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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 D
0 → 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∗+ → D0π+

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 → π+ π−

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, the D meson

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

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

recently been observed by LHCb by measuring the difference between the CP asymmetries

in D0 → π+π− and D0 → K+K− decays [4].

Charmed hadrons are unique because the charm quark in them is the only ‘up’ type

quark can transition into a ‘down’ type quark. This feature makes charmed hadrons a

special tool to probe CP Violating couplings which may not present in the Kand 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 and CP violation in the SM.

1.1 Literature review

This section gives a chronological introduction to CP violation and also provides a review

of the formalism that is developed to describe CP 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 on CP violation, where ‘C ’

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 (π0) and the neutron. The π0 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 the CP 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 confirmed 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 first evidence of CP 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 the CP 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 accommodate CP violation in the electroweak model [3].

However only u, 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 confirmed to exist. The

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

The Kobayashi- Maskawa hypothesis was confirmed for the first time, when direct CP

violation was discovered in the neutral kaons system through theK0 → π0π0 decay [15,16].

More pronounced effects were observed in the B0 − B̄0 system [17, 18] and in two-body

charmless decays of B0 [19, 20].

1.1.2 CP violation in the Standard Model

After the first 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 only u, d and

s quarks were discovered till then. Kobayashi and Maskawa showed that a CP 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 an up 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 are up, charm

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

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

is called the CKM matrix. d′s′
b′

 =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


ds
b

 (1.1)

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

decided by the matrix elements Vij(i, j = u, d, c, s, t, b). Any n× n unitary matrix can be

parameterized by n2 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 has n(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 =

1 0 0

0 c23 s23

0 −s23 c23


 c13 0 s13e

−iδ

0 1 0

−s13e−iδ 0 c13


 c12 s12 0

−s12 c12 0

0 0 1

 (1.2)

VCKM =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 (1.3)

sij ≡ sinθij and cij ≡ cosθij, θ12 is the Cabibbo angle and δ is the phase, which

changes sign when the CP operation is performed, indicating CP Violation. The value of

the diagonal elements of VCKM 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 is s13 << s23 <<

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 λ ≡ sinθc ≈ 0.23. The four independent real parameters are

s12 ≡ λ, s23 ≡ Aλ2, s13e
−iδ ≡ Aλ3(ρ− iη) (1.4)

3



The CKM matrix can thus be written as

VCKM =

 1− λ2

2
λ Aλ3(ρ− iη)

−λ 1− λ2

2
Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4) (1.5)

The orthogonality relations between the elements of VCKM is given by∑
kϵ{u,c,t}

= V ∗
kαVkβ = δαβ, α, βϵ{d, s, b} (1.6)

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

VudV
∗
us︸ ︷︷ ︸

O(λ)

+VcdV
∗
cs︸ ︷︷ ︸

O(λ)

+VtdV
∗
ts︸ ︷︷ ︸

O(λ5)

= 0 (1.7)

VudV
∗
cd︸ ︷︷ ︸

O(λ)

+VusV
∗
cs︸ ︷︷ ︸

O(λ)

+VubV
∗
cb︸ ︷︷ ︸

O(λ5)

= 0 (1.8)

VusV
∗
ub︸ ︷︷ ︸

O(λ4)

+VcsV
∗
cb︸ ︷︷ ︸

O(λ2)

+VtsV
∗
tb︸ ︷︷ ︸

O(λ2)

= 0 (1.9)

VcdV
∗
td︸ ︷︷ ︸

O(λ4)

+VcsV
∗
ts︸ ︷︷ ︸

O(λ2)

+VcbV
∗
tb︸ ︷︷ ︸

O(λ2)

= 0 (1.10)

VudV
∗
ub︸ ︷︷ ︸

O(λ3)

+VcdV
∗
cb︸ ︷︷ ︸

O(λ3)

+VtdV
∗
tb︸ ︷︷ ︸

O(λ3)

= 0 (1.11)

VudV
∗
td︸ ︷︷ ︸

O(λ3)

+VusV
∗
ts︸ ︷︷ ︸

O(λ3)

+VusV
∗
tb︸ ︷︷ ︸

O(λ3)

= 0 (1.12)

The six distinct conditions can be represented as six different triangles in the complex

plane. Although the shapes are very different (as implied by the order of λ), 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 λ. 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 all unitary 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 (ρ̄, η̄).
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Figure 1.1: Illustration of the unitarity triangle in the ρ̄− η̄ plane [23].

The angles of the triangle are given by:

ϕ1 = β ≡ arg

(
−VcdVcb
VtbVtd

)
(1.14)

ϕ2 = α ≡ arg

(
−VtdVtb
VudVub

)
(1.15)

ϕ3 = α ≡ 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 of CP violation in meson decays.

We first 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 final state particles

that are common to both D0 and D0 decays. The final states can be CP eigen states

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

used:

τ = ΓDt ΓD ≡ ΓDH
+ ΓDL

2

Af ≡ A(D0 → f) Āf ≡ A(D0 → f)

Af̄ ≡ A(D0 → f̄) Āf̄ ≡ A(D0 → f̄)

x ≡ ∆mD

ΓD

≡ mDH
−mDL

ΓD

y ≡ ∆mD

2ΓD

≡ ΓDH
− ΓDL

2ΓD

λf ≡ q

p

Āf

Af

Rm ≡ |q
p
| rf ≡ |Āf

Af

|,

where DH and DL denote heavy and light eigen states. The definitions of q and p are
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defined with the equation |DH,L⟩ = p|D0⟩ ∓ q|D0⟩.
The time dependent decay rate of a D0 decaying into final state f is given by Equa-

tion (1.17) and Equation (1.18):

Γ(D0(t) → f) =
1

2
e−τ |Af |2(1 + |λf |2)cosh(yτ) + (1− |λf |2)cos(xτ)+

2Re(λf )× sinh(yτ)− 2Im(λf )sin(xτ) (1.17)

Γ(D0(t) → f) =
1

2
e−τ |Āf |2(1 + |λ−1

f |2)cosh(yτ) + (1− |λf |2
−1

)cos(xτ)+

2Re(λ−1
f )× sinh(xτ)− 2Im(λ−1

f )sin(xτ) (1.18)

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

Γ(D0(t) → f) =

∫ ∞

0

Γ(D0(t) → f)dt

=
1

2
|Af |2

{
(1 + |λf |2)

1

1− y2
+ (1− |λf |2)

1

1 + x2
+ 2Re(λf )

y

1− y2
+ 2Im(λf )

x

1 + x2

}
(1.19)

Γ(D0(t) → f) =

∫ ∞

0

Γ(D0(t) → f)dt

=
1

2
|Āf |2

{
(1 + |λ−1

f |2) 1

1− y2
+ (1− |λ−1

f |2) 1

1 + x2
+ 2Re(λ−1

f )
y

1− y2
− 2Im(λ−1

f )
x

1 + x2

}
(1.20)

Corresponding expressions for Af̄ and Āf̄ can be obtained by replacing f to f̄ . Hence

the four decay amplitudes can be written as:

Af = AT
f e

+iϕT
f [1 + rfe

i(δf+ϕf )] (1.21)

Af̄ = AT
f̄ e

i(∆f+ϕT
f̄
)
[1 + rfe

i(δf̄+ϕf̄ )] (1.22)

Āf̄ = AT
f e

iϕT
f [1 + rfe

i(δf−ϕf )] (1.23)

Āf = AT
f e

i(∆f−ϕT
f̄
)
[1 + rf̄e

i(δf̄−ϕf̄ )] (1.24)

HereAT
f e

±iϕT
f is the SM-tree level contribution. The weak CP violating phases are ϕT

f ,

ϕT
f̄
, ϕf and ϕf̄ . The CP conserving phases are ∆f and δf . On neglecting terms of order

|(VubVcb)/VusVcs| ≈ 10−3, we get ϕT
f = ϕT

f̄
to be the same for all states. For CP odd states,

∆fπ(0), the amplitudes can then be written as:
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Af = AT
f e

+iϕT
f [1 + rfe

i(δf+ϕf )] (1.25)

ηCPf Āf = AT
f e

−iϕT
t [1 + rfe

i(δf−ϕf )]. (1.26)

Here, ηCPf = −(+) for CP odd(even) states. Neglecting rf , we get

λf ≡ −ηCPf Rme
iϕ (1.27)

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

The time integrated CP asymmetry for a final CP eigen state f is written as

af ≡ Γ(D0 → f)− Γ(D0 → f)

Γ(D0 → f) + Γ(D0 → f)
. (1.28)

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

x, y, rf << 1, Equation (1.28) can be written as

af = adf + amf + aif . (1.29)

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

• ad
f denotes CP violation in decay or direct CP violation. In the decays of charged

mesons, this is the only possible source of CP asymmetries as mixing effects are

absent.

adf = 2rfsinϕfsinδf . (1.30)

• am
f signifies CP violation in mixing. Considering our approximations, amf is univer-

sal.

amf = −ηCPf
y

2
(Rm −R−1

m )cosϕ (1.31)

• ai
f stands for CP violation in the interference of decays with and without mixing.

This term is also universal within our approximations.

aif = −ηCPf
x

2
(Rm +R−1

m )sinϕ. (1.32)

Another observable can be constructed using amf and aif which is:

∆Yf =
Γ̂D0→f − Γ̂D0→f

2ΓD

= am + ai. (1.33)

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

adf contributes only to Equation (1.33). Thus, CP violation in meson decays can be
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classified into three types. The necessary conditions corresponding to each type of CP

violation are mentioned below.

• CP violation in decay: This type of CP violation is also known as direct CP

violation. The CP violating observable is:

ad ≡ Γ(D0 → f)− Γ(D0 → f)

Γ(D0 → f) + Γ(D0 → f)
=

1−
∣∣∣ Āf

Af̄

∣∣∣
1 +

∣∣∣ Āf

Af

∣∣∣ (1.34)

The necessary condition for this type of CP violation is
∣∣∣ Āf̄

Af

∣∣∣ ̸= 1.

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

am =
1−

∣∣∣ qp ∣∣∣4
1 +

∣∣∣ qp ∣∣∣4 (1.35)

and the necessary condition for it is
∣∣∣ qp ∣∣∣ ̸= 1.

• CP violation in mixing: The necessary condition for this type of CP violation is

Im(λ) ̸= 0.

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

as a difference between the CP asymmetries of D0 → K+K− and D0 → π+π− decays [4].1

A more recent measurement has determined that CP violation occurs primarily in the

D0 → π+π− mode [25]. However, the origin of the observed CP -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 of CP asymmetries in two-

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

charm decays [27,28].

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

the measurement of CP 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 of CP asymmetry in D0 → K0
SK

0
S decays is described in detail in Chap-

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

documented in Chapter 4. Contributions to the Belle II systematic framework are

highlighted in Chapter 5, in which as study of particle identification 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 decays D0 → K0
SK

0
S (signal mode) D0 → K+K− (control mode). Located

at the SuperKEKB accelerator’s interaction point, the Belle II detector is a significant

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 KenkyuKiko),

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 for tt 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 field. Figure 2.1 shows a

schematic of the accelerator complex.
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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 effective 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 which x 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 θ is measured relative to the positive z -axis, while the azimuthal

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

asymmetric along the z direction.

Extreme Forward Calorimeter

The Extreme Forward Calorimeter (EFC) enhances the sensitivity to decays like B→ τν.

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

direction it is 163.3◦ < θ < 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 of Bi4Ge3O12

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

resolution of (0.3-1)%/
√
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 the z axis. In addition, The SVD provides the tracking

information for charged particles with low momentum like the pions from the D∗+ → D0

π+ decays. The SVD is crucial for K0
S reconstruction as it has a short flight 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 300 µm 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◦ < θ < 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 − ϕ 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 σxy = 19⊕50(pβsin3/2θ)−1 µm and the z impact

parameter is given by σz = 36⊕ 42(pβsin5/2θ)−1 µm . Here, ⊕ is the quadratic sum, p is

momentum in GeV/c and β is the velocity of the particle divided by the speed of light.

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

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 identification (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

field 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 to z -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 the z measurement as well

as produce an efficient fast z-trigger. The anode wires provide the dE/dx information for

PID as shown in Figure 2.7. To mitigate the effect of multiple Coulomb scattering, the

drift chamber is filled 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 0.5GeV/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 β = 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 (ϕ 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 identifies charged particles with momenta not exceed-

ing 1.2 GeV/c. For this momentum range, the kaon-pion identification of ACC and CDC

is not as effective. 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

√
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◦ < θ < 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 π0 as well as other radiative decays. In

addition, the ECL serves for electron and positron identification. 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◦ < θ < 31.4◦, with

1152 crystals. The barrel region covers 32.2◦ < θ < 128.7◦ with 6624 crystals and the

backward end-cap covers 130.7◦ < θ < 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 .

K0
L and muon detector

The K0
L and muon (KLM) detector detects K0

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◦ < θ < 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 θ and ϕ 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 of K0
L . An additional 3.9 interaction length is provided by the iron plates,

which increase the detection efficiency of the K0
L . A hadron shower pattern is produced

when a K0
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

final stage is a level 4 (L4) trigger operating on the offline 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 µs and the

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

final trigger but in its absence, it is determined by the ECL. A flowchart 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 final stage, the L4 trigger removes events that originate

away from the IP and filters 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 finally 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 and e+ beam has an energy of 4

GeV. These beams collide at center of mass energy (
√
s) equivalent to the mass of Υ (4S)

resonance (10.58 GeV) producing large samples of b, c and τ 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 =
γ±
2ere

(
1 +

σ∗
y

σ∗
x

)(
I±ξy±
βy±

)(
RL

Rξy

)
(2.2)

The positron is denoted by the suffix + and the electron is denoted by −. The parameter

γ denotes the Lorentz factor, while e and re denote the electric charge of the electron

and the classical radius of the electron, respectively. σ∗
x and σ∗

y denote the widths of the
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Figure 2.16: Configuration of the SuperKEB accelerator system [35].

bunch (beam size) at IP on the transverse plane, I is the beam current and β∗
y denotes

the vertical beta function at the IP. The vertical beam-beam parameter is given by ξy.

RL denotes the reduction factors of luminosity and Rξy denotes the vertical beam-beam

parameter.

To achieve the design luminosity, the machine parameters of SuperKEKB are chosen,

so as to realize the “nano-beam scheme” [37]. The beam overlap at IP is minimized,

thereby limiting the vertical β function at IP. An illustration of the nano beam scheme

is shown in Figure 2.17, where d is the effective bunch length, determined by half of the

crossing angle ϕ and (σ∗
x) as:

d ≈ σ∗
x

ϕ
(2.3)

To shorten d a large crossing angle is needed as compared to small horizontal emittance

and horizontal β function at IP. Beam crossing angle at Belle II is 83 mrad, about four

Figure 2.17: Illustration of beam collision in nano beam scheme. Here,d is the effective
overlap and 2ϕ is the beam crossing angle.

times that of the KEKB. In addition σ∗
x is reduced to have a beam size of 50 nm. To

obtain the required instantaneous luminosity, the beta function is reduced by a factor of

20 and the beam current is increased by two times, as compared to KEKB.
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2.2.2 Belle II Detector

The Belle II detector is the upgraded version of the Belle detector. It is located around the

interaction point of SuperKEKB. A sketch of the Belle II detector is shown in Figure 2.18.

A brief overview of all the sub-detectors of Belle II and its trigger system are discussed

in the following sub-sections.

Figure 2.18: The Belle II detector (top view) [38].

Vertex Detector (VXD)

The innermost sub-detector of Belle II is the VXD. It is made up of two layers of pixel

detector (PXD) and four layers of Silicon Vertex Detector (PXD). The structure of VXD

can be seen in Figure 2.19 .

Figure 2.19: Belle II VXD showing one half of the SVD, attached to the beam pipe. The
PXD is at the center [39].
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Pixel Detector

SuperKEKB operates at extremely high luminosities due to, which the VXD faces very

high occupancy. To cope up with such extreme conditions and to simultaneously provide

precise vertexing, pixel sensors, with depleted field effect transistor technology (DEPFET)

are used. Pixel sensors are advantageous because they have a large number of channels and

DEPFET technology allows them to be ultra thin (50 microns) [40]. Readout electronics

are placed beyond the acceptance region. The PXD has two layers with respective radii

14 mm and 22 mm from the IP. The pixel size for the inner and outer layers are (50 ×
50 µm2) and (50 × 75 µm2) ,respectively. It covers the complete polar acceptance of the

PXD (17◦ < θ < 150◦). The inner layer has 8 planer sensors (ladders), each 15 mm wide,

with sensitive length of 90 mm. The outer layer has 12 ladders, 15 mm in width, with

123 mm of sensitive length. The read out time is 20 µs.

Silicon Vertex Detector

The SVD is made up of 4 layers of DSSDs, with radii from the IP 39 mm (layer 3),

80 mm (layer 4), 104 mm (layer 5) and 135 mm (layer 6). The n and p strips of the

DSSDs are, respectively positioned perpendicular and parallel to the beam direction.

Such an arrangement gives both, the x and y co-ordinates of the hits, respectively. The

innermost layer of the SVD (layer 3) is made up of seven ladders. Each ladder has two small

rectangular sensors of thickness 320 µm. Layer 4 has ten ladders, each of which is made up

of three sensors in total. Two of these sensors are large rectangular (thickness of 320 µm
) and the one in the forward region is trapezoidal (slanted, thickness of 300 µm ). Layer 5

comprises of twelve ladders, each of which is made up of 4 sensors (two large rectangular

sensors and the one slanted sensor in the forward region). The outer most layer has three

large rectangular sensors and one trapezoidal sensor. The slanted sensors improve the

acceptance and precision of boosted particles. For the readout electronics of SVD APV25

chips [41] are used. The novel origami chip-on-sensor concept was introduced in Belle

II for the inner sensors [42]. It helps to minimize the distance between the DSSD and

the readout electronics. This feature reduces the capacitive noise, thereby optimizing the

Signal-to-Noise ratio (SNR). The origami is a flexible three-layer fanout circuit (FlexPA)

made up of polyamide. SVD provides standalone tracking (and PID) for particles with

low momentum and assures the finding of the correct pixels to attach to the corresponding

track, facilitating PXD data reduction.

Central Drift Chamber

The central drift chamber (CDC) is the primary tracker for the Belle II detector. It

has three main tasks, the first task is the reconstruction of charged tracks and precise

measurement of their corresponding momenta. Secondly, it provides particle identification

for particles that do not reach beyond the CDC, using the information of energy loss within
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the gas volume. In addition, it also provides 3D trigger information, which is crucial to

suppress background, whilst retaining relevant physics events. The CDC is a cylindrical

gas drift chamber, that has a large volume. It is filled with a 50:50 mixture of Helium

(He) and Ethane (C2H6). It has 56 layers, grouped into 9 super-layers, each with 6 layers.

The radii of the inner and outer cylinder is 160 mm and 1130 mm. To accommodate the

new VXD, it is made larger than the Belle CDC. The radial cell size for the innermost

super-layer is 10 mm and that for the others, it is 18.6 mm. A total of 14336 (160-380

wires per layer) sensing wires of 15 µm radius are inserted into the gas volume. These

wires are made up of tungsten and plated with gold. In addition, 42240 aluminium wires

of thickness 126 µm , are also included to provide the field gradient. The measured spatial

resolution is 100 µm .

Particle Identification

The particle identification (PID) system of the Belle II detector comprises of the Time of

Propagation (TOP) counter in the barrel region and the Aerogel Ring Imaging Cerenkov

(ARICH) counter in the end cap.

Time of Propagation counter

The TOP measures the Time of Propagation of the Cerenkov photons that are internally

reflected inside a quartz radiator as shown in Figure 2.20. The Cerenkov image is then

reconstructed using the x and y coordinates and precise timing information, which is

provided by the micro-channel plates (MCP) and photo multiplier tubes (PMT) at the

end surfaces of the quartz bar. This information allows the measurement of the Cerenkov

angle θc, from which one can estimate the particle velocity and mass hypothesis. The

Figure 2.20: Conceptual overview of TOP counter. [38].

TOP encircles the exterior wall of the CDC. It has 16 modules, that are made of quartz

radiators each about two metres in length. A mirror is placed at the front end to re-

flect photons. The reflected photons (moving backwards) are then captured by the PMT

channels. Chromaticity of Cherenkov photons limits the PID performance due to broad-

ening of the time resolution. To mitigate this effect, a focusing mirror is positioned at

the end of the quartz radiator. The Cherenkov photons with different θc are focused on
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different PMT channels, thereby reconstructing a partial ring image, using thex, y and t

co-ordinates. The angular acceptance of the TOP counter is 31◦ < θ < 128◦.

Aerogel Ring Imaging Cerenkov counter

The working principle of ARICH is highlighted in Figure 2.21. The ARICH is made up of

Figure 2.21: Pion and kaon identification for the ARICH counter. [43].

silica aerogel radiators. When a charged particle passes through the radiator, Cherenkov

photons are produced. These photons then pass through the 20 cm expansion space to

the hybrid avalanche photon detector (HAPD) surface, allowing the photons to expand

into rings. Arrays of position sensitive photon detectors are used, which can efficiently

detect single photons in a high magnetic field ( 1.5 T). The performance metrics of ARICH

are the number of photons detected (Nγ) and single photon resolution of the Cerenkov

angle (σθc). Longer radiators give larger Nγ, but the photon resolution degrades due to

emission point uncertainty. To suppress this effect, a non homogeneous radiator is used.

Two radiator layers with refractive indices (n =1.065,1.055) and 2 cm thickness are used.

The indices are chosen to make the rings overlap on the detecting surface. the optimal

value of σθc is about 3 mrad for charged tracks with velocity exceeding 3.5 GeV/c. The

polar angular coverage is 14◦ < θ < 30◦.

Electromagnetic Calorimeter

The electromagnetic calorimeter (ECL) detects photons over the range of 20 MeV to

4 GeV. It also provides electron identification and helps with K0
L detection along with

the KLM. In addition, it measures the online and offline luminosity of SuperKEKB. the

scintillating material is thallium doped Caesium Iodide CsI(Tl) crystals, that are inherited

from Belle ECL. It has 6624 crystals each shaped like a truncated pyramid of size of length
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30 cm and cross section 6 × 6 cm2 . The end-caps have of 2112 CsI crystals of 69 shapes.

Due to much larger backgrounds at Belle II, the readout electronics has been completely

upgraded to reduce pile-up background [44]. The calorimeter provides polar angular

coverage of 12.4◦ < θ < 155.1◦.

K0
L and muon detector

The K0
L and muon detector (KLM) is made up of an alternating sandwich of 4.7 cm thick

iron plates. These iron plates provide 3.9 interaction length of material in addition to 0.8

interaction length of the calorimeter in which the K0
L showers hadronically. Hadron show-

ers produced due to the interaction of K0
L with the ECL or iron plates are detected in the

ECL, KLM or in both. The Belle KLM used glass electrode based RPCs. The RPCs have

a longer dead-time and now, due to higher hit rate, the probability of muon misidentifica-

tion increases. Therefore in Belle II KLM, scintillator strips with Silicon Photo Multipliers

(SiPM) are used.

2.2.3 Trigger and Data Acquisition system

The trigger system of Belle II trigger consists of two levels: low level trigger (L1), which

is hardware based and High level trigger (HLT), which is software based. All compo-

nents of the Belle trigger sub-system are replaced. A flow chart of the Belle II trigger is

shown in Figure 2.22. The trigger collects the information from multiple sub-triggers and

provides it to the final decision logic. The CDC sub-trigger provides the charged track

information. The ECL sub-trigger provides the information of energy deposit, energy

cluster, Bhabha and also, cosmic-rays. The Barrel PID (BPID) sub-trigger provides hit

topology information, while the Endcap PID (EPID) sub-trigger is gives precise timing

information. Muon track information is provided by the KLM sub-trigger. The informa-

tion thus collected is funneled to the GDL, which finally gives the Level 1 trigger decision.

The event rate of L1 is 30 kHz. The HLT reduces the event rate to 10kHz, the maximum

store-able rate of 10 kHz for offline storage and it is a crucial component of the Data

Acquisition (DAQ) system.

The goal of the DAQ system is to readout signals after the L1 trigger decision and

transfer them to the storage systems. The complete DAQ system is comprised of the

sub-triggers for trigger and timing distributions, Belle2Link, which is a unified data

link, COmmon Pipeline Platform for Electronics Readout (COPPER) system, the event

Builder system and the HLT. The overview of the DAQ system is shown in Figure 2.23.

The first step is the front-end boards, that are placed inside the sub-systems for CDC,

BPID and EPID, while for the other sub detectors, they are placed just outside. The

digitized signals obtained from them are transferred to the COPPERs using Belle2Link.

Data reduction and event building is performed on the receiver modules or the on-board

CPUs for COPPERs and also on the readout PCs. The data is then processed on the
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Figure 2.22: Flowchart of the Belle II trigger system. The red lines are newly added
information paths [38].

HLT farms for software event selection.

It is to be noted that the PXD is not unified with the trigger system, although it

produces 10 times larger event fragment than the other sub-detectors. As the readout

time of the PXD about, 20 µs, it is quite probable that the next trigger is received before

the completion of a single readout cycle.

The performance metrics of Belle and Belle II are compared in Table 2.1

SuperKEKB and Belle II has been non-operational since July 2022. This period

referred to as Long-Shutdown 1 (LS1). The experiment is all set to resume operation s in

full swing from early 2024.

The following chapter gives a synopsis of the analysis procedure that is followed to

analyse the data collected by these two detectors.
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Figure 2.23: Conceptual overview of Belle II DAQ system [38].

Measurement Belle Belle II

Reconstruction of B Vertex σz = 61 µm σz = 26 µm

Tracking σpt/pt = 0.0019 pt [ GeV/c ]⊕ 0.0030/β σpt/pt = 0.0011 pt [ GeV/c ]⊕ 0.0025/β

Kπ ID
Kaon efficiency (ϵK) ≈ 0.85

with pion fake rate (ϵπ) ≈ 0.010
for p= 2 GeV/c

ϵK ≈ 0.90 with
ϵπ ≈ 0.040 for p=2 GeV/c

Muon ID
Muon efficiency (ϵµ) ≈ 0.90

with fake rate of muon (ϵ) ≈ 0.020
for p= 0.8 GeV/c tracks

ϵµ ≈ 0.92-0.98 with,
ϵ = 0.02-0.06 for p > 1 GeV/c

L1 trigger
500 Hz typical average

Efficiency for hadronic events ϵhadron≈1
30 kHz max. average rate

ϵhadron≈1

DAQ ≈ 5% dead time at 500 Hz L1 rate < 3% dead time at 30 kHz L1 rate

Table 2.1: Comparison of the performance metrics of Belle with Belle II [45].
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Chapter 3

Physics analysis for measurement of

ACP in D0 → K0
SK

0
S

The objective of the thesis is to determine the time integrated CP asymmetry in D0 →
K0

SK
0
S decays using Belle and Belle II data. In this chapter, the analysis procedure that

is followed to fulfill the objective, is described in detail.

3.1 Data samples and software

We use the full data sample collected by Belle, corresponding to 980 fb−1, and the full

data sample collected by Belle II before LS1, corresponding to 420 fb−1. The Belle data

is converted to the Belle II data format using the B2BII framework [46]. In Belle II, the

data from experiments 7-18 (collected in 2019-2021) is processed using proc13; the data

from experiments 20-26 are from the prompt processing of bucket26-36.

Monte Carlo (MC) simulated events of e+e− collisions at the Υ (4S) resonance are used

in the analysis to study sample composition, determine signal and background distribu-

tions and validate the analysis procedure. For Belle, six different streams of simulated

events, each corresponding to an integrated luminosity of 420 fb−1 are available. The

Belle simulation used an outdated version of the decay table in which, in particular, the

D0 → K0
SK

0
S branching fraction is set to a much larger value (4 × 10−4) than currently

measured (1.41× 10−4). To correct for this effect and obtain more realistic distributions

we randomly reject 64.75% of the truth-matched signal decays, while processing the Belle

simulation. The Belle II sample corresponds to MC15ri and to an integrated luminosity

of 1 ab−1. In addition to this, we have also divided the Belle II MC sample in to subsets

of integrated luminosity 400 fb−1, which is comparable to the luminosity of Belle II data.

These subsets have been used to compare the results between data and MC for Belle II.

The Belle II decay table is up-to-date with the current knowledge of the charm hadron

decays. Unless specified, data and simulation samples are processed in the same way.

The basf2 software version used is light-2303-iriomote [47, 48].
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3.2 Methodology

The decay D0 → K0
SK

0
S is a singly Cabibbo-suppressed transition that involves interfer-

ence between cu→ ss and cu→ dd amplitudes, mediated by the exchange of a W boson

at tree level as shown in Figure 3.1. Such interference can generate CP asymmetries at

Figure 3.1: Loop level (left) and tree level (right) Feynman diagrams for D0 −→ K0
SK

0
S

decay.

the 1% level, even if the Cabibbo-Kobayashi-Maskawa phase is the only source of CP

violation. Moreover, the CP asymmetry is non-vanishing only when SU(3)F is broken.

Both of these features make the D0 → K0
SK

0
S mode quite important to understand the

origin of CP violation in charm decays [27,49].

The world-average determination of ACP (D
0 → K0

SK
0
S ), (−1.9 ± 1.0)%, is limited by

the statistical precision [50]. The average is dominated by measurements from Belle [51]

and LHCb [52]. Using e+e− collision data corresponding to an integrated luminosity of

921 fb−1, Belle measured ACP (D
0 → K0

SK
0
S ) = (−0.02 ± 1.53 ± 0.02 ± 0.17)%, where

the first uncertainty is statistical, the second systematic, and the third is due to the

uncertainty in the CP asymmetry of the reference D0 → K0
Sπ

0 mode. A more precise

result is obtained by LHCb measurement using pp-collision data collected during Run

2 and corresponding to an integrated luminosity of 6 fb−1: (−3.1 ± 1.2 ± 0.4 ± 0.2)%,

where the first uncertainty is statistical, the second is systematic, and the third is due

to the uncertainty in the CP asymmetry of the reference D0 → K+K− channel. The

measurement of ACP (D
0 → K+K−) has been recently improved by LHCb [25], bringing

the corresponding uncertainty below the 0.1% level.

In this thesis the measurement of ACP (D
0 → K0

SK
0
S ) with the combined Belle + Belle

II data set is presented. To determine the production flavor of the neutral D meson, we

reconstruct D0 → K0
SK

0
S decays coming from D∗+ → D0π+ decays in e+e− → cc events.

The decay-time-integrated CP asymmetry, defined as

ACP (D
0 → K0

SK
0
S ) =

Γ(D0 → K0
SK

0
S )− Γ(D0 → K0

SK
0
S )

Γ(D0 → K0
SK

0
S ) + Γ(D0 → K0

SK
0
S )

(3.1)

with Γ being the partial decay width, is measured from the raw asymmetry in recon-
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structed yields,

A
K0

SK
0
S

raw =
N(D0 → K0

SK
0
S )−N(D0 → K0

SK
0
S )

N(D0 → K0
SK

0
S ) +N(D0 → K0

SK
0
S )

(3.2)

after correcting for nuisance asymmetries (forward-backward asymmetry, detection asym-

metry of πs) induced by production and detection mechanisms. The nuisance asymmetries

are determined using the control channel D∗+ → D0(→ K+K−)π+. In the limit of small

CP and nuisance asymmetries, the raw asymmetry of a D∗+-tagged D0 decay to a two-

body and CP -symmetric final state f can be expressed as

Af
raw = ACP (D

0 → f) + AD∗+

FB (D0 → f) + Aπs
ϵ (D0 → f) (3.3)

where AFB is the forward-backward asymmetry in the D∗+ production and Aπs
ϵ is the

detection asymmetry of the low-momentum tagging pion (soft, πs) from the D∗+ decay.

The forward-backward asymmetry arises from γ∗-Z0 interference and higher order QED

effects in e+e− → cc events. Assuming that the nuisance asymmetries are identical

between D0 → K0
SK

0
S and D0 → K+K− decays, or that they can be made so by weighting

the control sample, the CP asymmetry in D0 → K0
SK

0
S decays can be determined as

ACP (D
0 → K0

SK
0
S ) = A

K0
SK

0
S

raw − AK+K−

raw +ACP (D
0 → K+K−) , (3.4)

where ACP (D
0 → K+K−) is an external input. In particular, we use ACP (D

0 → K+K−)

computed from the results reported in Refs. [25,53] and [54]

ACP (D
0 → K+K−) = Adir

CP (D
0 → K+K−) + ∆Y = (6.7± 5.4)× 10−4 , (3.5)

where Adir
CP is the direct CP asymmetry and ∆Y (≈ −AΓ) is the asymmetry arising from

CP violation in mixing and in the interference between mixing and decay [25]. The value of

∆Y is here assumed to be independent of the D0 decay. The measurements of Adir
CP (D

0 →
K+K−) from Ref. [25], (7.7 ± 5.7) × 10−4, and ∆Y from Ref. [53], (−1.0 ± 1.1) × 10−4,

have a total correlation of 35%.

The chapter is further organized as follows: the analysis of the signal mode D0 →
K0

SK
0
S decays is presented in Section 3.3, and that of the control mode D0 → K+K− is

described in Section 3.4.
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3.3 Determination of Araw in D0 → K0
SK

0
S decays

3.3.1 Event selection

In Belle, events with signal decays are first filtered by the HadronB(J) skim [55,56]. The

selection of the HadronB skim is detailed in Ref. [55] and aims at enriching the sample in

B B (and cc) events. In addition to satisfying the HadronB selection, the event is retained

also if at least one J/ψ candidate is found. A J/ψ candidate consists of two oppositely

charged tracks with momentum above 0.8GeV/c with invariant mass (assuming the pion-

mass hypothesis) in the range of [2.5, 4.0]GeV/c2. In Belle II, we use hlt hadron skim,

which requests the presence of at least three good tracks with transverse momentum

pT > 0.2GeV/c, impact parameters |d0| < 2 cm, |z0| < 4 cm and vetoes events consistent

with Bhabha scattering.

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Belle Simulation (Signal)

 bkg)+

s
Simulation  (D

Simulation (Kspipi bkg)

Simulation (Non peaking bkg)

Data

1.8 1.82 1.84 1.86 1.88 1.9 1.92 1.94

]2)[GeV/cs
0K

s

0m(K

0

0.5

1

1.5

2

D
at

a/
M

C

]2)[GeV/cs
0K

s

0m(K

0

200

400

600

800

1000

1200

1400

2
C

an
di

da
te

s 
pe

r 
1.

5 
M

eV
/c

Belle II Simulation (Signal)

 bkg)+

s
Simulation  (D

Simulation (Kspipi bkg)

Simulation (Non peaking bkg)

Data

1.8 1.82 1.84 1.86 1.88 1.9 1.92 1.94

]2)[GeV/cs
0K

s

0m(K

0

0.5

1

1.5

2

D
at

a/
M

C

Figure 3.2: Distributions of m(K0
SK

0
S ) for D0 → K0

SK
0
S candidates in (left) Belle and

(right) Belle II simulation, with data overlaid. The simulation is normalized to the same
luminosity as the data and is split into different sample components, which are stacked.
The bottom panels show the data-to-simulation ratios. All selection requirements are
applied except for the m(K0

SK
0
S ) requirement.

Candidate K0
S → π+π− decays are reconstructed using the K S0:mdst list in Belle, and

the K S0:merged list in Belle II. In Belle II, the merged candidates reconstructed by the V0

tracking are given priority with respect to those reconstructed from combining oppositely

charged pions. The K0
S candidates are fit with TreeFitter [57]. Only candidates with

converged fits and satisfying the criteria 0.45 < m(π+π−) < 0.55GeV/c2 are retained.

Pairs of K0
S candidates are combined to form candidate D0 → K0

SK
0
S decays. The

mass of the D0 candidate, m(K0
SK

0
S ), is required to be in the range [1.85, 1.89]GeV/c2 for
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Figure 3.3: Distributions of ∆m for D0 → K0
SK

0
S candidates in (left) Belle and (right)

Belle II simulation, with data overlaid. The simulation is normalized to the same lu-
minosity as the data and is split into different sample components, which are stacked.
The small peaking contribution in the non-peaking background component of the Belle II
plot is due to truth-matching failures of either signal or D0 → K0

Sπ
+π− candidates. The

bottom panels show the data-to-simulation ratios.

Belle and in the range [1.85, 1.88]GeV/c2 for Belle II. The different range is justified by

an observed small offset in the signal-peak position and by the different mass resolution,

as shown in Figure 3.2. Figure 3.2 shows an enhancement in the low-mass sideband, at

around 1.81GeV/c2. This is due to partially reconstructed D+
s → K0

SK
0
Sπ

+ decays, which

have a branching fraction of 7.7 × 10−3 and do not appear to be present in the EvtGen

decay file used in simulation.

The D0 candidates are then combined with πs pions to form a D∗+ → D0πs decay. The

soft pion candidates are selected from the list of tracks that are in the CDC acceptance

(17◦ < θ < 150◦) and are consistent with originating from the interaction point (|dr| <
0.5 cm and |dz| < 2 cm). The difference between the reconstructed D∗+ and D0 masses,

∆m, must not exceed 0.16GeV/c2. The D∗+ candidates are fit using TreeFitter by

constraining the D∗+ vertex to be consistent with the measured position of the beam

interaction point (IP constraint) and by constraining the masses of the two K0
S candidates

to the nominal mass [23]. Only candidates with successful fits and having vertex-fit χ2

probabilities larger than 10−3 are retained for subsequent analysis. The momenta of all

final-state particles are updated with the results of the vertex fit. To suppress events

where the D∗+ candidate comes from the decay of a B meson, the momentum of the

D∗+ in the e+e− center-of-mass system (pcms) is required to exceed 2.5GeV/c. Simulation

shows that the surviving candidates from B meson decays are less than one per 1 ab−1.
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Figure 3.4: Distributions of γ for D0 → K0
SK

0
S candidates in (left) Belle and (right) Belle

II simulation, with data overlaid. The simulation is normalized to the same luminosity
as the data and is split into different sample components, which are stacked. The bottom
panels show the data-to-simulation ratios.

Multiple D∗+ candidates per event occur for about 3% of the events in Belle data.

While in the case of Belle II data, they occur in about 2% of the events. In such cases,

only the candidate with largest vertex-fit χ2 probability is retained. The final list of

selection criteria is summarized in Table 3.1.

Variable Criteria

|dr(πs)| < 0.5 cm
|dz(πs)| < 2 cm
θ(πs) [17, 150]◦

m(π+π−) [0.45, 0.55]GeV/c2

m(K0
SK

0
S ) [1.85, 1.89]GeV/c2 (Belle) or [1.85, 1.88]GeV/c2 (Belle II)

∆m < 0.16GeV/c2

pcms(D
∗+) > 2.5GeV/c

TreeFitter probability > 0.001
Best-candidate selection D∗+ candidate with largest TreeFitter probability

Table 3.1: Selection criteria for D∗+ → D0(→ K0
SK

0
S )π

+ candidates. TreeFitter is used
with an IP constraint and with a K0

S -mass constraint.

The ∆m distributions of the selected candidates in data and simulation are shown in

Figure 3.3. A clear peak at the expected value of the mass difference is observed over

a smoothly distributed background. Candidates contributing to the peak include signal

D∗+ → D0(→ K0
SK

0
S )π

+ decays and background D∗+ → D0(→ K0
Sπ

+π−)π+ decays. The

35



latter have the same final state particles as the signal mode and therefore peak in both

m(K0
SK

0
S ) and ∆m distributions, with essentially the same distribution as the signal. Due

to the K0
S mass constraint, it is difficult to separate such peaking background using the re-

constructed masses of the two K0
S candidates. Therefore, we exploit the significance of the

K0
S flight distance with respect to the D0 decay vertex, L/σL. As shown in Figure 3.4, the

logarithm of the smallest K0
S flight-distance significance, γ = logmini=1,2 L

i/σi
L, provides

excellent separation power.1 The non-peaking background is due to real D0 → K0
SK

0
S

or D0 → K0
Sπ

+π− candidates associated with an unrelated random πs candidate and by

unrelated combinations of final state particles (pure combinatorial background). The γ

distribution of the non-peaking background component is also shown in Figure 3.4.

3.3.2 Asymmetry fit

The raw asymmetry of the signal decays is determined using an unbinned (and extended)

fit to the two-dimensional (∆m, γ) distribution ofD0 andD0 candidates. The fit considers

three components: signal D0 → K0
SK

0
S decays, peaking background from D0 → K0

Sπ
+π−

decays, and non-peaking background (bkg). Simulation shows that, with a good approxi-

mation, the 2D probability distribution function (PDF) of each component factorizes into

the product of the two 1D PDFs,

pdfi(∆m, γ) = pdfi(∆m)pdfi(γ) (i = K0
SK

0
S , K

0
Sππ, bkg) , (3.6)

and that no substantial differences are observed between PDFs of D0 and D0 decays,

which are then assumed to be identical (Appendix B). Possible asymmetries in the PDFs

shapes are tested in the systematic studies, as discussed in Section 4.1.1.

The PDFs for the signal and peaking background component are derived using simu-

lation. For signal, each of the ∆m and γ distributions is modeled using a Johnson’s SU

function [58]

J(x|µJ , λJ , δJ , γJ) ∝
e
− 1

2

[
γJ + δJ sinh−1

(
x−µJ
λJ

)]2√
1 +

(
x−µJ

λJ

)2
, (3.7)

as shown in Figure 3.5.

1Notice that L cannot be negative because there is no physical constraint on the D0 decay vertex,
which is just the point of intersection between the directions of the two K0

S candidates’ momenta. It also
never happens to be exactly zero, so the logarithm is always defined.
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Figure 3.5: Distributions of (left) ∆m and (right) γ for truth-matched signal candidates in
(top) Belle and (bottom) Belle II simulation, with fit projections overlaid. The normalized
residuals (pulls) are shown in the bottom panel of each plot.

The ∆m PDF of the D0 → K0
Sπ

+π− background is modelled using the sum of a

Johnson’s SU and a Gaussian function with a common mean parameter for the Belle II

analysis, while for the Belle analysis, it is modelled only with a Johnson ’s SU function,

pdfK
0
Sπ

+π−
(∆m) = fJ J(∆m|µJ , λJ , δJ , γJ) + (1− fJ)G(∆m|µJ , σG) . (3.8)

The γ is modelled using a Johnson’s SU function. The distributions resulting from the

fits to truth-matched D0 → K0
Sπ

+π− background in simulation are shown in Figure 3.6.
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Figure 3.6: Distributions of (left) ∆m and (right) γ for truth-matched D0 → K0
Sπ

+π−

background candidates in (top) Belle and (bottom) Belle II simulation, with fit projections
overlaid. The normalized residuals (pulls) are shown in the bottom panel of each plot.

The ∆m PDF of the non-peaking background is modeled empirically as a threshold-

like distribution,

pdfbkg(∆m) ∝ (∆m−∆m0)
1/2 + α(∆m−∆m0)

3/2 + β(∆m−∆m0)
5/2 (3.9)

with threshold parameter ∆m0 fixed to the known value of the charged pion mass [23].

The value of the parameters α and β are determined directly from the fit to the data. The

γ distribution is modeled as the sum of two Johnson SU functions using data candidates

populating the ∆m sideband region [0.14, 0.143] ∪ [0.148, 0.158]GeV/c2 (Figure 3.7).
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Figure 3.7: Distribution of γ in (left) simulation and (right) data for candidates populat-
ing the ∆m side-band region for (top) Belle and (bottom) Belle II, with fit projections
overlaid. The normalized residuals (pulls) are shown in the bottom panel of each plot.

Omitting the arguments to simplify the notation, the total fit function is

f q(∆m, γ) = NK0
SK

0
S (1 + qA

K0
SK

0
S

raw ) pdfK
0
SK

0
S

+NK0
Sππ (1 + qA

K0
Sππ

raw ) pdfK
0
Sππ

+Nbkg (1 + qAbkg
raw) pdf

bkg , (3.10)

where q = 1 (−1) for D0 (D0) candidates and N i and Ai
raw are, respectively, the total

yield and the raw asymmetry of the component i. The parameter α of the background is

only shape parameter left free in the fit, together with the yields and asymmetries. All

other parameters are fixed to their values as determined on simulation or data side-band.
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Validation with pseudo experiments

To validate the fit procedure, 1000 pseudo experiments are generated by sampling from

the PDFs and fit. The pseudo experiments reproduce the yields as observed in data and

are generated assuming vanishing asymmetries. The results, shown in Figure 3.8, confirm

that the fit estimates the signal yield and asymmetry, and their uncertainties, with no

bias.

Additional sets of pseudo experiments are generated with varying values of the input

signal asymmetry. Figure 3.9 shows the mean of the resulting pull distributions as a

function of the generated asymmetry. In all cases the mean of the pull is consistent with

zero, indicating that the fit determines the asymmetry correctly independently from its

true value.

Figure 3.8: Pull distributions of the (left) signal yield and (right) signal raw asymmetry
as determined by fitting to 1000 pseudo experiments sampled from the PDF mimicking
the (top) Belle and (bottom) Belle II D0 → K0

SK
0
S sample. Gaussian fits are overlaid,

showing that the distributions are consistent with having a null mean and a unit variance.
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Figure 3.9: Mean of the pull distributions as a function of the generated signal asymmetry,
as determined by fitting to 1000 pseudo experiments sampled from the PDF mimicking
the (left) Belle and (right) Belle II D0 → K0

SK
0
S sample. Polynomial fits are overlaid,

showing that the mean values of the pull distributions for different values of assumed
asymmetries in the signal component consistent with zero.

3.3.3 Results on simulation

The results of the fit to the simulation are shown in Figures 3.10 and 3.11. For Belle,

we show the results on streams 0+10. The signal yield is measured to be 5120 ± 81 in

Belle and 5852± 83 in Belle II, in agreement with its truth-matching values of 5153 and

5724, respectively. The signal asymmetry is measured to be (−0.9 ± 1.6)% in Belle and

Fit parameter Measured value Raw asymmetry (%)

NK0
SK

0
S 5120± 81 −0.9± 1.6

NK0
Sππ 16247± 136 −1.53± 0.84

Nbkg 12419± 121 1.24± 0.96
α −24.92± 0.94 –
β 0 (fixed) –

NK0
SK

0
S 5852± 83 0.7± 1.4

NK0
Sππ 15757± 135 1.51± 0.85

Nbkg 12122± 122 0.29± 0.99
α −28.56± 0.85 -
β 0 (fixed) –

Table 3.2: Measured values of the parameters obtained from the fit toD0 → K0
SK

0
S sample

in (top) Belle and (bottom) Belle II simulation. The Belle sample corresponds to streams
0+10. The uncertainties are statistical only. The parameter β is found to be consistent
with zero and therefore its value is fixed to zero.

(0.7 ± 1.4)% in Belle II, consistent with the truth-matching values of −0.7% and 0.1%,

respectively. The complete set of measured fit parameters are tabulated in Table 3.2.
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Correlations coefficients are reported in Appendix A.
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Figure 3.10: Distributions of (left) ∆m and (right) γ for (top) D0 → K0
SK

0
S and (bottom)

D0 → K0
SK

0
S candidates in Belle simulation (streams 0+10), with fit projections overlaid.

The normalized residuals (pulls) are shown in the bottom panel of each plot.

Streams A
K0

SK
0
S

raw (%)

0+10 −0.9± 1.6
1+11 0.3± 1.6
2+12 −1.5± 1.6
3+13 0.7± 1.6
4+14 1.7± 1.6
5+15 1.8± 1.6

Table 3.3: Measured values of A
K0

SK
0
S

raw from fits to samples corresponding to different
980 fb−1 streams of the Belle simulation. The uncertainties are statistical only.
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To complete the validation we perform the fit using all the available streams of Belle

MC, each corresponding to an integrated luminosity of 980 fb−1. The measured values of

Araw, shown in Table 3.3, are all in agreement with each other and with the truth-matching

asymmetry.
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Figure 3.11: Distributions of (left) ∆m and (right) γ for (top) D0 → K0
SK

0
S and (bottom)

D0 → K0
SK

0
S candidates in Belle II simulation, with fit projection overlaid. The normalized

residuals (pulls) are shown in the bottom panel of each plot.

Similarly, we perform fits to three subsets of the Belle II simulation, each corresponding

to an integrated luminosity of 400 fb−1. The measured Araw values are in agreement and

are shown in Table 3.4.
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Streams A
K0

SK
0
S

raw (%)

1 0.0± 2.2
2 2.6± 2.2
3 0.7± 2.2

Table 3.4: Measured values of A
K0

SK
0
S

raw from fits to samples corresponding to 400 fb−1

subsets of the Belle II simulation.

3.3.4 Results on data

When fitting the data, the value of the signal asymmetry is blinded to prevent any po-

tential bias. The blinding is implemented using a random offset sampled uniformly in the

range [−0.1, 0.1] and is the same in Belle and Belle II data. The results of the fit to the

data are shown in Figures 3.12 and 3.13.

Fit parameter Measured value Raw asymmetry (%)

NK0
SK

0
S 4864± 78 1.2± 1.6

NK0
Sππ 15047± 131 −1.09± 0.87

Nbkg 10377± 111 −0.3± 1.1
α −25.9± 1.0 -

NK0
SK

0
S 2214± 51 1.6± 2.3

NK0
Sππ 5789± 83 −1.3± 1.4

Nbkg 5269± 80 0.8± 1.5
α −25.9± 1.4 -

Table 3.5: .
Measured values of the parameters obtained from the fit to D0 → K0

SK
0
S sample in (top)

Belle and (bottom) Belle II data. The uncertainties are statistical only.

The measured signal yields are 4864±78 in Belle and 2214±51 in Belle II. The yields

per 1 fb−1 of unit luminosity are 4.96 ± 0.08 for Belle and 5.26 ± 0.12 for Belle II, in

agreement between them and with the previous Belle result of Ref. [51] when the same

pcms(D
∗+) requirement is applied (4755 ± 75). The raw asymmetry is measured to be

(1.2± 1.6)% in Belle and (1.6± 2.3)% in Belle II, in agreement between the two samples.

The complete set of measured fit parameters are tabulated in Table 3.5. Correlations

coefficients are reported in Appendix A.
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Figure 3.12: Distributions of (left) ∆m and (right) γ for (top) D0 → K0
SK

0
S and (bottom)

D0 → K0
SK

0
S candidates in Belle data, with fit projection overlaid. The normalized resid-

uals (pulls) are shown in the bottom panel of each plot.
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Figure 3.13: Distributions of (left) ∆m and (right) γ for (top) D0 → K0
SK

0
S and (bottom)

D0 → K0
SK

0
S candidates in Belle II data, with fit projection overlaid. The normalized

residuals (pulls) are shown in the bottom panel of each plot.
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3.4 Determination of Araw in D0 → K+K− decays

3.4.1 Event selection

The control sample of D∗+ → D0(→ K+K−)π+ decays is reconstructed starting from the

HadronB(J) skim in Belle and from the hlt hadron skims in Belle II. Candidate kaons

are reconstructed from tracks in the CDC acceptance with |dr| < 0.5 cm, |dz| < 2 cm, at

least 21 CDC hits and at least 1 SVD hit. To suppress backgrounds arising from mis-

identification of the charged kaons with pions or electrons, they are required to satisfy

LK/(LK + Lπ) > 0.6 and LK/(LK + Le) > 0.1, where Lx is the PID likelihood for the

hypothesis x.

Variable Criteria

|dr|(πs, K±) < 0.5 cm
|dz|(πs, K±) < 2 cm
θ(πs, K

±) [17, 150]◦

# CDC hits (K±) > 20
# SVD hits (K±) > 0

LK/(LK + Lπ/e)(K
±) 0.6/0.1

m(K+K−) [1.75, 2.05]GeV/c2

∆m < 0.16GeV/c2

pcms(D
∗+) > 2.5GeV/c

TreeFitter probability > 0.001
Best-candidate selection D∗+ candidate with largest TreeFitter probability

Table 3.6: Selection criteria for D∗+ → D0(→ K+K−)π+ candidates. TreeFitter is used
with an IP constraint.

Candidate D0 mesons are formed by combining pairs of oppositely charged kaons with

mass, m(K+K−), in the range [1.75, 2.05]GeV/c2. The D0 mesons thus reconstructed are

then combined with soft-pion candidates to form a D∗+ → D0πs decay. The soft pions are

tracks in the CDC acceptance with |dr| < 0.5 cm and |dz| < 2 cm. The D∗+ candidates are

required to have ∆m < 0.16GeV/c2 and are fit using TreeFitter using an IP constraint.

Only candidates with successful fits and having vertex-fit χ2 probabilities larger than 10−3

are retained for subsequent analysis. The momenta of all final-state particles are updated

with the results of the vertex fit. To suppress events where the D∗+ candidate comes from

the decay of a B meson, the momentum of the D∗+ in the e+e− center-of-mass system is

required to exceed 2.5GeV/c. Simulation shows that about five candidates from B meson

decays, per 1 ab−1 of integrated luminosity at the Υ (4S), survive this requirement.

Multiple D∗+ candidates occur in about 2% events in both Belle and Belle II data. In

such cases, only the candidate with largest vertex-fit χ2 probability is retained. The final

list of selection criteria is summarized in Table 3.6.

The m(K+K−) and m(D0πs) distributions of the selected candidates in data and
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simulation are shown in Figure 3.14. The two-body D0πs mass, m(D0πs), is computed

using the D0 momentum and the nominal D0 mass [23] to compute the D0 energy. Using

m(D0πs) simplifies the treatment of the background decays in which a D0 final-state

particle is mis-identified because, unlike the conventional ∆m, its computation does not

assume any mass hypotheses for the D0 final-state particles resulting in all D∗+ → D0 →
(h+h′−)π+ (h, h′ = K, π) decays having identical m(D0πs) distributions [59].
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Figure 3.14: Distributions of (top) m(K+K−) and (bottom) m(D0πs) for D
0 → K+K−

candidates in (left) Belle and (right) Belle II simulation, with data overlaid. The simu-
lation is normalized to the same luminosity as the data and is split into different sample
components, which are stacked. The bottom panels show the data-to-simulation ratios.
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Clear peaks from correctly reconstructed D∗+ → D0(→ K+K−)π+ decays at the

expected values of the nominal D0 and D∗+ masses are observed over the background.

The background is composed by D0 → K−π+ decays in which the pion is mis-identified

as a kaon, peaking at m(K+K−) values around 1.94GeV/c2; by partially reconstructed

D0 → multibody decays where multibody indicates decays, such as D0 → K−π+π0, where

the charged pion is mis-identified as a kaon and the neutral pion is not reconstructed, or

semileptonic D0 decays where the neutrino is not reconstructed, populate mostly the low-

m(K+K−) region; by D+
s → K+K−π+ decays in which π+ is reconstructed as a πs candi-

date, peaking at m(K+K−) values around 1.82GeV/c2; and by combinatorial background

populating the entire m(K+K−) nearly uniformly. Each D0 background component can

either be associated with a real πs candidate, hence peaking in m(D0πs) mass, or with

an unrelated πs candidate, hence contributing to the random-pion background. The D+
s

background has a smooth distribution, which rises almost linearly in m(D0πs).

3.4.2 Kinematic equalization

The D∗+ forward-backward asymmetry is expected to vary as a function the D∗+ polar

angle.2 The πs detection asymmetry is expected to vary both as a function of momentum

and of polar angle. To ensure a precise cancellation of these nuisance asymmetries in

Equation (3.4), theD∗+ and πs kinematic distributions of the control sample must coincide

with those of the signal sample. Simulation shows that, because of the different selection

criteria, small differences are present (Figures 3.15 and 3.16). A weighting procedure is

therefore implemented to reduce the observed differences. We fit a six-order polynomial

to the ratio between the cos θ(D∗+) distributions of truth-matched D0 → K0
SK

0
S and

D0 → K+K− decays in simulation. The projections of the fit are shown in Figures 3.15

and 3.16. The resulting functions,

f(cos θ) = 0.984751− 0.13327 cos θ + 0.276899 cos2 θ + 0.453082 cos3 θ

− 0.08738 cos4 θ − 1.00713 cos5 θ (3.11)

for Belle and

f(cos θ) = 0.889752− 0.110344 cos θ + 0.961291 cos2 θ − 0.220356 cos3 θ

− 0.0826763 cos4 θ − 3.09148 cos5 θ + 2.45831 cos6 θ (3.12)

for Belle II, are used to compute a per-candidate weight for the D0 → K+K− control

sample. The effect of the weighting on simulated and truth-matched control sample

decays is shown in Figures 3.17 and 3.18. Weighting as a function of cos θ(D∗+) reduces

the differences also in the other kinematic distribution.

2Neglecting possible efficiency effects, because of the CP symmetric initial state, the forward-backward
asymmetry is expected to be an odd function of the cosine of the polar angle in the c.m.s.
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Figure 3.15: Normalized distributions of (top-left) cos θ(D∗+), (top-right) p(D∗+),
(bottom-left) cos θ(πs) and (bottom-right) p(πs) of truth-matched signal and control de-
cays in Belle simulation. The ratio between the two samples are shown in the bottom
panel of each plot.

To check that the weighting functions determined on simulation work also on data

(Figures 3.19 and 3.20), we evaluate the effect of the weighting procedure on background-

subtracted signal and control decays in data. The background subtraction is performed

using the sPlot method [60] with weights derived from the fits discussed in Section 3.4.3.

Figures 3.21 and 3.22 show the results, confirm that the weighting functions from simu-

lation are effective also in data.
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Figure 3.16: Normalized distributions of (top-left) cos θ(D∗+), (top-right) p(D∗+),
(bottom-left) cos θ(πs) and (bottom-right) p(πs) of truth-matched signal and control de-
cays in Belle II simulation. The ratio between the two samples are shown in the bottom
panel of each plot.
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Figure 3.17: Normalized distributions of (top-left) cos θ(D∗+), (top-right) p(D∗+),
(bottom-left) cos θ(πs) and (bottom-right) p(πs) of truth-matched signal and control de-
cays in Belle simulation. The control decays are weighted in cos θ(D∗+). The ratio between
the two samples are shown in the bottom panel of each plot.

52



1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

)θ (cos*+D

 

2000

3000

4000

5000

C
an

di
da

te
s 

pe
r 

0.
02

 SimulationBelle II

Signal Mode

Control Mode (weighted)

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
)*+ (Dθcos 

 

0

1

2

3

R
at

io

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5

]c (p) [GeV/*+D

 

2000

3000

4000

5000

6000

C
an

di
da

te
s 

pe
r 

50
  M

eV
/c

 SimulationBelle II

Signal Mode

Control Mode (weighted)

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5
) GeV/c*+p (D

 

0

1

2

3

R
at

io

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

]c) [GeV/θ (cossπ

 

2000

3000

4000

5000

6000

C
an

di
da

te
s 

pe
r 

0.
02

 SimulationBelle II

Signal Mode

Control Mode (weighted)

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
)+

s
π (θcos 

 

0

1

2

3

R
at

io

0.1 0.2 0.3 0.4 0.5 0.6

]c (p) [GeV/sπ

 

2000

3000

4000

5000

6000

7000

C
an

di
da

te
s 

pe
r 

0.
55

 G
eV

/c

 SimulationBelle II

Signal Mode

Control Mode (weighted)

0.1 0.2 0.3 0.4 0.5 0.6
) GeV/c+

sπp (
 

0

1

2

3

R
at

io

Figure 3.18: Normalized distributions of (top-left) cos θ(D∗+), (top-right) p(D∗+),
(bottom-left) cos θ(πs) and (bottom-right) p(πs) of truth-matched signal and control de-
cays in Belle II simulation. The control decays are weighted in cos θ(D∗+). The ratio
between the two samples are shown in the bottom panel of each plot.
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Figure 3.19: Normalized distributions of (top-left) cos θ(D∗+), (top-right) p(D∗+),
(bottom-left) cos θ(πs) and (bottom-right) p(πs) of background-subtracted signal and con-
trol decays in Belle data. The ratio between the two samples are shown in the bottom
panel of each plot.

54



1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

 

1000

1500

2000

2500

3000

3500

4000

C
an

di
da

te
s 

pe
r 

0.
02

 DataBelle II

Signal Mode

Control Mode

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
)*+ (Dθcos 

 

2

4

6

R
at

io

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5

 

1000

1500

2000

2500

3000

3500

4000

C
an

di
da

te
s 

pe
r 

50
  M

eV
/c

 DataBelle II

Signal Mode

Control Mode

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5
) GeV/c*+p (D

 

0

2

4

6

R
at

io

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

 

1000

1500

2000

2500

3000

3500

C
an

di
da

te
s 

pe
r 

0.
02

 DataBelle II

Signal Mode

Control Mode

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
)+

s
π (θcos 

 

2

4

6

R
at

io

0.1 0.2 0.3 0.4 0.5 0.6

 

2000

3000

4000

5000

C
an

di
da

te
s 

pe
r 

0.
55

 G
eV

/c

 DataBelle II

Signal Mode

Control Mode

0.1 0.2 0.3 0.4 0.5 0.6
) GeV/c+

sπp (

 

2

4

R
at

io

Figure 3.20: Normalized distributions of (top-left) cos θ(D∗+), (top-right) p(D∗+),
(bottom-left) cos θ(πs) and (bottom-right) p(πs) of background-subtracted signal and con-
trol decays in Belle II data. The ratio between the two samples are shown in the bottom
panel of each plot.
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Figure 3.21: Normalized distributions of (top-left) cos θ(D∗+), (top-right) p(D∗+),
(bottom-left) cos θ(πs) and (bottom-right) p(πs) of background-subtracted signal and
control decays in Belle data. The control decays are weighted in cos θ(D∗+). The ra-
tio between the two samples are shown in the bottom panel of each plot.
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Figure 3.22: Normalized distributions of (top-left) cos θ(D∗+), (top-right) p(D∗+),
(bottom-left) cos θ(πs) and (bottom-right) p(πs) of background-subtracted signal and con-
trol decays in Belle II data. The control decays are weighted in cos θ(D∗+). The ratio
between the two samples are shown in the bottom panel of each plot.
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3.4.3 Asymmetry fit

The raw asymmetry of the control decays is determined using an unbinned (and extended)

fit to the two-dimensional (m(K+K−),m(D0πs)) distribution of D0 and D0 candidates.

The fit considers the D∗+ → D0(→ K+K−)π+ and all the background components dis-

cussed in the previous section. Simulation shows that 2D PDF of each component, except

for the D+
s → K+K−π+ background, can be approximated into the product of the two

1D PDFs,

pdfi(m(K+K−),m(D0πs)) = pdfi(m(K+K−))pdfi(m(D0πs)) (i = K+K−, ...) ,

(3.13)
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Figure 3.23: Distributions of (left) m(D0πs) and (right) m(K+K−) for truth-matched
D∗+ → D0(→ K+K−)π+ decays in (top) Belle and (bottom) Belle II simulation, with fit
projections overlaid. The normalized residuals (pulls) are shown in the bottom panel of
each plot.
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and that no substantial differences are observed between PDFs of D0 and D0 decays,

which are then assumed to be identical (Appendix B). Possible asymmetries in the PDFs

shapes are tested in the systematic studies, as discussed in Section 4.1.2.

The control decays and physics backgrounds PDFs are determined in simulation using

truth matching. The m(K+K−) and m(D0πs) PDFs of the D∗+ → D0(→ K+K−)π+

decays are each modelled using the sum of two Gaussian functions (with a common mean)

and of a Johnson’s SU function (Figure 3.23),

pdfK
+K−

(m) = fJ J(m|µJ , λJ , δJ , γJ)+

+ (1− fJ) [fG1G(m|µG1, σG1) + (1− fG1)G(m|µG1, σG2)] , (3.14)

with m being either m(K+K−) or m(D0πs).

The m(K+K−) PDF of the mis-identified D∗+ → D0(→ K−π+)π+ background is

parametrized using the sum of a Gaussian and a Johnson’s SU function, which is shown

in Figure 3.24. Given that m(D0πs) is unaffected by the mis-assigned mass hypothesis to

the D0 final state particles, the m(D0πs) PDF is shared with that of the control decays.
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Figure 3.24: Distribution of m(K+K−) for truth-matched D∗+ → D0(K−π+)πs back-
ground decays in (left) Belle and (right) Belle II simulation, with fit projections overlaid.
The normalized residuals (pulls) are shown in the bottom panel of each plot.

The partially reconstructed D∗+ → D0(→ multibody)π+ decays are modeled as an

exponential function in m(K+K−) and as a Johnson’s SU function, with parameter γJ

fixed to unity, in m(D0πs) (Figure 3.25).
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Figure 3.25: Distributions of (left) m(D0πs) and (right) m(K+K−) for truth-matched
D∗+ → D0(→ multibody)π+ decays in (top) Belle and (bottom) Belle II simulation, with
fit projections overlaid. The normalized residuals (pulls) are shown in the bottom panel
of each plot.

For each of the aforementioned components there is a corresponding one in which an

unrelated soft pion is associated with the identified D0 candidate. These random pions

components (indicated as K+K− rnd, Kπ rnd, and mult rnd) share the same m(K+K−)

distribution as the component with the correctly reconstructed soft pion and are modeled

in m(D0πs) with PDF derived directly from the fit to the data:

pdfi rnd(m|m0, A,B,C) =

(
1− exp

(
−m−m0

C

))
.

(
m

m0

)A

+B

(
m

m0

− 1

)
, (3.15)

where m = m(D0πs) and m0 = m0
D +m+

π = 2.00441GeV/c2 denotes the m(D0πs) thresh-

old.
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The D+
s → K+K−π+ background in which the pion acts as the soft pion exhibits a

kinematic correlation between m(D0πs) and m(K+K−), which can be calculated analyt-

ically as (Figure 3.26)〈
m(K+K−)

〉
(m(D0πs)) = mD+

s
+mD0 −m(D0πs) = 3.83319GeV/c2−m(D0πs) , (3.16)

using the known D+
s and D0 masses [23]. The two-dimensional PDF is written as the

product of the m(K+K−) PDF, conditional to the value of m(D0πs), and of the m(D0πs)

PDF,

pdfD
+
s (m(K+K−),m(D0πs)) = pdfD

+
s (m(K+K−)|m(D0πs)) pdf

D+
s (m(D0πs)) . (3.17)

The first term is parametrized as a Johnson’s SU function with mean parameter given

by µJ + ⟨m(K+K−)⟩ (m(D0πs)). An offset with respect to the analytical ⟨m(K+K−)⟩,
µJ , is used to account for possible data-simulation differences in the peak positions. The

m(D0πs) PDF is a first-order polynomial defined only about the threshold value of m0
D +

m+
π [23]. The obtained distributions when fitting truth-matched decays are shown in

Figure 3.27.
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Figure 3.26: Distributions of m(D0πs) versus m(K+K−) for truth-matched D+
s →

K+K−π+ decays in (left) Belle and (right) Belle II simulation. The red line denotes
the analytical kinematic dependence of Equation (3.16).

Finally, the purely combinatorial background is described as a linear function in

m(K+K−) and as a random-pion background in m(D0πs). The m(D0πs) parametrization

this component is shared with that of the other random-pion components. Omitting the

arguments to simplify the notation, the total fit function is

f = NK+K−
(1 + qAK+K−

raw ) pdfK
+K−

+NK+K− rnd(1 + qAK+K− rnd
raw ) pdfK

+K− rnd

+NKπ (1 + qAKπ
raw) pdfKπ +NKπ rnd (1 + qAKπ rnd

raw ) pdfKπ rnd

+Nmult (1 + qAmult
raw ) pdfmult +Nmult rnd (1 + qAmult rnd

raw ) pdfmult rnd

+ND+
s (1 + qAD+

s
raw) pdf

D+
s +N comb (1 + qAcomb

raw ) pdfcomb (3.18)
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where q = 1 (−1) for D0 (D0) candidates and N i and Ai
raw are, respectively, the total

yield and the raw asymmetry of the component i. The parameters ccomb, A and C are left

free in the fit, together with the yields and asymmetries.
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Figure 3.27: Distributions of (left) m(D0πs) and (right) m(K+K−) for truth-matched
D+

s → K+K−π+ decays in (top) Belle and (bottom) Belle II simulation, with fit projec-
tions overlaid. The normalized residuals (pulls) are shown in the bottom panel of each
plot.

To account for mismodeling of the simulation, when fitting the data the following six

additional shape parameters are left free to float:

• the mean of the first Gaussian function used to model the m(D0πs) distribution for

the K+K− component (µG1 sig d0pi, Figure 3.23);

• the width of the Johnson’s SU function used to model the m(D0πs) distribution for

the K+K− component (λJ sig d0pi, Figure 3.23);
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• the width of the Johnson’s SU function used to model the m(K+K−) distribution

for the K+K− component (λJ sig d0, Figure 3.23);

• the mean of the Gaussian function used to model the m(K+K−) distribution for

the Kπ component (µG kpi d0, Figure 3.24);

• the width of the Johnson’s SU function used to model the m(K+K−) distribution

for the Kπ component (λJ kpi d0, Figure 3.24);

• the tail parameter of the Johnson’s SU function used to model the m(K+K−) dis-

tribution for the Kπ component (γJ kpi d0, Figure 3.24).

All other parameters are fixed to their values as determined on simulation.

3.4.4 Results on simulation

The results of the fits to the simulated events are shown in Figures 3.28 and 3.29. For

Belle, we show the results on streams 0+10. The measured yields of D0 → K+K− decays

are 340374±99 in Belle and 240771±519 in Belle II, while from truth-matching we expect

341319 and 245615, respectively.

Fit parameter Measured value Raw asymmetry (%)

NK+K−
340374± 599 0.00± 0.18

NK+K− rnd 26010± 264 0.8± 1.0
NKπ 168417± 433 −1.39± 0.26
NKπ rnd 10558± 568 −5.4± 5.1
Nmult 79272± 853 1.26± 0.67

Nmult rnd 10762± 1650 −24± 11

ND+
s 7812± 224 −1.3± 2.8

N comb 269690± 1868 0.46± 0.58
A 30.6± 1.6 –
C 0.002052± 0.0000045 –
ccomb −0.34249± 0.0078 –

Table 3.7: Measured values of the parameters obtained from the fit to D0 → K+K−

sample in Belle simulation (streams 0+10). The uncertainties are statistical only.

The K+K− yields returned by the fit are underestimated by about 0.2% in Belle

and by about 2.0% in Belle II, is not a surprise given the relatively poor fit quality

and the difficulties to describe precisely the tails of the K+K− distributions. However,

the corresponding raw asymmetries, (0.00 ± 0.18)% and (1.38 ± 0.21)%, are in excellent

agreement with the truth-matching values of −0.02% and 0.99%, respectively.
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Figure 3.28: Distributions of (left) m(D0πs) and (right) m(K+K−) for (top) D∗+ →
D0(→ K+K−)π+ and (bottom) D∗− → D0(→ K+K−)π− in Belle simulation (streams
0+10), with fit projections overlaid. The normalized residuals (pulls) are also shown in
the bottom panel of each plot.

In Section 4.1.2 we show that even with severe variations of the fit model, result in

substantially worse fit quality, the estimation of the raw K+K− asymmetry is stable and

has almost negligible systematic bias. The complete set of measured fit parameters are

tabulated in Tables 3.7 and 3.8. Correlations coefficients are reported in Appendix A.
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Figure 3.29: Distributions of (left) m(D0πs) and (right) m(K+K−) for (top) D∗+ →
D0(→ K+K−)π+ and (bottom) D∗− → D0(→ K+K−)π− in Belle II simulation, with fit
projections overlaid. The normalized residuals (pulls) are also shown in the bottom panel
of each plot.

Streams AK+K−
raw (%)

0+10 0.00± 0.18
1+11 −0.15± 0.18
2+12 −0.17± 0.18
3+13 −0.06± 0.18
4+14 0.26± 0.18
5+15 −0.27± 0.18

Table 3.9: Measured values of AK+K−
raw from fits to samples corresponding to different

980 fb−1 streams of the Belle simulation. The uncertainties are statistical only.
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Fit parameter Measured value Raw asymmetry (%)

NK+K−
240771± 520 1.38± 0.21

NK+K− rnd 13975± 214 −0.5± 1.5
NKπ 157910± 445 −5.45± 0.28
NKπ rnd 7636± 394 0.2± 4.8
Nmult 112116± 824 0.02± 0.55

Nmult rnd 0 (fixed) 0 (fixed)

ND+
s 6097± 172 2.6± 2.7

N comb 213737± 1043 1.81± 0.42
A 28.3± 2.2 -
C 0.002041± 0.000065 -

ccomb −0.30038± 0.0060 -

Table 3.8: Measured values of the parameters obtained from the fit to D0 → K+K−

sample in Belle II simulation. The uncertainties are statistical only. The yield of the
“mult rnd” component is measured to be consistent with zero and therefore its value and
its asymmetry are fixed to zero.

To complete the validation we perform the fit using all the available streams of Belle

MC, each corresponding to an integrated luminosity of 980 fb−1. The measured values

of Araw, shown in Table 3.9, are all in agreement with each other and with the truth-

matching asymmetry. Similarly, we perform fits to three subsets of the Belle II simulation,

each corresponding to an integrated luminosity of 400 fb−1. The measured Araw values

are in agreement and are shown in Table 3.10.

Streams AK+K−
raw (%)

1 1.35± 0.26
2 1.01± 0.26
3 1.39± 0.26

Table 3.10: Measured values of AK+K−
raw from fits to samples corresponding to 400 fb−1

subsets of the Belle II simulation. The uncertainties are statistical only.

3.4.5 Results on data

The results of the fits to the data are shown in Figures 3.30 and 3.31. The measured

K+K− yields are 308755 ± 574 in Belle and 145515 ± 405 in Belle II. The yields per

1 fb−1 of unit luminosity are 315.0 ± 0.6 for Belle and 346 ± 1 for Belle II. The K+K−

raw asymmetry is measured to be 0.17 ± 0.19% in Belle and (1.61 ± 0.27)% in Belle

II. The complete set of measured fit parameters are tabulated in Tables 3.11 and 3.12.

Correlations coefficients are reported in Appendix A.
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Figure 3.30: Distributions of (left) m(D0πs) and (right) m(K+K−) for (top) D∗+ →
D0(→ K+K−)π+ and (bottom) D∗− → D0(→ K+K−)π− in Belle data, with fit projec-
tions overlaid. The normalized residuals (pulls) are also shown in the bottom panel of
each plot.
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Figure 3.31: Distributions of (left) m(D0πs) and (right) m(K+K−) for (top) D∗+ →
D0(→ K+K−)π+ and (bottom) D∗− → D0(→ K+K−)π− in Belle II data, with fit
projections overlaid. The normalized residuals (pulls) are also shown in the bottom panel
of each plot.
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Fit parameter Measured value Raw asymmetry (%)

NK+K−
308755± 574 0.17± 0.19

NK+K− rnd 29538± 287 1.30± 0.94
NKπ 240856± 518 −2.16± 0.21
NKπ rnd 18212± 622 −4.7± 3.1
Nmult 178096± 1127 −0.77± 0.46

Nmult rnd 16366± 1934 6.93± 7.3

ND+
s 8046± 235 4.6± 2.9

N comb 261850± 2098 0.76± 0.61
A 20.8± 1.9 -
C 0.002234± 0.000055 -

ccomb −0.31541± 0.0092 -
µJ sig d0pi 2.01021658± 0.000000089 -
µJ sig d0 1.864432± 0.000010 -
λJ sig d0 0.01146± 0.000015 -
δJ sig d0 2.239± 0.026 -
µJ kpi d0 1.95683± 0.00025 -
δJ kpi d0 0.599± 0.011 -

Table 3.11: Measured values of the parameters obtained from the fit to D0 → K+K−

sample in Belle data. The uncertainties are statistical only.

Fit parameter Measured value Raw asymmetry (%)

NK+K−
145515± 405 1.61± 0.27

NK+K− rnd 12727± 193 −0.9± 1.4
NKπ 105715± 363 −6.91± 0.34
NKπ rnd 8717± 318 −11.0± 3.9
Nmult 66976± 731 1.06± 0.80

Nmult rnd 5980± 1163 16± 11

ND+
s 3011± 130 3.2± 4.2

N comb 126233± 1306 4.55± 0.74
A 18.6± 3.3 -
C 0.002431± 0.000096 -

ccomb −0.2715± 0.012 -
µG1 sig d0pi 2.010486± 0.000012 -
λJ sig d0pi 0.00019695± 0.00000054 -
λJ sig d0 0.006781± 0.000018 -
µG kpi d0 1.940420± 0.000056 -
λJ kpi d0 0.006147± 0.000097 -
γJ kpi d0 −1.7399± 0.013 -

Table 3.12: Measured values of the parameters obtained from the fit to D0 → K+K−

sample in Belle II data. The uncertainties are statistical only.
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Chapter 4

Evaluation of systematic

uncertainties and final results

4.1 Sources of systematic uncertainties

Various sources of systematic uncertainties are considered, namely: PDF modeling in the

D0 → K0
SK

0
S fit, PDF modeling in the D0 → K+K− fit, equalization of the control and

signal sample kinematic for the cancellation of the nuisance asymmetries, uncertainties

on the external input value of ACP (D
0 → K+K−). A summary of the estimated uncer-

tainties from the aforementioned sourced is reported in Table 4.1, the total is the sum in

quadrature of the individual components.

Source Uncertainty (%)
Belle Belle II

Modeling in the D0 → K0
SK

0
S fit 0.04 0.05

Modeling in the D0 → K+K− fit 0.02 < 0.01
Kinematic equalization 0.06 0.07
Input ACP (D

0 → K+K−) 0.05 0.05

Total systematical 0.09 0.10
Total statistical 1.60 2.30

Table 4.1: Summary of uncertainties on ACP (D
0 → K0

SK
0
S ). The statistical uncertainty

includes contributions from both the signal and the control mode, with the latter being
essentially negligible.

4.1.1 Modeling in the D0 → K0
S
K0

S
fit

To estimate the systematic uncertainty due to the fit model for D0 → K0
SK

0
S , several

variations of the default fit model are carried out. We test two classes of variations: one

in which we vary the PDF model, while still keeping it the same for D0 and D0 candidates

(Table 4.2), and another in which we keep the default PDF model but introduce an
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asymmetry in one of the shape parameters (Table 4.3). From the first set of tests we

take the largest variations in A
K0

SK
0
S

raw , 0.04% for Belle and 0.05% for Belle II, as systematic

uncertainties. From the second set of tests we observe no significant differences between

D0 and D0 shapes and hence assign no additional systematic uncertainty due to this

assumption in the default fit.

Model variation Belle Belle II

# Description ∆A
K0

SK
0
S

raw (%) −2∆ logL ∆A
K0

SK
0
S

raw (%) −2∆ logL

1 Signal model for ∆m is identical to K0
Sππ model for ∆m −0.04 4 0.05 4

2 K0
Sππ model for ∆m is identical to signal model for ∆m −0.02 82 0.00 34

3 Bkg model for ∆m changed to Equation (3.15) 0.02 28 0.05 12
4 Bkg model for γ changed to Johnson’s SU + Gaussian 0.02 58 0.03 30
5 Variations 3 + 4 0.01 86 −0.01 12
6 Signal model for γ changed to histogram PDF 0.04 −6 0.03 −1

Table 4.2: Systematic variation of the PDF model for the D0 → K0
SK

0
S fit. The table

reports the change in Araw and in −2 logL for the varied model compared to the default.
The PDFs are assumed to be the same for D0 and D0 candidates.

Model variation Belle Belle II

# Asymmetric parameter introduced Fitted parameter asymmetry ∆A
K0

SK
0
S

raw (%) −2∆ logL Fitted parameter asymmetry ∆A
K0

SK
0
S

raw (%) −2∆ logL

1 Mean of the Johnson for ∆m signal PDF (1.9± 3.9)× 10−5 0.00 0 (−1.7± 3.8)× 10−5 0.00 0
2 Width of the Johnson for ∆m signal PDF (−4.5± 1.8)% 0.47 −6 (5.4± 2.9)% −0.50 −4
3 Mean of the Johnson for γ signal PDF (−1.1± 1.9)× 10−3 −0.12 0 (1.3± 2.3)× 10−3 0.00 0
4 Width of the Johnson for γ signal PDF (−3.6± 9.9)× 10−3 0.18 0 (−1.0± 1.3)× 10−3 0.00 0
5 Mean of the Johnson for ∆m K0

Sππ PDF (3.7± 1.8)× 10−5 0.00 −4 (0.6± 2.3)× 10−3 0.00 0
6 Width of the Johnson for ∆m K0

Sππ PDF (1.4± 1.0)% −0.01 −2 (1.0± 2.5)% 0.00 0
7 Mean of the Johnson for γ K0

Sππ PDF (4.3± 4.3)× 10−3 −0.20 −2 (1.8± 6.4)× 10−3 −0.05 0
8 Width of the Johnson for γ K0

Sππ PDF (0.0± 7.2)× 10−3 0.00 0 (1.13± 0.97)% −0.01 −2
9 Mean of the left-side Johnson for γ bkg PDF (−1.6± 5.5)× 10−3 0.00 0 (0.3± 4.8)× 10−3 0.00 0
10 Width of the left-side Johnson for γ bkg PDF (7.5± 7.7)× 10−3 0.00 −2 (9.8± 5.1)× 10−4 0.00 0
11 Mean of the right-side Johnson for γ bkg PDF (0.7± 2.6)× 10−3 0.00 −2 (2.2± 4.4)× 10−3 0.00 0
12 Width of the right-side Johnson for γ bkg PDF (−4.7± 9.7)× 10−3 0.04 −2 (−0.2± 3.5)× 10−3 0.00 0

Table 4.3: Systematic variation of the PDF model for the D0 → K0
SK

0
S fit. The table

reports the change in Araw and in −2 logL for the varied model compared to the default.
The PDFs are the same as the default fit, but they are not assumed to be the same for D0

and D0 candidates by introducing an asymmetric parameter, whose value is also reported.

4.1.2 Modeling in the D0 → K+K− fit

As for the signal mode, we test two classes of variations for the D0 → K+K− model: one

in which we vary the PDF model, while still keeping it the same for D0 and D0 candi-

dates (Table 4.4), and another in which we keep the default PDF model but introduce

an asymmetry in one of the shape parameters (Table 4.5). From the first set of tests, the

largest variation in AK+K−
raw is 0.02% for Belle and < 0.01% for Belle II. These values are

assigned as systematic uncertainties. From the second set of tests, we observe no signif-

icant differences between D0 and D0 shapes and hence assign no additional systematic

uncertainty due to this assumption in the default fit.
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Model variation Belle Belle II

# Description ∆AK+K−
raw (%) −2∆ logL ∆AK+K−

raw (%) −2∆ logL

1 Multibody model for m(D0πs) changed to Johnson’s SU 0.00 0 0.00 3320

2
K+K− models for m(D0πs) and m(K+K−)

0.01 35900 0.00 3460
changed to double Johnson’s SU based on simulation

3
Comb. and random-pion model for m(D0πs) 0.00 2 0.00 220
changed to Equation (3.9)

4 Variation 2 + 3 0.01 35900 0.00 4220
5 Multibody model for m(K+K−) changed to histogram PDF 0.00 −4200 0.00 30

Table 4.4: Systematic variation of the PDF model for the D0 → K+K− fit. The table
reports the change in Araw and in −2 logL for the varied model compared to the default.
The PDFs are assumed to be the same for D0 and D0 candidates.

Model variation Belle Belle II

# Asymmetric parameter introduced Fitted parameter asymmetry ∆AK+K−
raw (%) −2∆ logL Fitted parameter asymmetry ∆AK+K−

raw (%) −2∆ logL

1 Mean of the Johnson for m(D0πs) signal PDF (0.2± 3.1)× 10−5 0.00 0 (4.9± 2.3)× 10−7 0.00 0
2 Width of the Johnson for m(D0πs) signal PDF (−0.9± 2.8)× 10−3 0.01 0 (1.2± 2.5)× 10−3 0.06 0
3 Mean of the Gaussians for m(D0πs) signal PDF (3.3± 4.7)× 10−6 0.01 0 (12.0± 5.6)× 10−7 −0.01 0
4 Mean of the Johnson for m(K+K−) signal PDF (5.4± 5.4)× 10−6 0.00 0 (−13.0± 6.2)× 10−4 0.02 0
5 Width of the Johnson for m(K+K−) signal PDF (0.0± 1.6)× 10−3 0.00 0 (2.3± 2.6)× 10−3 −0.01 0
6 Mean of the Gaussians for m(K+K−) signal PDF (4.8± 4.2)× 10−4 0.01 0 (4.3± 4.4)× 10−4 −0.04 0

Table 4.5: Systematic variation of the PDF model for the D0 → K+K− fit. The table
reports the change in Araw and in −2 logL for the varied model compared to the default.
The PDFs are the same as the default fit, but they are not assumed to be the same for D0

and D0 candidates by introducing an asymmetric parameter, whose value is also reported.

4.1.3 Kinematic equalization

The kinematic weighting of the D0 → K+K− control sample does not perfectly remove

all differences observed in the D∗+ and πs momentum and polar angle distributions. The

residual differences are approximately a factor two smaller than those observed before the

weighting. We therefore take half the variation in AK+K−
raw introduced by the weighting

procedure, 0.06% in Belle and 0.07% in Belle II, as a systematic uncertainty.

4.1.4 Input ACP (D
0 → K+K−)

The CP asymmetry in D0 → K0
SK

0
S decays can be determined as

ACP (D
0 → K0

SK
0
S ) = A

K0
SK

0
S

raw − AK+K−

raw +ACP (D
0 → K+K−) , (4.1)

where ACP (D
0 → K+K−) is an external input. In particular, ACP (D

0 → K+K−) com-

puted from the results reported in Refs. [25, 53] and [54] are used.

ACP (D
0 → K+K−) = Adir

CP (D
0 → K+K−) + ∆Y = (6.7± 5.4)× 10−4 , (4.2)

where Adir
CP is the direct CP asymmetry and ∆Y (≈ −AΓ) is the asymmetry arising from

CP violation in mixing and in the interference between mixing and decay [25]. The

uncertainty in the input value of ACP (D
0 → K+K−) (Equation (4.2)) is propagated as a

systematic uncertainty on the measurement.
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4.2 Results and summary

UsingD∗+-taggedD0 → K0
SK

0
S andD0 → K+K− decays reconstructed with an integrated

luminosity 980 fb−1 of Belle data, and 420 fb−1 of Belle II data, we measure the time-

integrated CP asymmetry in D0 → K0
SK

0
S decays, following Equation (3.4), to be

ACP (D
0 → K0

SK
0
S ) = (1.2± 1.6(stat)± 0.1(syst))% (blind) (4.3)

ACP (D
0 → K0

SK
0
S ) = (1.6± 2.3(stat)± 0.1(syst))% (blind) (4.4)

respectively. The two results are in agreement with each other and with previous determi-

nations [50]. The Belle result has a statistical precision slightly worse than the published

measurement (1.6% compared to 1.5%) [51]. This is exclusively due to the tighter crite-

ria on pcms(D
∗+) used in this analysis (2.5GeV/c compared to 2.2GeV/c). Releasing the

pcms(D
∗+) requirement would not effectively change the final precision, as discussed in

Appendix C, and the tighter requirement is justified by the need to suppress contami-

nation from B decays to a negligible level. Our Belle results has, however, a factor-two

better systematic uncertainty compared to the published result thanks to the usage of the

D0 → K+K− control mode, which provides a more precise ACP external input compared

to the D0 → K0
Sπ

0 control mode used in Ref. [51].

Considering that the only source of correlation between the two results is the external

input value of ACP (D
0 → K+K−), a combination of our Belle and Belle II results is

performed to yield

ACP (D
0 → K0

SK
0
S ) = (1.3± 1.3(stat)± 0.1(syst))% (blind) . (4.5)

This result is ≈ 14% more precise than the previous Belle measurement and is competitive

with the world-best measurement from LHCb [52].

4.3 Future scope

Future task for the analysis is to perform the unblinding of the data for the final results

on the measurement of ACP in D0 → K0
SK

0
S with Belle and Belle II data.

As an extension on the analysis, we plan analyse the (Belle + Belle II) data-set to use

the novel charm flavor tagger [61] and update the results. It is also planned to analyse

the (Belle + Belle II) data-set for the decay D∗+ → D0 → K0
S (→ π0 π0)K0

S (→ π+ π−).
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Chapter 5

Identification of charged pions using

K0
S → π+π− decays and the sPlot

method

This chapter presents a study of particle identification performance for charged pions is

studied using a Belle II simulated sample of K0
S → π+π−. The relative difference between

true efficiencies and that obtained from the sPlot technique is studied for different pion-

identification criteria in bins of pion momenta.

5.1 Introduction

Inclusive K0
S → π+π− decays provides access to large samples of charged pions with

momentum below 1GeV/c, which can be used to study the performance of the particle-

identification (PID) algorithms at low momentum [62]. The aim of this work is to develop

and validate, using simulation, an analysis method based on the sPlot technique [60] to

study the PID performance in the context of the Belle II Systematic Correction Frame-

work [63]. A fit model is developed for the invariant-mass distribution of the K0
S candi-

dates, m(π+π−), and used to compute per-candidate weights (dubbed sWeights) that can

be used to statistically subtract the background and determine the signal distributions of

the PID variables. These signal distribution can then be used to evaluate the PID per-

formance in data and/or simulation, by computing PID efficiencies and mis-identification

rates as a function of pion kinematics, which are key ingredients for many physics analyses.

This chapter is structured as follows: the data sample and selection criteria used are

presented in Section 5.2; the model used to fit the m(π+π−) distribution, from which

sWeights are computed, is described in Section 5.3; the sPlot method for the evaluation

of the pion-identification efficiency is validated by comparing with truth-level information

in Section 5.4; the results from this analysis are compared with those based on charged

pions from D∗+ → D0(→ K−π+)π+ decays in Section 5.5 before concluding.
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5.2 Data samples and software

The analysis uses K0
S → π+π− candidates reconstructed using centrally produced skims

(SystematicsCombinedHadronic 10601300) of simulated events, corresponding to an

integrated luminosity of 10 fb−1. The simulation version corresponds to MC14ri a and the

software version used is release-05-02-18.

Variable Criteria

|dz|(π±) < 4 cm
|dT | < 3.5 cm

# CDC hits (π±) > 20
K0

S flight-time > 0.007 ns
Λ0 mass veto > 1.130683 GeV/c2

Prescale factor 50

Table 5.1: Selection criteria used on top of the skim selection.

In the skim, the K0
S → π+π− candidates are selected from the K S0:merged list by

requesting candidates with converged fits from TreeFitter [64], which satisfy 0.4 <

m(π+π−) < 0.6GeV/c2 and have the cosine of the angle between the momentum and

the flight direction greater than 0.998. The resulting KS0:skim list is then filtered at

the analysis level with the criteria reported in Table 5.1, most of which are inherited

from Ref. [62]. The pion tracks are required to have |dz| < 2 cm and at least 20 CDC

hits. The latter requirement ensures good PID performance from the dE/dx measured in

the CDC and improves momentum and m(π+π−) resolution. The transverse distance of

the K0
S decay vertex from the origin is required to be less than 3.5 cm, corresponding to

the distance of the innermost layer of the SVD, to restrict the analysis to charged pions

that have traversed the tracking detectors that provide measurements of the dE/dx.

The K0
S decay time is requested to be greater than 0.007 ns to suppress the background

due random combination of two charged pions originating from the interaction region.

A veto on the invariant mass computed by swapping the pion and proton hypothesis,

m(pπ−) > 1.130683GeV/c2, is used to eliminate candidates arising from Λ0 → pπ− decays.

The χ2 probability of K0
S vertex from TreeFitter is required to be greater than 0.01. A

pre-scale factor of 1/50 is also applied.

5.3 Model for the m(π+π−) distribution

The m(π+π−) distribution of the selected candidates is modeled using a signal compo-

nent and a background component. The signal component is described by the sum of a

Gaussian distribution and a Johnson SU distribution [58],

pdfsig(m(π+π−)) = fJJ(m|µJ , σJ , δJ , γJ) + (1− fJ) [fGG(m|µG, σG)] , (5.1)
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with

J(x|µ, σ, δ, γ) = e−
1
2 [γ + δ sinh−1(x−µ

σ )]
2√

1 +
(
x−µ
σ

)2 . (5.2)

The background component is modeled using a 2nd order Chebyshev polynomial. The

total fit function is defined as

f(m(π+π−)) = Nsigpdfsig(m(π+π−)) +Nbkgpdfbkg(m(π+π−), (5.3)

whereNsig(bkg) represents the signal (background) yield. The results of a binned maximum-

likelihood fit to the m(π+π−) distribution, where all parameters are left free to float, are

reported in Figure 5.1.
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Figure 5.1: Distributions of m(π+π−) with fit results overlaid.

5.4 Validation of the sPlot technique with truth-level

information

The sWeights computed from the m(π+π−) fit are used to derive background-subtracted

distributions of momentum and the cos θ of the two pions from the selected K0
S signal de-

cays, which are compared in Figure 5.2 with the signal distributions based truth-matching

with isSignal==1. There is fairly good agreement between the momentum and the cos θ

distributions of the pions.

The sWeights are then used to compute signal efficiencies for different pion-identification

criteria (pionID > 0.1, 0.5 and 0.9) as a function of momentum and polar angle, as shown

in Figure 5.3. The same figure shows also the relative difference with the true efficiencies
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Figure 5.2: Overlapped distributions of (left) momenta and (right) cos θ for the pions.

determined using truth-matching:

mc syst error =
(ϵsW − ϵTM)

ϵTM

, (5.4)

where ϵsW is the sWeighted efficiency and ϵTM is the efficiency based on truth-matching.

The relative difference between true and measured efficiencies is observed to increase in

bins of momenta with the maximum difference being ≈ 7.5%, and as a function of cos θ

for tighter pion-identification requirements.
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Figure 5.3: (Top) Measured efficiencies and (bottom) relative difference between mea-
sured and true efficiencies of different pion-identification criteria as a function of (left)
momentum and (right) cosine of the polar angle.
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The differences between true and measured efficiencies may arise from systematic

uncertainties in the analysis method and/or in inaccuracies of the truth-matching proce-

dure. We test the impact of the analysis method by varying the m(π+π−) fit model and

by checking for the presence of correlations m(π+π−) and kinematic/PID variables.
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Figure 5.4: Results of the m(π+π−) fit based on the alternative background model.

The m(π+π−) fit model is varied by changing the background shape to a 1st order

polynomial. Such alternative fit (Figure 5.4) shows an equally good description of the

data, but this only marginally affects the determination of the signal efficiencies, which

agree with the nominal results within 0.5%.
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Figure 5.5: Distribution and profile of K0
S cos θ versus m(π+π−) for (left) signal and

(right) background decays.

The kinematic dependence of the deviation between sWeighted and truth-matching

efficiencies may be due to the presence of correlations between m(π+π−) and the pion

kinematics (Figure 5.6 and Figure 5.5), which invalidates one of the underlying assump-

tion of the sPlot method. The correlation is mainly present for the background decays,
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Figure 5.6: Distribution and profile of K0
S momentum versus m(π+π−) for (left) signal

and (right) background decays.
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Figure 5.7: Bins of momentum (left) and cos θ (right). Bins are shown using dashed black
lines.

and mainly between m(π+π−) and momentum as also shown in Figure 5.6. The impact of

these correlations is evaluated by computing sWeights based on three independent fits to

the m(π+π−) distributions of candidates restricted in disjoint ranges of momentum and

cos θ. Figure 5.7 shows the chosen bins. The momentum range is split into [0, 0.5]GeV/c,

where there is a slight downward trend of mc syst err, [0.5, 1.5]GeV/c, where the distri-

bution of mc syst err is flat, and [1.5, 3.5]GeV/c, where an increasing trend is visible. The

bins of cos θ are chosen to be [−0.95,−0.4] and [−0.4, 0.95]. Figure 5.8 and Figure 5.9 show

the m(π+π−) distributions in the disjoint bins of momenta and cos θ, respectively, with fit

projections overlaid. A comparison of the resulting mc syst err with that obtained from

the default analysis, also shown in the figures, indicates that correlations between kine-

matic variables and m(π+π−) are not the source of the discrepancies between sWeighted

and truth-matching efficiencies.
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Figure 5.8: (Left) Distributions of m(π+π−) for (top) 0 < p < 0.5GeV/c, (middle) 0.5 <
p < 1.5GeV/c and (bottom) 1.5 < p < 3.5GeV/c, with fit results overlaid. (Right)
Comparisons of the resulting mc syst err with the default analysis, in which the m(π+π−)
distribution integrated in momentum is fit.

5.5 Comparison with results on the D∗+ sample

The pion-identification efficiencies measured in this analysis are compared to those mea-

sured using charged pions from D0 → K−π+ candidates that arise from D∗+ → D0π+

decays. The pions from the D0 decay have a larger momentum compared to the pions

from the K0
S decay, but as shown in Figure 5.10 there is enough overlap in the kine-

matic distributions to allow for a meaningful comparison. The D∗+ sample used in the

comparison consists of MC14 run-dependent simulated events (MC14rd e10), which are

reconstructed and analyzed in the systematic framework using an sPlot method similar

to that discussed in the note. The sample corresponds to an integrated luminosity of

14.6 fb−1.
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Figure 5.9: (Left) Distributions of m(π+π−) for (top) −0.95 < cos θ < −0.4 and (bottom)
−0.4 < cos θ < 0.95, with fit results overlaid. (Right) Comparisons of the resulting
mc syst err with the default analysis, in which the m(π+π−) distribution integrated in
cos θ is fit.
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Figure 5.10: Overlapped distributions of cosθ (left) and momenta (right) for the pions
from K0

S → π+ π− and D∗+ −→ D0(−→ K−π+)π+. The distribution that correspond
to the Dst are model are normalized to luminosity by a factor of 0.68 and fifty times
enhanced for comparison.

The ratio between the pion-identification efficiencies obtained with the two samples

is computed in bins of momentum and cos θ for the different requirements of the cut on

pionID . The results, reported in Figure 5.11, show that the pion-identification efficiencies

are statistically consistent.
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Figure 5.11: Ratio of efficiencies derived using the K0
S and D∗+ samples, in bins of cos θ

and momentum, for pionID greater than (top) 0.1, (middle) 0.5 and (bottom) 0.9.

5.6 Summary

The K0
S → π+ π− sample gives access to low momentum pions, which are useful for

studies of particle-identification performance. Using simulated data, we have developed

and validated and analysis procedure based on the sPlot method that can be used as part

of the Belle II Systematic Correction Framework to perform these studies.
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Chapter 6

Data/MC comparison of the cluster

properties of the Belle II SVD

6.1 Introduction

To indirectly investigate new physics at Belle II, accurate decay vertex determination and

low-momentum monitoring are essential. Two layers, layer 1 and layer 2, make up the six-

layer VerteX Detector (VXD), which reconstructs charged particles close to the contact

point. A brief overview of the Belle II SVD is discussed in Section 2.2.2. A schematic

view of the complete VXD can be found in Figure 6.1.

Figure 6.1: The Belle II vertex detector (VXD). The VXD is made up of the pixel detector
(PXD) (two inner most layers) and silicon strip (SVD) detectors (layers 3 -6) [65].

As a part of the service task, I prepared a software module to study the cluster

properties (cluster energy, cluster signal to noise ratio (SNR) and cluster size) as a function

of the track incident angle and made a preliminary comparison of the Data and MC.
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6.2 Data samples and software

We simulated and reconstructed 10000 generic Y(4S) events with official beam back-

ground files. The data sample used is Phase3, Proc9, experiment 7. The run numbers

corresponding to this data sample are: 1353, 1355, 1356, 1359, 1360, 1364, 1365,

1366, 1367 with an integrated luminosity of 13 pb−1. The software version used for this

analysis is release-03-2-04.

6.3 Incident angle convention of a track

To study the cluster properties as a function of the track incident angle, we need to

understand the convention used to determine the track incident angle. The convention of

track incident angle is clearly shown in Figure 6.2.

Figure 6.2: Schematic diagram showing the convention for track incident angle [66].

We assume the SVD sensor plane to be XZ plane. The strips of the sensor (pink)

are taken to be parallel to the Z axis. XY plane (green) perpendicular to the sensor

plane (XZ). A track passing through the sensor is shown by red arrow. Dashed line is the

projection of the track on the XY plane. Incident angle θ is the angle between X axis and

the projection of the track (dashed: extrapolated track) on XY plane. The tangent of the

incident angle θ. The U, V direction tangent of the track extrapolated to the sensor can

be obtained from SVDIntercept.

6.4 Selection of tracks

Fitted tracks are obtained using pion hypothesis. To make sure the tracks originate from

the interaction point the cuts applied are : |d0| < 0.2 cm and |z0| <0.5 cm. Here, d0 is the

signed distance to the IP in the r−ϕ plane and z0 is the z co-ordinate of the perigee. The
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number of tracks coming from IP is required to exceed four. The track related clusters are

reconstructed using the relations between SVDClusters and Recotracks. The intercepts

related to the selected tracks selected using the relation between SVDIntercepts and

Recotracks. Finally the cluster properties are stored only if the layer, ladder, sensor of

the selected intercepts are exactly the same as that of the selected track related cluster.

6.5 Cluster properties

Particle interaction with the detector material generates a group of hits in multiple seg-

ments. To identify the particles that make up an event and to assign them the kinematic

parameter (energy, momenta, etc), the signals received from the readout channels must

be grouped, so as to approximate the real origin of each hit in the detector. This processes

is called ‘clustering’ and the groups are termed as ‘clusters’ . The deposited charge is

shared among a number of strips.

The SVD clusterizer algorithm scans each SVD sensor and groups of strips to form

SVD clusters. Only meaningful strips are selected in this process, whilst neglecting fake

hits and random noise, by using clustering thresholds. These clusters are characterized

by different properties like :

• Cluster energy: Total energy deposited in a cluster is called cluster energy. Clus-

ter energy is important for accurately determining the type and kinematics of the

particle.

• Signal-to-Noise Ratio (SNR): The Signal-to-Noise Ratio (SNR) is defined as

the cluster charge divided by the noise value of the strip. If the cluster width is

more than 1, the noise value is estimated as the sum in quadrature of the noises of

clustered strips. SVD strips are selected for clustering only if they satisfy a minimum

criteria on their SNR.

• Cluster size: The number of adjacent detector elements or channels that are

triggered by the passage of a charged particle through the detector material is called

cluster size. This property is important to determine spatial resolution.

In the following section, the data-MC comparison of these cluster properties are studied.

The comparison for cluster energy is given in Figure 6.3.

6.6 Results

Data and MC are roughly in agreement for the cluster energy spectra of clusters for L3.1.2

U/V and L4.1.2.U/V.
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Figure 6.3: Cluster energy spectra for layers 3.1.2 U (top left), 3.1.2 V (top left), 4.1.2
U (bottom left) and 4.1.2 V (bottom right).

The SNR is measured to be larger for the V side as compared to that of the U side.

This is due to the longer strips giving a larger capacitive load to the pre-amplifier. The

Data and MC are roughly in agreement for U/V separately as shown in Figure 6.4.

Cluster size for data in U side is larger than that in MC. Distribution of cluster size

for V side are in better agreement for MC and data as compared to the U/P side as

shown in Figure 6.5

6.7 Summary

Data and MC are roughly in agreement for the cluster energy spectra for sensors L3.1.2

and L4.1.2 for both U and V side. The SNR for the V side is measured to be larger as

compared to that of the U side. Larger SNR for the V side is due to longer strips giving

a larger capacitive load to the pre-amplifier. Distribution of cluster size for V side are in

better agreement for MC and data as compared to the U side.
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Figure 6.4: SNR for layers 3.1.2 U (top left), 3.1.2 V (top left), 4.1.2 U (bottom left) and
4.1.2 V (bottom right).
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Figure 6.5: Cluster size for layers 3.1.2 U (top left), 3.1.2 V (top left), 4.1.2 U (bottom
left) and 4.1.2 V (bottom right).
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Chapter 7

Summary and conclusions

UsingD∗+-taggedD0 → K0
SK

0
S andD0 → K+K− decays reconstructed with an integrated

luminosity 980 fb−1 of Belle data, and 420 fb−1 of Belle II data, the time-integrated CP

asymmetry in D0 → K0
SK

0
S decays, is measured to be

ACP (D
0 → K0

SK
0
S ) = (1.3± 1.3(stat)± 0.1(syst))% (blind) . (7.1)

This result is ≈ 14% more precise than the previous Belle measurement and is competitive

with the world-best measurement from LHCb [52] and consistent with no CP violation.

Future task for the analysis is to perform the unblinding of the data for the final results

on the measurement of ACP in D0 → K0
SK

0
S with Belle and Belle II data. These results

are to be published soon.

I have also contributed towards the software development activities for the experiment.

I performed a study on the identification of low momentum charged pions using the

decay K0
S → π+ π− decays, in the context of the Belle II Systematics Correction

Framework. I addition, have also contributed to studying the data/MC comparison of the

cluster properties of the Belle II SVD.
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Appendix A

Correlations between fit parameters

Abkg AK0
Sππ

AK0
SK

0
S

Nbkg NK0
Sππ

NK0
SK

0
S

α -0.001 0.003 0.002 -0.139 0.089 0.058
Abkg -0.086 -0.055 0.001 -0.000 -0.001
AK0

Sππ
-0.075 -0.003 0.003 -0.001

AK0
SK

0
S

-0.002 -0.001 0.005

Nbkg -0.097 -0.063
NK0

Sππ
-0.069

NK0
SK

0
S

Abkg AK0
Sππ

AK0
SK

0
S

Nbkg NK0
Sππ

NK0
SK

0
S

α -0.001 -0.001 0.000 -0.165 0.112 0.062
Abkg -0.110 -0.060 0.001 -0.001 -0.000
AK0

Sππ
-0.036 0.001 -0.002 0.001

AK0
SK

0
S

0.000 0.001 -0.002

Nbkg -0.126 -0.069
NK0

Sππ
-0.028

NK0
SK

0
S

Table A.1: Correlation matrix from the K0
SK

0
S fit to the (top) Belle and (bottom) Belle

II simulation.
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Abkg AK0
Sππ

AK0
SK

0
S

Nbkg NK0
Sππ

NK0
SK

0
S

α 0.001 0.001 -0.002 -0.145 0.094 0.050
Abkg -0.092 -0.048 -0.000 -0.001 0.002
AK0

Sππ
-0.074 -0.002 0.001 0.001

AK0
SK

0
S

0.002 0.001 -0.005

Nbkg -0.104 -0.054
NK0

Sππ

NK0
SK

0
S

Abkg AK0
Sππ

AK0
SK

0
S

Nbkg NK0
Sππ

NK0
SK

0
S

α 0.000 -0.001 0.002 -0.164 0.128 0.050
Abkg -0.123 -0.048 0.000 0.001 -0.001
AK0

Sππ
-0.038 0.001 -0.002 0.001

AK0
SK

0
S

-0.002 0.000 0.003

Nbkg -0.141 -0.056
NK0

Sππ
-0.031

NK0
SK

0
S

Table A.2: Correlation matrix from the K0
SK

0
S fit to the (top) Belle and (bottom) Belle

II data.
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Appendix B

Shapes of D0/D0 samples

]2c [GeV/ m∆

 

200

400

600

800

1000

1200

2
c

C
an

di
da

te
s 

pe
r 

0.
2 

M
eV

/  simulationBelle

 sample0D

 sample
0

D

0.14 0.142 0.144 0.146 0.148 0.15 0.152 0.154 0.156 0.158
]2c [GeV/ m∆

 

0

2

4

0
D/0

D ]2c [GeV/ m∆

 

100

200

300

400

500

600

700

800

900
2

c
C

an
di

da
te

s 
pe

r 
0.

2 
M

eV
/  simulationBelle II

 sample0D

 sample
0

D

0.14 0.142 0.144 0.146 0.148 0.15 0.152 0.154 0.156 0.158
]2c [GeV/ m∆

 
0

1

2

3

40
D/0

D

γ

 

50

100

150

200

250

300

350

C
an

di
da

te
s 

pe
r 

0.
12

7

 simulationBelle

 sample0D

 sample
0

D

6− 4− 2− 0 2 4 6
γ

 

0

2

4

0
D/0

D

6− 4− 2− 0 2 4 6

γ

 

20

40

60

80

100

120

140

160

180

200

C
an

di
da

te
s 

pe
r 

0.
12

7

 simulationBelle II

 sample0D

 sample
0

D

6− 4− 2− 0 2 4 6
γ

 
0

1

2

3

40
D/0

D

Figure B.1: Overlapping distributions of ∆m (top) and γ (bottom), for the signal com-
ponent, for Belle (left) and Belle II (right) simulation. The D0 samples are shown in blue
and the D0 samples are shown in red. The ratio for the two samples are also shown in
the bottom panel of each plot.
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Figure B.2: Overlapping distributions of ∆m (top) and γ (bottom), corresponding to the
D0 → K0

Sππ component, for Belle (left) and Belle II (right) simulation. The D0 samples
are shown in blue and the D0 samples are shown in red. The ratio for the two samples
are also shown in the bottom panel of each plot.
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Figure B.3: Overlapping distributions of γ, for the non-peaking component, for Belle
(left) and Belle II (right) simulation. The ratio for the two samples are also shown in the
bottom panel of each plot.
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Figure B.4: Overlapping distributions of m(D0πs) (top) and m(K+K−) (bottom), corre-
sponding to the signal component for Belle (left) and Belle II (right) simulation. The D0

samples are shown in blue and the D0 samples are shown in red. The ratio for the two
samples are also shown in the bottom panel of each plot.
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Figure B.5: Overlapping distributions of m(D0πs) (left) and m(K+K−) (right), corre-
sponding to the Kπ background component for Belle (left) and Belle II (right) simulation.
The D0 samples are shown in blue and the D0 samples are shown in red. The ratio for
the two samples are also shown in the bottom panel of each plot.
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Figure B.6: Overlapping distributions of m(D0πs) (left) and m(K+K−) (right), corre-
sponding to the multibody background component for Belle (left) and Belle II (right)
simulation. The D0 samples are shown in blue and the D0 samples are shown in red. The
ratio for the two samples are also shown in the bottom panel of each plot.
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Figure B.7: Overlapping distributions of m(D0πs) (left) and m(K+K−) (right), corre-
sponding to the Ds background component for Belle (left) and Belle II (right) simulation..
The D0 samples are shown in blue and the D0 samples are shown in red. The ratio for
the two samples are also shown in the bottom panel of each plot.
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Appendix C

Results with pcms(D
∗+) > 2.2GeV/c

The results of the D0 → K0
SK

0
S fit to the data selected with the looser pcms(D

∗+) re-

quirement are shown in Figures C.1 and C.2. The measured yields for D0 → K0
SK

0
S are

5483±83 in Belle and 2508±55 in Belle II. The corresponding raw asymmetry is measured

to be (2.1 ± 1.5)% in Belle and (2.1 ± 2.2)% in Belle II, in agreement between the two

samples. The complete set of measured fit parameters for D0 → K0
SK

0
S are tabulated in

Table C.1.

ACP (D
0 → K0

SK
0
S ) in Belle = (1.89± 1.53)% (blind) and (C.1)

ACP (D
0 → K0

SK
0
S ) in Belle II = (1.47± 2.19)% (blind) , (C.2)

Combining the Belle and Belle II results, following Equation (3.4), we obtain

ACP (D
0 → K0

SK
0
S ) = (1.75± 1.25)% (blind) . (C.3)

When rounding the uncertainty, the final statistical precision is the same as that using

the tighter pcms(D
∗+) > 2.5GeV/c requirement.

Fit parameter Measured value Raw asymmetry (%)

NK0
SK

0
S 5483± 83 2.1± 1.5

NK0
Sππ 16915± 141 −1.04± 0.83

Nbkg 16344± 141 −0.94± 0.84
α −22.66± 0.89 -

NK0
SK

0
S 2508± 55 1.6± 2.2

NK0
Sππ 6575± 90 −1.6± 1.3

Nbkg 8707± 102 2.2± 1.2
α −24.53± 1.2 -

Table C.1: Measured values of the parameters obtained from the fit to D0 → K0
SK

0
S

sample in (top) Belle and (bottom) Belle II data. The uncertainties are statistical only.

106



]2 [GeV/cm∆

0

500

1000

1500

2000

2500

3000

35002
c

C
an

di
da

te
s 

pe
r 

0.
2 

M
eV

/

 0.89± = -22.660 non_pkng_bkgα

 0.0084± = -0.00946 non_pkng_bkgA

 0.0083± = -0.01039 pkng_bkgA

 0.015± =  0.021 sigA

 138± =  16344 non_pkng_bkgN

 141± =  16915 pkng_bkgN

 83± =  5483 sigN

 DataBelle

Data
Total Fit
Signal
Peaking background
Non-peaking backgrounds

0.14 0.142 0.144 0.146 0.148 0.15 0.152 0.154 0.156 0.158
]2 [GeV/cm∆

4−
3−
2−
1−
0
1
2

3
4  

γ

0

100

200

300

400

500

600

700

800

C
an

di
da

te
s 

pe
r 

0.
12

7

 DataBelle
Data
Total Fit
Signal
Peaking background
Non-peaking background

6− 4− 2− 0 2 4 6
γ

4−
3−
2−
1−
0
1
2

3
4  

]2 [GeV/cm∆

0

500

1000

1500

2000

2500

3000

3500

2
c

C
an

di
da

te
s 

pe
r 

0.
2 

M
eV

/

 DataBelle

Data
Total Fit
Signal
Peaking
Non-peaking backgrounds

0.14 0.142 0.144 0.146 0.148 0.15 0.152 0.154 0.156 0.158
]2 [GeV/cm∆

4−
3−
2−
1−
0
1

2

3
4  

γ

0

100

200

300

400

500

600

700

800

C
an

di
da

te
s 

pe
r 

0.
12

7

 DataBelle
Data
Total Fit
Signal
Peaking background
Non-peaking backgrounds

6− 4− 2− 0 2 4 6
γ

4−

3−
2−
1−
0
1

2

3
4  

Figure C.1: Distributions of (left) ∆m and (right) γ for (top) D0 → K0
SK

0
S and (bottom)

D0 → K0
SK

0
S candidates in Belle data, with pcms(D

∗+) > 2.2GeV/c and fit projections
overlaid. The normalized residuals (pulls) are shown in the bottom panel of each plot.
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Figure C.2: Distributions of (left) ∆m and (right) γ for (top) D0 → K0
SK

0
S and (bottom)

D0 → K0
SK

0
S candidates in Belle II data, with pcms(D

∗+) > 2.2GeV/c and fit projection
overlaid. The normalized residuals (pulls) are shown in the bottom panel of each plot.

The results of the D0 → K+K− fit to Belle and Belle II data are shown in Figures C.3

and C.4. The complete set of measured fit parameters for D0 → K+K− are tabulated in

Table C.2 and Table C.3.
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Figure C.3: Distributions of (left)m(D0πs) and (right)m(K+K−) for (top)D∗+ → D0(→
K+K−)π+ and (bottom) D∗− → D0(→ K+K−)π− in Belle data, with fit pcms(D

∗+) >
2.2 GeV/c and projections overlaid. The normalized residuals (pulls) are also shown in
the bottom panel of each plot.
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Figure C.4: Distributions of (left)m(D0πs) and (right)m(K+K−) for (top)D∗+ → D0(→
K+K−)π+ and (bottom) D∗− → D0(→ K+K−)π− in Belle data, with fit projections
overlaid. The normalized residuals (pulls) are also shown in the bottom panel of each
plot.
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Fit parameter Measured value Raw asymmetry (%)

NK+K−
354363± 619 0.23± 0.17

NK+K− rnd 37557± 325 1.06± 0.86
NKπ 278737± 562 −2.01± 0.21
NKπ rnd 25366± 764 −5.52± 2.3
Nmult 219117± 1147 1.05± 0.39

Nmult rnd 0 0

ND+
s 8796± 275 4.9± 2.9

N comb 433807± 1580 0.74± 0.61
A 31.9± 1.4 -
C 0.002169± 0.000042 -

ccomb −0.3289± 0.0048 -
µJ sig d0pi 2.01020968± 0.000000082 -
µJ sig d0 1.86439± 0.0000094 -
λJ sig d0 0.01120± 0.000014 -
δJ sig d0 2.222± 0.025 -
µJ kpi d0 1.95850± 0.00022 -
δJ kpi d0 0.5712± 0.0077 -

Table C.2: .
Measured values of the parameters obtained from the fit to D0 → K+K− sample in

Belle data with pcms(D
∗+) > 2.2GeV/c. The uncertainties are statistical only.

Fit parameter Measured value Raw asymmetry (%)

NK+K−
166157± 45 2.03± 0.26

NK+K− rnd 17055± 222 −0.85± 1.3
NKπ 117582± 387 −6.94± 0.32
NKπ rnd 10881± 391 −4.91± 3.4
Nmult 80329± 775 0.75± 0.68

Nmult rnd 0 0

ND+
s 3226± 152 −0.26± 4.4

N comb 208047± 1019 3.46± 0.41
A 26.4± 2.4 -
C 0.002314± 0.000073 -

ccomb −0.2916± 0.0061 -
µG1 sig d0pi 2.010492± 0.000054 -
λJ sig d0pi 0.00020168± 0.00000053 -
λJ sig d0 0.0067± 0.000016 -
µG kpi d0 1.940694± 0.000054 -
λJ kpi d0 0.006072± 0.000095 -
γJ kpi d0 −1.814± 0.012 -

Table C.3: Measured values of the parameters obtained from the fit to D0 → K+K−

sample in Belle II data. The uncertainties are statistical only.
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