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Abstract

We present measurements of the polarization parameters andCP-violating asymmetries in
B 0 ! D � + D �� decays using a 140 fb� 1 data sample collected at the �(4S) resonance with
the Belle detector at the KEKB energy-asymmetrice+ e� collider. The B 0 ! D � + D ��

decay is governed by theb ! c�cdtransition and provides a unique way to test the Standard
Model. We collect 130 fully reconstructed neutralB meson signals via theB 0 ! D � + D ��

decay mode. TheB 0 ! D � + D �� decay is a mixture ofCP-even andCP-odd components
as theD � + D �� system is a superposition ofS-, P-, and D-waves. We measure the fraction
of each decay amplitude to extractCP asymmetry parameters correctly. We obtain the
following polarization parameters:

R? = 0:19� 0:08(stat) � 0:01(syst);

R0 = 0:57� 0:08(stat) � 0:01(syst):

The results suggest that the fraction ofCP-odd component (R? ) is small. Using these
fractions of polarization components,CP asymmetry parameters are extracted from the
proper time di�erence distribution of B meson decays, which is obtained from the distance
between decay vertices of pair-producedB mesons. The avor of the accompanyingB
meson is determined from inclusive properties of its decay products. We obtain:

SD � + D �� = � 0:75� 0:56(stat) � 0:12(syst);

A D � + D �� = � 0:26� 0:26(stat) � 0:06(syst):

These are the �rst measurement at Belle, and are consistent with the Standard Model
expectations. Thus this thesis establishes the analysis method of CP asymmetry mea-
surements in the case we need elaborate angular analyses. More precise measurements
of this process with larger statistics in the future will enable us to test whether a new
physics e�ect is seen in theb ! c�cd transition.
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Chapter 1

Introduction

1.1 Motivation

A concept of symmetry has been playing a central role to understand the nature in terms
of modern physics. For example, conservation of energy is led from a time-translation
symmetry by the Noether's theorem. We sometimes realize, however, that such symmetry
is broken. An example is parity violation in weak interactions, which is an asymmetry
between left and right. It does not mean an imperfection of the nature but an imperfection
of understanding of the nature we had before the discovery ofparity violation. The
observation of parity violation helped us to �nd out the mechanism of the weak interaction.
Studies of asymmetries are important to deepen our understanding of the nature.

The CP asymmetry, which arises from the essential di�erence between matter and
anti-matter, is particularly important among such asymmetries, since it is closely related
to the fundamental structure of both microscopic and macroscopic world. CP violation
was experimentally discovered in 1964 in the neutral Kaon system [1]. There was no
physicist who expected such a result until the moment. This completely unexpected
result opened a new era of avor physics.

In 1973, Kobayashi and Maskawa made a proposal which is knownas the Kobayashi-
Maskawa (KM) mechanism [2]. It explained the origin ofCP violation with six quarks in
the Glashow-Weinberg-Salam (GWS) framework [3]. In this model, CP violation arises
from an irreducible complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark-
mixing matrix. Today we call a group of theories based on GWS,CKM and Quantum
Chromo Dynamics (QCD) the Standard Model (SM). Though the SMhas been supported
by many experiments [4, 5, 6] over 30 years,CP violation had been observed only in the
neutral Kaon system. In 1980, Bigi, Carter and Sanda [7] pointed out that the neutral
B-meson system can have a large time-dependentCP asymmetry induced by theB 0-B 0

mixing. Two B factories, experiments to observeCP violation in the B-meson system
with a high luminosity, were proposed and constructed in Japan and U.S.A.. In 2001,
Belle [8] and BaBar [9] collaborations observedCP violation in the b ! c�cs transition as
expected by the SM.

Although this result strongly supports that the source ofCP violation is dominated by
the SM framework, many tests remain before one can conclude that the KM phase is the
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only source ofCP violation. It is unlikely that the SM is the ultimate model to describe
the nature, because there are many open questions in the SM. Examples include the origin
of three generations, similar but di�erent characteristics of leptons and quarks, and many
free parameters. Many models beyond the SM, such as models based on Supersymmetry
(SUSY) and Grand Uni�ed Theories (GUT), have been proposed to solve these issues.
These models in general expect more than one source ofCP violation, whereas the SM
has the only one KM phase.CP violation is expected to be a good probe for con�rming
the SM or detecting new physics beyond the SM.

Another reason that we should investigateCP violation is in the Cosmology. In 1967,
Sakharov pointed out [10] thatCP violation is essential for our universe to evolve from
the Big-Bang to the present �gure. However, the magnitude ofCP violation in the SM is
too small to generate this matter-dominant universe [11]. Anew source ofCP violation
can be a breakthrough to resolve this issue.

Because most of new physics models are not sensitive to theb ! c�cs transition,
measurements ofCP asymmetries with di�erent decay processes, such asb ! c�cd, b ! sq�q
and b ! s , are important. B 0 ! D � + D �� is a suitable mode for this purpose. It
is dominated by the b ! c�cd transition, having a large branching fraction (� 0:1%)
and a possibility of a sizable contribution from the loop diagrams (called the penguin
diagrams [12]). In the SM framework, theCP asymmetry of this mode should not be far
from that of the b ! c�cs transition. Thus a large discrepancy from the SM prediction
suggests existence of new physics beyond the SM.

The goal of this thesis is to present a measurement of time-dependentCP asymmetries
in the B 0 ! D � + D �� decay. The outline of this thesis follows: In chapter 2, we show
the principle of the measurement for time-dependentCP asymmetries. The experimental
apparatus is described in chapter 3. In chapter 4, we explainthe D � + D �� selection
method. Polarization should be measured before theCP analysis to disentangle states
with di�erent CP parities. Its measurement is shown in chapter 5. In chapter 6, we
explain in detail the method of the time-dependentCP asymmetry measurements and
show the results. Chapter 7 is devoted to discussions on our results. Finally, conclusion
is given in Chapter 8.

In this introduction, we describe phenomenology of time-dependent CP violation in
B decays to aCP eigenstate. We also de�neCP asymmetry parametersSCP and A CP .
We then de�ne the Unitarity Triangle in the SM framework and show present constraints
on it. After that we explain characteristics ofb ! c�cd transitions and show advantages
of the B 0 ! D � + D �� mode in terms of the clean measurement ofCP asymmetries. In
section 1.5, we discuss expectations onSCP and A CP in and beyond the SM. In section
1.6, we describe a time-dependent di�erential decay rate that contains information on
polarization.
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1.2 Phenomenology of time-dependent CP violation
in B decays

1.2.1 Time evolution of the neutral B mesons

A neutral Bd meson produced by the strong interaction is a pure avor eigenstate, (bd)
or (bd). The former is denoted byB 0 and the latter is by B 0 [13]. Generally, if mass
eigenstates and avor eigenstates are di�erent, time-dependent oscillation occurs. Here,
time evolution of the neutral B meson state at timet is given by an admixture of pure
B 0 and B 0:

jB (t)i = a(t)jB 0i + b(t)jB 0i : (1.1)

The time-dependent Schr•odinger equation is:

i
d
dt

�
a(t)
b(t)

�
= H

�
a(t)
b(t);

�
; (1.2)

where HamiltonianH is denoted as:

H = M �
i
2

� =
�

M11 � i
2 � 11 M12 � i

2 � 12

M21 � i
2 � 21 M22 � i

2 � 22

�
: (1.3)

M and � are the mass matrix and the decay matrix, respectively.M21 = M �
12 and � 21 =

� �
12 are required from the de�nition of Hermitian matrices. CP T invariance assumption

guaranteesM � M11 = M22 and � � � 11 = � 22. Eigenvalues� � of this Hamiltonian are
obtained as:

� � = M �
i
2

� �

r

(M12 �
i
2

� 12)(M �
12 �

i
2

� �
12): (1.4)

Both mass eigenstates can be described by mixing parametersq and p:

jB1i = pjB 0i + qjB 0i for � + ;

jB2i = pjB 0i � qjB 0i for � � ;
(1.5)

with

q
p

=

s
M �

12 � i
2 � �

12

M12 � i
2 � 12

: (1.6)

and jpj2 + jqj2 = 1. Mass eigenstates ofB mesons are denoted byB1 (m1; � 1) and
B2 (m2; � 2), where m1 (m2) and � 1 (� 2) are the mass and decay rate ofB1 (B2). They
are given by:

m1 = < � + ; � 1 = � 2= � + ;

m2 = < � � ; � 2 = � 2= � � ;
(1.7)
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For convenience, we de�ne a mass di�erence �m, a decay rate di�erence ��, an averaged
massm and an averaged decay rate�, respectively:

� m � m2 � m1;

�� � � 1 � � 2;

m �
m1 + m2

2
;

� �
� 1 + � 2

2
:

(1.8)

Time evolution of B1 and B2 is written as:

jB1(t)i = e� i� + t jB1i = e� im 1 t � � 1 t=2jB1i ;

jB2(t)i = e� i� � t jB2i = e� im 2 t � � 2 t=2jB2i :
(1.9)

From Eq. (1.5) to (1.9), time evolution of bothB 0 and B 0 is acquired:

jB 0(t)i = g+ (t)jB 0i +
q
p

g� (t)jB 0i ;

jB 0(t)i = g+ (t)jB 0i +
p
q

g� (t)jB 0i ;
(1.10)

where

g� (t) =
1
2

e� im 1 t � e� � 1 t=2

�
1 � e� i � mt � e�� t=2

�

=
1
2

e� i mt � e� � t=2

�
ei � mt= 2 � e� �� t=4 � e� i � mt= 2 � e�� t=4

�
:

(1.11)

Since �� =� � O (10� 3) in the neutral Bd system, we take �� = 0 in the following, and
rede�ne B decay rate � � � = � 1 = � 2. Equation (1.11) then becomes:

g� (t) = e� i mt � e� � t=2

�
ei � mt= 2 � e� i � mt= 2

2

�
: (1.12)

Finally, time evolution of both B 0 and B 0 is:

jB 0(t)i = e� � t=2

�
cos

� mt
2

jB 0i + i
q
p

sin
� mt

2
jB 0i

�
;

jB 0(t)i = e� � t=2

�
cos

� mt
2

jB 0i + i
p
q

sin
� mt

2
jB 0i

�
;

(1.13)

where factore� i mt is canceled by a phase convention.
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1.2.2 Time-dependent CP violation

We consider the case thatB 0 and B 0 mesons decay into a same �nal statef CP that is a
CP eigenstate. Decay amplitudes are de�ned by

ACP � h f CP jH jB 0i ;

ACP � h f CP jH jB 0i :
(1.14)

Each time-dependent decay amplitude is written by using Eq.(1.13) as :

ACP (t) = ACP e� � t=2[cos
� mt

2
+ i� CP sin

� mt
2

];

ACP (t) = ACP e� � t=2[cos
� mt

2
+ i� � 1

CP sin
� mt

2
];

(1.15)

where we de�ne

� CP �
q
p

�
ACP

ACP
: (1.16)

As explained later, jq=pj � 1 holds in the neutral Bd system within the SM framework.
Therefore j� CP j2 = jACP j2=jACP j2 holds.

The time-dependent decay rates are then written as:

�( B 0(t) ! f CP ) �jh f CP jH jB 0(t)ij 2

=
e� � t

2
jACP j2

�
(j� CP j2 + 1) � (j� CP j2 � 1) cos � mt � 2= � CP sin � mt

�
;

�( B 0(t) ! f CP ) �jh f CP jH jB 0(t)ij 2

=
e� � t

2
jACP j2

�
(j� � 1

CP j2 + 1) � (j� � 1
CP j2 � 1) cos � mt � 2= � � 1

CP sin � mt
�

=
e� � t

2
jACP j2

�
(j� CP j2 + 1) + ( j� CP j2 � 1) cos � mt + 2= � CP sin � mt

�
:

(1.17)

The time-dependentCP asymmetry is de�ned as:

aCP (t) �
�( B 0(t) ! f CP ) � �( B 0(t) ! f CP )

�( B 0(t) ! f CP ) + �( B 0(t) ! f CP )

=
(j� CP j2 � 1) cos � mt + 2= � CP sin � mt

j� CP j2 + 1
= A CP cos � mt + SCP sin � mt;

(1.18)

where we de�neCP asymmetry parameters

SCP �
2= � CP

j� CP j2 + 1
;

A CP �
j� CP j2 � 1
j� CP j2 + 1

:
(1.19)
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1.2.3 Meaning of CP asymmetry parameters

jq=pj � 1 means thatq=p� e� i� M , where � M is a CP-violating weak phase di�erence in
the mixing. ACP =ACP can also have a weak phase di�erence� D and also an amplitude
ratio r � j ACP =ACP j. Then Eq. (1.16) becomes:

� CP = ( e� i� M ) � (r � e� i� D ) = r � e� i (� M + � D ) : (1.20)

Equation (1.20) means that we have two sources ofCP violation. One source is
existence of the decay amplitude di�erence (r 6= 1). It makes j� CP j 6= 1, then A CP 6= 0 in
Eq. (1.19). This type ofCP asymmetry is called \direct CP violation". Another source
is existence of the phase interference (� M + � D 6= 0). It makes = � CP 6= 0, then SCP 6= 0
in Eq. (1.19). This type of CP asymmetry is called \mixing-inducedCP violation".

In the rest of this thesis, we discussCP violation with these CP asymmetry parame-
ters, SCP and A CP .

1.3 CKM Matrix and Unitarity Triangle

In the SM framework, left-handed quarks form three doubletsunder the weak SU(2)
interaction:

�
u
d0

�

L

�
c
s0

�

L

�
t
b0

�

L

: (1.21)

The weak eigenstates (d0; s0; b0) are a linear combination of the mass eigenstates (d; s; b):
0

@
d0

s0

b0

1

A = V CKM

0

@
d
s
b

1

A �

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

0

@
d
s
b

1

A ; (1.22)

whereV CKM , a 3� 3 unitarity matrix, is called the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [2]. The Wolfenstein parametrization [19] is convenient to grasp a character of this
matrix:

V CKM =

0

@
1 � � 2=2 � A� 3(� � i� )

� � 1 � � 2=2 A� 2

A� 3(1 � � � i� ) � A� 2 1

1

A + O(� 4): (1.23)

HereA; � and � are real parameters and� = sin � C � 0:22, where� C is called the Cabibbo
angle [20]. Vub and Vtd are in particular interesting, because their complex phases make
weak interaction violateCP symmetries. Another interesting character is unitarity ofthe
matrix,

P
j Vij V �

kj =
P

j V �
ji Vjk = 0 ( i 6= k). The most useful relation among six of them

is:

VudV �
ub + VcdV �

cb + VtdV �
tb = 0: (1.24)

Equation (1.24) can be expressed as a triangle in the complexplane, which is called the
\Unitarity Triangle". It is convenient to normalize Eq. (1. 24) by jVcdV �

cbj, since one side is
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aligned to the real axis and its length becomes one. Then the coordinates of the vertices
of the triangle are: (0; 0), (1; 0) and (�; � ), where

� �
�

1 �
� 2

2

�
�;

� �
�

1 �
� 2

2

�
�:

(1.25)

Figure 1.1 shows the rescaled Unitarity Triangle, where

� 1 � � � arg
�

� V �
tbVtd

� V �
cbVcd

�
;

� 2 � arg
�

V �
tbVtd

� V �
ubVud

�
;

� 3 � arg
�

V �
ubVud

� V �
cbVcd

�
(1.26)

are three angles of the triangle. As described later in this chapter, non-zero values for
� 1; � 2 and � 3 are directly connected to observableCP asymmetries.

Figure 1.1: Rescaled Unitarity triangle.

1.3.1 B 0-B 0 mixing in the Standard Model

In the SM, B 0 and B 0 can mix through the second order weak interactions known as the
\box-diagram" (Fig. 1.2). Now this B 0-B 0 mixing is described in terms of CKM matrix
elements. Theoretical computations indicate [21],

M12 / (VtbV �
td )2m2

t ;

� 12 / (VubV �
ud + VcbV �

cd)
2m2

b = ( � VtbV �
td )2m2

b;
(1.27)
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wheremt (mb) is the top (bottom) quark mass.
This is qualitatively explained as follows: Since the intermediate state ofB 0-B 0 mixing

is dominated by the virtual top quark that is the heaviest quark, M12 is governed bymt .
On the contrary, B 0 (B 0) should decay to particles lighter than the bottom quark. With
an approximation that the masses of charm quark and other light quarks are well below
mb, � 12 is determined bymb. Thus we obtain

�
�
�
�

� 12

M12

�
�
�
� � O

�
m2

b

m2
t

�
� 1: (1.28)

With this condition, Eq. (1.6) becomes:

q
p

=

r
M �

12

M12
+ O

�
� 12

M12

�

'
V �

tbVtd

VtbV �
td

:
(1.29)

Then jq=pj � 1 holds.

Figure 1.2: box-diagrams for theB 0-B 0 mixing.

1.3.2 CP violation in B 0 ! J= K 0
S Decay

A CP asymmetry parameter, sin 2� 1, has been measured withb ! c�cs modes, in par-
ticular, B 0 ! J= K 0

S decays. A remarkable feature ofJ= K 0
S is its very small hadronic

uncertainties in the SM framework.
In the CKM matrix [Eq. (1.23)], their amplitudes are approximated by the power of

� . A larger amplitude is called CKM-allowed and a smaller is called CKM-suppressed.
Furthermore, internal spectator diagrams like Fig. 1.3 aresuppressed since the internal
vertex should cancel the color of the spectator. This is called a color-suppressed decay,
and external spectator diagrams are called color-allowed decays.

The tree diagram of theB 0 ! J= K 0
S decay [Fig. 1.3 (left)] is color-suppressed and

CKM-allowed. Though the loop diagrams withc and t virtual quarks have the same order
of CKM matrix elements as the tree diagram, their weak phase is also the same as the tree
diagram. Therefore measuredCP asymmetry is not a�ected. Only a loop diagram includ-
ing a virtual u quark has a di�erent weak phase. But this diagram is CKM-suppressed
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by O(� 2) compared to the tree diagram. Moreover, additional suppression arises from
generating a heavy color singletc�c pair from gluons and to makeJ= . Therefore the
penguin pollution is negligible and only one weak phase contributes to CP violation. As
a result, mixing inducedCP asymmetry parameterSJ= K 0

S
should be equal to sin 2� 1 to

a good approximation.

Figure 1.3: Left (right): B 0 ! J= K 0
S tree (penguin) diagram. The tree diagram is

color-suppressed due to the internal vertex.

The present1 world average of theCP asymmetry parameter is

sin 2� 1 = 0:731� 0:056 [13]: (1.30)

In the rest of this paper, we regard this value as the reference of sin 2� 1. Figure 1.4 shows
the current unitarity triangle constraints obtained from various experiments including
sin 2� 1 measurements.

1.4 B 0 ! D � + D �� Decay Amplitude

As mentioned previously, a measurement of time-dependentCP asymmetries via the
b ! c�cd [14] transition is important to check the consistency of theSM framework and
to search for new physics beyond the SM. In this section, we �rst show the detailed
reason whyb ! c�cd is suitable for such tasks. Then we explain special featuresof the
B 0 ! D � + D �� mode.

One of common characteristics over allb ! c�cd modes is that they are sensitive to
the CP asymmetry parameter sin 2� 1. Although b ! c�cs is also sensitive to sin 2� 1, com-
parison with di�erent quark transitions is an important test to check the SM consistency.
There are some new physics models [15] that expect sizableCP asymmetry corrections
from the dominant phase (=� 1 for b ! c�cd) up to 0.6.

Promising �nal states of suchb ! c�cd modes includeB 0 ! D + D � , B 0 ! D �� D � ,
B 0 ! D � + D �� and B 0 ! J= � 0 etc. Table 1.1 summarizes characteristics of these
modes.

1In August 2004, Particle Data Group published the latest version of the review of particle properties.
These numbers are almost the same as those in the previous review [13]. Therefore, in this paper, we use
the numbers taken from [13].
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constraints obtained from various experiments in the� � � plane are plotted. The mixing
parameter � md (� ms) in the Bd (Bs) system, CKM matrix element jVub=Vcbj, the CP
violation parameter� K in the neutral K meson system, theCP violation parametersin 2� 1

in the neutral B meson system are plotted. The four bands crossing at (1, 0) represents
sin 2� 1 measurements includingB 0 ! J= K 0

S.

Figure 1.5: Left (right): B 0 ! D � + D �� tree (penguin) diagram. The tree diagram
dominates the total decay amplitude. The strong penguin is dominant for the penguin
diagram. The electroweak penguin and the exchange diagram are negligible since their
contribution is at most a few % of the strong penguin.
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The color-allowedD (� )D (� ) decays have relatively large branching fractions ofB �
0:1%. A color-suppressed decays likeJ= � 0 can have the same order of sensitivity owing
to higher reconstruction e�ciencies.

Both tree and penguin amplitudes are CKM-suppressed with the same order of CKM
factors [O(� 3)]. Since new physics e�ects can enter in both tree and penguin diagrams in
the b ! c�cddecay, a new physics model that is not CKM-suppressed may give a relatively
large enhancement to measuredCP asymmetries. Furthermore, the penguin diagram in
the SM framework has a di�erent weak phase from the tree diagram. As explained later,
magnitude of a penguin diagram with a di�erent weak phase maymake a sizable pollution
in the measuredCP asymmetry and may cause large uncertainty in the SM expectation.

Among various b ! c�cd decays,B 0 ! D � + D �� decay has advantages. First, the
penguin pollution is expected to be relatively small, at a few% level due to the vector-
vector decay [16]. Second, it is experimentally clean, since there is few background from
genericB �B decays, due to the high purity ofD �� mesons.

The vector-vector decay feature also makes theD � + D �� �nal state a mixture of CP-
even andCP-odd components. Although it gives some dilution to a measured CP asym-
metry, we can extract correctCP-violation parameters by knowing the fraction of each
component. This technique is called the angular analysis [17]. The CP-odd fraction is
expected to be about 5:5% in the SM [18].

Decay mode Color CKM Decay type Branching fraction (� 10� 4) [13]
D + D � A S PP < 9:4(90%CL)

D � + D � + D + D �� A S VP+PV 11:7 � 3:5
D � + D �� A S VV 8:7 � 1:8
J= � 0 S S VP 0:22� 0:04
J= K 0

S S A VP (8:5 � 0:5) � 1=2

Table 1.1: Characteristics ofb ! c�cd transitions available for time-dependentCP asym-
metry measurements. J= K 0

S is also shown for comparison.A (S) means an allowed
(suppressed) decay andP (V) means a Pseudo-scalar (Vector) particle.

1.5 CP violation in B 0 ! D � + D ��

1.5.1 The simplest case

We �rst discuss the simplest case where the dominant amplitude in the D � + D �� decay is
the tree diagram (Fig. 1.5). In this case, only one CKM phase appears in decay amplitudes:

A(D � + D ��
i ) �h D � + D ��

i jH e� jB 0i � VcdV �
cb � M i ;

A(D � + D ��
i ) �h D � + D ��

i jH e� jB 0i � V �
cdVcb � M i ;

(1.31)

whereD � + D ��
i is a �nal state of D � + D �� which has a �xed angular momentum,i , and

thus is a CP eigenstate, andM i is a matrix element for each �nal state.
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From Eq. (1.16) and (1.29), we obtain

� i =
q
p

�
A(D � + D ��

i )
A(D � + D ��

i )

=
VtdV �

tb

V �
tdVtb

�
V �

cdVcbM i

VcdV �
cbM i

= � i e� 2i� 1

(1.32)

where � i is the CP parity of each �nal state. CP asymmetry parameters [Eq. (1.19)]
become:

SD � + D �� i = � � i sin 2� 1;

A D � + D �� i = 0:
(1.33)

This result is exactly the same as theJ= K 0
S case and there is no directCP violation

(j� i j = 1) in this decay, because only one weak phase is involved.

1.5.2 More than one phase in the Standard Model

In the case that penguin diagram cannot be ignored, we have 3 CKM factors in the decay
amplitude to the D � + D �� �nal state:

A(D � + D ��
i ) = hD � + D ��

i jH e� jB 0i = VudV �
ubM

(u)
i + VcdV �

cbM
(c)
i + VtdV �

tbM (t )
i ;

A(D � + D ��
i ) = hD � + D ��

i jH e� jB 0i = V �
udVubM i

(u)
+ V �

cdVcbM i
(c)

+ V �
tdVtbM i

(t )
;
(1.34)

whereM (j )
i (j = u; c; t) are the generic amplitudes apart from the explicitly shownCKM

factors.
Using Eq. (1.24), Eq. (1.34) becomes:

A(D � + D ��
i ) = VcdV �

cbT + VtdV �
tbP

= VcdV �
cbT (1 � jRj e� i� 1ei� );

A(D � + D ��
i ) = V �

cdVcbT + V �
tdVtbP

= V �
cdVcbT (1 � jRj ei� 1ei� );

(1.35)

whereT � M (c)
i �M (u)

i is a tree-dominant amplitude,P � M (t )
i �M (u)

i is a pure penguin
amplitude,

R � �

�
�
�
�
VtdV �

tb

VcdV �
cb

�
�
�
� �

P
T

= jRj e� i� 1 ei�

(1.36)

and � � � P � � T is a strong phase di�erence betweenP and T .
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Using Eq. (1.29) and (1.35),

� i =
q
p

�
A(D � + D ��

i )
A(D � + D ��

i )

=
VtdV �

tb

V �
tdVtb

�
V �

cdVcbT (1 � jRj ei� 1 ei� )
VcdV �

cbT (1 � jRj e� i� 1ei� )

= � i �
e� i� 1 � jRj ei�

ei� 1 � jRj ei�
:

(1.37)

In this case,CP asymmetry parameters [Eq. (1.19)] become:

SD � + D �� i = � i
� sin 2� 1 + 2jRj sin� 1 cos�
1 + jRj 2 � 2jRj cos� 1 cos�

;

A D � + D �� i =
2jRj sin� 1 sin�

1 + jRj 2 � 2jRj cos� 1 cos�
:

(1.38)

Direct CP violation will occur when the penguin amplitude exists (R 6= 0) and the
strong phase di�erence exists (sin� 6= 0).

1.5.3 With new physics beyond the Standard Model

When a new physics term contributes to theD � + D �� decay, the total decay amplitude
can be written as:

A(D � + D ��
i ) = jASM jei� SM ei� SM + jANP jei� N ei� NP

= VcdV �
cbT (1 � jRj e� i� 1 ei� + jN j ei� N ei� N );

A(D � + D ��
i ) = jASM je� i� SM ei� SM + jANP je� i� N ei� NP

= V �
cdVcbT (1 � jRj ei� 1 ei� + jN j e� i� N ei� N );

(1.39)

whereASM (ANP ); � SM (� N ); � SM (� NP ) are the amplitude, CP violating phase andCP
conserving phase of the SM (new physics). In the SM,� SM and � SM correspond to the
weak phase and strong phase, respectively. It is de�ned for convenience asjN j � jA NP j

jVcd V �
cb j

and � N � � NP � � T .
Then the � i becomes:

� i =
q
p

�
A(D � + D ��

i )
A(D � + D ��

i )

= � i �
e� i� 1 � jRj ei� + jN j e� i (� 1+ � N )ei� N

ei� 1 � jRj ei� + jN j ei (� 1+ � N )ei� N
:

(1.40)

As a result, we obtain:

SD � + D �� i = � i [� sin 2� 1 + 2jRj sin� 1 cos� � jN j 2 sin(2� 1 + 2� N )

+ 2 jN jfjRj sin(� 1 + � N ) cos(� � � N ) � sin(2� 1 + � N ) cos� N ]=L;

A D � + D �� i = [2 jRj sin� 1 sin� + 2N fjRj sin(� 1 + � N ) sin(� � � N ) + sin � N sin� N g]=L;

(1.41)
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where

L = 1 + jRj 2 � 2jRj cos� 1 cos�

+ jN j 2 � 2jN jfjRj cos(� 1 + � N ) cos(� � � N ) � cos� N cos� N g:
(1.42)

For small jRj and jN j ,

SD � + D �� i � � i
� sin 2� 1 + 2jRj sin� 1 cos� � 2jN j sin(2� 1 + � N ) cos� N

1 � 2jRj cos� 1 cos� + 2 jN j cos� N cos� N
;

A D � + D �� i �
2jRj sin� 1 sin� + 2 jN j sin� N sin� N

1 � 2jRj cos� 1 cos� + 2 jN j cos� N cos� N
:

(1.43)

From factorization with a heavy quark limit, � � 12� [22] and jRj � 0:02 [16] are
expected. Figure 1.6 showsSD � + D �� and A D � + D �� distribution based on the SM and
beyond the SM assumptions. For an illustration,� N = � is assumed. Since the SM
contribution is relatively small, a large discrepancy fromEq. (1.33) strongly suggests
existence of a new physics term.

1.6 Polarization as a dilution factor to CP analysis

1.6.1 Representations of Polarization

In the previous sections, we assumed that theB 0 ! D � + D �� decay amplitude is domi-
nated by one angular momentum state. In general, however, there can be three possible
eigenvalues,L = 0, 1 or 2, for the angular momentum betweenD � + and D �� .

The polarization of D �� and resulting angular distributions for daughter particles
thus depend on how these three states are mixed. We consider three di�erent bases to
describe the polarization for theB 0 ! D � + D �� decay; the partial wave basis, the helicity
basis and the transversity basis. In the partial wave basis,we use the orbital angular
momentum L to distinguish three orthogonal states. The helicity basisis indexed by the
helicity, which is the spin projection of the daughter particle to its momentum vector.
The transversity basis is indexed by the transversity, which is the spin projection of the
one daughter particle to the normal of the other daughter's decay plane. All of them
are mathematically equivalent, but they have di�erent characteristics in the experimental
points of view. Figure 1.7 (left) shows angular distributions of polarized states on bases
mentioned above. In this section, we describe an overview ofeach basis and relation to
CP parities. Detailed explanations are given in Appendix B.

1.6.2 Partial Wave Basis

When a B meson (spin-0) decays into two vector (spin-1) mesons, three orbital angular
momentum eigenvaluesL = 0; 1; 2 are allowed due to the angular momentum conservation.

A general decay amplitude is given as a superposition of partial wave states:

A tot = sj0; 0i + pj1; 0i + dj2; 0i ; (1.44)
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Figure 1.6: SD � + D �� and A D � + D �� including contributions from the SM (beyond SM) loop
diagrams as a function of� (� N ). Figures on the left columns show the SM expectations
with jRj = 0.0 (solid), 0.02 (dashed), 0.04 (dotted) and 0.06 (dashed-dotted). Vertical
lines indicate a theoretical prediction for� (12� ). Figures on the right column show the
cases beyond the SM,jN j = 0.0 (solid), 0.2 (dashed), 0.4 (dotted), 0.6 (dashed-dotted),
with jRj = 0:02 and � = � N = 12� . Note that the scale for the �gures on the left column
is 1=10 of those in the right column. Since the SM penguin contribution is always small,
it can be neglected. With new physics e�ects,SD � + D �� is enhanced around� N = � 2 and
A D � + D �� is enhanced around� N = � 3.
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wherejL; M i represents a partial wave labeled by the total orbital angular momentum L
and its z componentM . An amplitude of each partial wave is labeled by the spectroscopic
notation, s; p or d.

Let us considerCP transformation for the B ! VV decay in the partial wave basis.
Parity transformation in the B ! VV decay is lead from the following consideration: We
de�ne a B ! VV state as a two body system in theB rest frame

j i � j L; M i =
Z

d3p̂YL
M (p̂)j~p1ij ~p2i ; (1.45)

where j~pi i denotes ani -th particle that has momentum ~pi in the B rest frame, p̂ is a
normalized relativistic momentum vector. The Parity transformation is:

Pj i = � 1� 2

Z
d3p̂YL

M (� p̂)j~p2ij ~p1i

= � 1� 2(� 1)L
Z

d3p̂YL
M (p̂)j~p2ij ~p1i

P12= � 1� 2(� 1)L j i

=( � 1)L j i ;

(1.46)

where � i (i = 1; 2) is the intrinsic parity. We use Y L
M (� p̂) = ( � 1)L Y L

M (p̂) and use the fact
that permutation P12 is symmetric from Bose-Einstein statistics.

To do the C transformation, we note that it is equivalent to a product ofthe spatial
(Parity) transformation P, spin transformationP� and permutation P12. First we rede�ne
B ! VV states as

j i �
Z

d3p̂YL
M (p̂)jq~p1� 1ij q~p2� 2i ; (1.47)

whereq(q) denotes a particle (anti-particle) and� i denotes its spin. Charge transforma-
tion becomes:

Cj i = � C

Z
d3p̂YL

M (p̂)jq~p1� 1ij q~p2� 2i ; (1.48)

where � C is charge parity. Also

 P! � 1� 2(� 1)L
Z

d3p̂YL
M (p̂)jq~p2� 1ij q~p1� 2i

P�! � 1� 2(� 1)L (� 1)S
Z

d3p̂YL
M (p̂)jq~p2� 2ij q~p1� 1i

P12! � 1� 2(� 1)L + S
Z

d3p̂YL
M (p̂)jq~p1� 1ij q~p2� 2i ;

(1.49)

where transformation of the spin part uses the fact that we consider two spin-1 particles.
ThereforeC transformation is:

� C = ( � 1)L + S: (1.50)
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CP parity � CP is a product of Eq. (1.46) and (1.50):

� CP = ( � 1)L ; (1.51)

where we usedJ = L + S = 0 for the B decay.
From Eq. (1.51), we �nd S- and D-waves areCP-even, while P-wave is CP-odd.

It means that the magnitude of measuredCP asymmetry is diluted by oppositeCP
components. In order to avoid this bias, we have to extract decay amplitude of both
CP components with utilizing decay angles that are governed bythe angular momentum.
This is called an angular analysis. Unfortunately, we have di�culty to apply such an
angular analysis in the partial wave basis, since it is not adequate for a relativistic system.
Therefore, we have to adopt a more suitable basis.

Figure 1.7: Angular distributions of each polarized state ofB 0 ! D � + D �� on di�erent
bases. Top, middle, bottom rows correspond to the partial wave basis, the helicity basis
and the transversity basis, respectively. For the partial wave basis,D � + angular distri-
bution are shown. For the helicity and transversity basis, the angular distribution of � +

from D � + are shown. Arrows indicate that two amplitudes are equivalent. Each state in
the transversity basis can be distinguished by� tr and � 1.

1.6.3 Helicity Basis

The partial wave basis has been employed in non-relativistic systems as an e�ective analy-
sis tool. However, in the relativistic system, we meet some di�culty owing to the Lorentz-
boost. For example, an orbital angular momentum is de�ned inthe rest frame of a parent
particle, whereas a spin angular momentum is de�ned at the rest frame of its daughter.
Therefore calculation becomes complicated.

17



If we choose the quantization axis along with the direction of the Lorentz-boost, i.e.
the momentum vector, the de�nition becomes unique everywhere. Then the helicity � ,
the spin projection to the axis, becomes:

� �
~J � ~P

j ~Pj
; (1.52)

where ~J is a total angular momentum vector and~P is a momentum vector. Since it is
invariant under rotation and Lorentz-boost, treatment of angular momentum becomes
easy.

In case ofB ! V1V2 decay, spin-1 daughters y back-to-back along with the decay
axis in the B rest frame. Therefore, allowed helicity states are

(� 1; � 2) = (+1 ; +1) ; (0; 0); (� 1; � 1): (1.53)

We de�ne corresponding helicity amplitudesA � � h f � jH e� jB i , where � = 1; 0; � 1 and
jf � i denotes each helicity state. As seen in Fig. 1.7 (middle),A0 is longitudinal to the
helicity axis and A � is transverse.

P transformation of each helicity amplitude is de�ned in Appendix B:

P A+1 = A � 1; P A0 = A0; P A� 1 = A+1 : (1.54)

Note that jf � 1i are not parity (and alsoCP) eigenstates.
Figures 1.8 (upper) show projected decay angular distributions in the helicity basis.

We �nd that the decay angle cos� 1 and cos� 2 (angles between helicity axes and momenta
of their daughters) are sensitive to longitudinal polarization (A0), but not CP contents.
Information about CP contents is buried in interference terms and is di�cult to betreated
with limited statistics. Therefore, we need to consider a better basis keeping the merit to
use the helicity projection.

1.6.4 Transversity Basis

The transversity basis [17] is introduced by modifying the helicity basis in order to treat
CP information:

A0 (P : +1) ;

Ak �
A+1 + A � 1p

2
(P : +1) ;

A? �
A+1 � A � 1p

2
(P : � 1):

(1.55)

CP transformation is known from Eq. (1.50) and (1.55):

A0 � CP A0 = A0 (CP : +1) ;

Ak � CP Ak = Ak (CP : +1) ;

A? � CP A? = � A? (CP : � 1):
(1.56)
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Figure 1.8: Projected angular distributions onto individual decay angles. Figures in the
upper (lower) row show the helicity (transversity) basis distributions. De�nition of helicity
angles is given in Appendix B. Dashed, dotted, solid curves correspond toA0, A+ (A? ),
A � (Ak), respectively. Di�erent CP components are separated in thecos� tr projection.
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Full angular distribution is also obtained by applying the same procedure to the an-
gular distribution of the helicity basis:

1
�

d3�
dcos� tr dcos� 1d� tr

=
9

32�
1

jA0j2 + jAkj2 + jA? j2
�

4jA0j2 cos2 � 1 sin2 � tr cos2 � tr

+2jAkj2 sin2 � 1 sin2 � tr sin2 � tr

+2jA? j2 sin2 � 1 cos2 � tr

+
p

2< (A �
kA0) sin 2� 1 sin2 � tr sin 2� tr

�
p

2= (A �
0A? ) sin 2� 1 sin 2� tr cos� tr

� 2= (A �
kA? ) sin2 � 1 sin 2� tr sin� tr

�
; (1.57)

where we introduce three decay angles,� tr ; � 1 and � tr . Detailed calculation is explained
in Appendix B.

An exact de�nition of transversity basis is the following: In the B rest frame, the
x-axis is de�ned as the decay axis betweenD � + and D �� . We then move into theD � +

rest frame. The transversity plane (thex-y plane) is de�ned with this axis and daughter
particles of D �� . The z-axis, which is normal to this plane, is given by~x � ~y. We de�ne
3 decay angles:� tr is the angle between thez-axis and a slow pion fromD � + , � tr is the
angle between thex� axis and the momentum vector of the slow pion fromD � + projected
onto the transversity plane, and� 1 is the angle between thex-axis and a slow pion from
D �� in the D �� rest frame. Similar de�nitions are also used forD �� ! D � � 0 decays.
Figure 1.9 shows de�nitions of this frame. Angular distributions of the transversity basis
are shown in Fig. 1.7 (bottom).

We characterize each amplitude in the transversity basis:

� A0, longitudinal polarization to the decay axis,

� Ak, transversely parallel polarization to theD �� polarization (on the decay plane),

� A? , transversely perpendicular polarization to the decay plane.

From Fig. 1.8 (lower), we �nd that di�erent CP components can be distinguished by
a single angular term, cos� tr . This is the most important advantage of the transversity
basis. It is explained by the transversity� , which is the spin projection to the normal of
the decay plane.

We consider a reection (not parity transformation but just an ordinal mirror ) of a
particle on the decay plane. The reection, which consists of P transformation and 180
degree rotation, is explained as :

RP � P ei�J z = �e i�� ; (1.58)

whereJz (� ) is a projection of total (spin) angular momentum to the normal of the plane
and � is intrinsic parity of the particle.
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Figure 1.9: The transversity frame for B 0 ! D � + D �� . D � + polarization is anchored by
D �� decay plane atD � + rest frame. Floated plane isD �� rest frame to measure� 1.

Though a transversity is de�ned in the rest frame of each particle on the decay plane,
they can be linearly added owing to Lorentz-invariance and the fact that all quantizing
axes are parallel. In case ofB ! D � + D �� , we have three particles to be considered,
D � + ; D

0
(D � ); � � (� 0). Since their spins are 0 except forD � + , total transversity corre-

sponds toD � + . Then

CP = � CP ei�� ; (1.59)

where � CP is intrinsic CP parity. We used J = 0 for the B decay.
Furthermore, in case ofB ! VV decays, interchange of helicities, which are scalar

(spin-0) daughters of the vector meson making decay plane, ips the CP sign. Therefore
� CP = � 1. Thus we obtain

CPD � + D �� = ( � 1)1+ � ; (1.60)
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where � = 0 ( � = � 1) corresponds toCP-odd (CP-even).
This can be intuitively explained as following. Orbital angular momentum and spin

angular momentum ofB 0 ! D � + D �� is determined uniquely, becauseB 0 is spin-0 par-
ticle. In case ofD � + D �� , transversity basis satis�es that there is no orbital and spin
angular momentum except forD � + . Therefore, transversity � , projection of D � + spin
angular momentum, remembers the orbital angular momentum of D � + D �� . In short, �
knows CP sign of the D � + D �� partial wave. This is the reason whyD � + polarization
anchored byD �� decay plane is e�ective forCP analysis.

Now we turn to the time-dependent angular distribution. Full angular distribution
of B ! D � + D �� decay in the transversity basis is shown in Eq. (1.57). Interferences
between di�erently polarized states are concealed with integration of � tr :

1
�

d2�(
( � )

B 0! D � + D �� )
dcos� tr dcos� 1

=
9
16

X

i =0 ;k;?

jA i j2H i (cos�tr ; cos�1); (1.61)

where angular terms are:

H0(cos� tr ; cos� 1) = 2 sin2 � tr cos2 � 1;

Hk(cos� tr ; cos� 1) = sin 2 � tr sin2 � 1;

H? (cos� tr ; cos� 1) = 2 cos2 � tr sin2 � 1:

and A i 's are rede�ned as the normalized decay amplitudes fori = 0; k; ? :

jA0j2 + jAk j2 + jA? j2 = 1: (1.62)

From Eq. (1.32) and (1.56),CP violating parameters for each amplitude are:

� � � 0 = � k = � � ? : (1.63)

This is always true when only the tree diagram contributes tothe D � + D �� decay. We note
that Eq. (1.63) is held in case of an equivalent penguin contribution to each polarization.
Therefore any set of� 's discussed in previous sections can be inserted.

Applying Eq. (1.15) and (1.63) to Eq. (1.61), time-dependent di�erential decay rates
are also rewritten as follows:

1
�

d2�(
( � )

B 0 (t) ! D � + D �� )
dcos� tr dcos� 1

=
e� � t

4

X

i =0 ;k;?

Ri �
9
16

H i (cos�tr ; cos�1)

�
1 + q(

j� j2 � 1
j� j2 + 1

cos � mt + � i
2= �

j� j2 + 1
sin � mt)

�

=
e� � t

4

X

i =0 ;k;?

Ri �
9
16

H i (cos�tr ; cos�1)

�
1 + q(A D � + D �� cos � mt + � i SD � + D �� sin � mt)

�
;

(1.64)
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where the b-avor chargeq is +1(� 1) when theB meson at the time of production (t = 0)
is B 0(B 0).

CP-violating parametersSD � + D �� and A D � + D �� are re-de�ned:

SD � + D �� �
2= �

j� j2 + 1
;

A D � + D �� �
j� j2 � 1
j� j2 + 1

:
(1.65)

A polarization ratio for each amplitude is de�ned as:

Ri � j A i j2: (1.66)

1.7 Previous Measurements

The CLEO Collaboration �rst observed B 0 ! D � + D �� decays [23] and reported the
branching fraction and theCP-even fraction [24] with (8� 0:42)� 0:04(stat) � 0:13(syst)
candidates obtained from a sample of 9:7 � 106B �B pairs:

B(B 0 ! D � + D �� ) =[0 :99+0 :42
� 0:33(stat) � 0:12(syst)]� 10� 3;

CP-even fraction> 0:11(90% CL);
(1.67)

The Belle Collaboration reported the branching fraction [25] with 11:0� 3:7 candidates
obtained from a sample of 22:8 � 106B �B pairs:

B(B 0 ! D � + D �� ) = [1 :21� 0:41(stat) � 0:27(syst)]� 10� 3; (1.68)

The BaBar Collaboration also reported the branching fraction [26] with (38� 6:24)�
0:33(stat) � 0:36(syst) candidates obtained from a sample of 22:8 � 106B �B pairs:

B(B 0 ! D � + D �� ) =[0 :83� 0:16(stat) � 0:12(syst)]� 10� 3; (1.69)

and polarization and CP asymmetries [27] with 156� 14 candidates obtained from a
sample of 88� 106B �B pairs:

R? =0:063� 0:055(stat) � 0:009(syst);

= (� + ) =0 :05� 0:29(stat) � 0:10(syst);

j� + j =0:75� 0:19(stat) � 0:02(syst);

(1.70)

where � + is an averagedCP violating parameter, which takes into account of di�erent
penguin amplitudes betweenCP-even andCP-odd components. It is de�ned by:

2= (� + )
1 + j� + j2

�

2= (� k )
1+ j� k j2 jAkj2 + 2= (� 0 )

1+ j� 0 j2 jA0j2

jAkj2 + jA0j2
;

1 � j � + j2

1 + j� + j2
�

1�j � k j2

1+ j� k j2 jAkj2 + 1�j � 0 j2

1+ j� 0 j2 jA0j2

jAkj2 + jA0j2
:

(1.71)

BaBar claims that CP asymmetries ofD � + D �� have a 2.5� discrepancy from the SM
expectation if the penguin contribution is neglected.
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Chapter 2

Principle of the Measurement

2.1 Coherent B 0B 0 mixing in a B-factory experiment

Since theB meson is heavy, there are many decay modes with small branching fractions.
Therefore high luminosity is needed to perform a precision measurement. The KEKBe+ e�

collider meets this requirement. Furthermore, ane+ e� collider is in general superior to
a hadron collider in studying complicated hadronicB decays, because QCD backgrounds
are much smaller. Although we need proper time of theB meson to measure the time-
dependentCP asymmetries from Eq. (1.18), it cannot be directly measureddue to the
very short lifetime of the B meson, � B (� 1:5ps). If beam energies of a collider are
asymmetric, this problem can be solved thanks to the Lorentzboost.

From these conditions and requirements, aB factory, an experiment with an asym-
metric e+ e� collider which produces a large number ofB mesons, was proposed. To-
tal energy of the asymmetrice+ e� collider is adjusted to the �(4 S) resonance which is
one of bottomniums (b�b). Since the mass of the �(4S) resonance is just above theB �B
pair production threshold, almost all �(4 S) resonances decay intoB + B � or B 0B 0 pairs.
Branching fractions for two decay modes are nearly the same.

2.1.1 Time-dependent probability of a �nal state

As explained in the previous chapter, time-dependentCP violation arises from an inter-
ference between two diagrams that are responsible for bothB 0 and B 0 decays into the
sameCP eigenstate. Such a type of decaying is called a avor-nonspeci�c decay. On the
other hand, a avor-speci�c decay means a decay in which the �nal state tells whether
the parent is B 0 or B 0. We also need to reconstruct a avor-speci�c decay mode for the
accompanyingB meson in order to measureCP asymmetries.

Since �(4 S) is produced from a virtual photon, its quantum numbers areJ P C =
1�� . The B �B system conserves the quantum numbers, because �(4S) decays via strong
interaction. Since aB meson is a pseudo-scalar particle, theB �B system should have
an orbital angular momentum L = 1. The states B 0B 0 and B 0B 0 are forbidden from
Bose-Einstein statistics.
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Therefore, an allowed state at a time of pair production is

jB1B2; 0; 0i =
1

p
2

(jB 0
1 ij B 0

2i � j B 0
1ij B 0

2 i ); (2.1)

wherejB1B2; t1; t2i denotes a state with twoB mesons,t i (i = 1; 2) is the proper time of
B i , and jB 0

i i (jB 0
i i ) means theB meson whose avor isB 0 (B 0) at t = 0.

From Eq. (1.10), time evolution of the system with twoB mesons becomes:

jB1B2; t1; t2i =
1

p
2

e� �( t1 + t2 )=2

�
cos

� m� t
2

�
�

jB 0
1 ij B 0

2i � j B 0
1ij B 0

2 i
�

+ i sin
� m� t

2
�
�

q
p

jB 0
1 ij B 0

2 i �
p
q

jB 0
1ij B 0

2i
��

;
(2.2)

where � t � t2 � t1. The coherence seen in Eq. (2.1) is kept until oneB meson decays.
We rede�ne t1 and t2 as the decay times of eachB meson. If we know theB avor
from one B decay (to a avor-speci�c state) and � t, we know the time-evolution of the
accompanyingB meson. In particular, we consider the case that oneB decays into aCP
eigenstatef CP and the other into l � X , which is a avor-speci�c mode; B 0 (B 0) mesons
decay into l+ X (l � X ) and decays with the opposite avor are forbidden. Replacing the
notations B1 (B2) with BCP (B tag ), which means aCP eigenstate (avor-speci�c state),
decay rates of theB mesons pair system become:

�( f CP ; l � X ) = jhf CP l � X jBCP B tag ; tCP ; t tag ij 2

=
1
4

e� �( tCP + t tag )A2
CP A2

tag
�

(j� CP j2 + 1) � (j� CP j2 � 1) � cos � m� t � 2= � CP � sin � m� t
�

;

�( f CP ; l+ X ) = jhf CP l+ X jBCP B tag ; tCP ; t tag ij 2

=
1
4

e� �( tCP + t tag )A2
CP A2

tag

�
�
�
�
p
q

�
�
�
�

2

�
(j� CP j2 + 1) + ( j� CP j2 � 1) � cos � m� t + 2= � CP � sin � m� t

�
;

(2.3)

where the decay amplitudeA tag � h l+ X jB 0ij = hl � X jB 0i and the proper time tCP (t tag )
is for BCP (B tag ).

With using jq=pj � 1 and normalizing Eq. (2.3) in�1 < � t < 1 , we obtain the
conditional probability that we �nd f CP at the time � t:

PCP (q;� t) =
e�j � t j=� B 0

4� B 0
f 1 + q(A CP cos � m� t + SCP sin � m� t)g; (2.4)

whereq = +1 ( � 1) for B tag = B 0 (B 0).
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We then consider theB 0 ! D � + D �� decay. Since the time-dependent angular distri-
bution is given in Eq. (1.61), the total probability that we � nd D � + D �� at � t is:

PD � + D �� (q;� t; cos� tr ; cos� 1) =
e�j � t j=� B 0

4� B 0

X

i =0 ;k;?

Ri �
9
16

H i (cos� tr ; cos� 1)

�
1 + q(A D � + D �� cos � m� t + � i SD � + D �� sin � m� t)

�
:

(2.5)

From Eq. (2.5), we �nd that we need to reconstruct four variables to obtain PD � + D �� :
transversity angles cos� tr and cos� 1, b-avor of the avor-speci�c decay mode (called tag
side) q and the proper time di�erence � t.

2.2 Measurement at the Belle experiment

In this section, we explain how to perform the measurements mentioned above, in the
Belle experiment. It is divided into three stages: event reconstruction, � t measurement
and avor tagging. Figure 2.1 shows the schematic view of theBelle experiment.
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Figure 2.1: Schematic view of the Belle Experiment.

2.2.1 Event reconstruction

Event-by-event, transversity angles cos� tr and cos� 1 are obtained from the fully recon-
structed D � + D �� events. The full reconstruction is performed by evaluatingthe invariant
mass that is obtained with combining the four-momenta of whole daughter particles.
Each daughter particle is similarly combined or reconstructed with the Belle detector.
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The decay chain is

BCP ! D � + D �� ! D� sD� s ! f K � ; K 0
S; � � ; � 0g;

B tag ! l � X ! f � � ; e� ; K � ; K 0
S; � � ; � 0g

! K � X ! f K � ; K 0
S; � � ; � 0g;

(2.6)

where particles between braces mean a kind of daughter particles and� s is a low-momentum
pion (slow pion) from the D � decay.

The transversity angles, cos� tr and cos� 1 can then be measured with reconstructed
B 0 ! D � + D �� candidate with following the de�nition that is described in Sec. 1.6.4.
Polarization parameters,Ri are measured from time-independent angular distributionsin
Eq. (1.61).

In the case ofD � + D �� , we need 4-10 charged tracks and 0-4 neutral particles in the
CP side. It means that each track or particles carries a small momentum. Especially,
we always have two slow pions whose momenta are below 300MeV=c. Therefore, having
a high tracking e�ciency in low momentum region is very important. An example of
B 0 ! D � + D �� candidate is shown in Fig. 2.2.

2.2.2 � t measurement

In the Belle experiment, the momentum direction of the produced �(4 S) resonance is
nearly parallel to the z-axis (opposite to thee+ direction). Since theB meson is almost
at rest in the �(4 S) center of mass system (cms), eachB meson also ies along with
this direction. The ight length becomes much longer than that in the �(4 S) cms by the
Lorentz boost. Proper time di�erence � t can be obtained from �z, which is a di�erence
of the ight length projected to the z-axis:

� t �
� z
�c

�
ZCP � Z tag

�c
; (2.7)

whereZCP (Z tag ) is the z component ofB vertex and � = 0:425 is a Lorentz factor. In
this condition, the average ight length becomes�c� B 0 � 200� m. We need to determine
eachB vertex with a resolution better than the ight length. Therefore, precise vertex
measurements are necessary.

2.2.3 Flavor Tagging

The avor tagging is a technique to determine the avor ofB decaying into the avor-
speci�c decay mode. It is based on the idea that the charge of decay products reects the
charge ofb quark. There are several ways to identify the avor. The two most e�ective
ways are to use a primary lepton from a semi-leptonic decay,b ! W � (! l � � )c, and to
use charged kaons from a cascade decay,b ! c ! s. Other methods and detail of tagging
are described later. Figure 2.3 shows a schematic view of theavor tagging method.

27



D0

p-

p+

p0

p-

K
+

K
-

D0

p+

SVD

CDC

ECL

ACC

Figure 2.2: An event display for a B 0 ! D � + D �� candidate. D � + decays toD 0 (!
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Description about each detector is explained in Chap. 3. Curves with number mean
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Wrong Tag Fraction

Flavor tagging is not always perfect. For example, if the number of kaons in the system
is wrong due to misidenti�action or ine�ciency, avor taggi ng may fail or give opposite
avor information. There are also smaller physical processes that give opposite avor to
the dominant process, such as the charged kaon from thec decay inb ! c�cs transition.

If the avor tagging gives wrong avor information, the probability density function
Eq. (2.5) is diluted. We de�ne the wrong tag fraction,w, which is the probability of
incorrect avor assignment. Then Eq. (2.5) becomes:

PD � + D �� (q;� t; cos� tr ; cos� 1) =
e�j � t j=� B 0

4� B 0

X

i =0 ;k;?

Ri �
9
16

H i (cos� tr ; cos� 1)

�
1 + q(1 � w)(A D � + D �� cos � m� t + � i SD � + D �� sin � m� t)

�

+
e�j � t j=� B 0

4� B 0

X

i =0 ;k;?

Ri �
9
16

H i (cos� tr ; cos� 1)

�
1 � qw(A D � + D �� cos � m� t + � i SD � + D �� sin � m� t)

�

=
e�j � t j=� B 0

4� B 0

X

i =0 ;k;?

Ri �
9
16

H i (cos� tr ; cos� 1)

�
1 + q(1 � 2w)(A D � + D �� cos � m� t + � i SD � + D �� sin � m� t)

�
:

(2.8)

As a result, a measuredCP asymmetry is diluted by the factor (1� 2w). Thus a
precise estimation ofw is needed to measureCP-violation parameters correctly. For this
task, particle identi�cation performs an important role.

Figure 2.3: A schematic view of avor tagging. The primary and secondaryleptons and
an s quark from cascade decay remember the avor of the parentb quark. Note that
the secondary lepton has the opposite charge to the others.B 0 ! D (� )X decays are also
available. Detail of avor tagging is described later.
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Chapter 3

Experimental Apparatus

3.1 Overview

In this chapter, we describe the experimental apparatus of the Belle experiment. The
Belle experiment is one of twoB-Factories, which is performed at KEK (High Energy
Accelerator Research Organization), Tsukuba, Japan. The KEK B-factory consists of
the KEKB e+ e� collider and the Belle detector. The KEKB collider has the highest
luminosity in the world, and the high-sensitivity Belle detector has produced many physics
results.

3.2 The KEKB Collider

The KEKB accelerator [30] is an asymmetric-energye+ e� collider, which aims at pro-
ducing a large number ofB and anti-B mesons like \factory". It consists of two storage
rings, an 8 GeV electron ring (HER) and a 3.5 GeV positron ring(LER), and an injection
linear accelerator (Linac). The circumference of both storage rings is about 3 km. The
electrons (positrons) are accelerated to their full energies by the Linac and are injected
into the HER (LER) ring. Figure 3.1 shows a schematic view of the KEKB collider.

The two storage rings are placed side-by-side in a tunnel 11 mbelow the ground level
and only crossing at one point, which is called the interaction point (IP), in the Tsukuba
experimental hall. The electrons and positrons collide with a �nite crossing angle of� 11
mrad to avoid parasitic collisions.

The center of mass energy is 10.58 GeV, which corresponds to the mass of the �(4S)
resonance that decays into aB �B meson pair. The producedB meson is boosted due to
the asymmetric energy with a Lorentz factor� ' 0:425 and y about 200� m on average
nearly along the electron beam direction.

The design luminosity is 10� 1033cm� 2s� 1 which approximately corresponds to 108

B �B pairs a year. The main parameters of the KEKB are summarized in Table 3.1.
Figure 3.1 shows the luminosity history of the KEKB. As of July 2004, the KEKB has
achieved a peak luminosity of 13:92� 1033cm� 2s� 1 and data recorded by the Belle detector
corresponds to the integrated luminosity of 288 fb� 1. These are the world records at the
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Figure 3.1: Con�guration of the KEKB collider.

Figure 3.2: Luminosity history of the KEKB collider.
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time.

3.3 The Belle Detector

3.3.1 Overview

The B meson decay produces many charged particles such asK � , � � and neutral particles
like  , � 0 and K 0

S. In order to measure time-dependentCP asymmetries in theB 0 !
D � + D �� decay, we need to reconstruct and identify particles mentioned above with high
e�ciencies and measure vertex positions with good precision. The Belle detector was
designed and constructed to satisfy these requirements.

The Belle detector is asymmetrically placed around the IP and consists of several sub-
detectors to detectB decay products e�ectively. Figures 3.3 and 3.4 show the detector
con�gurations. These sub-detectors are grouped into two: tracking devices and particle
identi�cation devices. As a tracking device, the silicon vertex detector (SVD), which
is used for precise measurement of theB meson vertices, is located just outside of a
cylindrical beampipe. Another tracking device, the central drift chamber (CDC) measures
momentum of charged particles. The CDC is also utilized as a particle identi�cation device
for charged particles with measuringdE=dx. Aerogel Cherenkov counter (ACC) and time-
of-ight counter (TOF) are placed radially outside of the CDC. Electromagnetic particles,
photons and electrons, are detected and identi�ed with an array of CsI(Tl) crystals (ECL)
located inside the solenoid coil. The super-conducting solenoid provides a magnetic �eld of
1.5 T for momentum measurement of charged particles by the CDC. Penetrating particles,
muons andK 0

L mesons, are identi�ed by arrays of resistive plate countersinterspersed in
the iron yoke (KLM), which is located at the outermost part of the Belle detector. In
addition to these sub-detectors, the Belle detector has theextreme forward calorimeter
(EFC) to improve the experimental sensitivity to some physics processes such asB ! � �
and to provide luminosity information online. The detectorperformance is summarized
in Table 3.2.

We de�ne the Belle coordinate system, which is commonly usedin this thesis: In the
Cartesian coordinate system,~z is de�ned as the opposite direction of the positron beam
current; ~y is the vertically upward direction of the system;~x satis�es the relation of the
right-hand system, i.e.~x = ~y � ~z. The cylindrical coordinate system is also de�ned:r is
the radius in the x-y plane (r =

p
x2 + y2); � is the polar angle from thez-axis; � is the

the azimuth angle around thez-axis. Figure 3.5 illustrates the de�nition. The detailed
description of the Belle detector is found elsewhere [31]. We give a brief description of
the major detector subsystems and analysis software relevant to the measurement ofCP
asymmetry parameters.

3.3.2 Beampipe

The beampipe around the IP is an important structure to measure the vertex position of
B meson with the vertex detector, which is just outside of the beampipe. The thickness
of the beampipe is designed to be minimized, since multiple Coulomb scattering and
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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 � 1034 cm� 2s� 1

Crossing angle � x � 11 mrad

Tune shifts � x=�y 0.039/0.052

Beta function at IP � �
x =� �

y 0.33/0.01 m

Beam current I 2.6 1.1 A

Natural bunch length � z 0.4 cm

Energy spread � " 7:1 � 10� 4 6:7 � 10� 4

Bunch spacing sb 0.59 m

Particle/bunch N 3:3 � 1010 1:4 � 1010

Emittance " x="y 1:8 � 10� 8=3:6 � 10� 10 m

Synchrotron tune � s 0.01 � 0.02

Betatron tune � x=� y 45.52/45.08 47.52/43.08

Momentum � p 1 � 10� 4 � 2 � 10� 4

compaction factor

Energy loss/turn Uo 0.81y/1.5z 3.5 MeV

RF voltage Vc 5 � 10 10 � 20 MV

RF frequency f RF 508.887 MHz

Harmonic number h 5120

Longitudinal � " 43y/23z 23 ms

damping time

Total beam power Pb 2.7y/4.5z 4.0 MW

Radiation power PSR 2.1y/4.0z 3.8 MW

HOM power PHOM 0.57 0.15 MW

Bending radius � 16.3 104.5 m

Length of bending `B 0.915 5.86 m

magnet

y: without wigglers, z: with wigglers
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Figure 3.3: Con�guration of the Belle detector system.

Figure 3.4: Side view of the Belle detector.
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Figure 3.5: De�nition of the coordinate system.
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Detector Type Con�guration Readout Performance

Beryllium Cylindrical, r=2.0 cm He gas cooled

Beampipe double-wall 0.5/2.5/0.5(mm)=Be/He/Be

Double 300� m-thick, 3 layers � : 40.96k � � z � 200 � m

SVD sided r = 3.0 - 6.05 cm z: 40.96k

Si strip Length = 22 - 34 cm

Small cell Anode: 50 layers A: 8.4 K � r� = 130 � m

CDC drift Cathode: 3 layers C: 1.5 K � z . 200� 1; 400� m

chamber r = 8.3 - 86.3 cm � pt =pt = (0 :20pt � 0:29=� )%

-77� z � 160 cm � dE=dx = 6%

n : 1:01 � 12x12x12 cm3 blocks Np:e: � 6

ACC � 1:03 960 barrel K/� separation:

Silica / 228 endcap 1.2< p< 3.5GeV/c

aerogel FM-PMT readout 1,788

TOF Scintillator 128 � segmentation 128� 2 � t = 100 ps

r = 120 cm, 3 m-long K/� separation:

TSC 64 � segmentation 64 up to 1.2GeV/c

CsI Barrel: r = 125 - 162 cm 6,624 � E =E= 1.3 %=
p

E

ECL (Towered- End-cap: z = 1152 (F) � pos = 0.5 cm=
p

E

structure) -102 cm and +196 cm 960 (B)

Magnet Super inner radius = 170 cm B = 1.5 T

conducting

Resistive 14 layers � :16 K � � =� � =30 mrad

KLM plate (5cm Fe+4cm gap) � :16 K for K 0
L

counters 2 RPCs in each gap � 1 % hadron fake

EFC BGO 2x1.5x12 cm3 � :5 � E =E=

� :32 (0:3 � 1)%=
p

E

Table 3.2: Performance parameters expected (or achieved) for the Belle detector (pt in
GeV=c, E in GeV).
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Figure 3.6: The cross section of the beryllium beampipe at the interaction point.

spatial distance between the IP and the vertex detector makethe vertex resolution worse.
Therefore, the beryllium beampipe was chosen. Figure 3.6 shows the cross section of the
beryllium beampipe at the interaction region. The beampipeis a double-wall cylinder,
whose radii are 20.0 mm and 23.0 mm, respectively. Each cylinder has 0.5 mm thickness.
In order to manage beam-induced heating, a 2.5 mm gap betweenthe cylinders works as
a part of active cooling system, which provides a helium gas channel. The helium gas
coolant is adopted to minimize the material in the beampipe.Outside the outer beryllium
cylinder, a 20 � m thick gold sheet is attached in order to reduce the low energy X-ray
background from the HER. The total thickness of the beampipecorresponds to 0.9% of
a radiation length.

3.3.3 Silicon Vertex Detector (SVD)

The SVD plays a central role to measure time-dependentCP asymmetry parameters,
since precise measurement of vertex positions forB meson pairs is indispensable. It also
contributes to reconstruct charged particle tracks.

Figure 3.7 shows the geometrical con�guration of the SVD. The SVD consists of three
concentric cylindrical layers of silicon sensors and covers a polar angle 23� < � < 139� .
This corresponds to 86% of the full solid angle. The radii of the three layers are 30,
45.5 and 60.5 mm. The innermost, middle, and outermost layers consist of 8, 10 and 14
ladders, respectively. Each ladder is made up of two long or short half ladders that are
mechanically jointed by a support structure but electrically independent of each other.
Each long half ladder contains two double-sided silicon strip detectors (DSSD's) and a
hybrid unit. Each short half ladder contains a DSSD and a hybrid unit. The innermost-
layer ladder consists of two short half ladders. The middle-layer ladder consists of a short
and a long half ladder. The outermost-layer ladder consistsof two long half ladders. In
total 102 DSSDs are used.

We use S6936 DSSDs fabricated by Hamamatsu Photonics, whichwere originally
developed for the DELPHI experiment [32]. The overall DSSD size is 57:5 � 33:5 mm2
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Figure 3.7: Detector con�guration of SVD.

with a thickness of 300� m. Each DSSD consists of 1280 sense strips and 640 readout
pads on opposite sides. One side (calledn-side) of a DSSD hasn+ sense strips oriented
perpendicular to the beam direction to measure thez coordinate. The other side (called
p-side) with longitudinal p+ sense strips allows the� coordinate measurement. The strip
pitch is 25 � m for the p-side and 42� m for the n-side. Each strip is biased via 25 M

polysilicon bias resistors. The bias voltage of 75V is supplied to the n-side, while thep-
side is grounded. The schematic view of the DSSD is shown in Fig. 3.8. Then+ strips are
interleaved by p+ implants (called p-stops) to separate the consecutive strips electrically.
A charged particle passing through the depletion region of the n bulk silicon generates a
pairs of an electron and a hole. The electrons and holes driftto each strip and make two
dimensional hit signals. On then-side, adjacent strips are read out by a single channel
which gives an e�ective strip pitch of 84� m. On the p-side, every other strip is connected
to a readout channel. Charge collected by the oating stripsin between is read from
adjacent strips by means of capacitive charge division.

The signal of DSSDs is read out by the VA1 chip [33, 34]. The VA1chip is a 128
channel CMOS integrated circuit fabricated by the AustrianMicro Systems (AMS) with
a 1:2 � m CMOS process. It was specially designed for the readout of silicon vertex
detectors and other small-signal devices. Five VA1 chips are on both sides of each hybrid
unit. The total number of readout channels is 81920.

We estimate the performance of the SVD with the following twoquantities: the SVD-
CDC track matching e�ciency and the impact parameter resolution of tracks with associ-
ated SVD hits. The SVD-CDC track matching e�ciency is de�ned as the probability that
a CDC track passing through the SVD acceptance has associated SVD hits in at least two
layers, and in at least one layer with both ther -� and r -z information. Tracks from K 0

S
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Figure 3.8: Schematic drawing of the DSSD.

decays are excluded since these tracks do not necessarily gothrough the SVD. Figure 3.9
shows the SVD-CDC track matching e�ciency for hadronic events as a function of time.
The average matching e�ciency is better than 98.7%. The impact parameter resolution
for reconstructed tracks is measured as a function of the tracks momentump (measured
in GeV/c) and the polar angle � :

� xy = 19 � 54=(p� sin3=2 � ) � m; (3.1)

� z = 42 � 44=(p� sin5=2 � ) � m; (3.2)

where \� " indicates a quadratic sum. Figures 3.10 show the momentum and angular
dependence of the impact parameter resolution.

3.3.4 Central Drift Chamber (CDC)

The CDC is a the charged particle tracking system that provides their momenta from the
curvature in the magnetic �eld given by the solenoid magnet.The CDC also measures
dE=dx of charged tracks for particle identi�cation. Since theB 0 ! D � + D �� decay pro-
duces many low-momentum charged tracks, especially pions from the D � decay (transverse
momentumpt < 300MeV=c), The CDC was designed and constructed to detect them with
high e�ciency and good resolution.

The structure of the CDC is shown in Fig. 3.11. The longest wires are 2400 mm long.
The outer radius is 874 mm and the inner one is extended down to103:5 mm without
any walls in order to obtain good tracking e�ciency for low-pt tracks by minimizing the
material. The polar angle coverage is 17� � � � 150� , which corresponds to 92% of the
full solid angle.
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Figure 3.9: Time-variation of the SVD-CDC track matching e�ciency as a function of
the date of data taking.
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Figure 3.10: Impact parameter resolution of charged tracks with associated SVD hits (a)
for � xy ; (b) for � z. Pseudo momentum~p � p� sin(� )3=2 for � xy and ~p � p� sin(� )5=2 for
� z.
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Figure 3.11: Overview of the CDC structure. The lengths in the �gure are inthe units
of mm.

The CDC is a small-cell cylindrical drift chamber with 50 layers of anode wires, which
consist of 32 axial- and 18 stereo-wire layers, and 3 cathodestrip layers. The axial
wires are con�gured to be parallel to thez axis, while the stereo wires are slanted by
approximately � 50 mrad, to providez position information. Eight �eld wires providing
drift electric �eld surround a sense wire, and the �eld wiresand a sense wire form a
drift cell. The cell structure is shown in Fig. 3.12. The CDC has a total of 8400 drift
cells. A low-Z gas mixture, which consists of 50% He and 50% ethane (C2H6), is used to
minimize multiple Coulomb scattering to ensure a good momentum resolution, especially
for low momentum tracks. A charged particle passing throughthe CDC ionizes the gas. A
charge avalanche is caused by the ionized gas and drifts to a sense wire with a speci�c drift
velocity, then the measured signal height and drift time provide information of the energy
deposit and distance from the sense wire. In the innermost part, the three cathode strip
layers are installed to provide thez position measurements of tracks for the trigger system.
The number of readout channel is 8400 for anode sense wires and 1792 for cathode strips.
Figure 3.13 shows a scatter plot of measureddE=dx and particle momentum. Populations
of pions, kaons, protons and electrons are clearly seen. Figure 3.14 shows the transverse
momentum (pt ) resolution as a function ofpt . The pt resolution is (0:20pt � 0:29=� )%,
wherept is in the unit of GeV/ c.
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Figure 3.12: Cell structure of CDC. Figure 3.13: The measureddE=dx versus
momentum observed in collision data.

Figure 3.14: The pt dependence ofpt resolution for cosmic rays. The solid curve shows
the �tted result (0.201%pt � 0:290%=� ) and the dotted curve shows the ideal expectation
for � = 1 particles.
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Figure 3.15: The arrangement of ACC.

3.3.5 Aerogel Cherenkov Counter (ACC)

The ACC provides particle identi�cation information to distinguish charged kaons from
charged pions whose momentum are from 1.2 GeV/c to 3.5 GeV/c,thanks to Cherenkov
radiations of charged tracks. The momentum range covered bythe ACC is beyond the
reach of other particle identi�cation system; i.e. the CDC (dE=dx) and the TOF (time-
of-ight).

Cherenkov light is emitted when its velocity is larger than the light velocity in the
matter:

n >
1
�

=

s

1 +
�

m
p

� 2

; (3.3)

wherem and p are the particle mass and the momentum of the particle, respectively, and
n is the refractive index of the matter. Thus we can distinguish kaons from pions, with
the selected matter ofn which emits Cherenkov light for pions, but does not for heavier
kaons.

The con�guration of the ACC is shown in Fig. 3.15. The ACC consists of 960 counter
modules segmented into 60 cells in the� direction for the barrel part and 228 modules
arranged in 5 concentric layers for the forward endcap part of the detector. All the
counters are arranged in a semi-tower geometry, pointing tothe IP. Each counter module
consists of a block of silica aerogel in an aluminum box of 0.2mm thickness and one
or two �ne mesh-type photomultiplier tubes (FM-PMTs) which can work in the 1.5 T
magnetic �eld. The refractive indices of the silica aerogelblocks are selected to obtain
the good pion/kaon separation for the whole kinematic range. For the barrel modules,
the silica aerogel with �ve di�erent refractive indices, n = 1:010; 1:013; 1:015; 1:020 and
1:028, are used depending on the polar angle. For the endcap module, the silica aerogel
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with n = 1:030 is used for low momentum particles, which is necessary for avor tagging,
to cover lack of the TOF in the endcap. The number of readout channels is 1560 for the
barrel modules and 228 for the endcap modules.

Figure 3.16 shows the measured pulse height distributions for barrel ACC for e�

tracks in Bhabha events andK � candidates in hadronic events, whereK � candidates are
selected by TOF anddE=dx measurements, together with the expectations from Monte
Carlo (MC) simulation. Clear separation betweenK � and e� is seen.

Figure 3.16: Pulse-height spectra in units of photoelectrons observed by barrel ACC for
electrons and kaons.

3.3.6 Time of Flight Counter (TOF)

The TOF gives particle identi�cation to distinguish charged kaons from charged pions,
whose momenta are below 1.2 GeV/c. With using plastic scintillation counters, The TOF
measures the elapsed time between a collision at the interaction point and the time when
the particle hits the TOF layer. It is very powerful for particle identi�cation in e+ e�

collider detectors. The TOF also provides fast timing signals for the trigger system. To
sustain the fast trigger rate in any beam background condition, thin trigger scintillation
counters (TSC) are appended just inside the TOF counter.

A relation between measured timeT and the particle massm is expressed as

T =
L
c�

=
L
c

s

1 +
�

m
p

� 2

; (3.4)

wherep is the particle momentum andL is the ight path length. For K � and � � with a
momentum of 1.2 GeV/c and a ight path length of 1.2 m, which isthe distance between
the interaction point and TOF, we obtain T of 4.3 ns and 4.0 ns, respectively. The
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