto the xy-plane (P;) greater than 0.1GeV /c.

e More than one “good” cluster must be observed in the barrel region of the calorime-
ter, where a “good” cluster was defined in such a way that its energy deposit is
greater than 0.1GeV.

e A sum of all cluster energies, after boosted back to the rest frame of Y (4S5) with an
assumption of massless particle, should be between 10% and 80% of the center-of-
mass energy.

e The total visible energy, which was computed as a sum of the “good” tracks assuming
the mass of pion and the “good” clusters in the rest frame should exceed 20% of
the center-of-mass energy.

47
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e The absolute value of the momentum balance in the z-component calculated in the
rest frame should be less than 50% of the center-of-mass energy.

e The event vertex, which was reconstructed from the “good” tracks, must be within
1.5 cm and 3.5 cm from the interaction region in the radial and parallel directions
to the beam axis, respectively.

From Monte Carlo simulations, this selection allows us to retain 92.5% of BB events.
For J/v inclusive events, the efficiency was estimated to be 99.4%.

Events passing the hadronic event selection criteria and satisfying Ho/Hy < 0.5, where
H, and H, are the second and 0th Fox-Wolfram moments!, are used in the subsequent
analysis.

4.3 Particle identification

4.3.1 Electron identification

For electron ID we use a likelihood function, which returns the probability that the de-
tected particle is an electron. A likelihood function is calculated from:

e the ratio of cluster energy and track momentum(FE/p),
e the value of d£/dxz measured by the CDC,

e matching between the track and ECL cluster, and

e cluster shape parameter.

Optimization of the above parameters yields ~ 90% ID efficiency for electrons and
~ 0.5% misidentification probability for hadron tracks with p > 1GeV /c. Performance of
electron identification is shown in Figure 4.2.

We can choose an appropriate threshold value to identify electrons. For example,
different thresholds are used for the reconstruction of electrons in J/¢ — ete™.

The details of the electron ID are described in [55].

IThe k-th Fox-Wolfram moment is defined as:
L NN
He = 235l Il Pulcos )]
g

where N is the number of particles, s is the square of the center-of-mass energy, Py (cos ¢;;) is the Legendre
polynomial of order k and ¢;; is the angle between the vector momenta of the i-th and j-th particles.
Then the Fox-Wolfram parameter Rs is defined as Ho/Hy. Rs is close to 1 for jetlike events such as
continuum events and to 0 for spherical events like B decays. The detail is described in [54].
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Figure 4.2: The performance of electron identification. The left figure shows efficiency as
a function of momentum in the lab. frame and the right figure shows the fake rate.
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4.3.2 Muon identification

For muon ID we also use a likelihood function. First a track which is found in the CDC is
extrapolated to the KLM, then we find KLLM hits and estimate expected penetration in the
KLM layers. A likelihood function is calculated from the difference between the expected
and the actual penetration and the distance between KLM hits and the extrapolated
track. Figure 4.3 shows the performance of muon identification.

"u likelihood" distribution

u-ID efficiency measured with eeun events o
> 1 g standard cut value
g 0 for muon selection
09 S [
f O
:g I = M.C. all tracks (red)
= 0.8
w [ =
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Figure 4.3: The performance of muid identification. The left figure shows the efficiency
as a function of momentum in the lab. frame and the right figure shows the distribution
of the muon likelihood.

The details of the muon ID are described in [56].

4.3.3 K/m separation

Kaon identification in Belle is based on three nearly-independent methods, dE/dx mea-
surement by the CDC, the TOF measurement, and the measurement of the number of
photoelectrons in the ACC. Each of these detector components yields good separation
between particle species in a different momentum and angular region. First, we estimate
probability that the charged particle is identified as kaon compared to pion for each de-
tector. Then a net likelihood function is calculated as a product of outputs from the three
detectors. Figure 4.4 shows the performance of K/ separation.
The details of K /7 separation are described in [57].
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Figure 4.4: Performance of K/m separation. The left figure is the scatter plot of kaon
probability versus momentum. The open circles correspond to kaons and the cross points
to pions. The right figure shows the efficiency and fake rate as a function of momentum
in the lab. frame.

4.4 B — J/1yKg reconstruction

4.4.1 Reconstruction of J/¢

The reconstruction of J/v¢ is performed using dilepton decays, i.e. J/¢p — ptp~ and
ete™. As shown in Table 4.1, the total branching fraction by summing these two decay
modes is about 12%.

Table 4.1: J/v branching ratios to decay modes of interest [19].

Decay mode BR Used
J/ —etem | (5.93+0.10)% o
php (5.88 +£0.10)% o

2(r )Y (3.37 £ 0.26)% -
3(r T )mY (2.9+0.6)% -
ntr o (1.50 + 0.20)% -
o2t (40£1.0)x 1073 | —
3(rtr (4.0£2.0)x 1073 | —

7)
7

In order to remove tracks either poorly measured or from wrong interaction point, we
require |dz| < 5em for both the lepton tracks from J/i where dz represents the closest
approach of the track to the origin in the z (beam) direction.
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For J/v¢ — ptpu~ candidates we use oppositely charged track pairs where at least one
track is positively identified as a muon and the other is either positively identified as a
muon or has a Csl energy deposit that is consistent with a minimum ionizing particle:

e (muon probability) > 0.1 for the tighter (i.e. positively identified) muon 1D,

e (muon probability) > 0.1 or 0.1 < (CsI energy deposit) < 0.3(GeV) for the looser
muon ID.

The invariant mass of J/i¢ was calculated assuming the nominal muon mass (M, =
105.7MeV /c?) for both tracks;

2

M = (VM4 1Pep M 1Bp) — 1B+ AP

If the invariant mass of the pair is in the range
—0.06GeV/c* < M,+,~ — My, < 0.036GeV/c?,

where M,y is the mass of J/1 (3096.87MeV/c?), it is identified as a J/¢ — ptp~.

Candidate J/i¢ — eTe™ decays are oppositely charged track pairs where at least one
track is identified as an electron with the tighter condition and the other track satisfies
at least the dE/dz or the E/p electron identification requirement as follows:

e (electron probability) > 0.01 for the tighter electron 1D,
e (e prob. with dE/dx) > 0.5 or (e prob. with £/p) > 0.5 for the looser electron ID.

In this channel, we partially correct for final state radiation or real bremsstrahlung in
the inner parts of the detector by including the four-momentum of all the photons detected
within 0.05 radians of the original electron direction in the e*e™ invariant mass calculation.
Invariant mass was calculated assuming the nominal electron mass (M, = 0.511MeV /c?)
for both tracks;

— — 2 — —
Mo = (VM2 +IPaP 4+ M2 +1P ) = P+ B2

where ﬁe+ and ﬁe— are the momentum of positron and electron after the correction with
bremsstrahlung gammas. Since the J/i) — eTe™ peak has a small radiative tail, we use
an asymmetric invariant mass requirement,

—0.15GeV/c* < Mo+ o- — My < 0.036GeV /c?.

Events with a candidate J/¢ — ¢*{~ are accepted if the J/1) momentum in the
T(4S) center-of-mass system (CMS) is below 2 GeV/c. The momentum cut value is
based on an approximate monochromaticity of the B decay product in a two body decay
and takes into account the B momentum spread in the Y (4S) CMS. Figure 4.5 shows the
invariant mass distributions for J/v — ptpu~ and J/i — ete™ after the selection. Mass
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Figure 4.5: The invariant mass distributions for J/v — p*u~ (upper) and J/¢ — ete”
(lower).
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widths for J/¢ — ptp~ and J/1p — ete™ are 11.1 4+ 0.4 MeV/c? and 12.5 + 0.4MeV /c?,
respectively.

The detection efficiency of J/1) — ete™ (utpu™) is estimated to be 55.0+0.2% (68.0+
0.2%) using Monte Carlo simulation.

For the lepton tracks of the J/1¢ candidates, a kinematical fit with a mass and vertex
constraint is performed to improve the resolution for B reconstruction. The method of
this kinematical fit is described in Section 4.7.1.

4.4.2 Reconstruction of K¢ — ntn™

Kg decays into two neutral or charged pions with branching fractions shown in Table
4.2. Since Kg has long decay length? compared to B”’s, we can obtain clean signals by

Table 4.2: Kg branching ratios [19].

Decay mode BR Used
K¢ —nrn™ | (68.61+£028)% | o
7070 (31.39+0.28)% | —

rejecting candidates which have short decay length.
For K¢ — 7w'rn~ reconstruction, First, we reconstruct Kg vertex with oppositely
charged track pairs. The vertex is reconstructed by the following procedure.

1. We define a temporary decay vertex of Kg as the crossing point of two tracks. The z
position of the temporary decay vertex is defined as the middle point of two helices
at the cross point in the r-¢ plane.

2. Two tracks are interpolated to the temporary decay point taking into account the
multiple scattering and energy loss.

3. Then the vertex is refitted with the recalculated helix parameters. If the fitting
succeeds, the temporary decay vertex is replaced by the fitted one.

K¢ candidates should satisfy the following conditions:

1. In case both pions have associated SVD hits, the closest distance between two pion
tracks in the z coordinate is smaller than lcm.

2. In case only one of the two pions has associated SVD hits, the closest distances of
both pion tracks to the interaction point in the r¢ plane are larger than 250um.

3. In case none of the two pions has associated SVD hits, the ¢ coordinate of the 777~
vertex point and the ¢ direction of the 777~ candidate’s three momentum vector
agrees within 0.1 radian.

2~ 20 cm in 7-¢ plane at Belle.
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Invariant mass was calculated assigning the nominal pion mass (M, = 139.6MeV /c?)
to both tracks:

— — 2 — —
M = (VM4 1P P VMZ 4P 2) = P+ P

where ﬁﬁi was calculated at the decay vertex of Kg. The invariant mass of the candidate
7t~ pair is required to be between 482 and 514 MeV /c? that corresponds to the region
of £30. Figure 4.6 is the invariant mass distribution for Kg. The mass resolution is
4.4MeV/c?.

{ -
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Figure 4.6: Invariant mass distribution for Kg.

For the pion tracks of the Kg candidates, a kinematical fit with a mass and vertex
constraint is performed to improve the resolution for B reconstruction.

4.4.3 Reconstruction of B

For B® — J/¢ K¢ reconstruction, we calculate the energy difference, AFE, and the beam
constrained mass, Mp.. The energy difference is defined as,
S
AE = Ejpy + Ex, — g
where E;,;, and Ek, are measured J/¢ and Kg energies in the CMS and s is the center-
of-mass energy in the electron-positron system. The beam constrained mass is defined
as,
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where pp is the B candidate momentum in the CMS. The scatter plot of M. and AFE is
shown in Figure 4.7 together with projections onto each axis. B candidates are selected
by requiring,

|My. — Mpo| < 3.50 (0.01GeV/c*) and
|IAE| < 3.50 (0.04GeV).

The M, and AFE resolutions are 2.9MeV /c? and 11MeV /c?, respectively.

As a result we obtain 70 B® — J/¥Kgs candidates. Efficiency of the B — J/9Kg
selection is 0.36 and the expected number of signal events are 83.1. The number of the
B® — J/¢Kgs candidates are consistent with the Monte Carlo predictions within two
sigmas.

A typical B® — J/¥Kg event is displayed in Figure 4.8.

4.4.4 Estimation of background events

From Figure 4.7 we expect some background events in the signal box. The number of
background events are estimated by the following two methods.

In the first method we calculate the expected number of background events by using
Monte Carlo simulation. We have simulated 0.1 million inclusive J/1 events where .J/v
is forced to decay into lepton pairs and 20 million continuum events. These MC data
samples correspond to the integrated luminosity of 36.2 fb~! and 6.67 fb~!, respectively.
T(45) and continuum production cross sections which we assumed are 1.02 nb and 3.0
nb, respectively.

Since 10 and 3 events pass the J/1 Kg selection criteria, we expect 4.5+1.7 background
events for the 6.2 fb~! integrated luminosity, as shown in Table 4.3.

Inclusive J/¢ | Continuum | Inclusive J/¢ | Continuum Total
36.2 b1 6.67 fb~ 6.2fb"" 6.2fb"" 6.2fb"
| 10 | 3 | 1724054 [2.794+1.61 [ 4.51+1.70 |

Table 4.3: The estimation of background events by Monte Carlo simulation.

In the second method we calculate the expected number of background events using
the number of observed events in the sideband and the ratio of the number of MC events
in the signal box to the number of MC events in the sideband. Using the M. sideband
and AFE sideband defined as,

M. sideband : —0.08GeV/c* < My, — Mpo < —0.02GeV /c?,
AFE sideband : 0.1GeV < |AE] < 0.25GeV,

we obtain 3.4 + 2.2 and 3.7 £ 1.6 events, respectively. The average of them is 3.5 + 1.4
and in good agreement with the first method’s result. We use the results of the second
method in the CP fitting. The systematic error of the number of background is estimated
by the difference of two methods, then we obtain 3.5 + 1.7.
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Figure 4.7: The scatter plot of AE versus M, for the 6.2 fb=! data. The box represents
the signal region. The upper left figure is the projection to AE with |My. — Mpo| <0.01
GeV/c*. The lower right figure is the projection to My, with |AE| <0.04 GeV.
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Figure 4.8: Event display of B® — J/{Kgs J/¢ — p"p~ decay mode. We see that the
other B® meson is B® by the sum of charged kaon.
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4.5 Reconstruction of other C'P eigenstates

In addition to J/1¢Kg, B® decays into the following C'P eigenstates can be reconstructed
with good signal-to-background ratios:

1. BY = (29)Ks, $(25) — (+1-
2. B — ¢(25)Kg, ¥(2S) — J/yntmw
3. B = xaKs, xa — J/{y

They are also used to extract sin2¢;. Branching fractions of these decay modes are
listed in Table 4.4.

Decay mode BR Reference
P(2S)KY (5.0+1.140.6) x 1071 [58]
X K° (3.971940.4) x 10~ 59
¥(25) — ete” (0.88+0.13)% [19]
¥(2S) — ptp~ (1.03+£0.35)% [19]
»(2S) — J/Ymtr | (31.0 £2.8)% [19]
Xa — J/y (27.3+1.6)% [19]

Table 4.4: Branching ratios related to reconstruction of other C'P eigenstates.

In these reconstructions, J/v is reconstructed in 74~ modes, and Ky is reconstructed
in 777~ mode. The selection of J/¢ and Kg is identical to the method mentioned in the
previous section.

4.5.1 Reconstruction of ¢ (2S5) — (T(~

In the reconstruction of the decay ¢ (2S) — ¢/~ we require that both leptons be posi-
tively identified. Then the invariant mass of the di-lepton, M+ ,-, is required to be

—150MeV /¢® < Mgt e~ — Mys) < 36MeV /¢,
— 60MeV/c* < M+ ,- — Myps) < 36MeV/c?,

respectively, where Mg is the mass of ¥(25) (3685.96MeV/c?). The average mass
resolution is approximately 14 MeV/c?. Figure 4.9 shows the My+,- distribution.

4.5.2 Reconstruction of ¢(25) — J/yrtm™

In the reconstruction of BY — 1(25) K with the subsequent decay of 1/(2S) — J/¢m 7,
first of all 777~ pairs with the invariant masses greater than 400 MeV/c? are selected.
This requirement is based on the result of the Mark III experiment[60] and is essential
to have a good signal-to-background ratio. For .J/i¢ reconstruction, the requirement is
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similar to that for B® — J/1¢Kg reconstruction except that both tracks are required to
be positively identified as leptons. Then the 1(2S) — J/¢¥n "7~ candidates are selected
using the mass difference, My+ -+, — My+,-, required to be

0.58GeV/c* < Myt p-gin— — My~ < 0.60GeV/c”.

This range corresponds to +30 of the detector resolution (3.2MeV /c?). Figure 4.10 shows
the mass difference distribution.

4.5.3 Reconstruction of x. — J/¢y

The xc1 — J/1y candidates are also selected by the mass difference M+ — M+ p-.
Since most of 4’s in BB events are decay products of 7%’s, 4’s which form 7% candidates
with any other v are removed, if the pair of the 7’s satisfy;

e the total energy is greater than 60 MeV,
e 2 of ¥ mass fit is less than 10., and

e the invariant mass is within -28 to +17 MeV /c? from the 7° mass.

Selection criteria for J/i¢ are similar to that for (25) — J/¢Yntn~. If the J/¢
candidate and v which pass through the requirement above are satisfied with,

0.385GeV /¢ < My+y- — My~ < 0.4305GeV /2,

we take it as an y. candidate. Figure 4.11 shows the mass difference distribution. The
mass difference resolution is 7.0MeV /c?.

4.5.4 Reconstruction of Ky for ¢(25)Ks and x4 Kg

The Kg candidates are selected using cuts described in the previous section, except for
X1 Ks mode, where the following tighter selection cuts are applied to reduce the back-
ground; (a) the flight length in the r-¢ plane should be greater than 1 mm, (b) the closest
approach to the J/i vertex in the radial direction for each 7* track should be greater
than 0.2mm, (c) a mis-match in the z-direction at the Kg vertex point for two 7 tracks
should be less than 2.5¢cm, and (d) the angle difference in the r-¢ plane between the Kg
momentum vector and the direction of Kg vertex point from J/1¢ vertex should be less
than 0.2 radian.

4.5.5 B reconstruction

In order to reconstruct the BY for each mode, the beam energy constrained mass (M)
and the energy difference (AE) are used. The resolution of the beam energy constrained
mass is similar to that of B® — J/¢Kg described in the previous section, since the
resolution is dominated by the beam energy spread of the KEKB. The selection cut
applied to M. distributions is identical to the one for B — J/#Kg described before.
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Figure 4.11: The mass difference distribution for x. — J /1.
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The AFE distribution, on the other hand, is different for each mode. The optimized cut
for each mode is applied, as listed in Table 4.5, to keep high efficiency and to suppress
the background.

Figure 4.12 and Figure 4.13 shows the scatter plot for (25)Kg and x1 K.

Table 4.5: Signal range for AE

Decay Lower limit | Upper limit
mode (MeV) (MeV)
BY — ¢ (25)K5,4(2S) — (70~ -40 40
B — (29)Kgs,(25) — J/¢ymTn~ -40 40
B = yaKg -40 30

The efficiency and the number of observed events are listed in Table 4.6. The back-
ground events mainly come from the combinatorial events with the real J/1. Also listed
are the numbers of expected signal and background events using Monte Carlo simulation
in Table 4.6.

As seen in the table, the number of observed events is consistent with the Monte Carlo
expectation.

Table 4.6: The number of signal candidates, expected background, detection efficiency,
and expected signal events.

Decay signal Expected | Efficiency Expected
mode candidates | background (%) signal events
BY = 0(29) K5 (28) — (71 5 0.2 33.0 6.852.1
BY — (28)Ks,1b(28) — Jjbmta 8 0.6 13.0 5.5+1.7
B® = xuKg 5 0.75 13.2 3.5+1.4

4.6 Flavor Tagging

To measure C'P asymmetry, the flavor of the other B meson has to be determined. We
developed the “Hamlet” package[61] for flavor tagging. We used this in this thesis.

We required |dr| < 3cm and |dz| < 4cm in all the tracks used for flavor tagging. We
used four different methods to tag B flavor which are described in the following.

4.6.1 Method with high-momentum lepton

To find a high-momentum lepton coming from the semileptonic decay of B, tracks iden-
tified as lepton were required to satisfy p; > 1.1GeV /¢, where pj is the lepton momentum
at the T(45) rest frame. The relations between the flavor of By,, and the lepton are as
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follows,
Biog = B for ¢* and Biog = BO for ¢~

In order to find leptons, electron is examined first. If the flavor is not determined
by the electron, then muons are examined. No B flavor is assigned when two or more
high-momentum electrons or muons are found.

We require the probability greater than 0.5 for electrons and 0.8 for muons, where the
probabilities are described previously (Section 4.3).

This method is called “high p;” method in this thesis.

4.6.2 Method with charged kaon
We find charged kaons and count their total charge (Q ). The relations,

Biag = B° for Qi > 0 and By, = BO for Qi < 0

are used.

For charged kaons, we require that the likelihood ratio is greater than 0.9 between
kaons and pions, less than 0.6 between electrons and kaons, and less than 0.7 between
protons and kaons.

This method is called “K*” method in this thesis.

4.6.3 Method with medium-momentum lepton

A small lepton momentum implies a higher momentum of the accompanying neutrino.
The missing momentum in the Y(45) rest frame (p,..) is a good approximation of the
neutrino momentum. Therefore we use the p; and p;,,., when we find an identified lepton
in the CMS momentum range of 0.6 < p; < 1.1GeV/c. To reconstruct p,,.., first we
calculated the missing momentum in the laboratory system using all the reconstructed
particles except for any Kp:

Pmiss = DPbeam — PBcp — chharged - pr

where for pp., we used an approximation that pp,, was at rest in the center of mass sys-
tem. Then a Lorentz transformation is applied to obtain p? ... If p; +pf,.s = 2.0GeV /e,
we assume the B?ag decays semileptonically and assign the flavor based on the charge of
the lepton as defined in Section 4.6.1.

This method is called “medium p;” method in this thesis.

4.6.4 Method with slow pions

If we find a low momentum (p* < 200MeV /c) charged track consistent with being 7 from
the D* — D decay, we assign that

Biog = B° for 7~ and Biog = BO for 7.

This method is called “slow 7”7 method in this thesis.
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4.6.5 Combined tagging

We applied them in an ascending order of the wrong tagging fraction. The order is as
follows: tag with high momentum leptons — tag with charged kaons — tag with medium
momentum leptons — tag with slow pions.

4.6.6 Estimation of wrong tagging fraction

The efficiency and wrong tagging fraction is obtained using exclusively reconstructed B —
D*{v events from the same data sample, where D*~ — D%~ and D° — K*7~ are used.
Event selection and vertex reconstruction of B — D*fv are described in Appendix A.
Here, we define

- Tagging efficiency: €15y = Niag/Nrec, Where Ny and Ny, are the number of recon-
structed and tagged events, respectively.

- Wrong tagging fraction: wy,, = (number of wrongly tagged events)/(total number
of tagged events)

- Effective tagging efficiency: €.rr = €(1 — 2wiqy)?

Monte Carlo expectation for the B® — J/1Kg decay is shown in Table 4.7.

Table 4.7: Tagging efficiencies (€44), wrong tagging fractions (wyag), and effective tagging
efficiencies (e.ss) obtained with Monte Carlo simulation.

mode €tag (MC)  wieg (MC)  €cryp (MCO)
BY | high p} 0.123 0.088 0.084
K* 0.275 0.161 0.127
medium pj 0.029 0.292 0.005
slow 7 0.070 0.341 0.007

Taking into account the wrong tagging fraction, the time evolution of the neutral
B-meson pair with the opposite flavor (OF) and same flavor (SF) is given by

Por(At) o 14 (1 —2wy,) cos(AmAL),
Psp(At) o 1 — (1 — 2wyay) cos(AmAL).

The wrong tagging fraction determines the oscillation amplitude of the OF-SF asymmetry,

OF — SF

mic = OF T SF (1 — 2wtqg) cos(AmgAt).

We fit the time evolution of the OF and SF events and obtain the wrong tagging fraction.
We apply the flavor tagging mentioned above to the tagging-side, treating the tracks
used by the reconstruction of B — D*/v decay as the C P-side tracks. We also used the
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same method to obtain a tagging-side vertex reconstruction, which is described in detail
later.

We obtain the wrong tagging fraction by fitting the Az distribution of the SF and OF
events. Figure 4.14 shows the OF-SF asymmetry as a function of At for tagged D*F(*v
events with fit curves.

We have estimated systematic errors of wy,,’s due to uncertainty in the resolution
function, backgrounds, and the Monte Carlo parameters used in the fit. The results are
summarized in Table 4.8. These give total effective tagging efficiency of 0.18570 935 which
is consistent with the Monte Carlo simulation.

Table 4.8: Summary of the tagging efficiencies (€:q4), Wrong tagging fractions (wi,g), and
effective tagging efficiencies (e.y¢) for the data.

mode €1qg (data) Wiqg (data) €ers (data)

high p} 0.126 & 0.004(stat.) 0.08175:023 (stat. + syst.) 0.0887001; (stat.)
K* 0.273 £ 0.008 0.212+5-93 0.09075-038
medium p} | 0.036 & 0.013 0.41570-152 0.001 + 0.008
slow 7+ 0.075 4 0.003 0.3627007 0.006 4 0.012
total 0.510 4 0.016 - 0.1857093°

4.7 Vertex reconstruction

The proper time difference, At, is given by At ~ Az/cfv, where (37 is the Lorentz boost
factor due to the asymmetric beam energy (v = 0.425 at KEKB) and Az is the distance
between the decay vertices of the two B mesons along the boost axis. The difference
between B® and BO, or positive and negative time scale, reflects the C' P asymmetry. When
the finite time resolution is included, the difference between the positive and negative
time scale is diluted. The errors of measured vertex point reduce the sensitivity of the
C'P violation measurement. The penalty for resolution of At/7p = 0.5 (as compared to
perfect vertex resolution) corresponds to about 30% increase in the required luminosity
which is tolerable. As the mean decay length of B meson at Belle is about 200um, the
Az resolution of ~ 100um needs to be achieved. Thus precise measurement of proper
time difference is one of the key issues in the study of mixing-induced C'P violation in B
decays.

4.7.1 Vertex reconstruction of Bgp

The vertices for the C'P-side are reconstructed using leptons from .J/v and the constraint
coming from the interaction point profile (IP profile) smeared with finite B flight length
in the r-¢ plane (See Figure 4.15). We use leptons only if there are sufficient numbers of
SVD hits associated with the Kalman filtering technique; i.e. with both z and r-¢ hits
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Figure 4.15: Vertex reconstruction

in at least one layer and with two or more z hits in total. The IP profile is calculated
offline for every accelerator fill using hadronic events. The typical size of the IP profile is
100pm in x, 5um in y and 3000pm in z. Because of the flat nature of the beam profile,
the size in y is determined from the average luminosity, the beam current and the width
of the measured vertex distribution in the x-coordinate. The efficiency of the vertex
reconstruction is estimated to be 96% with B* — J/%K* and B® — J/K*(— K*zT)
events. This is consistent with the expectation from SVD acceptance and cluster matching
efficiency. The resolution estimated with MC is typically 40pum and small enough to meet
the requirement of the Az resolution of ~ 100um.

The mass constrained fit for J/1 is performed after vertex reconstruction of J/v?
(i.e. Bop vertex).

4.7.2 Vertex reconstruction of By,

The algorithm for tagging-side vertex reconstruction was carefully chosen to minimize
the effect of long-lived particles, secondary vertices from charmed hadrons and a small
fraction of poorly-reconstructed tracks. Among charged tracks remaining after the Bep
reconstruction, we use tracks with SVD hits (the same condition as that for the C'P-side)
with impact parameter (from the IP center) less than 1mm in the 7-¢ plane, and less than
2mm (from the Bep vertex) in z. Tracks are also removed if they form a Kg candidate
satisfying the Kg selection criteria and |[My, — M +.—| < 15MeV/c?. Then remaining
tracks and the IP constraint are used to reconstruct the tagging-side vertex. If the reduced
x? of the vertex is less than 20, we take this vertex. Otherwise we remove the track that
gives the largest contribution to the x? of the vertex and do the vertex reconstruction
again. In case such a track is a lepton used to tag the flavor of the event, however, we
keep the lepton and remove the track with the second worst x?. This trimming procedure
is continued until we obtain sufficiently small x?/ndf of the vertex. If the number of

3If the mass constrained fit and vertex fit were performed simultaneously, z position of J/1 vertex
would be biased because we did not take into account all the bremsstrahlung gammas from the leptons.
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remaining tracks becomes one, we impose a tighter requirement to ensure the quality
of the vertex made with one track and the IP constraint; i.e. x?/ndf less than 6 and
the momentum of the track greater than 0.6GeV/c. The reconstruction efficiency was
measured to be 96% with B* — J/¢K* and B° — J/¢ K*(— K*rT) events.

4.7.3 Az resolution

The overall Az resolution was measured with B — D*[v sample. The proper time distri-
bution was fit with the unbinned maximum likelihood method where the B meson lifetime
was fixed to be the world average to extract the resolution. Although the “C'P-side” is
replaced by D*lv which has a different vertex topology, the resolution is expected to
be quite similar to that of J/v; the difference is about 10% and thus negligible in Az
resolution that is dominated by the tagging-side vertex resolution. Fig.4.16 shows the
proper time distribution with the result of the fit. The resolution was estimated to be

\O
o

Events/0.05mm
(U%) N ¥, (@) ~J o0
S & & & o &

[}
(]

10

Figure 4.16: Residual of Az distribution in B — D*{v sample. The fit is made with two
Gaussian functions. Data shown with diamonds are for signal events. Blank squares are
for data in the background control sample.

0sig = (11573)um with the mean shift of ., = (—20 & 13)um. We also separated
lepton-tagged and kaon-tagged events and checked the resolution function individually.
The results are (044, ftsig) = (120 £ 50[pm], 10 £ 33[pm]) for events tagged with leptons
and (0s;g, ftsig) = (120£30[pm], —30+16[pm]) for events tagged with kaons. These results
are consistent with Monte Carlo simulation.
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4.8 Summary

We reconstructed B® — J/¢Y K3, BY — ¢(25)K2,¢(25) — £+¢~, B® — ¢(25)K?,¢(25) —
J/yrTr~, and B® — x4 K2 decay modes. The numbers of signal (background) events
are, 70(3.4), 5(0.2), 8(0.6), and 5(0.75). We performed flavor tagging and vertex recon-
struction for these events. The result is summarized in Table 4.9. In Chapter 5, sin 2¢,
was extracted using these 50 events.

Decay signal Flavor tagging Background
mode events || high p; | K * | med. py | slow 7T || total fraction
BY — J/YKY, 70 10 19 2 9 40 0.050+0.025
B — 1(2s)(£T47) K 5 0 0 0 2 2 0.04
BY — (2s)(J/yntnT)KY 8 1 2 0 1 4 0.075
B® = xa K3 5 0 3 1 0 4 0.15
total 88 11 24 3 12 50 -

Table 4.9: Summary of reconstructed B — charmonium + Kg events



Chapter 5

Measurement of sin 2¢

In this chapter, we extract the parameter sin 2¢; using 50 B — charmonium + Kg sample
selected in the previous chapter.

In Section 5.1, we will explain proper time distribution taking detector effects into
account. Before we gave the fitting result, we performed systematic check using decay
modes with null intrinsic asymmetry. We will show these results in Section 5.2. Then, we
extract sin 2¢; in Section 5.3 and we estimate systematic errors in Section 5.4.

5.1 Method to extract sin2¢;

The parameter of C'P asymmetry, sin2¢;, is obtained with unbinned maximum likeli-
hood method. The probability density function (PDF) is made from the proper time
distribution.
The proper time distribution of B decays is
1 At

2—6_ 5 (1 £ (1 — 2wyag) sin 2¢4 - sin AmAt), (5.1)
B

where At is the proper time, At = Az/cf3v, 75 is the lifetime of B°, and Am is the mass
difference between two mass eigenstates of BY, defined as the equation (2.8). Since the
proper time is measured as the distance of decay vertices of two B mesons, the finite
resolution of vertex reconstruction degrades observed C'P asymmetry. The asymmetry
is also diluted by wrong B-flavor tagging mainly due to imperfection of the detector
response. Under the condition of finite At resolution and imperfect flavor tagging, PDF
is defined as
A

00 1 _ad
F = (1- fi,(AE, Mbc))/ gs(At — At') {2—6 5 (1 £ (1 — 2wyay) sin 2¢y - sin AmAt')} dAt

— B

+ fbg(AEa Mbc>Fbg(At)> (52)

where fi,,(AE, M) is the background fraction, gs is the resolution function of signal
events, wy,y is the wrong tagging fraction in flavor tagging of B, and Fj, is the proper
time distribution of background events.

74
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5.1.1 Resolution function

Resolution of At is parameterized as a sum of two Gaussian distributions,
gs(At - At/) = pmaznG(At - At/a Hmain, Jmain) + (53)
(1 - pmmn>G(At - At/a Htail s 0tail)
1 (t —p)
G(t; = ———. 5.5
( aﬂ/ﬂa) \/50_ exXp ( 20.2 ( )

Widths of two Gaussian functions (0 main, 0teir) are calculated event-by-event from the
Becp and By,g vertex errors,

Omain — Smain Overtex

Otail = Stail Overtex

— / <2 2
Overtex = JCP + Jtaga

where ocp, 0149 are z component of the Bop and By, vertex errors, respectively. Errors
of vertex reconstruction are not enough to explain resolution of At because tracks were
missreconstructed for several reasons (the error of the By,, vertex did not correctly esti-
mated by tracks from long lived particles, and so on). Therefore we derive scaling factor
Smain, Stait 0 correct that effect.

Those parameters of two Gaussian functions are determined using B — D*{v events.
The reconstruction of B — D*/fv sample is described in Appendix A. Data sample is the
same as that used to estimate the wrong tagging fraction of flavor tagging. We assumed
that the resolution function for B — D*{v is similar to that for B — charmonium + Kjg.
This difference is estimated using MC, and included in systematic error.

5.1.2 Background estimation

Proper time distribution for background was defined as the follows,

e / 1 —l1ad) / !
Fyy(At) = / gbg(At—Aﬂl(l—fpmmpt)ﬁe %9 A fpromptd (AL) | dAL" (5.6)
o0 g
Gng(t) = G(t; pub9, o) (5.7)

o =

where fprompt is the fraction of the prompt background from the continuum events.
Parameters of this background shape are determined from the sideband region of
B* — J/YK* and B® — J/¢Kgs. The sideband region was defined as

(0.1 < AE < 0.4) N (5.13 < My, < 5.29) N (signal region), for J/¢K* (5.8)
(—0.04 < AE < 0.4) N (5.13 < M, < 5.29) N (signal region), for J/¢ K. (5.9)

The number of remaining events is 232 (J/1¥Kgs : 54 events, J/{p KT : 178 events).
Results from fitting using these events are shown in Table 5.1 and in Figure 5.1.
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Table 5.1: Parameters of background shape function
iy | 180302 ()
it | 3004998, (um)
Sb | 0.83610133
0.431%9-419

f prompt

proper time(ps)

Figure 5.1: Fitting result of the background shape using the sideband of J/%K* and
J/ VK.
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5.1.3 Background fraction f,

Background fraction, fg, is calculated based on AE and M, for each event.
Parameters of f, is derived from the data and the MC:

Fpa(AE, M)

AE, My, ’
Jog( be) Fpa(AE, My.) + Fsia(AE, M)

where Fsig(AFE, M) is the signal probability as the function of AE and M., and
Fpa(AE, M,.) is the background probability.

In calculation of background fraction for B® — J/¢ Ky, distributions of AE and M,
for signal are fit with single Gaussian. For the background, distributions of AE and My,
are fit with the flat function and the ARGUS background function|[62].

stc;(AE, Mbc) = a- G(AEa HAE, UAE) ' G(Mbc; MMy JMbc)’
Fua(AE, My) = b- My/1— (2Mye//5)? exp(l — (2Mye/v/5)?),

where a and b are normalization factors determined such that the integration in the signal
box is consistent to the value listed in Table 4.9. The value oy, was determined from MC
data, pap and oap were determined from real data, and gy, was fixed to the nominal
B mass ((5.2794 + 0.0005)GeV /c?). Figures 5.2 show fit result from MC and real data.

AFE and M,,. distributions for B® — (25)Kg(¢(2S) — (T¢7) are quite similar
to those for B® — J/9Kg because of the almost identical event topology. Therefore
O My, ., and oap were determined from the fit result with B® — J/1Kg. However
a and b are determined from the integrated background fraction of the B® — ¢(25)Kjg
decay.

For BY — ¢(29)Ks(¢(2S) — J/¢ntm~) and BY — x.Kg, calculation procedure is
the same as that for B® — J/¢Kg except the difference of the AE function. Since it
is hard to reconstruct 7 from (2S5) and v from x., AE distributions for these decay
modes are not expressed with the Gaussian function. Therefore AE distributions are fit
with the Crystal Ball function[63]:

%exp(—%) for AE > uag — aoag
(Crystal Ball function) = ¢ exp(—a?/2
A [1_(AE_HAE)Q_£}VL for AE < HUAE — QOAE.

All parameters were determined from MC because the number of events for these
modes are too small to estimate the parameters. The fit results from MC and real data
are shown in Appendix B.

5.1.4 Likelihood function

An unbinned maximum likelihood method is used to extract sin2¢;. The likelihood
function is defined as

L = 1] Fop(Ati;sin2¢y),
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Figure 5.2: Result from fitting AE and M,,. distributions for B — J/¢Kg. Top-left
figure shows M, distribution from MC and Top-right figure shows M. distribution from
real data. Bottom-left figure shows AFE distribution from MC and bottom-right figure
shows AFE distribution from real data.
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where Fop is the PDF for B — charmonium + Kg events.

Since it is difficult to estimate systematic errors from resolution function, we estimated
sin 2¢; and parameters of the resolution function simultaneously. Then the likelihood
function is modified;

L= HFCP(Atz; sin2¢1) X HFHOCP(Atj; 0) (510)
7 J

where F,,,cp is the PDF for B — D*/v with null intrinsic asymmetry.
This extraction method is called “CP-fit” hereafter.

5.2 Validating checks

5.2.1 Tests on control samples

A control sample of B¥ — J/¢K* and BY — J/¢K*® was analyzed in order to verify
the proper time reconstruction, tagging algorithm and likelihood fitting procedures.

Reconstruction of B* — J/¢K* and B® — J/yK*°

Reconstruction of J/1 is the same as that of B — charmonium + Kg. The criteria were
described in Section 4.4.1. Charged kaons are identified by requiring that the likelihood
ratio of kaon to pion is greater than 0.4.

The K*° candidates are reconstructed by looking at the decay mode K** — K*7~
and its charge conjugate. K*° is identified if the difference of the invariant mass of an
kaon-pion pair is within 75MeV/c? of the nominal K*° mass.

Figure 5.3 shows the scatter plot of M. and AFE together with the projections onto
each axis. B candidates are selected by requiring | M,. — Mpo| < 0.01GeV/c? and |AE| <
0.04GeV. For the remaining candidates, we performed vertex reconstruction with the same
methods as B — charmonium + Kg. The numbers of J/¢K* and J/¥K*° candidates are
275 and 99, and background fractions are 0.012 and 0.047, respectively.

Measurement of lifetime

We measured lifetime of B® and B* with these control samples to demonstrate the validity
of the resolution function. Likelihood function is the same as the equation (5.10) except
that no C'P asymmetry was introduced and treated the lifetime as a free parameter.
Results are 75+ = 1.867015(ps) and 750 = 1.547023(ps) for B — J/¢YK* and B® —
J/PK*0 respectively. These are consistent with the PDG values. Figure 5.4 shows the
fit results.
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Figure 5.3: The scatter plots of AE versus My, for B¥ — J/¢K* and B® — J/yK*.
The upper figure shows the scatter plot for B¥ — J/¢K* and lower figure shows that
for B — J/¢K*0.
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Figure 5.4: Lifetime fit results. Left figure shows fitting result for B¥ — J/¢yK* and
right figure shows that for B® — J/¢ K*°.

CP-fit for control-sample

We also performed CP-fit to 139 J/1K=* events and 53 J/¢K* events which remained
after the flavor tagging. Results of the fit are as follows,

(asymmetry parameter) = 0.27702%  (J/YK¥)
—0.03%%  (J/WE™).

These results are also shown in Figure 5.5 and 5.6.
Thus each asymmetry parameter of B — J/¢K* and B — J/¢K*° is consistent
with zero, indicating that we do not have considerable bias in the CP-fit.

5.2.2 Ensemble test

As a check of the fitting procedure, about 900 sets of toy Monte Carlo data samples, each
containing 50 B — charmonium + Kg and 2071 B — D*{v events, were generated based
on the PDF described in the previous sections. Figure 5.7 shows the distribution of the
pull (%‘2_&), and the errors of sin2¢;. From these figures, we conclude that the fit
procedure provides the correct and unbiased error estimation.

5.3 Fitting result

We used the likelihood function already defined as Equation 5.10. The best value for
sin 2¢; is found by scanning over sin 2¢; to minimize the In(L).
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Figure 5.5: At distribution for B* — J/¢K*. Left figure shows distribution for B, =
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Figure 5.6: At distribution for B® — J/¢K*°. Left figure shows distribution for By,, = B°
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Figure 5.7: Result of toy Monte Carlo experiments generated for sin 2¢1=0.5. Left figure
shows (“”2({’7;05) distribution and right figure shows distributions for the errors of the
positive and negative sides. Two arrows written in the right figure are errors of the fit
using real data.

By using 50 charmonium + Kg events and 2071 D*/v events, we obtain

sin2¢, = 0.58%92L(fit),

and the other parameters which we simultaneously obtain the CP-fit is shown in Table 5.2.
The average shape of the resolution function of signal was drawn by summing event-by-
event resolution functions over 275 J/9K®* events in the real data (Figure 5.8). The
resolution of this resolution function is 111um when we perform the fit with Gaussian
function. When the sum of two Gaussian functions were used, the sigma of main Gaussian
function is 98um, the sigma of minor that is 371um, and the fraction of main part is 0.85.

Figure 5.9 shows proper time distributions of B — charmonium + Kg, Figure 5.10
shows the log-likelihood value as a function of sin 2¢;, and Figure 5.11 shows the corrected
time evolution of asymmetry.

We also performed the CP-fit with 40 J/¢ Kg samples;

sin2¢ = 0.22555(fit) (J/¢Ks)

Fit results are shown in Figure 5.12.
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signal tmain | (—15.4+£9.4) um
shape Smain | 1.10 £ 0.11

fmain 0948—1—88?}8

pra | (15.53%556) pm

o | 6867107
background Thg (1.6970:53) ps
shape Hbg (—23.02156) pum
(successful in Sy, 1.4575-33
flavor tagging)  forompt | 0-22570 595
background Thg (2.03%971) ps
shape g (—113.67137) pm
(failed in Shg 1.224030
flavor tagging)  fprompt | 05761015

Table 5.2: Parameters of resolution functions for signal and background obtained the
CP-fit for B — charmonium + Kg.
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Figure 5.8: The resolution function of J /W K=* using the real data.
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Figure 5.11: Reconstructed asymmetry versus proper time, after correction for the average
dilution in each bin.
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Figure 5.12: At distribution for B® — J/ Y Ks. Left figure shows distribution for By, =
B and right figure shows that for B, = BY

5.4 Systematic errors

5.4.1 Physics parameters

The world average value of the B meson lifetime is [19]

75 = (1.548 4+ 0.032) x 10~ ?sec. (5.11)

We estimated the systematic error from B lifetime by varying the lifetime of B meson
within the error shown above.

The effect of BY-Bmixing parameter, Am, was also estimated with the same method.
The world average value is

Am = (0.472 £ 0.017) x 10" hs™". (5.12)

5.4.2 Wrong tagging fraction of flavor tagging w;,,

The error for each flavor tagging method is listed in Table 4.8. These errors were studied
by varying wrong tagging fraction individually for each method, and we added them in
quadrature.

5.4.3 Resolution function of signal

In the proper-time fitting procedure, we assumed that the resolution function of charmonium+
Ky is the same as that of D*/v. We checked the validity of this assumption using Monte
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Carlo simulation. From generator information, we can obtain the difference between two
B decay points perfectly. A residual of At, §(At), is defined as the follows:

d(At) = (At from reconstruction) — (At from generator information).

Since 0(At) expresses the uncertainty of reconstruction of At, parameters in the resolution
function (5.4) are able to be given by fitting with §(At) and event-by-event errors. The
method is described as follows:

e For easier comparison, parameters of the resolution function except Sy.qin are ob-
tained from J/¢Kg MC and are fixed.

e The residual of At is fitted in the function defined as (5.4) for each D*fv decay
mode.

The result from Monte Carlo indicates these shapes are slightly different, We defined “the
rescale factor” as follows,

Smain(successful in flavor tagging) = 1.017 X Spin(J/VKsg),
Smain(failed in flavor tagging) = 1.009 X Spain(J/YVKs),

and performed the CP-fit. The values of rescaling factors for each mode are given by
the MC results. The difference of sin 2¢; between fit with and without rescaling factor is
—0.003. We decided that this difference is too small to introduce to CP-fit. Therefore this
difference is included as a systematic error by +0.000, —0.003. A systematic error for fi,qin
was estimated with the same method as that for S, and we obtain +0.003, —0.000.

The resolution function includes the uncertainty of background fractions of D*¢v which
was listed in Table A.2. The systematic errors for this uncertainty were studied varying
the background fractions of D*fr, and we obtain 4+0.004, —0.003.

Since sin2¢; and signal shape are fitted simultaneously, the systematic error except
that effect was included in the error of the CP-fitting.

5.4.4 Resolution function of background

Errors of resolution function of background are shown in Table 5.1. We varied these
parameters within the errors independently, and added them in quadrature.

5.4.5 Background fraction in PDF, f;,(At, M)

Background fraction of PDF, fy,, is calculated with distribution functions of AE, M.
and the integrated background fractions as we described in Section 5.1.3. The distribu-
tion functions of AE and beam constrained mass are defined from real data and MC®.

Yung, onap for J/iKs and 9(2S)Ks((2S) — £707) were estimated based on the real data and the
other parameters were obtained from the MC data.
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To estimate systematic errors associated with the choice of parameterization, we varied
the parameters obtained from the MC data by 20 and the parameters obtained from
the real data by +1o, and CP-fit was repeated. A wider range of the uncertainty was
conservatively chosen for parameters obtained from the MC data, taking into account the
possible difference between the MC and real data.

We estimated systematic errors for the integrated background fractions, written in
Table 4.9, varying these parameters by +1c for B — J/¢Kg decay mode and by
+1x (integrated background fraction) for the other decay modes. After the above cal-
culation for each decay mode, we added them in quadrature.

5.4.6 B flight length

The TP constrained fit includes the uncertainty of the B decay point due to B flight
length in the r-¢ plane. The uncertainty is estimated to be ~ 20um assuming a Gaussian
function. The uncertainty was varied by £10um and we repeated the analysis to estimate
the error.

5.4.7 1P drift during an accelerator fill

We know that IP could move up to about +2mm along the Z axis during a run. Since we
fixed the IP position in each accelerator fill, the IP constrained fit includes the uncertainty
of the IP drift. We estimated systematic errors varying the Z position of IP by +2mm
and repeating the analysis.

5.4.8 Asymmetry parameter of background

We assume that proper time distribution of background has no asymmetry, although some
small asymmetry should be allowed in reality. Therefore we estimate systematic errors

for this effect varying asymmetry parameter of background by +0.3 (~ asymmetry for
J/PpK*).

5.4.9 Vertex reconstruction using one track and the IP for tagging-
side

We use the IP constraint for vertex reconstruction of Bop and Bygy. In case that there is

only 1 track available and .,y > 200pm, reconstructed vertex is pulled to the IP position.

We studied this effect using the MC. Then we found that the size of this dependency is

about £100um. Therefore we estimate systematic errors for this effect varying Az of the
B4 vertex reconstructed using 1 track and the IP by £100um and repeating the analysis.

5.4.10 Summary

Table 5.3 lists systematic errors described above. The largest error is due to uncertainty
in the wrong tagging fraction of flavor tagging.
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Adding all the systematic errors in quadrature, we finally obtain

sin2¢; = 0.58703%(stat.) T ad(syst.).

source error
lifetime | 40.012 -0.012

Am | 40.012 -0.012

wrong tagging fraction | +0.089 -0.082

resolution function of signal | 40.005 -0.005
resolution function of background | +0.002 -0.002
signal fraction | +0.010 -0.010

B flight length | +0.017 -0.011

IP drift | +0.011 -0.014

asymmetry of background | +0.008 -0.007

vertex reconstruction for B,y | +0.033 -0.032

total | +0.100 -0.092

Table 5.3: List of systematic errors

5.5 Discussion

The result obtained in the previous sectio is consistent with the region allowed by the
other experimental data and the Standard Model. explained in Chapter 2. We have
calculated the statistical significance of whether this result supports sin2¢; > 0 and
hence provides indication for C'P violation in the B system. Using the Feldman-Cousins
method?, the interval of 0. < sin 2¢; < 0.92 corresponds to 69.0% confidence level, while
we find that the probability of sin2¢; > 0. is 80.4% using the Bayesian method, where
we have assumed that a prior distribution is flat in the physically allowed region. Finally,
if the true value of sin2¢; is zero, the probability of obtaining sin2¢; > 0.58 is 16.1%
assuming the Gaussian uncertainty and simply integrating the Gaussian distribution from
0.58 to infinity.

The uncertainly of sin2¢; is dominated by the statistical contribution. The Belle
experiment is expected to accumulate data with an integrated luminosity of about 30 fb~1
by 2001 summer. By this time, the statistical error will become about 0.25.

The systematic term of the uncertainty of sin2¢; does not dominate the overall un-
certainty of sin2¢;. The main part of the systematic errors is due to the uncertainty
of the wrong tagging fraction of the flavor tagging and due to Z dependence in vertex
reconstruction of By, using one track and the IP. As shown in Appendix A, the uncer-
tainty of the wrong tagging fraction is mainly due to the statistical errors of the fraction
of opposite-flavor events in all the background. For the By,, vertex, this uncertainty can

2The details of the Feldman-Cousins method and Baysian method are described in Appendix C.
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be decreased by tightening selection criteria for tracks if necessary. Therefore we will ex-
pect that systematic errors will not dominate the uncertainty of sin 2¢; in 2001 summer.
With a few years of running, the statistical error will be reduced to be less than 0.1. As
we verified that the systematic error is small and the dominant part of the systematic
error will be also reduced with the larger statistics, this thesis clearly demonstrates the
capability of precision measurement of sin 2¢; at Belle.



Chapter 6

Conclusion

This thesis has described a study of the time-dependent C'P asymmetry using the Belle
detector. A sample of B mesons obtained with the KEKB asymmetric electron-positron
collider operating at the Y(4S5) resonance is used. The analyzed data were taken in
June 1999 - July 2000, corresponding to integrated limunosity of 6.2 fb~! on the T(45)
resonance and to 6.3 x 10¢ BB pairs.

The neutral B meson is fully reconstructed via its decay into a C'P eigenstate: J/9 Kg,
¥(25)Kg, and xaKs. Resolutions of AE and beam constrained mass for J/i¢Kg are
11 MeV and 2.9 MeV/c?, respectively. Background fractions in the signal region are
0.050+0.025 for J/1¢ Kg, 0.04 for 1(25)Kg (1(25) — £T¢7), 0.075 for ¢(25) Ks (¢(25) —
J/rtr™), and 0.15 for x. K.

The flavor of the accompanying B meson is identified mainly from the charge of
high-momentum leptons or kaons among its decay products. The performance of the
flavor tagging was estimated using B — D*{v sample, obtaining the tagging efficiency of
0.510 4 0.016 and the effective tagging efficiency of 0.197503.

Remaining signal candidates of J/¢¥ Kg, ©(25)Kg (¢(2S) — £747), 9(25)Kg (¢(2S) —
J/rtrnT), and xa Ks were 40, 2, 4, and 4 events, respectively.

The time resolution function was measured with sample of fully reconstructed semilep-
tonic neutral B decays. Vertex resolution is estimated to be (11573¢) pm, which is suffi-
cient for the measurement of time-dependent CP asymmetry.

The time interval between the two decays is determined from the distance between
the decay vertices. A maximum likelihood fitting method is used to extract sin 2¢, from
the asymmetry in the time interval distribution of 50 B — charmonium + Kg events. We
obtain

sin 2¢; = 0.5870 25 (stat.) Th e (syst.),

whereas the region allowed by the other experimental data and the Standard Model is
0.50 < sin2¢; < 0.85. Therefore our result is consistent with this allowed region.

The uncertainly of sin2¢; is dominated by the statistical contribution. The Belle
experiment is expected to accumulate data with an integrated luminosity of about 30 fb~1
by 2001 summer. By this time, the statistical error will become about 0.25. We have
verified that the systematic error is small and its dominant part will be also reduced
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with the larger statistics. Thus this thesis clearly demonstrates the capability of precision
measurement of sin2¢; at Belle.



Appendix A

Extraction of wrong tagging fraction

We used B — D*/v decay mode to estimate wrong tagging fraction of flavor tagging,
Wiag as denoted in Section 4.6. We used the decay chain of B — D*{v D*~ — DOr~
DY — K—r* for this study.

In this appendix, we explain estimation of wy,y in detail.

A.1 Reconstruction of B — D*lv

We analyzed the data taken in January 2000 -July 2000. The data corresponds to an
integrated luminosity of 5.4 fb~' on the T(4S) resonance. Hadron event selection is
similar to that for B — charmonium + Kg event selection which is described in Section
4.1 except that Hy/Hy cut is not used.

A.1.1 Requirements for tracks

All the tracks used in D*/v reconstruction are required to be identified as e*, u*, and

K#* and have SVD hits with its impact parameter |dr| < 0.2cm, except for the slow 7=
(7F) from D**.

A.1.2 Reconstruction of D' — K—n+

We reconstruct D** through its decay into D°(D0)7* and D°(DY) into KFn*. Hereafter
charge conjugation is implied. Using K¥7* pair which has an opposite charge to each
other, the invariant mass was defined as follows:

2 2 2
M = (VM + il + M2+ 5P) = I+ el

where My and M, are the nominal mass for the charged kaon and the charged pion,
respectively. D° candidates are selected by requiring,

1.846 < My, < 1.886GeV /c*.

Figure A.1 shows the invariant mass distribution of D° candidates.
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Figure A.1: The invariant mass distributions for D° — K—n*.

A.1.3 Reconstruction of D** — Df

We combine D° candidates with other tracks which have an opposite charge to the kaon
in the D° candidate. We calculate the invariant mass,

2
)

2
Mier = (VM + il + M2+ 150 P) = e + i
where px, is vector sum of momenta of the kaon and the pion in the D° candidate,
Dr, 1s the momentum of the attached pion. We required the mass difference, My;rr =
Myrrn, — Mgy, to be in a region:

0.1434 < Myfs < 0.1474(GeV/c?).

Figure A.2 shows the mass difference distribution. In addition, the D** momentum (pj.)
in the Y (4S5) center-of-mass system (CMS) is required to be p},.. < 2.6 GeV/c so that it
is consistent with a daughter particle from B mesons.
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Figure A.2: The mass difference distribution for D** — D7,

A.1.4 Reconstruction of B — D*/v

D** candidates are combined with uF or e candidates which have opposite charge to
the D**. Lepton candidates are required to satisfy 1.0 < p; < 2.4GeV /c , where pj is the
momentum in the CMS.

To utilize the approximately massless characteristic of the v, we calculate the following
two values in the CMS,

MM? = (Ep— Ep)*— |psl* — |pp=e|? (A1)
C = il (A2)

where Ep and |pp| are the energy and momentum of the B meson in the CMS,
respectively. MM? is the measured missing mass squared. Ep and |pg| are calculated
from he beam energy and nominal B meson mass.

Ep = 5.29GeV/c?
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DB =\ E% — M3 = 325MeV /c

Ep« and |pp+¢| are the sum of the energy and momenta of the D** candidate and lepton
candidate in the CMS. These two quantities are related to the mass of the accompanying
v as.

(A.3)

M, = MM?+ Ccos© (A.4)

PBPD*¢>

where ©

co8Oppppe,

relation,

is the angle between pp and pp+¢. Since ©,,,,., can not be measured and
takes a value ranging between -1 and 1, equation (A.4) leads to the following

PBPD*¢

C > |MM?. (A.5)

We select D*(v candidates satisfying the following relations (in GeV/c?):

C > ———MM?
= 165 ’
1.2
C > MM
- 1.3 ’
C < 0'3(MM2+165)+15
- 295 ‘ o

Figure A.3 shows C' vs. M M? distribution.

A.1.5 Vertex reconstruction of D*/v

First, we fit the D vertex using the kaon and the pion tracks. Then we perform a vertex
fitting of ¢ and D tracks to obtain the B vertex. The slow pion track from D* is not used
in the fit, since it does not help to improve B vertex resolution.

A.1.6 Flavor tagging and vertex reconstruction of tagging-side

In the tagging-side, the vertex reconstruction method and flavor tagging methods are the
same as that of B — charmonium + Kg.
Table A.1 shows the number of events for different tagging methods.

mode | OF events | SF events | Total
high p; 166 56 222
kaon 316 164 480
medium py 29 34 63
slow 7+ 73 59 132

Table A.1: The number of signal event for each flavor tagging mode.
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Figure A.3: The C vs. MM? distribution.

A.2 Estimation of background

Background events for the D*/v decay mode are divided into four categories:

e Combinatoric background in D** reconstruction.

Uncorrelated D**-lepton background. In this class of events the D** and lepton
come from different B mesons.

Correlated D**-lepton background. In this case D** and lepton have the same
parent that can be either a neutral or charged B.

Lepton fakes and continuum events
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A.2.1 D** combinatoric background

This type of background is further divided into two types. One is the combination of
random KTr pairs and any pion including pions from real D**. The other is the com-
bination of a correctly reconstructed D° and a random charged pion. We call the former
type of background K7 combinatoric and the latter D°7 combinatoric.

The Mg, distribution of K7 combinatoric background does not peak at the mass of
D meson. We fitted My distributions of events without flavor tagging with a Gaussian
signal plus linear background for each decay mode. The ratios of the number of the
background events in the signal region to the upper sideband region are calculated. We
define the sideband region as 1.91 < Mg, < 1.96GeV/02. We obtained 0.8 as the ratio.
We count the number of events in the upper sideband region and scale it with this ratio
to estimate this type of background.

The D°7 type of background does not have a peak in the My distribution, but peaks
at the mass of the D® meson. We use the My; s upper sideband region to estimate this type
of background. We use 0.16 < Mg;rs < 0.19Ge\//c2 as this region. We count the number
of events in this My, s; region and subtract the K combinatoric background using the
same method we mentioned above. After that, the number of remaining events is scaled
to the My;s¢ signal region and subtracted as this type of background. The scaling factor
is determined by fitting the My;¢s distribution of events without flavor tagging . Since
the My, s; distribution has a long tail toward the higher Mg ¢ region, we fit the sideband
region with the background function, a(Mg; s — Mﬁ)% + b(Mairs — Mﬁ)% where a and b
are free parameters, and extend it into the signal region. We obtained 0.06667 £ 0.00395
as the scaling factor.

A.2.2 Uncorrelated D*-lepton background

Since the uncorrelated D*-lepton background can have more energy than one B decay,
their M M? can have a smaller value than the signal and correlated background. We use
the region satisfying C' < 0.8 M M?| and M M? < 0 to estimate this type of background.
Except for combinatoric background, the events in this region are expected to be almost
uncorrelated events. We count the number of events in this region and subtract the com-
binatoric background using the same method mentioned above. After that, the remaining
number is scaled to the signal region. The scaling factor is determined with an Monte
Carlo study to be = 0.391 + 0.196.

A.2.3 Correlated D**-lepton background

The correlated D**-lepton background comes from the decay of a charged or neutral B
meson into D**¥[Tv+anything. For the neutral B meson, this background events are able
to be treated as the signal events. For the charged B meson, this background is small.
Therefore this background is negligible in extraction of w,g. This effect is included in
systematic error.
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The number | background | the number

of Signal fraction of sideband
successful in flavor tagging 897 0.18 = 0.05 193
failed in flavor tagging 824 0.14 4+ 0.04 157

Table A.2: The number of D*{v events and background fraction.

A.2.4 Lepton fakes and continuum

Lepton fakes are rare enough to be neglected thanks to the good particle identification
capability of Belle. Continuum events were also studied with about 0.6 fb~! continuum
data. We performed the same analysis with this data sample, then the number of re-
maining events was scaled to the luminosity of Y(4S) resonance. The scaling factor is
9.846.

A.2.5 Selection of background samples

We must decide background shape function to extract w. This function is estimated using
the sideband region of D*/v in the real data. The sideband region is the same as that of
uncorrelated background (C < 0.8/ M M?| and M M? < 0).

A.3 Summary of reconstruction of D*/v decay
Table A.2 lists the number in the events in the signal and sideband region. We measured

wrong tagging fraction using these events.

A.4 Extraction of wrong tagging fraction

A.4.1 Probability density functions

Taking into account the wrong tagging fraction, probability density function (PDF) of
neutral B meson pair with the the opposite flavor (OF") and the same flavor (SF') is given
by,

FJF(At) = / POF (At Raig(At — A )dAT, (A.6)
FiF(AL) = / PLE(AY) Ry (At — At )dAY, (A7)
where,
OF 1 Lo
Pg, (At) = Re 5 (1 + (1 — 2wieg) cos AmpAt) ,
1 _ At
ij(At) = —e 75 (1 —(1—2wy,)cos AmpAt),

47'B
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Raig(At) = fiG(At; py,01) + (1 = f1)G(AL; p2, 02),

o12) = Si2)\/0&p + Oty

At is the proper time, At = Az/cfv, 75 is the lifetime of B°, wy,, is the wrong tagging
fraction of flavor tagging, Am is the mass difference between two mass eigenstates of
B, defined as the equation (2.8), and G(t; u.0) is Gaussian defined as (5.5). PDF for
background is the follows:

Fiy(At) = / Py (At) Ryy(At — At)dAY, (A.8)

Pu(A) = (1— fp)ie_%l—i— £,0(AD),

Rbg(At) = G(At Hbg s Ubg):

_ [ 2 2
Obg = Sbg\/ OGP + Tiag-

A.4.2 Determination of resolution functions

First, resolution function of signal and background, R4, Ry, are determined using B —
D*{v events which were flavor-tagged successfully tagged B flavor. A likelihood function
for fitting resolution functions is as follows:

L = H[(l_fbg> szg(At)+fbngg At HFbg At)

J
NG
Flig(At) = / er e 5 Ryy(At — At)AY,

where fy, is a background fraction. Table A.3 shows the fitted result.

1 | (—0.16 £ 0.11) ps

Sy 0.955912
signal | fi 0.93870-52

H2 (—3.1% 4) ps

S, 5.8t :

tyy | (—0.12 £ +O 16) ps

background | Sy, 1.511033
Thg (162+8 %3) ps
fy 0217537

Table A.3: Parameters of resolution functions for signal and background.

A.4.3 Measurement of wy,,
The PDF used in the fitting is as follows,

For(At) = (1= fog) F3r (At) + for fogFog(At),

Fsp(At) = (1~ fi) FAF(AL) + (1= for) fuFrg(A1), (4.9)
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where fi, is a background fraction and for is the OF state fraction of background. We
estimated for with the real data, and obtained to be for = 0.6144 + 0.1383.

A likelihood function is

A.5 Systematic errors for the estimation of wrong
tagging fraction

A.5.1 Physics parameters

The world average value of the B meson lifetime is [19]

75 = (1.548 4+ 0.032) x 10~ ?sec. (A.11)

We estimated the systematic error from B lifetime by varying the lifetime of B meson
within the error shown above.

The effect of B%-B° mixing parameter, Am, was also estimated with the same method.
The world average value is

Am = (0.472 £0.017) x 10** st (A.12)

A.5.2 Signal and background resolution functions

Resolution functions of signal and background are obtained from the simultaneous fit of
the proper time distribution of B — D*{v sample. Error of the parameters of resolution
functions is estimated in Table A.3. We varied these parameters within its errors inde-
pendently, and we refit the resolution functions with all the others floated. Using the
modified resolution function obtained we finally refit the wrong tagging fraction.

A.5.3 Background fraction, f;, and for

We varied these parameters within its errors independently, and we first refit the resolution
functions and then refit the wrong tagging fraction.

A.5.4 Correlated background from the decay of a charged B
meson
Correlated background from the decay of a charged B meson was negligible. The difference

between wrong tagging fractions with and without taking into account of this background
is included in the systematic error.
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A.5.5 B flight length

The IP constrained fit includes the uncertainty of the B decay point due to B flight
length in the r-¢ plane. The uncertainty is estimated to be ~ 20um assuming a Gaussian
function. The uncertainty was varied by £10um and we repeated the analysis to estimate

the error.

A.5.6 Summary

Table A.4 lists systematic errors described above. The largest error is due to uncertainty

1Uo

in the for.
high p; K+ medium pj slow 7+
Wiag 0.081 0.212 0.415 0.362
Statistics +0.0433  -0.0396 | +0.0346 -0.0334 | 40.1002  -0.0973 | +0.0696 -0.0677
Systematic +0.0394 -0.0395 | +0.0370 -0.0362 | +0.0419  -0.0354 | +0.0372 -0.0370
Lifetime | 4-0.0011 -0.0009 | +0.0016 -0.0013 | +-0.0063 -0.0060 | +0.0034 -0.0032
AMpg | +0.0054 -0.0049 | +0.0042 -0.0038 | +0.0090 -0.0088 | +0.0051 -0.0050
Rsig | +0.0026 -0.0026 | +0.0044 -0.0034 | +0.0019 -0.0015 | 4+0.0093 -0.0079
Ry | +0.0064 -0.0065 | +0.0042 -0.0055 | +0.0014 -0.0007 | +0.0025 -0.0017
fog | +0.0161 -0.0176 | +0.0077 -0.0087 | +0.0031 -0.0026 | +0.0006 -0.0008
for | 40.0347 -0.0343 | +0.0344 -0.0343 | +0.036 -0.0335 | +0.0354 -0.0355
correlated BG | +0.004 -0.000 | 40.008 -0.000 | +0.013  -0.000 | -+0.000 -0.003
B flight length | 40.000 -0.0006 | +0.0003 -0.0004 | +0.0003 -0.00055 | 4+-0.0006 -0.0007
| Total | +0.059  -0.052 | +0.051 -0.049 | +0.109 -0.105 [ 40.079 -0.077 |

Table A.4: Error estimation of wrong tagging fraction for each flavor tagging method



Appendix B

Fit AE and M. distributions for
BY — 9(25)Kg and B' — 1 Kg

When we calculate the background fraction for each event, the distribution functions
of AE and M,. are used as we mentioned in Section 5.1.3. For B — (25)Kg and
B® — Y. Kg, these functions are estimated from Monte Carlo data. These distributions
are shown in Figure B.1-B.3.
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Figure B.1: Results from fitting AE and M, distributions for B® — 1(25)Kg, 1(25) —
¢t0~. Top-left figure shows M. distribution from MC and top-right figure shows My,
distribution from real data. Bottom-left figure shows AFE distribution from MC and
bottom-right figure shows AFE distribution from real data.
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Figure B.2: Results from fitting AE and M, distributions for B® — (25)Kg, 1(25) —
J/rtrn~. Top-left figure shows M. distribution from MC and top-right figure shows
M, distribution from real data. Bottom-left figure shows AFE distribution from MC and
bottom-right figure shows AFE distribution from real data.
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Appendix C

Statistics

C.1 Bayesian method

Bayes’ theorem plays an important role to explain Bayesian method. Hence brief intro-
duction of Bayes’ theorem is given first.

The marginal probability density function (PDF) of x (the distribution of z with y
unobserved) is

Py(x) = /_O:o flz,y)dy, (C.1)

and similarly for the marginal PDF Py(y). We define the conditional PDF of z, given
fixed y, by

filylz) Pi(z) = f(z,y). (C.2)
Similarly, the conditional PDF of y, given fixed z, is
fo(zly) Pa(y) = f(z,y). (C.3)

From these definitions we immediately obtain Bayes’ theorem[64]:

fAlylz)Pi(z) _ filyle)P(e)
Py(y) I filylz) P(z)dx

Next, we introduce how to get confidence intervals in the Bayesian method. Suppose
that we wish to make an inference about a parameter o whose true value is fixed but
unknown. Assume that we do this by making a single measurement of an observable x
such that the PDF for obtaining the value x depends on the unknown parameter « in a
known way: we call this PDF f(z|a). (Note that x needs not be a measurement of «,
though that is often the case; x just needs to be some observable whose PDF depends
on «.) Our measurements provide f(z|a), while we really want to know g(«|z), which
tells us that, given our measurement z, the “true answer” « lies between o and o + do
with probability g(a|x)da. The connection is provided by the Bayes’ theorem expressed
by equation (C.4):

falzly) = (C4)

__J@lo)P@)
olalr) = 4 e (©5)
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b=
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Possible experimental values x

Figure C.1: Confidence intervals for a single unknown parameter o. One might think of
the PDF f(x|a) as being plotted out of the paper as a function of x along each horizontal
line of constant a. The domain D(e) contains a fraction € of the area under each of these
functions.

where P(«) is called prior PDF. A Bayesian interval [aq, as] corresponding to a confidence
level € can be constructed by requiring

a2
/ g(a|z)doy = €. (C.6)
a1

The Bayesian concept of probability is not based on limiting frequencies, but is more
general and includes degrees of belief. It can therefore be used for experiments which
cannot be repeated, where a frequency definition of probability would not be applicable
(for example, one can consider the probability that it will rain tomorrow). Bayesian
methods also allow for a natural way to input additional information such as physical
boundaries and subjective information; in fact they require as input the prior distribution
for any parameter to be estimated.

The Bayesian methodology, while well adapted to decision-making situations, is not
in general appropriate for the objective presentation of experimental data. Nonetheless it
is often used with the flat prior PDF which is still useful when one compares more than
one experiments.
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C.2 Feldman-Cousins method

Frequentist intervals are obtained with a construction due to Neyman[65]. Feldman-
Cousins method is more general method than Neyman one. This method produces con-
fidence intervals with better properties in the neighborhood of a physical limit.

We consider the parameter a whose true value is fixed but unknown. The properties
of our experimental apparatus are expressed in the function f(x|a) which gives the prob-
ability of observing data x if the true value of the parameter is «. This function must be
known in order to interpret the results of an experiment. For a large complex experiment,
f is usually determined numerically using Monte Carlo simulation.

Given f(x|a), we can find for every value of «, two values x;(a, e) and x2(a, €) such
that o

P(ry <z <zola) =¢ = / f(z|a)dz. (C.7)
1

This is shown graphically in Figure C.1[19]: a horizontal line segment [z1(a, €), z2(a, £)]
is drawn for representative value of a. The union of all intervals [z;(«, €), z2(a, €)], des-
ignated in the figure as the domain D(¢), is known as the confidence belt. Typically
the curves x1(«, ) and x2(a, ) are monotonic functions of a, which we assume for this
discussion.

Upon performing an experiment to measure x and obtaining the value xy, one draws a
vertical line through xy on the horizontal axis. The confidence interval for « is the union
of all values of « for which the corresponding line segment [z1(«, €), z2(, €)] is intercepted
by this vertical line. The confidence interval is an interval [a;(xg), aa(20)], where aq(xg)
and as (o) are on the boundary of D(eg). Thus the boundaries of D(g) can be considered
to be functions z(«) when constructing D, and then to be functions a(z) when reading
off confidence intervals.

Now suppose that some unknown particular value of «, say aq (indicated in the figure),
is the true value of a. We see from the figure that o lies between a;(z) and as(z) if and
only if z lies between x1(ap) and x2(ap). Therefore we can write:

Plzi(ap) <z < z2(ap)] = & = Plae(z) < ap < o (2)]. (C.8)

And since, by construction, this is true for any value «g, we can drop the subscript 0 and
obtain the confidence interval:

Plas(z) < a < aq(x)] = e. (C.9)

Method to determine x; and xy is different between the Neyman method and the
Feldman-Cousins one. We explain how to determine z; and z» in the Feldman-Cousins
in the following.

As an example, we consider that « is physically bounded to non-negative values, and
conditional PDF f(z|«) is described by the Gaussian function with known fixed r.m.s.
deviation o. In convenience, we set o to unity, ¢.e.:

P(z|a) = exp(—(z — a)?/2). (C.10)

1
\ 21
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For the particular z, we let apes: be the physically allowed value of a for which P(z|«)
is maximum. Then

z, x>0,
Mpest = { 0, T < 0, (Cll)
L’ x>0,
p(‘T’&best) = { g{?—mg/Z) z <0 (C12)
\/ﬁ ’ )

We then compute R using the equation (C.10) and (C.12):
P(z|a) exp(—(z —a)?/2), >0
— — ’ = C.13
k() P(x|tpest) { exp(ra —a?/2), x <0, ( )

For a given value of «, we find the interval [z, 25| such that R(z1) = R(z2) and the
equation (C.7).

In this probability statement, a; and s are the random variables (not «/), and we can
verify that the statement is true, as a limiting ratio of frequencies in random experiments,
for any assumed value of a. In a particular real experiment, the numerical values a; and
as are determined by applying the algorithm to the real data. Note that the probability
statement is often misinterpreted to be a statement about the true value « for that one
needs to have the prior distribution P(«) which is objectively unknown. It should be
interpreted as the probability of obtaining values a7 and s which include the true value
of a, in an ensemble of identical experiments.

The detail of the Feldman-Cousins method is described in [66].
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