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Abstract

We present measurements of the polarization parameters a@dP -violating asymmetries in
B°! D *D decays using a 140 fot data sample collected at the (4S) resonance with
the Belle detector at the KEKB energy-asymmetrice e collider. TheB°! D *D
decay is governed by thé&! ccdtransition and provides a unique way to test the Standard
Model. We collect 130 fully reconstructed neutraB meson signals via th&°! D *D
decay mode. TheB®! D *D decay is a mixture ofCP-even andCP-odd components
astheD "D system is a superposition d-, P-, and D-waves. We measure the fraction
of each decay amplitude to extraclCP asymmetry parameters correctly. We obtain the
following polarization parameters:

R, =0:19 0:08(stat) 0:01(syst);
Ro=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 componentsCP 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-produceB mesons. The avor of the accompanyind®
meson is determined from inclusive properties of its decayqulucts. We obtain:

Sp+p = 075 O0:56(stat) 0:12(syst),
Ap +p 0:26 0:26(stat) 0:06(syst).

These are the rst measurement at Belle, and are consistentitw the Standard Model
expectations. Thus this thesis establishes the analysis thed of CP asymmetry mea-
surements in the case we need elaborate angular analyses.réviprecise measurements
of this process with larger statistics in the future will enble us to test whether a new
physics e ect is seen in theéb! ccd transition.
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Chapter 1

Introduction

1.1 Motivation

A concept of symmetry has been playing a central role to undgand the nature in terms
of modern physics. For example, conservation of energy igl ldom a time-translation
symmetry by the Noether's theorem. We sometimes realize,\wever, that such symmetry
is broken. An example is parity violation in weak interactims, which is an asymmetry
between left and right. It does not mean an imperfection of #anature but an imperfection
of understanding of the nature we had before the discovery pfrity violation. The
observation of parity violation helped us to nd out the meclanism of the weak interaction.
Studies of asymmetries are important to deepen our understding of the nature.

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

In 1973, Kobayashi and Maskawa made a proposal which is knowaa the Kobayashi-
Maskawa (KM) mechanism [2]. It explained the origin oCP violation with six quarks in
the Glashow-Weinberg-Salam (GWS) framework [3]. In this nael, CP violation arises
from an irreducible complex phase in the Cabibbo-KobayasMaskawa (CKM) quark-
mixing matrix. Today we call a group of theories based on GWSZKM and Quantum
Chromo Dynamics (QCD) the Standard Model (SM). Though the ShMhas been supported
by many experiments [4, 5, 6] over 30 year§ P violation had been observed only in the
neutral Kaon system. In 1980, Bigi, Carter and Sanda [7] pdied out that the neutral
B-meson system can have a large time-depende®P asymmetry induced by theB°-B°
mixing. Two B factories, experiments to observ€P violation in the B-meson system
with a high luminosity, were proposed and constructed in Jgmn and U.S.A.. In 2001,
Belle [8] and BaBar [9] collaborations observe@P violation in the b! ccs 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 concludeat the KM phase is the



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 SMaples include the origin
of three generations, similar but di erent characteristis of leptons and quarks, and many
free parameters. Many models beyond the SM, such as modelsdhon Supersymmetry
(SUSY) and Grand Uni ed Theories (GUT), have been proposedot solve these issues.
These models in general expect more than one sourceG#? 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 investigat€CP 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 o€P violation in the SM is
too small to generate this matter-dominant universe [11]. Aiew source ofCP violation
can be a breakthrough to resolve this issue.

Because most of new physics models are not sensitive to the ccs transition,
measurements o€ P asymmetries with di erent decay processes, such b$ ccd, b! sog
andb! s, are important. B! D *D is a suitable mode for this purpose. It
is dominated by theb ! ccd transition, having a large branching fraction ( 0:1%)
and a possibility of a sizable contribution from the loop digrams (called the penguin
diagrams [12]). In the SM framework, theCP asymmetry of this mode should not be far
from that of the b! ccs 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 timefgEndentCP asymmetries
inthe B®! D *D decay. The outline of this thesis follows: In chapter 2, we shv
the principle of the measurement for time-depender@P asymmetries. The experimental
apparatus is described in chapter 3. In chapter 4, we explaine D "D  selection
method. Polarization should be measured before tHeéP analysis to disentangle states
with dierent CP parities. Its measurement is shown in chapter 5. In chapter, Gve
explain in detail the method of the time-dependentCP asymmetry measurements and
show the results. Chapter 7 is devoted to discussions on owsults. Finally, conclusion
is given in Chapter 8.

In this introduction, we describe phenomenology of time-gendent CP violation in
B decays to aCP eigenstate. We also de neCP asymmetry parametersScp and Acp.
We then de ne the Unitarity Triangle in the SM framework and show present constraints
on it. After that we explain characteristics ofb! ccd transitions and show advantages
oftheB°! D *D mode in terms of the clean measurement &P asymmetries. In
section 1.5, we discuss expectations @rp and Acp in and beyond the SM. In section
1.6, we describe a time-dependent di erential decay rate #t contains information on
polarization.



1.2 Phenomenology of time-dependent  CP violation
in B decays

1.2.1 Time evolution of the neutral B mesons

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

iB(t)i = a(t)jB% + b(t)jBCi: (1.2)
The time-dependent Schredinger equation is:

- d a(t) a(t)

| — =H X 1.2
gt ht) b(t): (12)
where HamiltonianH is denoted as:
i I\/Ill i_ 11 MlZ i_ 12
H=M - = 2 2 : 1.3
2 Ma1 5 22 Mz 5 2 13)

M and are the mass matrix and the decay matrix, respectivelyM,; = M, and ,; =
1o are required from the de nition of Hermitian matrices. CP T invariance assumption

guaranteesM M1 = My and 11 = 2. Eigenvalues of this Hamiltonian are
obtained as:
- r - -
[ [ i
=M > (M1 > 12)(M 15 > 12)° (1.4)

Both mass eigenstates can be described by mixing parametgrand p:

jBii = pjB% + qjBCi for .;

_ 1.5
jBoi = piB% qB° for ; (15)
with
s
q._ My, lez. (1.6)
p M2 '512. .

and jpj> + jgj2 = 1. Mass eigenstates oB mesons are denoted by, (m;; ;) and
B, (my; »), wherem; (m;) and ; ( ) are the mass and decay rate d8; (B,). They
are given by:

m=< ,; 1= 2= 4;

1.7
my=< ; 2= 2= ; (1.7)



For convenience, we de ne a mass di erencem, a decay rate di erence , an averaged
massm and an averaged decay rate respectively:

m my My,

my + my. (1.8)

Time evolution of B; and B, is written as:

jBl(t)l - e i +thli —e im 1t 1t=2jBli;

. . 1.9

iBo(t)i = e !By = e M2t 25%B,: (1.9)
From Eqg. (1.5) to (1.9), time evolution of bothB° and B is acquired:

jBO(t)i = g, (jBC% + g (1)BY;

B B (1.10)

jB(0)i = g« (1)jB®i + q? (1)iB%;
where

g (t) - :_Le im 1t e 1t=2 1 e i mt e t=2

2
(1.11)
:}e im o =2 d m=2 o 4 g0 m=E2 o =4
5 ;
Since = O (10 3) in the neutral By system, we take = 0 in the following, and
rede ne B decay rate = ;= 5. Equation (1.11) then becomes:
) _ e| mt=2 i mt=2

g=e™ e 72 2e : (1.12)
Finally, time evolution of both B? and B? is:

BO(t)i = e 2 cosTmthoi 4 igsinTmtjgoi :

50 . t=2 5 0: Mo . 0: .

jB(t)i = e cossz|+|qsm 2jBl ;

where factore '™ is canceled by a phase convention.



1.2.2 Time-dependent CP violation

We consider the case thaB® and B° mesons decay into a same nal statécp that is a
CP eigenstate. Decay amplitudes are de ned by

Acp h fCPjHjBoi;

_ _ 1.14
Acp hfepjH|BY: (1.14)
Each time-dependent decay amplitude is written by using Eg(1.13) as :
- mt . . mt
Acp(t) =Acpe t‘z[cosT +1i cp sin T];
mt mt (1.15)
Acp(t) =Acpe F?[cos > ¥ i op sinT];
where we de ne
q Ace
— : 1.16
v (1.16)

As explained later,jg=g 1 holds in the neutral By system within the SM framework.
Thereforej cpj? = jAcpj?5Acpj? holds.
The time-dependent decay rates are then written as:

(Bot)! fcp) jh fepiHBO(D)ij?
e t. L, o :
=T]Acp]2 (G cpi®?+1) (j cpj> 1)cos mt 2= cpsin mt ;

(Bt)! fcp) jh feriHiBO(D)ij?

e

_ 1.17
“iAcei? (1 chI?*+1) (G ch® Lcos mt 2= cdsin 17

e ' L, o .
:TJACPJZ (i cpi®+1)+ (] cpj® 1)cos mt+2= cpsin mt :

The time-dependentCP asymmetry is de ned as:
(Bot)! fecp) (B! fcp)

t —
2p () Bo) 1 Top)+ ( B! for)
(i cpj* 1)cos mt+2= cpsin mt (1.18)
j cpi?+1

=Acp COS mt+ Scp Sin mt;

where we de neCP asymmetry parameters

2= cp
Scp T
+1
Jerl (1.19)
Acp J cp]) 1:
j cpi?+1l



1.2.3 Meaning of CP asymmetry parameters

jg=p 1 means thatq=p e ' v where y is aCP-violating weak phase di erence in
the mixing. Acp=Acp can also have a weak phase dierence;, and also an amplitude
ratio r j Acp=Acpj. Then Eg. (1.16) becomes:

cp=(e' ™) (r e'o)y=r e m* o) (1.20)

Equation (1.20) means that we have two sources @P violation. One source is
existence of the decay amplitude di erencer(6 1). It makes j cpj & 1, then Acp 60 in
Eq. (1.19). This type of CP asymmetry is called \direct CP violation". Another source
is existence of the phase interference; + p 6 0). It makes = cp 60, then Scp 60
in Eq. (1.19). This type of CP asymmetry is called \mixing-inducedCP violation".

In the rest of this thesis, we discus€P violation with these CP asymmetry parame-
ters, Scp and Acp.

1.3 CKM Matrix and Unitarity Triangle

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

u C t
0 5 : (1.21)
d L S L tp L
The weak eigenstatesd® s% If) are a linear combination of the mass eigenstates;(s; b:
0o 1 01 O 101

d d Vud Vus Vub d
@SOA = VCKM @SA @Vcd Vcs Vch @SA ; (1-22)
o3 b Via Vs Vo b

whereV ckm, @ 3 3 unitarity matrix, is called the Cabibbo-Kobayashi-Maskava (CKM)
matrix [2]. The Wolfenstein parametrization [19] is conveent to grasp a character of this

matrix:
0 1
1 2= A 3 i)
Vow = @ 1 2=2 A2 A+0O(%: (1.23)
A 31 i) A?2 1

HereA; and are real parametersand =sin ¢ 0:22, where ¢ is called the Cabibbo
angle [20]. Vyp and Viy are in particular interesting, because their complex phasenake
weak intlgraction vioIgteCP symmetries. Another interesting character is unitarity othe

matrix, ViV = ;V;Vik =0 (i & k). The most useful relation among six of them
is:

VigVyp + VeaVep + VigVyy = 0 (1.24)

Equation (1.24) can be expressed as a triangle in the complpbane, which is called the
\Unitarity Triangle". It is convenient to normalize Eq. (1. 24) by jVc4V,, since one side is
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aligned to the real axis and its length becomes one. Then theardinates of the vertices
of the triangle are: (Q0), (1;0) and (5 ™), where

2
_ 1
2 b
) (1.25)
_ 1
2
Figure 1.1 shows the rescaled Unitarity Triangle, where
Vi, Vi
1 arg thvtd ;
cbVed
Vio Vi
arg ——— 1.26
2 g V, Vo ( )
V, V.
s arg —ubud
VcbVCd

are three angles of the triangle. As described later in thishapter, non-zero values for
1, 2 and 3 are directly connected to observabl€P asymmetries.

A

nl ®.n
IMubMud
[VebVedl
- |VEthd|
IVebVed|
P3 b1 ~
P

(0,0) (1,0)

Figure 1.1: Rescaled Unitarity triangle.

1.3.1 BO%BY mixing in the Standard Model

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

Mo/ (VipVyg)®mg;

(1.27)
12/ (VubVua + VerVea)?mp = (- VioVea)*mi;
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wherem, (my) is the top (bottom) quark mass.

This is qualitatively explained as follows: Since the intenediate state ofB °-B° mixing
is dominated by the virtual top quark that is the heaviest quak, M, is governed bym;.
On the contrary, B° (B°) should decay to particles lighter than the bottom quark. Wih
an approximation that the masses of charm quark and other Iig quarks are well below
my, 12 IS determined bymy,. Thus we obtain

2 o Mg (1.28)

(1.29)

Thenjg=p 1 holds.

t w
b——"——>—>—d b——(VV\\——d
W W ty At
dt—<—<—b d—"VVVIV——b

W

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

1.3.2 CP violation in B°! J=K £ Decay

A CP asymmetry parameter, sin2,, has been measured witlb! ccs modes, in par-
ticular, B®! J=K 2 decays. A remarkable feature of= K ¢ 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 ¢tled CKM-suppressed.
Furthermore, internal spectator diagrams like Fig. 1.3 arsuppressed since the internal
vertex should cancel the color of the spectator. This is calll a color-suppressed decay,
and external spectator diagrams are called color-allowecchys.

The tree diagram of theB®! J=K 2 decay [Fig. 1.3 (left)] is color-suppressed and
CKMe-allowed. Though the loop diagrams withc andt virtual quarks have the same order
of CKM matrix elements as the tree diagram, their weak phass also the same as the tree
diagram. Therefore measure@P 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-suppessed

8



by O( ?) compared to the tree diagram. Moreover, additional suppssion arises from
generating a heavy color singletc pair from gluons and to makeJ= . Therefore the
penguin pollution is negligible and only one weak phase coittutes to CP violation. As

a result, mixing inducedCP asymmetry parameterS;. ¢ ¢ should be equal to sin2; to

a good approximation.

2 ") )
- P EIq;
Eob S - b m SKS

_ _Ks B _
d d d d

Figure 1.3: Left (right): B° ! J=K 2 tree (penguin) diagram. The tree diagram is
color-suppressed due to the internal vertex.

The present world average of theCP asymmetry parameter is
sin2 ; =0:731 0:056 [13] (1.30)

In the rest of this paper, we regard this value as the referemof sin2 ;. Figure 1.4 shows
the current unitarity triangle constraints obtained from various experiments including
sin2 1 measurements.

1.4 B°! D *D Decay Amplitude

As mentioned previously, a measurement of time-depende@P asymmetries via the
b! ccd[14] transition is important to check the consistency of the&sM framework and
to search for new physics beyond the SM. In this section, west show the detailed
reason whyb! ccdis suitable for such tasks. Then we explain special feature$ the
B°! D *D mode.

One of common characteristics over alb! ccd modes is that they are sensitive to
the CP asymmetry parameter sin2;. Although b! ccsis also sensitive to sin 2;, 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 sizalBllE asymmetry corrections
from the dominant phase (= ; for b! ccd) up to 0.6.

Promising nal states of suchb! ccd modes includeB°! D*D ,B°! D D ,
B! D*D andB®! J= 09etc. 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 iew [13]. Therefore, in this paper, we use
the numbers taken from [13].
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Figure 1.4: Experimental constraints to the unitarity triangle. The unitarity triangle

constraints obtained from various experiments in the ~ plane are plotted. The mixing
parameter mg ( mg) in the By (Bs) system, CKM matrix element |V, ,,=Vyj, the CP

violation parameter ¢ inthe neutral K meson system, th€€ P violation parametersin2 ;
in the neutral B meson system are plotted. The four bands crossing at (1, O)resents
sin2 ; measurements including3®! J=K 2.

d *— d =
D D
C C
-y b C % - b C *+
B°_ D B- _D
d d d d

Figure 1.5: Left (right): B°! D *D tree (penguin) diagram. The tree diagram
dominates the total decay amplitude. The strong penguin isaminant for the penguin
diagram. The electroweak penguin and the exchange diagrameanegligible 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 d
0:1%. A color-suppressed decays like= ° can have the same order of sensitivity owing
to higher reconstruction e ciencies.

Both tree and penguin amplitudes are CKM-suppressed with thsame order of CKM
factors [O( %)]. Since new physics e ects can enter in both tree and pengudiagrams in
theb! ccddecay, a new physics model that is not CKM-suppressed may gia relatively
large enhancement to measure@P asymmetries. Furthermore, the penguin diagram in
the SM framework has a di erent weak phase from the tree diagm. As explained later,
magnitude of a penguin diagram with a di erent weak phase magake a sizable pollution
in the measuredCP asymmetry and may cause large uncertainty in the SM expecian.

Among variousb ! ccd decays,B° ! D *D decay has advantages. First, the
penguin pollution is expected to be relatively small, at a 8% level due to the vector-
vector decay [16]. Second, it is experimentally clean, sen¢there is few background from
genericBB decays, due to the high purity ofD mesons.

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

Decay mode Color CKM Decay type Branching fraction (10 ) [13]

DD A S PP < 9:4(90%CL)
D*D +D*'D A S VP+PV 11:7 35
D*D A S vV 8:7 18
= ° S S VP 022 0:04
J=K S A VP (85 05) 1=2

Table 1.1: Characteristics ofb! ccd transitions available for time-dependentCP asym-
metry measurements. J= K £ is also shown for comparison.A (S) means an allowed
(suppressed) decay an® (V) means a Pseudo-scalar (Vector) particle.

1.5 CP violationin B°! D *D

1.5.1 The simplest case

We rst discuss the simplest case where the dominant amplite intheD *D  decay is

the tree diagram (Fig. 1.5). In this case, only one CKM phasegpgears in decay amplitudes:
AD*D ) hD*D jHeB% VeVy M; (1.31)
A(D*D ;) hD*D ;jHejB% V4V M; '

whereD *D ;is a nal state of D "D which has a xed angular momentum,i, and
thus is aCP eigenstate, andM ; is a matrix element for each nal state.
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From Eq. (1.16) and (1.29), we obtain

A(D *D )
AD D )
ViaVip  VeaVeoM (1.32)

thvtb VchCbMi
2i 1

g
p

ie
|
where ; is the CP parity of each nal state. CP asymmetry parameters [Eq. (1.19)]
become:
Sp+p = iSin2 g
D *D i i 1 (1.33)
AD D = 0:

This result is exactly the same as thel= K 2 case and there is no direcCP violation
(J i] = 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 X®#l factors in the decay
amplitude tothe D *D  nal state:

VeaVeM ™ + VeV M @ + VgV M 9

A(D "D {)=HD *D jH. jBCi i
——(©) _(0(_1-34)

A(D *D )= "D ;jH. jB% = VuqubM—i(U) + VggVeoM i 7 + VgVieM 75

where M i(” (J = u;c;t) are the generic amplitudes apart from the explicitly showrtCKM
factors.
Using Eq. (1.24), Eq. (1.34) becomes:
A(D "D )= VegVpT + VgV, P
= VeaVoT (1 JR] € ' *€);
K(D D i) = VchCbT"' \/td\/tbﬁ
= VeaVeol (1 JRj € € );

(1.35)

W
|

whereT M @ M ™ is atree-dominant amplitude,P M ' M is a pure penguin

amplitude,
. ViV P
Vcdvcb T (1.36)
= jRje ' €
and p 1 IS astrong phase di erence betweeR and T.
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Using Eq. (1.29) and (1.35),

q AD*D )

p AD*D )

— thvtb VCdVCbT(l JRJ ellel) (137)
ViaVio VedVpT (1 JRj e ' 2€')

e'* jR] €

€1 jRj €

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

sin2 1 +2jRj sin ;cos |

'"1+jRj2 2jRj cos icos '’
2JRj sin jsin .
1+jRj2 2jRj cos ;cos

Sp b i

(1.38)

Ap +p |

Direct CP violation will occur when the penguin amplitude exists R & 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 thdD *D  decay, the total decay amplitude
can be written as:

A(D *D {)=jAswj€ " €M + jAypje Ve NP
=VeaVpT (1 jRj €' € +Njé e n);

A(D *D )=jAsmje Me M + jAypje | Ne e
=VeqVeoT (1 jRj € € +Nje ' né);

(1.39)

whereAsy (Ane); sm ( n); sm ( np) are the amplitude, CP violating phase andCP
conserving phase of the SM (new physics). In the SMgy and su correspond to the
weak phase and strong phase, respectively. It is de ned foomvenience agNj  J2nel

chdVij
and y NP T-
Then the ; becomes:
_q AD*D )
- P ADD ) (1.40)
_ et jRj € +iNje( W
- €1 jRj € +Njel+ ven
As a result, we obtain:
So+p ;= i[ sin2 1+2jRjsin ;cos jNj ?sin2 1+2 )
+2)NjfiR] sin( 1+ n)cos( n) Sin(2 1+ y)cos =L, (1.42)

Ap +p i =[2JRjsin 1sin +2NfjRj sin( 1+ y)sin( n) +sSin y sin yg)=L;
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where

L=1+ jRj? 2jRj cos ;cos

1.42
+jNj2 2JNjfiRj cos(1+ wn)cos( n) COS n COS NG (1.42)
For small jRj and jNj,
S _ - sin2 1 +2jRjsin ;cos  2Njsin(2 1+ n)cCOS
P 1 2jRj cos ;cos +2jNj cos y COS y !
L ; S : (1.43)
A 2Rj sin 1sin +2jNjsin ysin y
PP T 1 2Rjcos ;cos +2jNjcos yCOS
From factorization with a heavy quark limit, 12 [22] and|R] 0:02 [16] are
expected. Figure 1.6 show$p -p  and Ap +p  distribution based on the SM and
beyond the SM assumptions. For an illustration, y = 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 thB®! D *D decay amplitude is domi-
nated by one angular momentum state. In general, however,dle can be three possible
eigenvaluesL = 0, 1 or 2, for the angular momentum betweerD * and D

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

1.6.2 Partial Wave Basis

When aB meson (spin-0) decays into two vector (spin-1) mesons, tleerbital angular
momentum eigenvalue = 0; 1; 2 are allowed due to the angular momentum conservation.
A general decay amplitude is given as a superposition of peitwave states:

Awt = §j0;01 + pj1;0i + dj2; 0i; (1.44)

14
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wherejL; M i represents a partial wave labeled by the total orbital angak momentum L
and its z componentM . An amplitude of each partial wave is labeled by the spectrospic
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
deneaB ! VYV state as a two body system in thé8 rest frame

Z

jijLMi= e (Pisii i (1.45)

where jgi denotes ani-th particle that has momentum f in the B rest frame, ptis a

normalized relativistic momentum vector. The Parity trangormation is:
Z

Pji=12 d&pY( Piripl
Z
=120 1" Py (i mi (1.46)
= o( 1)t
=( 14 i
where (i = 1;2) is the intrinsic parity. We useY;( p)=( 1)-Y\:(p) and use the fact
that permutation Py, 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 P,,. First we rede ne

B! VV states as
Z

ji d*pYy (PiaR 1iiap 2i; (1.47)

where g(q) denotes a particle (anti-particle) and ; denotes its spin. Charge transforma-

tion becomes:
Z

Cji= c dpYy(Pian iiiap 2i; (1.48)
where ¢ is charge parity. Also
Z

1o 1Y dPpYs(Pigp LiigR 2
Z

Foya( DN DS dpY(Piap 2iaq i (1.49)
Z

T2, ,( DS dpYS(piga 1iiap 2

where transformation of the spin part uses the fact that we emider two spin-1 particles.
Therefore C transformation is:

c=( 1)-*S: (1.50)
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CP parity cp is a product of Eq. (1.46) and (1.50):
ce =( 1Y (1.51)

where we used = L + S =0 for the B decay.

From Eqg. (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 day amplitude of both
CP components with utilizing decay angles that are governed lilne angular momentum.
This is called an angular analysis. Unfortunately, we haveidulty to apply such an
angular analysis in the partial wave basis, since it is not &djuate for a relativistic system.
Therefore, we have to adopt a more suitable basis.

Figure 1.7: Angular distributions of each polarized state oB°! D *D on dierent
bases. Top, middle, bottom rows correspond to the partial wa basis, the helicity basis
and the transversity basis, respectively. For the partial awe basis,D * angular distri-
bution are shown. For the helicity and transversity basis,he angular distribution of *
from D * are shown. Arrows indicate that two amplitudes are equivalg. Each state in
the transversity basis can be distinguished by, and ;.

1.6.3 Helicity Basis

The partial wave basis has been employed in non-relativistsystems as an e ective analy-
sis tool. However, in the relativistic system, we meet some cllty owing to the Lorentz-
boost. For example, an orbital angular momentum is de ned ithe rest frame of a parent
particle, whereas a spin angular momentum is de ned at the sé frame of its daughter.
Therefore calculation becomes complicated.
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If we choose the quantization axis along with the directionfahe Lorentz-boost, i.e.
the momentum vector, the de nition becomes unique everywihe. Then the helicity
the spin projection to the axis, becomes:

TP (1.52)

iP]
where J is a total angular momentum vector andP is a momentum vector. Since it is
invariant under rotation and Lorentz-boost, treatment of angular momentum becomes
easy.
In case ofB ! V;V, decay, spin-1 daughters y back-to-back along with the dega
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 hf jH. jBi, where =1;0; 1 and
jf i denotes each helicity state. As seen in Fig. 1.7 (middle}\ is longitudinal to the
helicity axis and A is transverse.

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

PA.1 = A 1; PAo= Ay PA 1= A (154)

Note that jf ;i are not parity (and alsoCP) eigenstates.

Figures 1.8 (upper) show projected decay angular distribigins in the helicity basis.
We nd that the decay angle cos ; and cos , (angles between helicity axes and momenta
of their daughters) are sensitive to longitudinal polarizaon (Ao), 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 liter basis keeping the merit to
use the helicity projection.

1.6.4 Transversity Basis

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

Ao (P:+1);
A A—”p’LéA—l (P : +1): (1.55)
A, A—”p% (P: 1)
CP transformation is known from Eq. (1.50) and (1.55):
Ao CPAy=Ag (CP :+1);
5“ CPA =Ag (CP : +1); (1.56)

A, CPA,= A, (CP: 1)
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Figure 1.8: Projected angular distributions onto individual decay antgs. Figures in the
upper (lower) row show the helicity (transversity) basis ditributions. De nition of helicity
angles is given in Appendix B. Dashed, dotted, solid curvesicespond toAq, A+ (A»),
A (Ay), respectively. Dierent CP components are separated in theos  projection.
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Full angular distribution is also obtained by applying the ame procedure to the an-
gular distribution of the helicity basis:

1 d? 9 1

S dcos pdcos 1d 32 jAgi2+ jAZ+ A2

4iAgj®cog isin®  cog

+2jAj2sin® sin®  sin®
+2jA,j%sin® 1cog 4
+ 2<(AAg)sin2 isin®  sin2

E: (AOA?)SinZ 1Sin2 tr COS ¢

2=(AA5)sin® 1sin2y sin (1.57)

where we introduce three decay anglesy ; ; and . Detailed calculation is explained
in Appendix B.

An exact de nition of transversity basis is the following: h the B rest frame, the
x-axis is de ned as the decay axis betweeD * 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 byx ¥. We de ne
3 decay angles:  is the angle between thez-axis and a slow pion fromD *,  is the
angle between thex axis and the momentum vector of the slow pion frond * projected
onto the transversity plane, and ; is the angle between thex-axis and a slow pion from
D inthe D rest frame. Similar de nitions are also used foD ! D © decays.
Figure 1.9 shows de nitions of this frame. Angular distribtions of the transversity basis
are shown in Fig. 1.7 (bottom).

We characterize each amplitude in the transversity basis:

Ao, longitudinal polarization to the decay axis,
Ay, transversely parallel polarization to theD  polarization (on the decay plane),
A, , transversely perpendicular polarization to the decay ptee.

From Fig. 1.8 (lower), we nd that di erent CP components can be distinguished by
a single angular term, cos; . 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 re ection (not parity transformation but just an ordinal mirror ) of a
particle on the decay plane. The re ection, which consistsfd® transformation and 180
degree rotation, is explained as :

Rp Pédlz= el ; (1.58)

whereJ, () is a projection of total (spin) angular momentum to the nornal of the plane
and is intrinsic parity of the particle.
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Figure 1.9: The transversity frame forB°! D *D . D * polarization is anchored by
D decay plane atD * rest frame. Floated plane iD rest frame to measure ;.

Though a transversity is de ned in the rest frame of each paitle on the decay plane,
they can be linearly added owing to Lorentz-invariance andhe fact that all quantizing
axes are parallel. Incase o8B ! D "D , we have three particles to be considered,
D* ;SO(D ); (9. Since their spins are 0 except foD *, total transversity corre-
sponds toD *. Then

CP = (p€ ; (1.59)

where cp is intrinsic CP parity. We usedJ = 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 planeps the CP sign. Therefore
cp = 1. Thus we obtain

CPp+p =( 1Y ; (1.60)
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where =0 ( = 1) corresponds toCP-odd (CP-even).

This can be intuitively explained as following. Orbital angllar momentum and spin
angular momentum ofB°! D *D s determined uniquely, becaus@&° is spin-0 par-
ticle. In case ofD "D , transversity basis satis es that there is no orbital and sm
angular momentum except forD *. Therefore, transversity , projection of D * spin
angular momentum, remembers the orbital angular momentumf® *D . In short,
knows CP sign of theD *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. Ful angular distribution
ofB! D *D decay in the transversity basis is shown in Eq. (1.57). Intégrences
between di erently polarized states are concealed with iegration of :

()

1d2(B% D*D 9 X __

- (Elcostdcosl) - 16 jAij?Hi(cos ¢ ;€0S 1); (1.61)
' i=0:k;?

where angular terms are:

Ho(cos ¢;cos 1) = 2sin?  cog i;
H(cos ¢:cos 1) = sin? 4 si? i
H- (oS ;€0S 1) = 2¢0S° ¢ SIN® 1:

and A;'s are rede ned as the normalized decay amplitudes for=0;k; ?:
JAol® + JAK? + JA2 )7 = 1 (1.62)
From Eq. (1.32) and (1.56),CP violating parameters for each amplitude are:
0= k= 2! (1.63)

This is always true when only the tree diagram contributes tthe D *D  decay. We note
that Eq. (1.63) is held in case of an equivalent penguin coiilbution 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-dependerdi erential decay rates
are also rewritten as follows:

()
12 (BO(t)! D *D e t X 9
1d° (B (1) ) _ Ri —H;(cos 4 ;cos 1)

dcos ydcos ; 4 16
+ (j ’ Loos mt+ —=sin mt)
qj 2+1 R+l
e t X 9
= T Ri 1—6Hi(costr;cosl)
i=0;k;?

1+qg(Ap+p COS mt+ ;Sp+p sSin mt) ;

(1.64)
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where the b- avor chargeqis +1( 1) when theB meson at the time of production { = 0)

is B°(BY).
CP-violating parametersSp -p andAp +p are re-de ned:
2=
Sp - . ;
D *D ] J2+1
P21 (1.65)
AD +D J j2 1 .

A polarization ratio for each amplitude is de ned as:
Ri _| Aijz: (166)

1.7 Previous Measurements

The CLEO Collaboration rst observed B® ! 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:® 10°BB pairs:
B(B°! D *D )=[0:99%%(stat) 0:12(syst)] 10 3,
CP-even fraction>0:11(90% CL)

The Belle Collaboration reported the branching fraction [8] with 11:0 3:7 candidates
obtained from a sample of 28 10°BB pairs:

B(B°! D*D )=[1:21 O04l(stat) 0:27(syst)] 10 3; (1.68)

The BaBar Collaboration also reported the branching fractin [26] with (38 6:24)
0:33(stat)  0:36(syst) candidates obtained from a sample of 2 10°BB pairs:
B(B°! D *D )=[0:83 O0:16(stat) 0:12(syst)] 10 3; (1.69)
and polarization and CP asymmetries [27] with 156 14 candidates obtained from a
sample of 88 10°BB pairs:
R, =0:063 0:055(stat) 0:009(syst)
=( +)=0:05 0:29(stat) 0:10(syst), (2.70)
j +]=0:75 0:19(stat) 0:02(syst);
where . is an averagedCP violating parameter, which takes into account of di erent
penguin amplitudes betweerCP-even andCP-odd components. It is de ned by:

(1.67)

2=( ) AR EiAG?

1+j gj? 1+j oj?

1+ +j2 JAG? + JAoJ
1) j
1) +7 T EJZJA"J l+J oJZJAJ
1+ +J? JAW? + JAoj?
BaBar claims that CP asymmetries ofD *D have a 2.5 discrepancy from the SM
expectation if the penguin contribution is neglected.

(1.71)
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Chapter 2

Principle of the Measurement

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

Since theB meson is heavy, there are many decay modes with small branaifractions.
Therefore high luminosity is needed to perform a precisioneasurement. The KEKBe* e
collider meets this requirement. Furthermore, are* e collider is in general superior to
a hadron collider in studying complicated hadroni@ decays, because QCD backgrounds
are much smaller. Although we need proper time of thB meson to measure the time-
dependentCP asymmetries from Eqg. (1.18), it cannot be directly measuredue to the
very short lifetime of the B meson, g ( 1:5ps). If beam energies of a collider are
asymmetric, this problem can be solved thanks to the Lorentzoost.

From these conditions and requirements, 8 factory, an experiment with an asym-
metric €" e collider which produces a large number dB mesons, was proposed. To-
tal energy of the asymmetrice” e collider is adjusted to the (4 S) resonance which is
one of bottomniums ). Since the mass of the (4S) resonance is just above thé& B
pair production threshold, almost all (4 S) resonances decay int@*B or B°B? 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-depender@P violation arises from an inter-
ference between two diagrams that are responsible for boBf and B° decays into the
sameCP eigenstate. Such a type of decaying is called a avor-nonspe decay. On the
other hand, a avor-speci c decay means a decay in which thenal state tells whether
the parent isB° or B®. We also need to reconstruct a avor-speci ¢ decay mode fohe
accompanyingB meson in order to measur€P asymmetries.

Since (4S) is produced from a virtual photon, its quantum numbers areJP¢ =
1 . The BB system conserves the quantum numbers, because %4 decays via strong
interaction. Since aB meson is a pseudo-scalar particle, thBB system should have
an orbital angular momentumL = 1. The states B°B® and B°B° are forbidden from
Bose-Einstein statistics.
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Therefore, an allowed state at a time of pair production is
. : 1l . _0.=0 : =0:mo0
jB1B,;0;0i = P—E(JB?U BYi j BRijB3i); (2.1)
wherejB.B,;t;; t,i denotes a state with twoB mesonsyt; (i = 1;2) is the proper time of

Bi, and jBCi (jB®i) means theB meson whose avor isB° (B att =0.
From Eq. (1.10), time evolution of the system with twoB mesons becomes:

. . 1 - P
jB1Bo;ty; to =p5e (+12)=2 cog 5 jB2ijB% j BYijBJi

2.2)
ng‘l’ij BYi gj§2ij BY

+isin

where t t, t;. The coherence seen in Eq. (2.1) is kept until on® meson decays.
We rede ne t; and t, as the decay times of eaclB meson. If we know theB avor
from oneB decay (to a avor-specic state) and t, we know the time-evolution of the
accompanyingB meson. In particular, we consider the case that or® decays into aCP
eigenstatef cp and the other into| X, which is a avor-speci ¢ mode;B° (B°) mesons
decay intol™ X (I X) and decays with the opposite avor are forbidden. Replacipthe
notations By (B2) with Bcp (Biag), Which means aCP eigenstate ( avor-speci ¢ state),
decay rates of theB mesons pair system become:

(fer;l X)=jhfcp | XjBcpBiag:ter: tiagli 2

1 (et 2 A2
= Z,e (tep + tag)ACPAtag

(i cpi®+1) (i cpi® 1) cos m t 2= cp sin m t ;

(fep;I"X) =jhfcp 1" X[Bcp Biag: tcp ; ttagl] ? (2.3)
1 p?
= Z-e (tcp +tiag )A%PAtzag Lt

(G cpi?+1)+(j cpj> 1) cos m t+2= cp Sin M t ;

where the decay amplitudeA,y h I* XjBC%j = H X jB® and the proper timetcp (tiag)
is for Bcp (Biag)-
With using jg=p 1 and normalizing Eq. (2.3)in1 < t< 1, we obtain the
conditional probability that we nd fcp at the time t:
ej ti= g0
Pcp(a; t)= 47801‘“ d(Acpcos m t+ Scpsin m t)g; (2.4)

whereq=+1 (1) for Byg = B° (BO).
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We then consider theB®! D *D decay. Since the time-dependent angular distri-
bution is given in Eq. (1.61), the total probability thatwe nd D *D at tis:
eJ tj: BO X

9
Po .o (4; £COSy;COS1)= ——r Ri TgHi(cos vicos 1)
B

i=0;k;? (25)

1+g(Ap+p COS M t+ {Sp+p sSin m t)

From Eg. (2.5), we nd that we need to reconstruct four varialles to obtainPp +p
transversity angles cos; and cos ;, b- avor of the avor-speci c decay mode (called tag
side) g and the proper time di erence t.

2.2 Measurement at the Belle experiment
In this section, we explain how to perform the measurementsantioned above, in the

Belle experiment. It is divided into three stages: event renistruction, t measurement
and avor tagging. Figure 2.1 shows the schematic view of thBelle experiment.

K
| DZ~ bgc Dt |
[ R E LR TP Er > .-
4“' p

1 e
3 BO | P
BO, il P |D**D* reconstruction
b > ___‘--_-' . "-AA'\\ K
- == 4+ ! e
& o saeer=l | p
= . I
i I E——
e p
Coherent ! <.<; | Flavor Tagging
B°B°mixing ! -

1
Dt=0
|Dt measurement |

Figure 2.1: Schematic view of the Belle Experiment.

2.2.1 Event reconstruction

Event-by-event, transversity angles cos, and cos ; are obtained from the fully recon-
structed D *D events. The full reconstruction is performed by evaluatinthe invariant
mass that is obtained with combining the four-momenta of wHe daughter particles.
Each daughter particle is similarly combined or reconstried with the Belle detector.
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The decay chain is

Bep! DD ! D D s!'f K ;K ; %
Bug ! | X !f ;e ;K ;K ; % (2.6)
I K X!If K ;K ; O;

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

The transversity angles, cos; and cos ; can then be measured with reconstructed
B°! D *D candidate with following the de nition that is described in Sec. 1.6.4.
Polarization parameters,R; are measured from time-independent angular distributionis
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 meentum. Especially,
we always have two slow pions whose momenta are below 300MeVTherefore, having
a high tracking e ciency in low momentum region is very impotant. An example of
B°! D *D candidate is shown in Fig. 2.2.

2.2.2 t measurement

In the Belle experiment, the momentum direction of the prodced (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), eadB meson also ies along with
this direction. The ight length becomes much longer than tlat 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:

z ZCP Ztag .
C C '

2.7)

whereZcp (Ziag) is the z component ofB vertex and = 0:425 is a Lorentz factor. In
this condition, the average ight length becomesc go 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 oéchay products re ects the
charge ofb quark. There are several ways to identify the avor. The two rost e ective

ways are to use a primary lepton from a semi-leptonic decdy,! W (! | 7)c, and to

use charged kaons from a cascade decay, c! s. Other methods and detail of tagging
are described later. Figure 2.3 shows a schematic view of tlagor tagging method.
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Figure 2.2: An event display for a B°! D *D candidate. D * decays toD? (!
K * 9 !andD decaystoD®° (! K* ) .. SVD and CDC are detectors for
tracking charged particles, while ACC and ECL are detectorfor particle identi cation.

Description about each detector is explained in Chap. 3. Cwugs with humber mean
reconstructed charged tracks.
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Wrong Tag Fraction

Flavor tagging is not always perfect. For example, if the nuber 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 process that give opposite avor to
the dominant process, such as the charged kaon from toelecay inb! ccs transition.

If the avor tagging gives wrong avor information, the probability density function
Eqg. (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:

eJ tj=BO X 9
Pp+p (0, tCOSy;COS )= — Ri —Hi(cos ¢ ;cos ;)

4 BO =0 :k:? 16

1+g1 wW)(Ap+p €COS m t+ {Sp+p Sin m t)

eJ tj= B0 X R 9H
+ — i —H,;(cos  ;cos
4B° . i 16 |( tr 1)
i=0:k;?
_ (2.8)
1 gMAp+p COS M t+ {Sp+«p sSin m t)
eJ tj:BO X 9
= — R; —H;(cos 4 ;cos
480 - i 16 |( tr l)
i=0;k;?

1+9g(1 2w)(Ap+p COS M t+ {Sp+p sSin m t)

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

ol

Figure 2.3: A schematic view of avor tagging. The primary and secondaryeptons and
an s quark from cascade decay remember the avor of the parefit quark. Note that

the secondary lepton has the opposite charge to the otheB?! 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 ohé Belle experiment. The
Belle experiment is one of twdB -Factories, which is performed at KEK (High Energy
Accelerator Research Organization), Tsukuba, Japan. The BK B-factory consists of
the KEKB €"e collider and the Belle detector. The KEKB collider has the hghest

luminosity in the world, and the high-sensitivity Belle deector has produced many physics
results.

3.2 The KEKB Collider

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

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

The center of mass energy is 10.58 GeV, which corresponds he mass of the (4S)
resonance that decays into 8 B meson pair. The produced 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 10°3cm 2s ! which approximately corresponds to 10
BB pairs a year. The main parameters of the KEKB are summarizechiTable 3.1.
Figure 3.1 shows the luminosity history of the KEKB. As of Jw 2004, the KEKB has
achieved a peak luminosity of 132 10°3cm 2s ! and data recorded by the Belle detector
corresponds to the integrated luminosity of 288 fit. 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.

31



time.

3.3 The Belle Detector

3.3.1 Overview

The B meson decay produces many charged particles suchKas,  and neutral particles
like , °andK2. In order to measure time-dependenCP asymmetries in theB° !

D *D decay, we need to reconstruct and identify particles menti@d above with high
e ciencies and measure vertex positions with good precisio The Belle detector was
designed and constructed to satisfy these requirements.

The Belle detector is asymmetrically placed around the IP ahconsists of several sub-
detectors to detectB decay products e ectively. Figures 3.3 and 3.4 show the deter
con gurations. These sub-detectors are grouped into two:rdcking devices and particle
identi cation devices. As a tracking device, the silicon wex detector (SVD), which
is used for precise measurement of th® meson vertices, is located just outside of a
cylindrical beampipe. Another tracking device, the centredrift chamber (CDC) measures
momentum of charged particles. The CDC is also utilized as agicle identi cation device
for charged particles with measuringiE=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 aay of CsI(TI) crystals (ECL)
located inside the solenoid coil. The super-conducting sobid provides a magnetic eld of
1.5 T for momentum measurement of charged particles by the @D Penetrating particles,
muons andK ? mesons, are identi ed by arrays of resistive plate counteisterspersed in
the iron yoke (KLM), which is located at the outermost part ofthe Belle detector. In
addition to these sub-detectors, the Belle detector has thextreme forward calorimeter
(EFC) to improve the experimental sensitivity to some physis processes such &s!
and to provide luminosity information online. The detectorperformance is summarized
in Table 3.2.

We de ne the Belle coordinate system, which is commonly used this thesis: In the
Cartesian coordinate systemz is de ned as the opposite direction of the positron beam
current; ¥ is the vertically upward direction of the system;x satis es the relation of the
right-hand system, i.e.x = ¥ The cylindrical coordinate system is also de nedr is
the radius in the x-y plane r = x2+ y?2); 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]. e\give a brief description of
the major detector subsystems and analysis software relevdo the measurement ofCP
asymmetry parameters.

3.3.2 Beampipe

The beampipe around the IP is an important structure to mease the vertex position of
B meson with the vertex detector, which is just outside of the dampipe. The thickness
of the beampipe is designed to be minimized, since multipleoGlomb 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 10*% cm ?s 't
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 2 0.4 cm
Energy spread 71 104 67 10°%
Bunch spacing Sh 0.59 m
Particle/bunch N 33 10° 14 109
Emittance "w="y 18 10836 10 m
Synchrotron tune s 0.01 0.02
Betatron tune x=y 45.52/45.08 47.52/43.08
Momentum b 1 104 2 10“
compaction factor
Energy loss/turn U, 0.81y/1.5z 3.5 MeV
RF voltage Ve 5 10 10 20 MV
RF frequency fre 508.887 MHz
Harmonic number h 5120
Longitudinal 43y/23z 23 ms
damping time
Total beam power Py 2. /452 4.0 MW
Radiation power Psr 2.1y/4.0z 3.8 MW
HOM power Phowm 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 , 200 m
SVvD sided r=3.0-6.05cm 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:15K 2. 200 1,400 m
chamber r =8.3-86.3cm =R =(0:200; 0:29= )%
-77 z 160 cm de=dx = 6%
n: 101 12x12x12 cm blocks Npe: 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 ¢ =100 ps
r =120 cm, 3 m-long K/ separation:
TSC 64 segmentation 64 up to 1.2Gew
Csl Barrel: r = 125 - 162 cm 6,624 e=E=1.3 %= 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=15T
conducting
Resistive 14 layers 16 K = =30 mrad
KLM plate (5cm Fe+4cm gap) 16 K for K2
counters 2 RPCs in each gap 1 % hadron fake
EFC BGO 2x1.5x12 cnd 5 e=E=
:32 (03 1)%:IO E

Table 3.2: Performance parameters expected (or achieved) for the Beldletector @ in
GeV=¢ E in GeV).
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Figure 3.6: The cross section of the beryllium beampipe at the interacin point.

spatial distance between the IP and the vertex detector makée vertex resolution worse.
Therefore, the beryllium beampipe was chosen. Figure 3.608fs the cross section of the
beryllium beampipe at the interaction region. The beampipés a double-wall cylinder,
whose radii are 20.0 mm and 23.0 mm, respectively. Each cylar has 0.5 mm thickness.
In order to manage beam-induced heating, a 2.5 mm gap betweite cylinders works as
a part of active cooling system, which provides a helium gafannel. The helium gas
coolant is adopted to minimize the material in the beampipeOutside the outer beryllium
cylinder, a 20 m thick gold sheet is attached in order to reduce the low engrgX-ray
background from the HER. The total thickness of the beampipeorresponds to 0.9% of
a radiation length.

3.3.3 Silicon Vertex Detector (SVD)

The SVD plays a central role to measure time-dependei@P asymmetry parameters,
since precise measurement of vertex positions fBrmeson pairs is indispensable. It also
contributes to reconstruct charged patrticle tracks.

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

We use S6936 DSSDs fabricated by Hamamatsu Photonics, whialere originally
developed for the DELPHI experiment [32]. The overall DSSDiz is 575 335 mn?
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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 (calledside) of a DSSD has* sense strips oriented
perpendicular to the beam direction to measure the 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 supgdl to the n-side, while thep-
side is grounded. The schematic view of the DSSD is shown irgFB.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 ohé n bulk silicon generates a
pairs of an electron and a hole. The electrons and holes dri&i 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 stripsn between is read from
adjacent strips by means of capacitive charge division.

The signal of DSSDs is read out by the VAL chip [33, 34]. The VAthip is a 128
channel CMOS integrated circuit fabricated by the AustrianMicro Systems (AMS) with
a 12 m CMOS process. It was specially designed for the readout oficen vertex
detectors and other small-signal devices. Five VAL chipseapn both sides of each hybrid
unit. The total number of readout channels is 81920.

We estimate the performance of the SVD with the following twguantities: the SVD-
CDC track matching e ciency and the impact parameter resoldion 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 assoc@t®VD hits in at least two
layers, and in at least one layer with both ther- and r-z information. Tracks from K2
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Figure 3.8: Schematic drawing of the DSSD.

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

w =19 54=p sin®? ) m; (3.1)
, =42 44p sin°"? ) m; (3.2)

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

3.3.4 Central Drift Chamber (CDC)

The CDC is a the charged particle tracking system that provids 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°! D *D decay pro-
duces many low-momentum charged tracks, especially piomgrh the D decay (transverse
momentump, < 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 wais are 2400 mm long.
The outer radius is 874 mm and the inner one is extended down 1®35 mm without
any walls in order to obtain good tracking e ciency for low{; 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 3.11: 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 lagrs of anode wires, which
consist of 32 axial- and 18 stereo-wire layers, and 3 cathodgip layers. The axial
wires are con gured to be parallel to thez axis, while the stereo wires are slanted by
approximately 50 mrad, to provide z 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 ks a total of 8400 drift
cells. A low-Z gas mixture, which consists of 50% He and 50%hahe (GHe), is used to
minimize multiple Coulomb scattering to ensure a good momamn resolution, especially
for low momentum tracks. A charged patrticle passing througthe CDC ionizes the gas. A
charge avalanche is caused by the ionized gas and drifts toemse wire with a speci c drift
velocity, then the measured signal height and drift time prade information of the energy
deposit and distance from the sense wire. In the innermost pathe 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 wired @92 for cathode strips.
Figure 3.13 shows a scatter plot of measuretE=dx and particle momentum. Populations
of pions, kaons, protons and electrons are clearly seen. g 3.14 shows the transverse
momentum () resolution as a function ofp;. The p; resolution is (Q20p; 0:29= )%,
wherep, 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.
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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 GeVAhanks to Cherenkov
radiations of charged tracks. The momentum range covered ltlge ACC is beyond the
reach of other particle identi cation system; i.e. the CDC (E=dx) and the TOF (time-
of- ight).

Cherenkov light is emitted when its velocity is larger than he light velocity in the

matter:
S

n> = 14 % : (3.3)

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

The con guration of the ACC is shown in Fig. 3.15. The ACC conists 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 partfdhe detector. All the
counters are arranged in a semi-tower geometry, pointing tbe IP. Each counter module
consists of a block of silica aerogel in an aluminum box of Or@m 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 aerogdblocks are selected to obtain
the good pion/kaon separation for the whole kinematic rangeFor the barrel modules,
the silica aerogel with ve di erent refractive indices,n = 1:01Q0 1:013 1.015 1:020 and
1.028, are used depending on the polar angle. For the endcap rateq the silica aerogel
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with n = 1:030 is used for low momentum particles, which is necessary favor tagging,
to cover lack of the TOF in the endcap. The number of readout emnels is 1560 for the
barrel modules and 228 for the endcap modules.

Figure 3.16 shows the measured pulse height distributionsrfbarrel ACC for e
tracks in Bhabha events andK candidates in hadronic events, wher candidates are
selected by TOF anddE=dx measurements, together with the expectations from Monte
Carlo (MC) simulation. Clear separation betweerK ande is seen.
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Figure 3.16: Pulse-height spectra in units of photoelectrons observed Ibarrel ACC for
electrons and kaons.

3.3.6 Time of Flight Counter (TOF)

The TOF gives particle identi cation to distinguish chargad kaons from charged pions,
whose momenta are below 1.2 GeV/c. With using plastic scitiation counters, The TOF
measures the elapsed time between a collision at the intetiaa 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 sigria for the trigger system. To
sustain the fast trigger rate in any beam background condin, thin trigger scintillation
counters (TSC) are appended just inside the TOF counter.
A relation between measured timél and the particle massm is expressed as
s
2
T= E m
c

1+ — (3.4)

L
c p

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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