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Abstract

The Belle detector, a versatile magnetic spectrometer offering extensive solid angle cover-

age, is specifically crafted for investigating the Charge-conjugation-Parity (CP ) violation

asymmetry in the decays of B and D mesons. Positioned at the interaction region in

Tsukuba, Japan, featuring a 1.5 T superconducting solenoid along with iron structure

and it accumulated close to 1 ab�1 of data at various center-of-mass energies.

Belle II, the successor to Belle and a second-generation B-factory, is currently under

operational in Tsukuba, Japan. As an experiment at the intensity frontier, Belle II aims

to amass a data sample approximately 50 times larger than its predecessor (Belle). The

primary objective is to unveil physics beyond the standard model (SM), commonly referred

to as New Physics (NP), through precise investigations of rare or suppressed decays. In

essence, Belle II represents a dedicated pursuit of New Physics.

We measure the time-integrated CP asymmetry, ACP , in D0 ! K0
SK

0
S decays recon-

structed in e+e� ! cc events collected by Belle and Belle II. The full Belle data sample

is used, corresponding to an integrated luminosity of 980 fb�1. For Belle II, the data col-

lected before Long Shutdown 1 (LS1) are used, and correspond to an integrated luminosity

of 420 fb�1. The D0 decays are required to come from the flavor-conserving D�+ ! D0�+

decay (D�+ tag) to determine the charm flavor at production time. A control sample of

D�+-tagged D0 ! K+K� is used to correct for production and detection asymmetries.

I also participated in the particle identification of charged pions using K0
S ! �+ ��

decays in the context of the Belle II Systematics Correction Framework. I have also

contributed to studying the data/MC comparison of the cluster properties of the Belle II

Silicon Vertex Detector.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics is the most successful explanation of matter,

but it cannot provide an explanation for the matter-antimatter asymmetry. One of the

conditions for matter-antimatter asymmetry is Charge Parity Violation (CP Violation or

CPV), suggested by Andrei Sakharov [1]. In the SM, CPV is caused due to an irreducible

phase in the Cabbibo Kobayashi Maskawa (CKM) matrix [2,3]. This phase is not enough

to account for the extent of the matter-antimatter asymmetry of the universe. While the

K and the B meson systems have been studied extensively in this regard, theD meson

sector is relatively unexplored. Nonetheless, the charm sector is viewed with renewed

interest after the discovery ofCP violation in decays of neutral charm mesons that has

recently been observed by LHCb by measuring the di�erence between theCP asymmetries

in D 0 ! � + � � and D 0 ! K + K � decays [4].

Charmed hadrons are unique because the charm quark in them is the only `up' type

quark can transition into a d̀own' type quark. This feature makes charmed hadrons a

special tool to probeCP Violating couplings which may not present in theK and B sector.

In this chapter, the rationale behind the analysis performed in this thesis are intro-

duced, following a brief overview of the theoretical background, where we address the

linkages between the charmed meson decays andCP violation in the SM.

1.1 Literature review

This section gives a chronological introduction toCP violation and also provides a review

of the formalism that is developed to describeCP violation in the standard model, in

particular for the decays of neutral mesons.

1.1.1 CP Violation

Symmetries play a pivotal role in nature. As per the Noether's theorem, these symme-

tries lead to conservation laws [5]. In this section, we focus onCP violation, where C̀ '

denotes the charge conjugation and `P' stands for parity. The `C ' and `P' are two discrete
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symmetries of nature, studied in Particle Physics. The operation of charge conjugation

changes the sign of all the quantum numbers that follow the laws of simple scalar addition

leaving all other quantities like position, momentum and spin unchanged. To understand

better, we can consider the case of the neutral pion (� 0) and the neutron. The � 0 is its

own anti-particle, as it has no spin whereas, the neutron has a distinct anti-neutron. The

parity operator on the other hand inverts the spatial dimensions, leaving other variables

unchanged. In variance of the laws of physics under theCP operation implies that CP is

conserved.

Prior to 1950s, C,P and T were believed to be conserved in all interactions, where

`T' is the time reversal operator, which inverts the temporal dimension of space-time

(t ! � t). In 1956, two theoretical physicists C.N. Yang and T.D. Lee demonstrated

that there parity invariance was not supported by any evidence [6]. The following year's

experiments unequivocally con�rmed that parity is broken in the beta decays of both pions

and nuclear matter [7,8]. These experiment also revealed charge conjugation asymmetry.

It was thus proved that C and P are not separately conserved in nature.CP was thus

established as a symmetry of nature.

In 1964, Cronin and Fitch found the �rst evidence ofCP violation in the neutral K

meson system [9]. The neutral kaons were expected to decay into three pions only but

in the experiment it was found that only neutral kaons decay into two pions in a small

percentage of the time thereby violating theCP symmetry. This experiment also led to

the introduction of a new quantum number \strangeness" (S) to describe the kaons. The

problem of the observed phenomenology of neutral kaons remained unresolved till 1973,

when Kobayashi and Maskawa hypothesised that the occurrence of a complex phase, if

are at least six quarks, may accommodateCP violation in the electroweak model [3].

However onlyu, d and s quarks were known to exist till then. Eventually, in 1974 and

1977, respectively, the charm [10,11] and bottom [12] quarks were con�rmed to exist. The

top quark, or sixth particle, was not found until 1995 [13,14].

The Kobayashi- Maskawa hypothesis was con�rmed for the �rst time, when directCP

violation was discovered in the neutral kaons system through theK 0 ! � 0� 0 decay [15,16].

More pronounced e�ects were observed in theB 0 � �B 0 system [17, 18] and in two-body

charmless decays ofB 0 [19,20].

1.1.2 CP violation in the Standard Model

After the �rst observation of CPV, it took about a decade to understand it in the SM. In

1973, Kobayashi and Maskawa extended the formalism (which was originally developed

by Cabibbo [2]) to accommodate three generations of quarks, even though onlyu, d and

s quarks were discovered till then. Kobayashi and Maskawa showed that aCP violating

complex phase arises in the quark mixing matrix, called the CKM matrix [2, 3], named

after Cabibbo, Kobayashi and Maskawa. At the current stage, there are three quark

generations. Each of these generations are made up of anup type quark with charge
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+(2 =3)e and a down type quark with charge� (1=3)e. The up type quarks areup, charm

and top and their corresponding down type quarks aredown, strange and beauty. These

quarks participate in mixing via the exchange of aW � boson and the quark mixing matrix

is called the CKM matrix.
2

6
4

d0

s0

b0

3

7
5 =

2

6
4

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

3

7
5

2

6
4

d

s

b

3

7
5 (1.1)

The weak eigen states are denoted by prime. The probability of a quark transition is

decided by the matrix elementsVij (i; j = u; d; c; s; t; b). Any n � n unitary matrix can be

parameterized byn2 real parameters, out of which (2n � 1) parameters can be eliminated

by re-phasing the quarks, while (n � 1)=2 parameters are left. In addition, the CKM

matrix is orthogonal and hasn(n � 1)=2 parameters, that correspond to the independent

rotation angles. The (n � 1)(n � 2)=2 parameters are the complex phases. The CKM

matrix is an 3� 3 unitary matrix. So, it can be parameterized by 9 real parameters, out of

which 5 can be eliminated by re-phasing the quarks. Out of the 4 remaining parameters,

3 are the Euler angles and one phase. As per the Chau Keung parametrization [21], the

CKM matrix can be written as:

VCKM =

2

6
4

1 0 0

0 c23 s23

0 � s23 c23

3

7
5

2

6
4

c13 0 s13e� i�

0 1 0

� s13e� i� 0 c13

3

7
5

2

6
4

c12 s12 0

� s12 c12 0

0 0 1

3

7
5 (1.2)

VCKM =

2

6
4

c12c13 s12c13 s13e� i�

� s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13

s12s23 � c12c23s13ei� � c12s23 � s12c23s13ei� c23c13

3

7
5 (1.3)

sij � sin� ij and cij � cos�ij , � 12 is the Cabibbo angle and� is the phase, which

changes sign when theCP operation is performed, indicatingCP Violation. The value of

the diagonal elements ofVCKM are close to 1 and the other elements have a considerably

smaller value. This implies that quark level transitions within the generation are favoured

while inter-generational transitions are not. The observed hierarchy iss13 << s 23 <<

s12 << 1. Exploiting this hierarchy, another parametrization if the CKM matrix was

developed by Wolfenstien [22], wherein, every matrix element is expressed as a power

series in� � sin� c � 0:23. The four independent real parameters are

s12 � �; s 23 � A� 2; s13e� i� � A� 3(� � i� ) (1.4)
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The CKM matrix can thus be written as

VCKM =

2

6
4

1 � � 2

2 � A� 3(� � i� )

� � 1 � � 2

2 A� 2

A� 3(1 � � � i� ) � A� 2 1

3

7
5 + O(� 4) (1.5)

The orthogonality relations between the elements ofVCKM is given by

X

k� f u;c;t g

= V �
k� Vk� = � �� ; �; �� f d; s; bg (1.6)

This gives us a total of 9 equations, out of which 6 equations satisfy� �� = 0.

VudV �
us| {z }

O(� )

+ VcdV �
cs| {z }

O(� )

+ VtdV �
ts| {z }

O(� 5 )

= 0 (1.7)

VudV �
cd| {z }

O(� )

+ VusV �
cs| {z }

O(� )

+ VubV �
cb| {z }

O(� 5 )

= 0 (1.8)

VusV �
ub| {z }

O(� 4 )

+ VcsV �
cb| {z }

O(� 2 )

+ VtsV �
tb| {z }

O(� 2 )

= 0 (1.9)

VcdV �
td| {z }

O(� 4 )

+ VcsV �
ts| {z }

O(� 2 )

+ VcbV �
tb| {z }

O(� 2 )

= 0 (1.10)

VudV �
ub| {z }

O(� 3 )

+ VcdV �
cb| {z }

O(� 3 )

+ VtdV �
tb| {z }

O(� 3 )

= 0 (1.11)

VudV �
td| {z }

O(� 3 )

+ VusV �
ts| {z }

O(� 3 )

+ VusV �
tb| {z }

O(� 3 )

= 0 (1.12)

The six distinct conditions can be represented as six di�erent triangles in the complex

plane. Although the shapes are very di�erent (as implied by the order of� ), each of them

have the same area, which is proportional to

� = Im (V �
csVusVcdV �

ud); (1.13)

when each side is expressed in powers of� . CP violation is implied by the fact that none

of the triangles are reduced to a line. the equations 1.7 to 1.12 are allunitary triangles,

but traditionally, the term unitary triangle is used only for Equation (1.11) only. As

shown in Figure 1.1, the apex of the triangle is denoted by (��; �� ).
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Figure 1.1: Illustration of the unitarity triangle in the �� � �� plane [23].

The angles of the triangle are given by:

� 1 = � � arg
�

� VcdVcb

VtbVtd

�
(1.14)

� 2 = � � arg
�

� VtdVtb

VudVub

�
(1.15)

� 3 = � � arg
�

� VudVub

VcdVcb

�
(1.16)

1.1.3 CP violation in neutral charm meson decays

After learning how CP violation occurs in the SM from the preceding section, we now

develop the formalism to understand the phenomenology ofCP violation in meson decays.

We �rst introduce certain notations that hold good for all pseudoscalar mesons. Our

course of care largely resembles the one described in [24].

cu ! ss and cu ! dd, singly Cabibbo suppressed decays have �nal state particles

that are common to both D 0 and D 0 decays. The �nal states can beCP eigen states

or non-CP eigen states. To develop the formalism, the following standard notations are

used:

� = � D t � D �
� D H + � D L

2
A f � A(D 0 ! f ) �A f � A(D 0 ! f )

A �f � A(D 0 ! �f ) �A �f � A(D 0 ! �f )

x �
� mD

� D
�

mD H � mD L

� D
y �

� mD

2� D
�

� D H � � D L

2� D

� f �
q
p

�A f

A f
Rm � j

q
p

j r f � j
�A f

A f
j;

whereDH and DL denote heavy and light eigen states. The de�nitions ofq and p are
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de�ned with the equation jDH;L i = pjD 0i � qjD 0i .

The time dependent decay rate of aD 0 decaying into �nal state f is given by Equa-

tion (1.17) and Equation (1.18):

�( D 0(t) ! f ) =
1
2

e� � jA f j2(1 + j� f j2)cosh(y� ) + (1 � j � f j2)cos(x� )+

2Re(� f ) � sinh(y� ) � 2I m(� f )sin(x� ) (1.17)

�( D 0(t) ! f ) =
1
2

e� � j �A f j2(1 + j� � 1
f j2)cosh(y� ) + (1 � j � f j2

� 1
)cos(x� )+

2Re(� � 1
f ) � sinh(x� ) � 2I m(� � 1

f )sin(x� ) (1.18)

The time integrated decay rates are given by Equation (1.19) and Equation (1.20)

�( D 0(t) ! f ) =
Z 1

0
�( D 0(t) ! f )dt

=
1
2

jA f j2
�

(1 + j� f j2)
1

1 � y2
+ (1 � j � f j2)

1
1 + x2

+ 2Re(� f )
y

1 � y2
+ 2I m(� f )

x
1 + x2

�

(1.19)

�( D 0(t) ! f ) =
Z 1

0
�( D 0(t) ! f )dt

=
1
2

j �A f j2
�

(1 + j� � 1
f j2)

1
1 � y2

+ (1 � j � � 1
f j2)

1
1 + x2

+ 2Re(� � 1
f )

y
1 � y2

� 2I m(� � 1
f )

x
1 + x2

�

(1.20)

Corresponding expressions forA �f and �A �f can be obtained by replacingf to �f . Hence

the four decay amplitudes can be written as:

A f = AT
f e+ i� T

f [1 + r f ei ( � f + � f ) ] (1.21)

A �f = AT
�f ei (� f + � T

�f
) [1 + r f ei ( � �f + � �f )] (1.22)

�A �f = AT
f ei� T

f [1 + r f ei ( � f � � f ) ] (1.23)

�A f = AT
f ei (� f � � T

�f
) [1 + r �f ei ( � �f � � �f )] (1.24)

HereAT
f e� i� T

f is the SM-tree level contribution. The weakCP violating phases are� T
f ,

� T
�f , � f and � �f . The CP conserving phases are �f and � f . On neglecting terms of order

j(VubVcb)=VusVcsj � 10� 3, we get� T
f = � T

�f to be the same for all states. ForCP odd states,

� f � (0), the amplitudes can then be written as:
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A f = AT
f e+ i� T

f [1 + r f ei ( � f + � f ) ] (1.25)

� CP
f

�A f = AT
f e� i� T

t [1 + r f ei ( � f � � f ) ]: (1.26)

Here, � CP
f = � (+) for CP odd(even) states. Neglectingr f , we get

� f � � � CP
f Rmei� (1.27)

where, � is the weak phase between the mixing amplitude and decay amplitude.

The time integrated CP asymmetry for a �nal CP eigen statef is written as

af �
�( D 0 ! f ) � �( D 0 ! f )

�( D 0 ! f ) + �( D 0 ! f )
: (1.28)

Expanding to leading order in these parameters and considering experimental constraints:

x; y; r f << 1, Equation (1.28) can be written as

af = ad
f + am

f + ai
f : (1.29)

The meaning of each term in Equation (1.29) is explained below.

ˆ ad
f denotesCP violation in decay or direct CP violation. In the decays of charged

mesons, this is the only possible source ofCP asymmetries as mixing e�ects are

absent.

ad
f = 2r f sin� f sin� f : (1.30)

ˆ am
f signi�es CP violation in mixing. Considering our approximations,am

f is univer-

sal.

am
f = � � CP

f
y
2

(Rm � R� 1
m )cos� (1.31)

ˆ a i
f stands for CP violation in the interference of decays with and without mixing.

This term is also universal within our approximations.

ai
f = � � CP

f
x
2

(Rm + R� 1
m )sin�: (1.32)

Another observable can be constructed usingam
f and ai

f which is:

� Yf =
�̂ D 0 ! f � �̂ D 0 ! f

2� D
= am + ai : (1.33)

It is to be noted that am and ai contribute to both Equation (1.28) and to Equation (1.33).

ad
f contributes only to Equation (1.33). Thus, CP violation in meson decays can be
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classi�ed into three types. The necessary conditions corresponding to each type ofCP

violation are mentioned below.

ˆ CP violation in decay: This type of CP violation is also known asdirect CP

violation . The CP violating observable is:

ad �
�( D 0 ! f ) � �( D 0 ! f )

�( D 0 ! f ) + �( D 0 ! f )
=

1 �
�
�
�

�A f

A �f

�
�
�

1 +
�
�
�

�A f

A f

�
�
�

(1.34)

The necessary condition for this type ofCP violation is
�
�
�

�A �f

A f

�
�
� 6= 1.

ˆ CP violation in mixing: The CP violating observable in this case is

am =
1 �

�
�
� q

p

�
�
�
4

1 +
�
�
� q

p

�
�
�
4 (1.35)

and the necessary condition for it is
�
�
� q

p

�
�
� 6= 1.

ˆ CP violation in mixing: The necessary condition for this type ofCP violation is

I m(� ) 6= 0.

Charge-parity (CP) violation in the charm sector has recently been observed by LHCb

as a di�erence between theCP asymmetries ofD 0 ! K + K � and D 0 ! � + � � decays [4].1

A more recent measurement has determined thatCP violation occurs primarily in the

D 0 ! � + � � mode [25]. However, the origin of the observedCP-violation signal is not

fully understood and there is a debate on whether it can be due to physics beyond the

standard model [26]. This motivates additional measurements ofCP asymmetries in two-

pseudoscalar modes to evaluate predictions based on the pattern ofSU(3)F breaking in

charm decays [27,28].

The Belle and Belle II experiments at KEK, Japan provides an ideal environment for

the measurement ofCP violation observables. These experimental facilities are described

in Chapter 2. The complete analysis of the data collected by Belle and Belle II for the

measurement ofCP asymmetry in D 0 ! K 0
S K 0

S decays is described in detail in Chap-

ter 3. The evaluation of systematic uncertainties and �nal results from the analysis are

documented in Chapter 4. Contributions to theBelle II systematic framework are

highlighted in Chapter 5, in which as study of particle identi�cation of low momentum

pions are performed. A study of the cluster properties for the Belle II Silicon Vertex

Detector (SVD) is presented in Chapter 6, followed by a conclusion in Chapter 7.

1Throughout this thesis, charge-conjugate modes are implied unless stated otherwise.
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Chapter 2

Experimental facility

The data samples gathered by the Belle and Belle II experiments are used to analyse the

D � + - tagged decaysD 0 ! K 0
S K 0

S (signal mode)D 0 ! K + K � (control mode). Located

at the SuperKEKB accelerator's interaction point, the Belle II detector is a signi�cant

upgrade of the Belle detector. The High Energy Accelerator Research Organisation (KEK)

in Tsukuba, Japan is home to both of these accelerators. The KEK accelerator corresponds

to the Belle detector, while SuperKEKB and Belle II are their respective successors. An

overview of these two accelerators and the matching detectors is included in this chapter.

2.1 The Belle Experiment

2.1.1 KEKB accelerator

The KEKB [29]is an asymmetric electron (e� ) - positron (e+ ) collider with respective

energies 8 GeV and 3.5 GeV. It is located at KEK (KoEnerugi Kasokuki KenkyuKik o),

Tsukuba, Japan and is 11 meters underground. It was built side by side in the TRISTAN

tunnel (built in the period 1981-1986 to search fortt pairs). Two storage rings of the

KEKB accelerator are namely: High Energy Ring (HER) for electrons and Low Energy

Ring (LER) for positrons. Each of these rings are about 3 km in circumference. The

electrons are produced by an electron gun using the process of thermionic emission and

accelerated in to the Linear Accelerator (LINAC). For the production of positrons, a

tungsten mono crystal target is hitted with the electrons. The process radiates photons

and e� e+ pairs are created and separated using magnetic �eld. Figure 2.1 shows a

schematic of the accelerator complex.

9



Figure 2.1: A Schematic of the KEKB accelerator complex [29].

Then, the e� and e+ beams are fed to the HER and LER ,respectively and injected

into the KEKB in the Fuji area. The HER and LER can store maximum currents of 2.6

A and 1.1 A ,respectively. The beams are accelerated using an radio frequency (RF) of

508.9 MHz and circulated in the ring using, sextupole, quadrupole and dipole magnets.

The beams collide at the interaction point (IP) in the Tsukuba region around which

the Belle detector is located. The beams intersect each other at a crossing angle of

22 mrad. This provides e�ective beam separation at the IP, minimizes background and

eliminates the need of separation magnets in the detector volume. To attain maximum

luminosity, two super conducting crab cavities are employed, which kick the bunches into

the horizontal plane. The transverse RF in crab cavities enables the bunches to spin

and collide with maximum overlap at the IP as illustrated in Figure 2.2. The highest

instantaneous luminosity attained was 2.11� 1034 cm� 2s� 1, a world record till 2020.

Total integrated luminosity collected is 1 ab� 1. The Lorentz boost provided by the set

up is 0.425 and the production cross-section of cc is 1.3 nb.
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Figure 2.2: Illustration of crossing angle and crab crossings.

2.1.2 The Belle Detector

The Belle detector [30] is located around the IP of the KEKB ring. It is made up of several

sub-detectors (sub-systems) which are discussed in the following sections. Figure 2.3 shows

a diagram of the Belle detector.

Figure 2.3: The Belle detector (side-view). [30]

The co-ordinate system followed by Belle is right handed, in whichx direction is

horizontally, outward from the KEKB accelerator. The y direction is vertically upward

and the z direction is in the electron beam direction. As per the spherical co-ordinate

system, the polar angle� is measured relative to the positivez-axis, while the azimuthal

angle � is measured relative tox-axis. Due to the Lorentz boost, all sub-detectors are

asymmetric along thez direction.

Extreme Forward Calorimeter

The Extreme Forward Calorimeter (EFC) enhances the sensitivity to decays like B! � � .

In the forward direction, the angular coverage is 6.4� < � < 11.5� , while in the backward

direction it is 163.3� < � < 171.2� . The EFC is positioned on the front end of the cryostats

from the accelerator compensation solenoid magnets, which surround the beam pipe. It

reduces the background for the Central Drift Chamber (CDC) in addition to monitoring

the luminosity and beam condition of the Belle detector and KEKB, respectively.
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This region in which the EFC is placed has a severe radiation environment and has

to be made of material that are highly radiation hard. It is made up ofBi 4Ge3O12

(BGO) crystals, which have a radiation hardness of the order of megarad and an energy

resolution of (0.3-1)%/
p

E GeV [31]. The cross-sectional area of these crystals is 2�

2 cm2, providing a 12 radiation lengths in the forward and 10 radiation lengths in the

backward directions.

Silicon Vertex Detector

The Silicon Vertex Detector (SVD) is designed to precisely measure the decay vertices

of the B and D mesons along thez axis. In addition, The SVD provides the tracking

information for charged particles with low momentum like the pions from theD � + ! D 0

� + decays. The SVD is crucial forK 0
S reconstruction as it has a short 
ight length [23]

and decays within the SVD. During the operational years of Belle, two types of SVD were

used. SVD1, which had three layers was used till summer 2003 and collected about 20%

of the total data-set. Due to the damage caused by synchrotron radiation, SVD1 was

succeeded by SVD2, which was used till the end of data taking in 2010 and collected 80%

of the data.

As shown in Figure 2.4, SVD1 is made up of three layers. These layers are made up

ladders that are made up of Double Sided Silicon Strip Detectors (DSSDs). Each ladder

resembles a narrow wooden plank, on which the sensors are mounted. The radii from the

IP is 30 mm (inner), 45.5 mm (middle) and 60.5 mm(outer). The corresponding number

of ladders are 8, 10 and 14. The DSSDs are mounted on ladders and supported by Boron-

Nitride (BN) ribs. Each DSSD is 300µm thick with a size of 57:5� 33:5 mm2. They have

640 readout pads with 1280 sense strips. The angular coverage of SVD is 129� < � < 139� .

The signals are received through readout using VA1 chips [32].

Figure 2.4: Schematic of the SVD1 sub-detector [30].

SVD2 Figure 2.5 is an upgraded version of SVD1. It has 4 layers and hence, a larger
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angular acceptance. The radii of the layers is 20 mm (layer 1), 43.5 mm (layer 2),70 mm

(layer 3) 88 mm (layer 4). The number of ladders are 6,12, 18 and 18, respectively. In

the r � z and r � � planes the DSSDs for have 512 readout channels. The VA1 readout

chips from SVD1 are replaced by the VA1TA chips.

Figure 2.5: Schematic of the SVD2 sub-detector [30].

The xy impact parameter is given by� xy = 19 � 50(p�sin 3=2� )� 1 µm and the z impact

parameter is given by� z = 36 � 42(p�sin 5=2� )� 1 µm . Here, � is the quadratic sum,p is

momentum in GeV=c and � is the velocity of the particle divided by the speed of light.

For a 1 GeV track, the impact parameter resolution is about 55µm .

Central Drift Chamber

The purpose of the Central Drift Chamber (CDC) is the measurement of momenta of

charged particles. The SVD and the CDC together form the tracking system of Belle.

In addition, the CDC also provides particle identi�cation (PID) for particles that do not

reach beyond the CDC. For PID, CDC uses the information of mean energy loss per

distance travelled (dE=dx) information as per the Bethe-Bloch formula. The magnetic

�eld of superconducting solenoid is 1.5 T and it bends the trajectories of the charged

particles according to their momenta.
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Figure 2.6: Schematic of the Belle CDC [30].

The CDC Figure 2.6 is a cylindrical, wire drift chamber is 2,400 mm in length, with

respective inner and outer radii of 83 mm and 874 mm. It has a total of 50 layers (18

small angle stereo layers and 32 axial) of anode sensing wire (8,400 readout channels) and

cathode strips (1792 readout channels). The axial wires are arranged parallel toz-axis,

while the stereo wires are slanted at an angle of� 50 mrad. These wires are made up of

tungsten and plated with gold. The cathode strips improve thez measurement as well

as produce an e�cient fast z-trigger. The anode wires provide thedE=dx information for

PID as shown in Figure 2.7. To mitigate the e�ect of multiple Coulomb scattering, the

drift chamber is �lled with a 50:50 mixture of Helium (He) and C2H6 (ethane) [33].

Figure 2.7: Plot for the dE/dx vs logarithm of momentum for various charged parti-
cles [30].
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Aerogel Cherenkov Counter

The Aerogen Cherenkov Counter (ACC) is designed for the separation of kaon and pion

tracks with the momentum ranging from 0.5 GeV=c to 4 GeV=c. The functioning of ACC

depends on the detection of Cherenkov light, which is generated when a particle moves

faster than the speed of light in a medium. The condition for emission for Cherenkov light

is given by � = p
p

(p2 + m2) > 1=n. Here, m, p are ,respectively the mass and momenta

of the particle, while n denotes the refractive index of the medium. Thus, for the same

range of velocities for kaons that produce Cherenkov light, pions do not. This phenomena

is exploited to identify the kaons and pions. Figure 2.8 shows a schematic diagram of the

ACC. The ACC is made up of 960 silica aerogel counter modules divided into 60 cells in

the barrel region (� direction). In the forward end-cap region, 228 modules are arranged

in 5 concentric circles. Blocks of aerogel with refractive index 1.010, 1.013, 1.015, 1020

and 1028 are arranged in polar region Cherenkov photons produced when particle travels

through the aerogel blocks is fed to Fine Mesh Photo Multiplier Tube (FMPMT), attached

to the modules. The number of readout channels is 228 in the endcap and 1560 in the

barrel region.

Figure 2.8: Schematic view of the ACC [30].

Time of Flight Counter

The Time of Flight (TOF) counter identi�es charged particles with momenta not exceed-

ing 1.2 GeV=c. For this momentum range, the kaon-pion identi�cation of ACC and CDC

is not as e�ective. The TOF also provides trigger signals with a resolution of 100 ps. The

time taken by a particle to reach TOF (T ) from the IP is measured. This information is

combined with the momentum (p) of the particle, gives the mass (m) of the particle as

per the formula

T =
L
c

s

1 +
�

mc
p

� 2

(2.1)
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Figure 2.9: Mass distributions for various hadrons. The yellow region denotes the mass
distributions obtained from simulation and the black dots represent real data points [30].

The mass distributions of various hadrons as measured by TOF measurements are

shown in Figure 2.9. The TOF is made up of 128 TOF counters and 64 Trigger Scintillation

Counters (TSC)s. One TOF module comprises of two trapezoidal TOF counters (read

out by two FMPMTs) and one TSC counter (read out by one FMPMT) with a 1.5 cm

radial separation as shown in Figure 2.10. A total of 64 modules are placed in the barrel

region and polar angle coverage 33� < � < 121� .

Figure 2.10: Schematic of the TOF sub-detector [30].

Electromagnetic Calorimeter

The purpose of the electromagnetic calorimeter (ECL) is to measure the energy and

position of the photons coming from the decay of� 0 as well as other radiative decays. In

addition, the ECL serves for electron and positron identi�cation. The ECL is made up

of an array of thallium doped Cesium Iodide (CsI(Tl))crystals. These crystals are tower

shaped and placed such that they are pointed towards the IP.
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Figure 2.11: Schematic view of the Belle ECL [30].

The crystals are slanted at a small angle to prevent the photons from passing through

the gaps without interaction. A schematic of the ECl is shown in Figure 2.11. The

crystals are about 30 cm in length, which provide for 16.2 radiation lengths for photons

and electrons. The forward end cap region covers polar angle of 12:4� < � < 31:4� , with

1152 crystals. The barrel region covers 32:2� < � < 128:7� with 6624 crystals and the

backward end-cap covers 130:7� < � < 155� with 960 crystals. The distances from the IP

are 196 cm for the forward and the end-cap regions and 125 cm for the barrel region. The

signals are read out by PIN (positive intrinsic negative) photo diodes .

K 0
L and muon detector

The K 0
L and muon (KLM) detector detectsK 0

L and also to identify muons with momenta

exceeding 600 MeV. This sub-detector is positioned outside the solenoid and its polar

angle coverage is 20� < � < 155� . It is made up of 15 layers of two glass-electrode Resistive

Plate Chambers (RPC) and 14 layers of iron plates of thickness 4.7 cm sandwiched between

the RPCs. At the end-cap, the KLM has 14 RPC layers. Each RPC super layer is made up

of two RPC planes that give the� and � information. The internal spacer arrangement

of the barrel and end-cap RPCs is shown in Figure 2.12. There also exists an active

gaseous region between the two parallel plate glass electrodes. The passage of charged

particles through this gas results in a local discharge and a signal in the readout strips.

The signals thus produced are read out by cathode strips. The end-cap region have 16126

readout channels, while the barrel region have 1856 channels.
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Figure 2.12: Internal spacer arrangement of the barrel (left) end-cap (right) RPC [30].

The material in the Belle detector till the KLM is equivalent to about one hadronic in-

teraction length ofK 0
L . An additional 3.9 interaction length is provided by the iron plates,

which increase the detection e�ciency of theK 0
L . A hadron shower pattern is produced

when aK 0
L interacts with matter via the strong force. This produces a cluster of hits in

the KLM, unrelated to the charged tracks. The muons interact through electromagnetic

interaction and energy loss is through ionization instead of a hadronic shower. The KLM

tracks that can be matched to the CDC are labelled as muons.

2.1.3 Trigger System

The trigger plays a crucial role in selecting the events of interest, whilst neglecting enor-

mous beam backgrounds that arise due to the interaction among beam particles, interac-

tion of beam particles with residual gas, etc. An overview of the complete trigger system

for Belle is shown in Figure 2.13. The trigger starts with the level 1 (L1) trigger, followed

by the level 3 (L3) software trigger, which is based on an online computer farm. At the

�nal stage is a level 4 (L4) trigger operating on the o�ine computing system of Belle.
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Figure 2.13: Overview of the Belle trigger system [34].

The L1 trigger comprises of the sub-trigger system and the central trigger system,

which is called the Global Decision Logic (GDL). The track information is provided to

L1 by the CDC, ACC and TOF, while the energy trigger is provided by the ECL. The

information received is processed in parallel and sent to the GDL within 1.8� s and the

L1 trigger decision is issued after 2.2� s. Usually, the TOF determines the timing of the

�nal trigger but in its absence, it is determined by the ECL. A 
owchart of the L1 trigger

is shown in Figure 2.14. The timing is synchronized with the RF signal of KEKB.

The L3 trigger carries out a quick reconstruction and selects events with at least one

track with longitudinal ( z) impact parameter not exceeding 5 cm and energy deposit of

3 GeV in the ECL. The events are thus reduced by about 60%, whilst retaining 99% of

relevant physics events. At the �nal stage, the L4 trigger removes events that originate

away from the IP and �lters out 78% of previously triggered events. However, these events

are still stored as raw data. Thus, L1 and L3 together reduce the data size and L4 reduces

the CPU time for the production of Data Summary Tapes (DST)s.
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Figure 2.14: Level 1 trigger system of Belle [30].

2.1.4 Data Acquisition System

The Data Acquisition (DAQ) system is designed to record events selected by the trigger

up to 500 Hz, whilst the dead time fraction of less than 10% is maintained. Figure 2.15

shows an overview of the Belle DAQ system.

The DAQ system is divided into seven sub-systems corresponding sub-detectors of

Belle. The signals received from the sub-detectors pass through a charge-to-time (Q-to-

T) converter. These signals are then processed by the time-to-digital (TDC). The SVD

employs Flash Analouge to Digital Converters (FADC)s instead of TDCs. A common stop

signal is sent by the Sequence (SEQ) controller to the TDCs to begin the readout. The

data thus collected is transferred to the event builder through Versa Module Eurocard

(VME) crates. The SVD readout system comprises of four VME crates. The data is

then sent to the online computer farms via the L3 trigger. At this stage, Data Quality

Monitoring (DQM) is done in real time and �nally sent to the KEK Computing Center.

At 500 Hz trigger rate, maximum rate of data transfer is 15 MB/s.
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Figure 2.15: Overview if the Belle DAQ system [30].

2.2 The Belle II Experiment

2.2.1 SuperKEKB Accelerator

The SuperKEKB [35] is the successor of the KEKB collider. It is also an asymmetric

e+ -e� collider. The e� beam has an energy of 7 GeV ande+ beam has an energy of 4

GeV. These beams collide at center of mass energy (
p

s) equivalent to the mass of� (4S)

resonance (10.58 GeV) producing large samples ofb, c and � pairs. SuperKEKB aims to

achieve an instantaneous luminosity of 6.5� 1035 cm� 2s� 1, which is 30 times higher than

that of Belle. It has already achieved an instantaneous luminosity of 4.7� 1034 cm� 2s� 1

and holds the current world record [36].

The production mechanism of the collision is the same as that of KEKB. The instan-

taneous luminosity (L) of a detector is given by

L =

 �

2ere

�
1 +

� �
y

� �
x

� �
I � � y�

� y�

� �
RL

R� y

�
(2.2)

The positron is denoted by the su�x + and the electron is denoted by� . The parameter


 denotes the Lorentz factor, whilee and re denote the electric charge of the electron

and the classical radius of the electron, respectively.� �
x and � �

y denote the widths of the
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