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Abstract

The Standard Model of elementary particle physics is the most successful the-
ory to explain the fundamental particles and their interactions. Despite its success,
the Standard Model leaves many questions unanswered, such as the fundamental
characterstics of gravity, the source of neutrino masses, dark matter, dark energy,
and the matter-antimatter asymmetry in the universe. The observed CP violation
is insufficient to explain the universe’s matter dominance, suggesting undiscovered
sources of CP asymmetry. The Belle II experiment situated at the SuperKEKB

accelerator, Japan aims to explore new physics in quark and lepton flavor transition

by covering data ranges from 1 ab™" to 50 ab™'. This large data sample enables
detailed probes of new physics and cross-checks against Standard Model deviations.
Flavor physics in the charm sector plays a key role in exploring the physics beyond
the Standard Model. The Belle II experiment conducts a broad charm physics pro-
gram that provides many opportunities to test the Standard Model predictions and
search for the signatures of new physics. The higher trigger efficiency, excellent ~
and 7° particle reconstruction, efficient flavor-tagging and access to a number of

control samples for systematic studies are some of the advantages of studying charm

physics at Belle II.

The analysis presented in this thesis “measurements of the branching fraction
B(D:" — Dn°) with respect to B(D:T — Dfv)” is important for understanding
the strong interactions involving the charm quarks in Quantum Chromodynamics
(QCD). These measurements can provide crucial input for the theoretical models.
By comparing experimental results with the theoretical predictions, these models can
be improved. Additionally, these measurements test the Standard Model predictions
where any deviation from the expected results can indicate the presence of new
physics beyond the Standard Model. These early and precise measurements from

Belle II data also help in evaluating the Belle II detector’s performance. These



xii

measurements are performed using an integrated luminosity of 424 fb™' of ete™
collision data at or near the Y (4S) resonance using the Belle 1T detector. This
analysis reports the most precise result to date and found to be consistent with the

previous measurements and theoretical predictions.
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Introduction

For centuries, the question of “What is the world made of?” or more simply, “What
is matter made of?” has been a widespread inquiry. Elementary particle physics ad-
dresses this question on the smallest scale of size. It is a branch of physics dedicated
to the study of fundamental particles and their properties. Fundamental particles
also known as elementary particles lack substructure which means they are not
composed of smaller objects. The history of elementary particle physics is a journey
marked by significant discoveries and theoretical advancements. In 1897, the study
of particle physics was started when the electron was discovered by J.J. Thomson [1]
which changed our understanding of atomic structure. In 1911, Ernest Rutherford’s
gold foil experiment demonstrated that most of the atom’s mass concentrated at the
positive core which is surrounded by electrons [2]. With the discovery of neutrons
by James Chadwick in 1932 [3], it became clear that the nucleus is made of neurons
and protons. The development of quantum mechanics provided a framework for un-
derstanding of atomic and subatomic processes. In the 1960s, the quark model was
independently proposed by Gell-Mann and George Zweig, suggesting that protons,
neutrons, and other hadrons are composed of quarks [4, 5]. This period led to the
development of quantum field theories [6] and discoveries of various quarks, bosons

and mesons with the help of various cosmic ray experiments or accelerators such as
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cyclotrons, betatrons and synchrotrons. A detailed description can be found in [7].
The Standard Model of Particle Physics is the current best theory to describe the
most basic building blocks of the universe and the interactions between them [8, 9.
The Standard Model is complete after the discovery of the Higgs bosons in 2012, at
the Large Hadron Collider (LHC) at CERN [10} 11], which provided an evidence for

the mechanism that gives mass to elementary particles [12].

1.1 The Standard Model of Particle Physics

The Standard Model of particle physics is the effective quantum field theory that
describes the fundamental particles and interactions between them. The quantum
field theory framework emerges from combining quantum mechanics with special
relativity and provides the most fundamental description of nature known today.
The quantum field interacts with each other and the Standard Model describes
these interactions at the subatomic level. The Lagrangian formalism is used to
describe particles and their interactions which are not forbidden by the symmetries
of the dynamics. The core concept is local gauge symmetry which means that
the Lagrangian remains unchanged under space-time-dependent transformations of
field phases. Interaction terms appear in the Lagrangian when it is required to be
invariant under these local gauge symmetries. The Standard Model is based on the

symmetry group

SUB)e®@SU(2), @ U(1)y,

where SU(3)¢ describes the strong interactions with C' stands for color charge
[13]. SU(2);,®U(1)y describes the combination of weak and electromagnetic interac-
tions. Three distinguished physicists-Steven Weinberg, Abdus Salam, and Sheldon
Glashow-each independently proposed a theoretical framework to unify two funda-

mental interactions: the electromagnetic and weak forces [14H16]. SU(2), represents
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weak isospin doublets where “L” indicates that only particles with left chirality are

affected by the weak interactions.

Figure [I.1] depicts the full range of fundamental particles included in the Stan-

dard Model. The Standard Model categorizes all known elementary particles into

two main groups: fermions and bosons. Fermions are the building blocks of matter

and bosons are force carriers. In the Standard Model, bosons are classified into two

groups: gauge bosons with spin 1 and a scalar boson called Higgs boson with spin

0. The gauge bosons mediate interactions between the fundamental particles.
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| | Lepton | Symbol | Anti-particle | Charge | Mass (Mev/c®) | Mean life |
= ¥

First Electron e e - 0.511 stable
Generation | e-neutrino v, 7, 0 <22x107°° stable
Second Muon W W -1 105.7 2.2 % 10°°
Generation | p-neutrino Yy / 0 < 0.17 stable
Third Tau T T -1 1776.8 2.9 x 1077
Generation | 7-neutrino v, v, 0 < 15.5 stable

Table 1.1: Leptons and their properties

1.1.1 Fundamental Particles

As discussed above, the Standard Model explains how fundamental spin % fermions;

quarks and leptons form up all known matter. Quarks and leptons along with their

antiparticles come in three groups called families.

The lepton family includes charged electron (e), muon (u) and tau (7) and
they carry integral electric charges. The p and 7 are heavier versions of the elec-
tron. Neutrinos, v are the neutral leptons and each type of the charged lepton has
its corresponding flavor of neutrino, indicated by a subscript. The mass of the 7 ()
particle is about 3478 (207) times that of the mass of the e, so both charged 7 and
it are unstable and quickly decay into electrons, neutrinos and other particles. The
average lifetime of the y is about 2.2 x 107° s while that of the 7 is much shorter
about only 2.9 x 107" s. There are also six antileptons with opposite charges com-
pared to corresponding leptons. Each pair of leptons is assigned a lepton number,

represented by L., L, and L.. For the e and its neutrino, v,., L, = +1 while their
antiparticles (e* and i7,) have L, = -1. Similarly, L, and L, are assigned to x and
7 and their respective, neutrinos. The charged leptons interact through weak and
electromagnetic forces while neutrinos interact only via weak force. Table rep-
resents the lepton classification along with their properties.

1

The quarks carry fractional electric charges like —i—% or —3 of unit electronic

charge e. Similar to the leptons, the quarks are also grouped into pairs with electric
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Quark | Symbol | Antiparticle | Charge | Mass (MeV/c?) | Isospin | Strangeness
First Down d d -1/3 4.8 1/2 0
Generation Up u a 2/3 2.3 1/2 0
Second Strange s s -1/3 95 0 -1
Generation | Charm c ¢ 2/3 1275 0 0
Third Bottom b b -1/3 4180 0 0
Generation | Top t t 2/3 173210 0 0

Table 1.2: Quarks and their properties

charges differing by one unit. Each type of quark called ‘flavor’ is represented by a
symbol: u for ‘up’, d for ‘down’, s for ‘strange’, ¢ for ‘charmed’, b for ‘bottom’ and

t for ‘top’. Quarks interact through the strong, electromagnetic and weak forces.

Unlike leptons, quarks cannot exist as free particles because of the phenomenon
known as quark confinement. According to this, they can only be found bound
together in combinations, such as mesons are made up of quark-antiquark pairs
while baryons consist of three quarks. When the quarks are forced to separate
from each other, the attractive potential energy of the strong interaction between
them increases and requires more energy to separate them. This energy eventually
creates new quark-antiquark pairs and ensures quarks remain bound together and

never exist independently.

The stable particles of the universe, i.e. the electrons, e and the u and d quarks
make up all the matter. The heavier quarks s, ¢ and b also combines to form particles
like protons and neutrons but they are unstable and decay in typically 10" s to u
and d combinations like the heavy leptons decay to electrons. Table represents

quark classification with their properties.

Quarks are also characterized by a property called color that leads to interac-
tions and spectroscopies and this phenomenon is different from those of leptons. The
three colors of quarks are named red (r), green (g), and blue (b). Meson and baryon
states must have a net zero value of all three color charges known as color singlets

and expressed in the principle of color confinement first developed by Greenberg [1§].
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1.1.2 Fundamental Interactions

All elementary particles interact with each other through fundamental interactions.
These interactions are classified based on their strength, effective range, and the
nature of the mediating particles. There are four fundamental forces in nature:
Strong, Electromagnetic (EM), Weak, and Gravitational. Table summarizes

these interactions along with their mediating particles.

e Strong Interactions: The strong interactions bind the quarks together in
the neutron and proton, and the neutrons and protons within atomic nuclei.
This force overcomes the electromagnetic repulsion between positively charged
protons and ensures nuclear stability [7]. The interquark force is mediated by
a massless particle called the gluon which carries the color charge. This force
acts only on the particles that possess colored charge such as quarks and
gluons themselves. Gluons not only mediate strong interactions but also have

the possibility of self-interactions.

e Weak Interactions: The weak interactions are mediated by both electrically
neutral Z° bosons and positively and negatively charged W¥* bosons. The Z°
and W* bosons have a unique property that they are the only type of gauge
bosons having mass |19} 20]. Weak interactions change the flavor of the quarks

and enable transformations between different types of particles.

e Electromagnetic Interactions: The electromagnetic interactions are me-
diated by the photon exchange. This interaction acts between particles that
carry the electric charge. This interaction affects the structure of atoms and
governs the behavior of light. Quantum Electrodynamics (QED) provides a

highly precise framework for describing this force [21].

e Gravitational Interactions: The gravitational forces act universally on the

particles but are the weakest of the four fundamental forces in particle physics
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experiments, approximately 10™*? times weaker than the strong interactions.
It is mediated by the exchange of a spin 2 boson called the graviton. The
graviton has not been experimentally observed yet and also is not a part of

the theoretical framework of the Standard Model.

Interaction Strength | Range | Mediator | Mass (GeV) | Charge | Spin
Strong 1 107" | Gluons 0 0 1
Electromagnetic ﬁ o0 Photon 0 0 1
Weak 1077 107 | w*, 2% | 80.39,91.19 | e, 0 1
Gravitational 107 oo | Graviton 0 0 2

Table 1.3: Characteristics of the fundamental interactions.

The last remaining boson of the Standard Model is the scalar Higgs boson
which arises from the excitation of the Higgs field. The Higgs field was first proposed
in 1964 [12] and this field penetrates all matter and space in the universe and provides
a mechanism for fundamental particles to acquire mass through their interactions
with the field. The Higgs field also breaks the electroweak symmetry that arises

from the unification of the weak and electromagnetic forces to allow force carrying

particles such as the Z° and W= bosons to have mass [22]. The Higgs boson was

discovered in 2012 by CMS and ATLAS experiments at CERN’s LHC [10] |11].

1.1.3 Physics beyond the Standard Model

Despite its enormous success in describing the basic building blocks and fundamen-
tal forces of nature, the Standard Model leaves many of the fundamental questions
unanswered. The Standard Model doesn’t account for the mediation of gravity and
there is no evidence supporting the existence of gravitons. Neutrinos are assumed
to be massless in the Standard Model but there is strong evidence of their finite

masses [23] which leads to the possible hints of physics beyond the Standard Model.
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The origin of the parameters governing six quark and six lepton flavors remains
unclear. Additionally, the Standard Model does not explain dark matter, dark en-
ergy and the matter-antimatter asymmetry of the universe. The violation of CP
symmetry is a necessary condition for the evolution of a matter-dominated uni-
verse [24] but the observed CP violation in the quark sector that originates from the
complex phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [25] is not suffi-
cient to explain the dominance of matter in the universe. This observation suggests
there must exist undiscovered sources of the CP asymmetry that are responsible for
the matter-dominated Universe. To explain these observations, several theoretical
models beyond the Standard Model i.e. Supersymmetry (SUSY) [26], Minimum
Supersymmetric Standard Model (MSSM) [27], Extra Dimensions, etc., have been

proposed but these models are not yet experimentally supported.

The observations and theoretical considerations suggested that the Standard
Model has been successful but at the energy range from eV-TeV. One of the main
goals of today’s particle physics is to extend the Standard Model to the higher en-
ergy scale to address the unresolved issues. There are three approaches to explore
physics beyond the Standard Model: Energy frontier, Intensity frontier and Cosmic
frontier. Figure [1.2] represents the reach of various colliders in searching for new

physics.

The energy frontier approach in high energy physics uses powerful accelera-
tors to explore the fundamental nature of matter by colliding the particles at very
high energies. The goal of this approach is to discover new particles, explore new
energy regimes and test the Standard Model. At the energy frontier, CMS [29]
and ATLAS [30] experiments at the Large Hadron Collider [31] have discovered

new particles through proton-proton collision data at center-of-mass energy, /s ~
14 TeV. The discovery of the Higgs boson by the ATLAS and CMS experiments

at LHC in 2012, is one of the remarkable examples of the discoveries made at the
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Figure 1.2: Region of sensitivity to new physics as a function of the flavor violating
couplings in direct and indirect searches [28].

energy frontier approach. The Higgs bosons play a crucial role in the Standard
Model so by precisely studying its properties researchers will be able to establish its
exact character and help to understand if there exist any phenomena beyond the
Standard Model. To explore the physics beyond the Standard Model, searches are
being conducted at the energy frontier to look for supersymmetry (SUSY) particles,
dark matter candidates, extra dimensions, and other exotic phenomena predicted
by various theories. While this approach provides experimental evidence of new
physics, its reach is constrained to the maximum energy available at the collider.
The sensitivity to direct production depends on both the cross-section and the size

of the data sample.

Unlike the energy and the intensity frontier which focuses on particle collisions
in accelerators, the cosmic frontier investigates the universe itself as a natural lab-
oratory. Observations like the bending of light called gravitational lensing [32] and

the behavior of supernovae [33] shows that the universe is mostly made up of dark
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matter and dark energy and only 5% of the universe is known so far. To explore
these mysterious dark components, scientists use a combination of underground ex-
periments and telescopes, both on the ground and in space. In recent decades,
the cosmic front led to major discoveries including, the universe likely underwent a
period of exponential expansion earlier with quantum fluctuations and created the
seeds for large-scale structures. The growth of these structures is affected by dark
matter and dark energy and the Universe is currently expanding at an accelerating
rate [34]. Thus the cosmic frontier approach in high energy physics explores the
fundamental properties of the universe and physics beyond the Standard Model by

studying cosmic phenomena.

At the intensity approach, the collision rates are increased significantly but
with moderate energies. The focus is on the precise measurement of the Standard
Model parameters where deviations from the Standard Model predictions offers a
hint to the new physics. At the intensity frontier, new physics can be studied at both
e"e” colliders such as CLEO [35], BABAR [36], BESIII [37], Belle [38] and Belle
IT [28] as well as at pp colliders such as LHCb [39]. Here, “rare” and “precision”
refer to the processes that are strongly suppressed and allowed, respectively in the
Standard Model. If the goal of the experiment is precision measurements, the initial
state has to be known which is the major drawback of using hadron colliders for
precision measurements, because in a hadron collider, quarks and gluons interact
which leads to an unknown initial state. Lepton colliders are preferable for precise
measurements because leptons are elementary particles that do not have a substruc-
ture and due to this nature, the initial state after a collision of two leptons is well
known. This is the approach used in B physics experiments and their sensitivity
depends on the flavor violating couplings of new physics. The Belle IT experiment at
the SuperKEKB accelerator [40] explores new physics effects in the Intensity frontier
regime. B-factories, including Belle II not only study B decays but also charm and

7 lepton physics. Greater sensitivities at Belle IT will help to exploit new physics by
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the constraining measurements in flavor physics studies.

1.2 Flavor physics at Belle 11

The Belle IT experiment aims to address many questions in flavor physics that could
help to explore physics beyond the Standard Model. One of the major areas of

focus is to explore CP violation in the quark sector. By studying the differences in

the decay rates of B® and B mesons through the measurements in time dependent
CP violations in the penguin decays of b — d and b — s quarks, Belle II aims to
discover new sources of CP violations. Another crucial area of study is the large
CP violation observed in the time-integrated rates of charmless hadronic B decays,
such as B — K7 and B — Knm. Additionally, the search for CP violation in charm
mixing which is negligible in the Standard Model, could provide an understanding

of the new phenomena in the up-type quark sector.

The possibility of left-right asymmetry of the nature and existence of flavor
changing neutral currents beyond the Standard Model can be explored by measuring
time-dependent CP violation in B — K *0(—> KST('O)"}/ decays, triple-product CP vi-
olation asymmetries in B — V'V decays and semi-leptonic decays such as B — Vv,
V' = D*p. Exploring the sources of lepton flavor violation (LFV) beyond the Stan-
dard Model is another crucial area for Belle II. Neutrino experiments have found
large mixing involving 7 neutrinos, raising the possibility of LF'V processes such as
7 — pv. Belle I’'s unmatched sensitivity to 7 decays, due to minimal collision back-
ground, enables us to analyze 7 leptons for LF and CP violation, as well as measure
the electric dipole moment and anomalous magnetic moment of the 7 lepton. The
Belle II experiment measures CKM matrix elements and their phases with preci-
sion and provides a critical understanding of the quark sector. Recent discoveries

of many states by B-factories and hadron colliders have changed our understanding
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of Quantum Chromodynamics in the low-energy regime. The study of quarkonia,
which can be produced near resonance by adjusting the machine energy or through

initial state radiation is also an important agenda for the Belle II experiment.

Along with the above possibilities, Belle II experiment has a vast charm physics
program that offer a significant improvement in understanding the particle physics.
There are many decay channels to study direct CP violation in the charm sector.
Recently Belle II experiment has provided the most precise measurements of D°
and D7 lifetimes [41]. The Belle II experiment’s advanced techniques and precise

measurements in the charm sector helps to probe the physics beyond the Standard

Model.

1.3 Charm Physics

Charm physics provides unique possibilities to explore the strong and weak interac-
tions within and beyond the Standard Model. The charm quark is the second-
generation up-type quark of the three generations and ranks the third-heaviest
among the six quarks. Charm particles can exist in many forms, from open charm
mesons or baryons, containing one or multiple (for baryons) charm quarks to char-

monium states which are bound states of charm anti-charm (c¢) quark pairs.

The first observation of the charm quark came with the discovery of J/1 me-
son. This also validates the existence of the fourth quark as expected in the GIM
mechanism [42] which is the theoretical explanation for the suppression of Flavor
Changing Neutral Currents (FCNC). Charm physics plays a crucial role in studying
flavor physics in explaining the properties and interactions of quarks and leptons.

Through studying the process that involves charm quarks such as the mixing of

neutral charm meson (D0 ~D° mixing), CP violations, Flavor changing Neutral

Currents (FCNC) or Lepton Flavor Violation (LFV) and precision measurements of
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decay rates and branching fractions, new physics phenomenon can be explored.

1.3.1 Charm Mixing

When the neutral charm mesons oscillate to their anti-particles before decay, it is

known as D° — D° mixing or charm mixing. Mixing can occur through the exchange

of W¥* bosons, quarks or by the particles beyond the Standard Model. Charm
mixing can serve as a valuable tool for probing the physics beyond the Standard

Model.

The mass eigenstates of neutral D mesons can be expressed in terms of the flavor

eigenstates in the following way:
[D1a) =p| D) %4 |D%).

where p and ¢ are the complex parameters satisfying |p|> + |¢|* =1. Addition-
ally, CP ‘D0> =+ )150>, which means in the limit of CP symmetry, p = ¢, Dy

corresponds to CP-even (odd) eigenstate. The mixing parameters are defined as:

Iy —Ty
2

— My
=———andy=

x T nd y
where, my o) and T’y (5) represents mass and width of the D, ) state and

' = (T'; + T'y)/2 denotes the average decay width.

The world average values of the mixing and CP-violation parameters are x = (4.07
4+ 0.44) x 1073, y = (6.47 £ 0.24) x 107°, ¢/p = 0.9947001% and arg(q/p) = (-
2.6 + 1.1)°. In 2007, the first evidence for charm mixing was established using a

combination of results from Belle and BaBar [43]. In 2012, LHCb observed charm

mixing in a single experiment by measuring y # 0 in D° — K7~ decays [44] which
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was later confirmed by the Belle experiment using the same decay [45]. Belle II
is anticipated to make a significant contribution to these studies and improve the

determinations of z.

1.3.2 CP violation in charm

While the experimental evidence of CP violations in the decays of strange and
beauty sectors has been firmly established but search to find CP violation charm
meson decays is still going on. There is a unique opportunity to explore CP viola-
tion in charm hadrons with particles containing only up-type quarks. The size of CP
violation in the charm sector is predicted to be very small in the Standard Model
and the theoretical predictions are challenging due to the presence of low-energy

strong-interaction effects. In 2019, the LHCb observed CP violations for the first

time in the decays of D” — K~ K* and D’ — n 7. [46]
In the charm sector, CP violations can be classified into three categories [47]:

1. Direct CP violation: This occurs when the absolute value of the decay ampli-
tude of D meson decays to final state f (A;) is different from its corresponding

CP-conjugated amplitude. Direct CP violation involves the decay amplitudes
that are broken at least in the two parts associated with different weak and

strong phases,

Ay = |A; €€ 4+ | Ay e 26?2,

where ¢; represents the weak phases and under CP transformation, ¢, trans-

forms to —¢;. §; represents the strong phase and under CP transformation, ¢,

transforms to §;. In this way, CP-conjugate amplitude, A f is different from

As.

2. CP violation occurs in D°— D° mixing matrix: In this type of CP violation, AC
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= 2 transitions occur either via the Standard Model or through new physics

amplitudes at one loop or tree level that lead to non-diagonal entries in the

D° — D" mass matrix.

This CP violation is observed when

R2 = G et B L |

3. CP violation when there is an interference of decays with and without mixing:

This occurs when there is interference between decays with and without mixing

for the subset of final states to which both D° and D° decays. If f is the final

state, then CP violation contributions can be summarized as

A . A
= 120 _ pito+) A_;

_pAf_ i

Y

Where A, and A s represent the transition amplitudes for D’ — f and D’ f,
respectively. 0 represents the strong phase difference between A; and A 7 and

¢ is the weak phase difference between the ratio of decay amplitudes and the

mixing matrix.

The non-diagonal entries of the mixing matrix lead to different mass eigen-

states of neutral D meson from the weak eigenstates,

|D%> =p ‘DO> +q ‘150>,
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on diagonalizing the D" — D° mass matrix by taking |p|*> + |¢|* = 1, complex
parameters p and ¢ can be obtained. If CP-violations in mixing are neglected
then p will be equal to ¢ and ’D1’2> becomes CP eigenstates,

CP|Dy) = +|Dy),

[Dy) =

12 =[0%)]

Sl

1.3.3 Rare Charm decays

Flavor Changing Neutral Currents (FCNC) is a crucial tool for probing the physics
beyond the Standard Model. FCNCs only occur at the loop levels because of the
flavor structure of the Standard Model allowing to explore the effect that is forbid-

den at the tree level. In the charm sector, rare decays are primarily mediated by

the quark-level FCNC transitions such as ¢ — ul"l” and ¢ — uy*(y* — [717). For
many years, rare decays have been extensively studied in the down-type quark sector
such as in B and K decays. However, FCNCs and rare decay processes have not
been much explored in the charm sector. This is because the values of FCNC for the
charm hadrons are very small in the Standard Model. Due to the absence of a heavy
down-type quark in the charm hadrons, the GIM mechanism is highly effective for
these decays because it decouples short-distance contributions in a similar way as
the top quark does for B and K decays. This effectiveness has both advantages as
well as disadvantages. It allows New Physics effects to be larger than predicted by
the Standard Model but also the Standard Model predictions can be strongly influ-
enced by long-distance contributions from the propagation of light quarks. These
long-distance contributions are non-perturbative and cannot be calculated precisely

using current theoretical methods which leads to large uncertainties in predictions.

The simplest of the rare charm decays are purely leptonic decays such as

D° — IT1”. In the Standard Model, this transition has very small contributions
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’ Int. Luminosity ‘ lab™! ‘ 5ab ! ‘ 10 ab™" ‘ 50 ab~! ‘
| B(D” 40 ) [ 85 [ 49 | 27 | 15 |

Table 1.4: Expected upper limit on the branching fraction of D’ - vy decays as
a function of Belle II integrated luminosity [50].

making them a clean probe to explore new physics. Other rare decays such as
D — pvy have significant Standard Model contributions but these are more difficult

to calculate.

The branching fractions for some of these pure leptonic rare charm decays are

as follows [48]:

B(D’ = efe)<79x107°
BD" = ) <6.2x1077

B(D° — pFeF) <13 x 1078

The rare decay D° — 4 involves ¢ — u transition is also FCNC process that

will be studied at Belle II. The Standard Model predicts its branching fraction to be
at most 10™° but some extensions of Standard Model suggest this branching fraction
can be enhanced by upto 100 times. The current restrictive limit is B(D0 = ¥Y)

< 85 x 1077 at 90% confidence level [49], which is about two orders of magnitude
higher than the Standard Model prediction. The Belle II experiment will provide
an opportunity to search for these rare decays, as listed in Table [I.4] of the charm

1mesoI1.

1.3.4 Measurement of B(D:t — DI n%)/B(D:* — DI~)

The decay of strange charm meson, D’ is considered one of the important aspects

to analyze. Due to the breaking of the flavor symmetry of the quarks, SU(2), the

dominating decay modes of D" are the radiative mode DIt — DI~ and isospin
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violating hadronic process DI — DIz, The study of these decays is impor-
tant to explore the dynamics of Quantum Chromodynamics and test the theoretical
predictions. Different theoretical models predict the branching ratios of these de-
cays. These models include the lattice QCD (LQCD) [51], chiral perturbation the-
ory (xPT) [52], [53], [54], the Nambu-Jona-Lasinio model (NJLM) [55], light-front
quark model (LFQM) [56], relativistic quark model (RQM) [57], the QCD sum rules
(QCDSR) [58], the nonrelativistic quark model (NRQM) [59] and the covariant
model (CM) [60]. These models provide different approaches to understanding the
dynamics of the strong interaction and predicting decay rates. Table summa-
rizes and compares the theoretical predictions for the partial widths and branching
fractions of D — DIz and DY — D!~ along with theoretical uncertainties.
These measurements help to constrain the parameters of the theoretical models and

contribute to our understanding of the underlying physics.

Precise measurements of these branching fractions are crucial for determining

fundamental parameters of the Standard Model, such as the decay constant (f+) of

the DY meson and the Cabibbo-Kobayashi-Maskawa (CKM) matrix element (V)
describing the transition from a charm quark (c) to a strange quark (s) in weak inter-
actions mediated by the WW boson. These parameters are essential for understanding
the dynamics of flavor-changing processes in particle physics. The objective of this
thesis work is to measure the branching fraction l’:)’(D:Jr — D:?TO) with respect to

the B(D:t — DX~) with the Belle II experiment at SuperKEKB.

Experimental measurements of the branching fractions of D! decays have
been performed using data from electron-positron collision experiments; BaBar [61],
CLEO [62] and BESIII [63]. Table[L.6]summarizes the results from the measurement
of B(D:" — D% /B(D:t — D}~) from different experiments. There is a tension

between the predictions of the covariant model and the measured results. It would
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| | TBlpropry | TBlprprey | BIDTT = Din')/B(DIT = DJv) |

PDG .[(94.2 £ 0.7)%] (5.9 £ 0.7)%] (6.2 £ 0.8)%
LQCD [51] 0.066 £ 0.026 - —

XPT [52] 4.5 - -

xPT [53 ~ ~ 8 x 107°/B(D:" — D)
YPT [54] - 0.008115 000 -

NJLM [55] 0.09 - -

LFQM [56] 0.18 £ 0.01 - -

RQM [57] 0.32173:959 - -

QCDSR [5§] 0.25 £ 0.08 - -

NRQM [59) 0.21 - -

CM [60] 3.53[(92.7 £ 0.7)%] | 0.277[(7.3 £ 0.7)%) (7.9 £ 0.8)%

Table 1.5: Comparison of theoretical predictions for the decay widths[branching

fractions] of DIt — D:?TO and DIt — DY~ across various models.

’ Experiment ‘ B(D:T — D% /B(D:" — DI) ‘

CLEO [62]
BaBar [61]
BESIII |63

0.06270 075 (stat.) =+ 0.022(syst.)
0.062 & 0.005(stat.) + 0.006(syst.)
0.062 & 0.004(stat.) + 0.002(syst.)

Table 1.6: Previous results from the measurement of B(D:" — DY =°)/B(D:" —
DY) from different experiments.

be interesting to see how the measurements from Belle II compare, as they might

provide further insights or constraints on the model’s validity and potential refine-

ments. This thesis reports the measurement of branching fraction B(D:t — Df=°)

with respect to the B(D:* — D) using Belle II e*e™ collision data corresponds

to integrated luminosity of 424 fb™'.

1.4 Thesis Organization

This thesis reports the study of charm meson decays using Belle II experiment. Each

chapter provides details about experimental setup, data management and research

methodologies used in this work. This thesis is organized as follows:

e The current chapter provides an overview of particle physics, Standard Model



20

Chapter 1

particles and interactions, highlighting its limitations and beyond Standard
Model searches. It discusses different approaches used in experimental high
energy physics and also highlights the role of Belle II in new physics searches
through precision measurements. This chapter also explores charm mixing,

CP violations and rare decays in the charm sector.

Chapter 2| gives an overview of the experimental setup, providing the details of
the SuperKEKB accelerator and its performance compared to its predecessor.
This chapter explores the architecture and functionality of the Belle IT detector
explaining the role of each sub-detector, the trigger system, and the Data

Acquisition (DAQ) system.

Chapter [3| provides a basic overview of data management in the Belle II ex-
periment, including tools and techniques to convert raw data into meaningful
quantities for analysis. This chapter also introduces the Belle II framework,
discusses simulated data and explains various types of background. All these
quantities are crucial for understanding the experimental environment and

data analysis methods.

Chapter 4| focuses on the measurement of branching fraction B(D:" — D7)

with respect to the B(D:" — DY~). This chapter covers the technical details
i.e. selection criteria, yield extraction, systematic studies etc. for the measure-

ment of the ratio of the branching fractions using electron-positron collision

data collected with the Belle II detector.

Chapter [5| summarizes the results on the measurement of branching fraction

B(D:" — DIx°) with respect to the B(D:" — D).
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Chapter 2

Experimental Setup

The research outlined in this thesis relies on data samples gathered by the
Belle II experiment at the SuperKEKB collider. In this chapter, an overview of the
design and construction of the SuperKEKB accelerator and the Belle II experiment

is provided.

2.1 SuperKEKB Accelerator

2.1.1 Introduction

SuperKEKB is a circular asymmetric electron-positron collider situated at KEK
laboratory in Tsukuba, Japan with a circumference of 3 km [1]. The SuperKEKB
is an upgrade of the KEKB collider [2, 3] which operated during 1999-2010.

Figure illustrates the schematic configuration of the SuperKEKB accel-
erator, comprising a linear accelerator and beam storage rings. The electrons are
generated by a pulse laser directed on the cathode target, then accelerated to 7

GeV in the linear accelerator (linac) before being injected into a High Energy Ring

27
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Belle Il detector

positron ring

electron-positron
injector linac

positron damping ring

Figure 2.1: Layout view of SuperKEKB asymmetric eTe™ accelerator situated at
KEK laboratory in Tsukuba (Japan). This image shows the linear accelerator where
electron and positrons are accelerated, electron ring (HER), positron ring (LER)
and the Belle II detector located at the IP of two beams |\

(HER). Positrons resulting from the collision of electrons with a tungsten target are
accelerated to 4 GeV and injected into the Low Energy Ring (LER) of SuperKEKB.
These circulating beams collide at the Interaction Point (IP) which is surrounded
by the Belle II detector. The area around the IP is designated as the Interaction Re-
gion (IR), extending approximately 4 m along the storage rings, where quadrupole

magnets facilitate the final focusing of the beams.

With the chosen beam energies, the center-of-mass energy is /s = \/4E +E_-

= 10.58 GeV which is equal to T(4S) mass. While the majority of data is collected
at this resonance, the flexibility of the beam energies enables tuning the center of
mass energy in the small energy regime spanning from the mass of T(15) to T(6.S5).
The asymmetry in the energy of electrons and positrons generates a Lorentz boost of

B~y = 0.28 in the laboratory frame which helps in vertex determination of short-lived
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particle decays and increases the detector hermeticity. However, the flight distance

of B mesons is reduced from 200 gm to 130 um compared to KEKB.

Luminosity (£) plays a crucial role in assessing the performance of an experi-

ment. The instantaneous luminosity of a collider can be parametrized as:

o2 (1) e By (2.1)
267"6 0'; 5;:|: R&y ‘

Here, in the above equation, ~ is the relativistic Lorentz factor, e is the el-

2
4# ¢ - is the classical radius of the electron.
T€0 meC

ementary electric charge and r, =

The suffix 4+ defines the positron or the electron. R; and ng are the reduction
factors for the luminosity and the vertical beam-beam parameter, respectively. The
ratio of R; and Re is closer to the unity. These factors arise from the crossing
angle and the hourglass effect. o, I, 8, and §, represent the widths of the bunch

at IP on the transverse plane, the beam current, the betatron function at IP and
vertical beam-beam parameter at IP, respectively. Additional information regarding

the description of parameters can be found in reference [1].

Luminosity mainly depends on three parameters; i.e. the total beam current
(I), the vertical beam-beam parameter (§,) and the vertical beta function at the IP
(8,). To increase the luminosity at SuperKEKB, larger beam currents and smaller
beam dimensions at the IP are used. This is achieved by using the nano-beam scheme
[5]. The concept of the nano-beam scheme involves minimizing the vertical betatron
function at the IP (8,) while simultaneously minimizing the longitudinal size of the

beam overlaps at IP. This approach is implemented through a configuration that
utilizes a substantial crossing angle with small horizontal and vertical emittance, as

depicted in Figure
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Figure 2.2: Two - dimensional image representing the nano-beam scheme at Su-
perKEKB (right) as compared to the previous collision scheme at KEKB (left) .

The realization of this scheme relies on the superconducting quadrupole mag-
net system which is made up of magnets, compensation solenoids and corrector coils
strategically placed at each longitudinal end of the interaction region. This system
results in a 20-fold reduction in the vertical beta function and a doubling of beam
currents compared to KEKB, thereby achieving the necessary luminosity. Various
modifications have been implemented in the accelerator to enhance luminosity, in-
cluding adjustments to the electron injection and positron target, the damping ring,
the radio-frequency system, optics, the beam pipe and the vacuum system. The
target instantaneous luminosity of the SuperKEKB accelerator is 6 x 10*° ¢cm ™ 2s ™"
a significant improvement over the KEKB accelerator, achieving 30 times greater lu-

minosity. The aim of SuperKEKB is to accumulate 50 times more electron-positron

collision data than that of KEKB collider, which collected data corresponding to

an integrated luminosity of 1.04 ab™'. Figure depicts the luminosity projection
plot by end of the year 2035.

The upgrade of SuperKEKB has also led to an increase in beam background by
a factor of 10 to 20 compared to KEKB. Single-beam and luminosity-dependent are
two types of background in SuperKEKB [7]. Beam backgrounds can originate when
the particle of a bunch interacts with residual gas in the beam pipe or with other

particles of the same bunch. Luminosity-dependent backgrounds originate during
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Figure 2.3: Expected projection of instantaneous luminosity delivered by Su-
perKEKB in red and integrated luminosity in blue, reaching 50 ab™ ! by end of
the year 2035 [6].

beam collisions that include QED processes such as Bhabha scattering efe” —

+

ete™(y) or two-photon processes e”

+ =t

e — e'e e e . Therefore, it is essential to
address the higher background levels to sustain optimal detector performance. The
Belle II detector, as briefly discussed in the next subsection, with the SuperKEKB
accelerator facility is designed to study the various processes resulting from the

electron-positron collisions.

2.2 Belle 11 Detector

The Belle IT detector has been developed as an improvement to the Belle detector [§].
The Belle IT detector has a size of 7 m x 7.5 m which is divided into three acceptance
regions: the forward end-cap (FWD), the barrel (BRL) and the backward end-cap
(BWD) as illustrated in Figure [2.5] The acceptance region defines the boundaries
within which the detector is capable of detecting particles or events. The Belle 11
detector covers a solid angle equivalent to 91% of 4, that corresponds to the po-
lar angle of 17° to 1507 for trackers and extends further for the outer sub-detectors.

The Belle II detector is a general-purpose experiment capable of performing efficient
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tracking of the charged particles, even at low momentum (about 50 MeV /c), precise
measurement of v’s energy, separate pions, kaons, protons, electrons and muons over
the full kinematic range and it almost covers the full solid angle. The material bud-
get is kept as low as possible to study the low momentum ranges. To deal with the
large amount of background in SuperKEKB events, the Belle II detector employs
a strategy involving low bias, high-efficiency software and hardware triggers. This
approach is achieved by utilizing low track multiplicity, low detector occupancy, and

an effective online reconstruction.

Belle II is a hybrid detector with many sub-detectors to efficiently identify
and measure different particles originating from electron-positron collisions. Figure
represents the structure of the Belle II detector and its sub-detectors. The
detector exhibits an approximate cylindrical symmetry around the z-axis and notable
forward-backward asymmetry to enhance the solid angle acceptance in the boost
direction (with the forward direction being the boost direction from the Interaction
Point). The Belle II detector consists of multiple sub-detectors as briefly discussed

below:

2.2.1 Vertex Detector

The Vertex Detector (VXD) is the innermost sub-detector of the Belle II detector.
Two layers of the Pixel Detector (PXD) and four layers of the Silicon Vertex Detec-
tor (SVD) form the six-layered VXD. Figure [2.6{represents the geometrical structure
of VXD in side and front views. The Pixel detector (PXD) comprises pixelated sen-
sors utilizing DEPFET technology |11], featuring a low material budget that enables
the use of very thin sensors (50 microns). The PXD layers are placed at 14 mm and
22 mm from the Interaction Point while the beam pipe radius is about 10 mm. To

accommodate the increased hit rate in close proximity to the Interaction Point (IP),
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Figure 2.4: Belle II detector and its components [@
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the detector is designed to maintain an occupancy of approximately 3%. Occupancy
is defined as the ratio of activated pixels at the same time to the total number of
pixels. Pixel detectors prove more advantageous for the innermost layer with low

occupancy compared to silicon strip detectors, which experience higher occupancy.

The Silicon Vertex Detector (SVD) is composed of a Double Side Silicon Strip
Detector fabricated from six-inch wafers and placed at 38 mm, 80 mm, 115 mm,
and 140 mm from the IP. This sensor uses APV25 chips [12], first used in the CMS
tracker [13] with a fast sampling shape for the readout of the signal. The polar
angular acceptance range of SVD is from 17° to 150° and this is asymmetric to
take into account the forward boost of the center-of-mass frame. Three types of
sensors are used for SVD, out of which two are rectangular and one is trapezoidal.
Slanted geometry for the forward sensors is employed to increase the acceptance by
reducing the material budget. The SVD incorporates an innovative feature known
as the Origami chip-on-sensor concept. This technique is employed to minimize
wire connections and streamline cooling. It utilizes a flexible fan-out system to
consolidate all readout systems on one side of the module within the detection region.
SVD along with PXD provides 2D information which is helpful in the reconstruction
of the tracks for B as well as D meson decays. The vertex resolution of Belle II has
significantly improved with spatial resolution due to pixel detector layers enhanced
by the factor of 2 compared to the Belle experiment. Figure illustrates the
spatial resolution parameters at the interaction point (in z) of Belle II in comparison
to Belle. Furthermore, an increase in the radius coverage of SVD to 135 mm as

compared to Belle’s configuration, improves the reconstruction of neutral particles

such as K meson and low momentum particles within SVD itself, which do not

reach the outer sub-detectors.
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’ ‘ Belle ‘ Belle 11 ‘

Radius of inner cylinder (mm) 7 160
Radius of outer cylinder (mm) 880 1130
Number of layers 50 26
Number of sense wires 8,400 14,336
Gas H.-CyHg | H.-CyHg

Table 2.1: Comparison of main parameters of the Belle CDC and the Belle II CDC.

2.2.2 Central Drift Chamber

The Central Drift Chamber (CDC) is the central tracking device and the large
volume wire drift chamber is placed outside the SVD. The main feature of the
CDC is to allow the reconstruction of the full 3D helix track and provide precise
momentum of the particle. The CDC also helps in providing Particle Identification
(PID) information by measuring specific-ionization energy loss (dE/dz) in the gas
volume of the chamber.

The CDC has 9 super layers, out of which each 8 super layers are made of
six layers of wires and the innermost super layer of CDC is made of eight layers of
wires. The CDC structure is filled with 50% of Helium (He) and 50% of Ethane
(CyHg) gases providing adequate drift velocity and good energy loss resolution. The
wires of the CDC are of two types: one, the field wires that produce the accelerating
electric field and the second one is the sense wires that collect the released charges.
The field wires are made up of aluminum and have 126 pm in diameter while the
sense wires are composed of gold-plated tungsten and are thinner than field wires

with 30 pm in diameter.

The geometrical acceptance of the CDC is the same as that of the vertex
detector (17° < 6 < 150%). Over the past decades, Belle’s CDC had demonstrated
excellent performance so there is not much change in the global structure of the
Belle IT CDC. Table provides a comparison of mechanical parameters between
the Belle CDC and the Belle IT CDC.

The Belle IT CDC features a radius extension of 22% more compared to Belle
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Figure 2.8: Radial (r - z) cross-section of the CDC with an additional r - ¢ section
providing insight into the wire configuration \|

CDC leads to a 5% improvement in the momentum and the dE/dx resolution of
CDC. The spatial resolution of CDC on individual hits is about 100 pm while the
dE/dx resolution of CDC is around 11.9% for particles with 6 ~ 7/2. Moreover, the
number of wires in the CDC has nearly doubled as compared with Belle, enhancing
performance in the high luminosity environment and improving the signal to noise
ratio. In addition, the readout electronics of Belle CDC have been completely re-
placed to handle the higher trigger rates with reduced dead time. The introduction
of faster readout electronics decreases the dead time from 1-2 ps to 200 ns. Figure

2.8 represents the r - z and r - ¢ cross-sectional structure of the CDC sub-detector.

2.2.3 Particle Identification Devices

In Belle II, the particle identification is composed of two separate devices based on
the Cherenkov light detection: the Time of Propagation (TOP) detector in the barrel
region and the Aerogel Ring Imaging Cherenkov (ARICH) detector in the forward

endcap region. While both detectors are based on Cherenkov light detection, their

R1082(0uter most sense wires)
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operating principles differ. The underlying concept for these detectors is that when
a charged particle traverses the radiator material, it emits Cherenkov photons. By
measuring the angle 6. of the photons one can determine the particle’s 8 using the
following relation:

1

cosf, = —,
n

where, n is the refractive index of the radiator material. In Belle II, the mass
of the particle is determined by combining the momentum measured in the tracking

system and the measured ( value with energy loss measured in CDC.

The particle identification devices are completely new from the Belle experi-
ment. The material budget of these devices has been reduced due to the expansion
in the CDC radius. These detectors are more tolerant to the increase in background
level contributing to an overall better performance. They achieved K (7) efficiency

> 90% with 7(K) fake rate < 10% compared to Belle’s 88% efficiency.

2.2.3.1 Time of Propagation Counter

Figure represents the structure of the TOP detector. A single TOP module
consists of the quartz bar with a focusing mirror and an array of photomultiplier

tubes (PMT) in the forward and backward regions, respectively.

In the TOP detectors, the angle 6, is obtained from the combined information
of the time of arrival of Cherenkov photons trop, the angle of Cherenkov cone ¢,
the direction of the particle and the impact position of Cherenkov photons at the
photodetector at one end quartz bar. Complete details of the operating principle

can be found in reference [15].

In the quartz bar of the TOP detector, the emitted photons are reflected in-
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ternally and after that they reach the focusing mirror located at the forward region.
The function of the focusing mirrors is to preserve the information of the angle ¢
and also helps to reflect the photons to specific PMT that measure t;op. Thus, the
measurement of the angle ¢ depends on the activated channel of the PMT. Photons
that are emitted in the backward directions are first reflected by the mirror present

at the end of the bar and then these are directed to the focusing mirror.

In the TOP detector, the quartz radiators are arranged in 16 modules around
the CDC with a radius of 1.2 m from the IP. The geometrical acceptance of the TOP
detector is 317 < # < 128°. The dimensions of the quartz bar are 0.45 m x 0.02 m
x 2.75 m. The TOP detector has a time resolution lower than 50 ps, which means
that the detector can distinguish between pions and kaons with a photon arrival
time difference of about 100 ps at 2 GeV/c. For the K /7 separation, the efficiency

of the TOP detector is about 85% with a 10% pion misidentified rate [16].

2.2.3.2 Aerogel Ring-Imaging Cherenkov counter

The ARICH is a proximity focusing Ring-Imaging detector located at the forward
endcap region where the ring of aerogel is used as the radiator. The structure of
the ARICH is represented in the Figure The ARICH plays a crucial role in

distinguishing between kaons and pions across a broad momentum range and in dif-

ferentiating muons, electrons, and pions for momenta below 1 GeV/ 2.

In ARICH the radiators are made of silica aerogel which is highly transparent
to minimize the photon loss that occurs due to Rayleigh scattering or absorption.
Two separate layers of aerogels with 20 mm thickness with refractive indices of 1.045
and 1.055 are used in ARICH. The specific values of refractive indices are chosen so
that the Cherenkov rings that are produced in these layers can overlap each other on
the detection plane. It incorporates an array of position-sensitive photon detectors

called Hybrid Avalanche Photo Detectors (HAPD), which are read by integrated cir-
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Figure 2.10: Illustration of the (a) Schematic depiction of the ARICH detector,
highlighting its key characteristics and (b) Operational principle of the ARICH .

cuit chips. These detectors capture photons generated after traversing an expansion
volume of 20 cm, offering excellent 2D resolution and high efficiency. The angular
acceptance region of the ARICH lies between 15° < 6 < 30°. The separation effi-
ciency for distinguishing kaons from pions using the ARICH is approximately 93%,

with a pion misidentification rate of about 10% [17].

2.2.4 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECL) plays several crucial roles in the Belle II.

First of all, is the detection of the photons in the wide energy range (2 x 1072 ~4
GeV) and efficiently measuring their energy and angle. It also contributes to the
identification of electrons and helps in the identification of K} with KLM sub-
detectors. In addition, the online and offline luminosity of the SuperKEKB detector
is also monitored by ECL. The ECL also generates software and hardware photon

triggers.

The crystal configuration of Belle IT ECL remains the same as that of the Belle
calorimeter. The forward, backward and barrel region are three regions in which

ECL is divided which almost covers 90% of the solid angle in the center-of-mass
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system. The angular acceptance range of ECL is 12.4° < # < 155.1°. The inner
radius of the barrel region is 1.25 m with an extension of 3 m. z = 1.96 m and

z = -1.02 m are the values of the internal base from IP for the forward and back-

ward endcap regions, respectively. A gap of 1° exists on both sides between the
barrel and the endcaps regions to facilitate the passage of cables for internal sub-
detectors [19]. Figure represents the structure of ECL showing three regions of

the sub-detector.

The ECL constitutes a uniform and extensively segmented calorimeter, com-
prised of 8736 CSI(T1) crystals (Cesium Iodide Thallium-doped). These crystals are

of truncated pyramid shape, measuring 30 cm in length with a base area of 6 X

6 cm 2, corresponding to 16.1 radiation lengths (X,). The crystals are organized
into 8 cells, separated by 0.5 mm thick aluminum septum walls and enclosed by two
cylinders. Each cell ensures an optimal operating environment for the crystals in
terms of humidity and temperature through a dry air flushing and water cooling

system.

Hamamatsu Photonics $2744-08 photodiodes, with dimensions 10 x 20 mm?,

are affixed to the external bases of the crystals using a 1 mm plexiglass plate. These
photodiodes collect light emitted by the scintillating material. To monitor optical
stability, each photodiode is equipped with a LED that injects light pulses into the

crystal volume.

The relatively long decay time of CSI(T1) (~ 1 us) along with the higher
background levels in the Belle II increase the overlapping of the pulses from the
neighboring events. While the Belle’s readout electronics were designed to handle
a 300 Hz trigger rate, the Belle II operates at a 100 times higher rate. To miti-
gate the challenge of a large pile-up background, waveform sampling together with
pipelined readout has been employed. Waveform sampling helps discriminate off-

timing hits using timing information, while pipelined readout effectively eliminates
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Figure 2.11: Schematic representation of the ECL detector, delineating the three
regions: barrel and both endcap regions .

readout dead time. This new “Shaper-DSP board” shortens the shaping time to 0.5

us from 1 ps.

When the cosmic muons pass through the crystals, the crystals produce an
average signal of around 5000 photoelectrons for each MeV of energy deposited by
the muons with the noise level of the crystals is approximately 200 keV. The intrinsic

energy resolution of ECL using prototype test is given as:

op _ |(0.066%\*  (0.81%)" 2
E = \/< i ) + (4—@) + (1.34%)

with E is the energy in GeV. In Belle experiment, the energy resolution observed

with ECL was og/E = 4% at 100 MeV, 1.6% at 8 GeV, and the angular resolu-
tion was 13 mrad (3 mrad) at low (high) energies. The 7° mass resolution was 4.5

MeV/c®. Belle II aims to achieve a similar performance in the absence of back-

grounds.
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Figure 2.12: Representation of map of magnetic field used in Belle II software .
2.2.5 Magnet

In Belle II, the homogenous magnetic field of 1.5 T, aligned parallel to the beam
direction, is generated by a superconducting coil within a cylindrical volume. The
superconducting coil, composed of NbTi/Cu alloy, measures 4.4 m in length and 3.4
m in diameter. A liquid helium cryogenic system and a current of 4400 A are used
to operate the coil. Since the KLM has an iron structure it provides a return yoke
to the magnetic field and the direction of the magnetic field is inverted in the KLM

region lies outside the coil.

Commercial Hall sensors are used to map the magnetic field with a precision
of 0.1%. Figure represents the field map used in Belle IT software, basf2 [22].
The edge effects and the final focus system magnets of the accelerator create some

inhomogeneities in the field.
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2.2.6 Kaons and Muons System

The Kaons and Muons system, KLM, is made by alternating iron plates and the
active material detector and located outside of the superconducting coil. The barrel
region of KLM lies in the range 45° < 6 < 125° while the endcaps of KLM have a
range of = 20° to § = 155°. There are 15 iron plates and 15 detector layers in
the barrel region while there are 14 iron plates and 14 detector layers in the endcap
region [23]. The thickness of iron plates is about 4.7 cm and provides the magnetic

flux return for the solenoid. They provide a 3.9 interaction length ()y) along with

0.8 A\, of the ECL, in which K? mesons can shower hadronically.

Muon tracks in the KLM detector can be identified by measuring the pene-
tration depth in the iron. In the KLM detector, the long-lived kaons can be re-
constructed with the help of combined information from the ECL and the hadronic

KLM showers.

In the barrel region, Resistive Plate Chambers (RPC) are chosen as the de-
tector layers. RPC is a proportional gas chamber that is used in the steamer mode
and a dielectric plate is inserted between the electrodes which helps to prevent the
propagation of sparks and increase the spatial resolution. Metallic strips which are
present on one side of the chamber are used to read the signal. The coupled RPC
with orthogonal strips configuration along with an independent power supply made
the KLM module; this pair of RPC is known as the super layer of the KLM. Figure
represents the structure of RPC super layer.

In the barrel region, the same detector layers and iron structure employed in
the Belle experiment are utilized, as the event rate remains sustainable despite an
increased luminosity. In the innermost barrel superlayer and the endcap region of
the KLM, two orthogonal layers of scintillator strips, coupled with silicon photomul-

tipliers, replace the RPCs. This substitution is made because the RPCs introduce
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Figure 2.13: Cross-sectional view of an RPC super layer. A KLM module comprises
two super layers on each side of an iron plate .

excessive dead time in this area, posing challenges in maintaining the background

rate.

For tracks with a momentum above 1 GeV/¢, the muon detection efficiency

stands at approximately 89%, with a hadron fake rate of 1.3%. Regarding K7}, the
detection efficiency is around 80% for momenta above 3 GeV /¢, gradually decreasing

linearly for lower momentum ranges.

2.2.7 Trigger System

The Belle II trigger system helps in selecting the events of interest and rejecting
the background from Bhabha scattering and intra-beam scattering. Several require-
ments need to be satisfied so that the system performs adequately at the SuperKEKB
luminosity. It should be capable of handling the data acquisition load by limiting

the trigger rate to 30 kHz to accommodate the expected collision rate at nominal
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luminosity. Also, trigger should have ~ 100% efficiency to select hadronic events

from Y(4S) — BB and e"e” — ¢g. In addition to this, timing precision needs to
be better than 10 ns and at least 200 ns of the minimum separation power between

two events is required.

The Belle II trigger system follows the same scheme as the Belle detector but
all the components have been replaced to take care of the increased event rate. The
trigger system is subdivided into two main stages: one is hardware based level 1 (L.1)
that uses detector level information to remove the background and the second one is
software based High Level Trigger (HLT) that uses reconstructed event information

to reduce the data.

2.2.7.1 Level 1 trigger

The L1 trigger serves the purpose of rejecting background events and selecting events
of interest by extracting raw data from the Belle II sub-detectors through sub-trigger
systems. This information undergoes processing by a Global Reconstruction Logic
(GRL), which conducts a low-level reconstruction and transmits its results to a
centralized Global Decision Logic (GDL), responsible for making the final decision.
Each component of the L1 is equipped with a Field Programmable Gate Array

(FPGA) that facilitates the configuration of trigger logic.

At the core of the L1 trigger system is the CDC sub-trigger, providing de-
tails on charged tracks, and the ECL sub-trigger, associated with energy clusters
in the calorimeter. The CDC sub-trigger incorporates a 2D trigger based on track
reconstruction in the (z, y) plane, followed by a 3D trigger that estimates the z co-
ordinate of the event’s primary vertex. This enables the rejection of machine back-
ground contributions originating away from the interaction point (IP). Meanwhile,
the ECL sub-trigger generates rapid signals based on the total energy deposited in

the calorimeter and the number of clusters for events involving both charged and
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are transmitted to the GDL, which ultimately determines the final trigger decision
[24].

neutral particles. The trigger signals from CDC and ECL are merged with informa-
tion from the KLM and TOP by the GRL and then transmitted to the GDL, which
makes a trigger decision based on the combined output from the various sub-systems

as represented in Figure [2.14]

2.2.7.2 High Level Trigger (HLT)

The High-Level Trigger (HLT) relies on a real-time reconstruction of the event using
information from all detectors except PXD. To maintain consistency and avoid in-
troducing additional systematic uncertainties, the reconstruction software employed

is the same that utilized for offline reconstruction as well.
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Operated on a dedicated server farm, the software trigger makes the final de-
cision to store or discard events based on event topology. Additionally, the physics
trigger facilitates the classification of events into categories (e.g., hadronic events,
low multiplicity), enabling the restriction of collected data to the processes of inter-

est.

Due to the substantial number of pixels in the PXD, performing a full read-
out for each event is impractical. A tenfold reduction in PXD data is necessary
before combining it with other sub-systems. To achieve this, the HLT extrapolates
information from the CDC and SVD to define Regions of Interest (ROIs) within the

PXD, where particle hits are then recorded.

2.2.8 Data Acquisition (DAQ) System

Upon the Level-1 (L1) trigger decision provided by the trigger system, the detector
signals can be retrieved using the Data Acquisition (DAQ) system. This system
facilitates the transfer of data from the front-end electronics, and after undergo-
ing various data processing steps, the information is ultimately transmitted to the
storage system. The primary components of the data flow include the Belle2Link,
serving as the unified data link, the event builder system, the Common Readout

Platform known as COPPER, and the High-Level Trigger (HLT) system.

The Belle II DAQ is specifically designed to handle trigger rates of up to 30
kHz. This value is estimated based on the full luminosity and takes into account

both beam-related background and all physics processes.

2.3 Chapter in a Nutshell

This chapter provides an in-depth focus on the SuperKEKB accelerator. An

overview of the accelerator’s performance in comparison to its predecessor is pre-
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sented. The innovative Nano Beam scheme, a key feature to increase luminosity in

SuperKEKB is discussed in details.

Subsequently, the chapter digs into the detailed architecture and functionality
of the Belle IT detector. Working of each sub-detector and their role in collecting
data is explained. Also, the trigger system and methodology employed to identify
and select events of interest are discussed. The Data Acquisition (DAQ) System,
a critical component in the data collection process, is thoroughly examined. To-
gether, these components constitute the robust experimental setup that forms the

foundation for the subsequent physics analysis.
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Chapter 3

Dataset, Reconstruction and

Analysis Overview

For this research, it is essential to have the knowledge and tools to effectively
handle, process and analyze the data from the Belle II experiment. This chapter
provides an overview of the data management in the Belle II experiment and tools
and techniques to convert raw data into meaningful quantities for the analysis.
Additionally, it introduces the Belle II framework, discusses simulated data and
explains various types of backgrounds, all of which are crucial for understanding the

experimental environment and data analysis methods.

The data analysis involves a number of steps, starting from the data collection,
processing and generating corresponding simulated events. Figure represents the
experimental framework from the data collection to data analysis. Starting from the
end, it is evident that the analysis is input by reconstructed and skimmed events
either from the real data or from the generation of simulated events. Skimming is
used to reduce the dataset’s size so that the analysis process can be simplified and

speed up. The reconstruction procedure remains similar for both real and simulated
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Figure 3.1: Overview of the experimental framework from data collection to data

analysis [1].

data so that differences between the two can be minimized but calibration for the

initial processing of real data is required.

3.1 Dataset

One of the crucial and fundamental steps is the collection of the data that has to
be analyzed. To produce B mesons, electrons and positrons collide at the center-of-
mass energy of /s = 10.58 GeV corresponding to the T(4S5) resonance mass. At /s
=10.58 GeV, the e"e™ — Y(45) — BB process is not the exclusive occurrence. The
production of light and charm quark pairs in ete™ — wa, dd, s3, c¢ has a total cross-
section of approximately 3.7 nb [2], more than three times larger than B meson
production. However, the SuperKEKB accelerator [3] can also run beyond this
energy and the Belle IT experiment [4] can have multiple datasets. A specialized
dataset is collected below the YT (4S) where no B mesons are produced, providing
a pure sample of off-resonance (or continuum) events. These special datasets are

listed as follows:

e Cosmic

During each run period, the Belle II experiment collects the cosmic muons at
the beginning and end of each period. These muon events are mainly used for

performance evaluations, calibration purposes and it provides a unique dataset
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to align the detectors with each other. To ensure muons cross the sub-detectors
in a straight path, a part of the cosmic dataset is collected by deactivating the
solenoid. During the downtime of the SuperKEKB accelerator that lasts for
several days, the cosmic dataset is also collected to maintain the operation of

the Belle II system.

e Beam
Beam runs are the special small data takings that are collected to explore the
beam-induced backgrounds for the inner sub-detectors. These runs are col-
lected when the beams are circulating without colliding to eliminate processes

+

associated with hard scattering in e e collisions.

e Scan

A scan is composed of relatively short periods of data collection that lasts for
hours or a few days and is performed at slightly different energies (usually
10-50 MeV apart). The scan dataset is used to measure the line shape of
the ee™ cross-section either to confirm data collection on the resonance peak
(short scans) or to perform actual physics measurements such as the search

for exotic vector resonances (long scans above the Y(495) energy).

e Non-Y(4S5)
SuperKEKB can operate across the entire spectrum of bottomonia that ranges
from the Y(15) at energy 9.460 GeV to slightly above the Y(6S) at energy
around 11.00 GeV. It can be utilized for all non-B aspects of the Belle II physics
program. Also, these datasets are significant for spectroscopy, hadronic physics

and dark sector studies.

Figure represents the cross-section around the Y(4S) resonances showing

the difference between on- and off-resonance.
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Figure 3.2: Cross-section around the Y (4S5) resonances showing the difference be-
tween on- and off-resonance [1].

3.1.1 Belle II dataset

The data undergoes two stages of processing: prompt processing and reprocessing.
The difference between both processing is due to the calibration which is applied
at the stage of processing. Prompt processing is like organizing and calibrating the
data right after it collected and each chunk is called “bucket”. Prompt data is ob-
tained using the latest major software release. The calibration of prompt processing
is completed with quality that is hardly different from the reprocessed data [5]. For

analysis, prompt dataset is available within two months after processing.

Reprocessing is done by taking all the data collected up to a certain point and
giving it a makeover. A reprocessing campaign, labeled with the prefix “proc” is
done every year or every two years. Whether it’s the prompt or reprocessed data,
both can be accessed on the grid [6] using specific collections listed on the Data
Production web page. Figure |3.3|shows the relationship between the data collected,

prompt dataset and reprocessed dataset.

For the analysis described in this thesis, e et collision data corresponding to
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Figure 3.3: Relationship between the data collected, prompt dataset and repro-
cessed dataset [1].

426 fb™! of luminosity have been used. This dataset includes procl3 data from
experiments 7 to 18 and a prompt dataset from experiments 20 to 26, corresponding

to T(45), below the YT(4S5) and above the Y (4S5) energy at an integrated luminosity

of 363 th™*, 42 fb™! and 19 fb ™' luminosity, respectively . The data was collected

from 2019-2022 before the experiment entered its first long shutdown.

3.1.2 Simulated Data

Monte Carlo (MC) data plays a crucial role in High Energy Physics, providing a
simulated representation of the events that occur within the Belle II detector post-
collisions. This simulation provides an understanding of experimental conditions
and performance. In both reconstruction and physics analyses, MC data undergo
processing similar to real data with the advantage of knowing the “truth” behind
each observation such as identifying whether a track originated from a muon or a
pion in the CDC. Using MC simulated data has the advantage of containing both in-

formation with and without detector effects . These simulations, known as generic

e~ collision based on the current

MC events include all possible outcomes of an e
physical theories. The production of generic MC samples occurs in two successive

steps: event generation and simulation.
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3.1.2.1 Event generation

Event generation is the physics part where events are generated according to physics
predictions by giving the initial conditions of electrons and positrons. These physics
predictions could be both; advanced physics models such as SUSY or dark matter or
it could be basics Standard Model processes. There are two types of events first one
is “Signal MC” which represents the simulated data for a specific decay mode of the
analysis. These signal events are particularly valuable for determining the recon-
struction efficiency of a given process. Second, there are “Generic MC” samples that
are based on the basic Standard Model processes. Generic samples are collected by
repeating these procedures of event generations for individual processes and com-
bining them based on their world-average branching fractions. Both the generic
and signal MC are crucial in increasing our understanding of detector performance
and refining selection criteria in the analysis of experimental data. Different event
generators are used for different cases [9]. The main event generators used by the

Belle II experiment are listed as follows:

e EvtGen |10]: EvtGen is the MC generator designed to simulate B and D de-
cays initially developed for BaBar |11] and CLEO [12] and used within Belle.
The Belle IT collaboration currently collaborates closely with the EvtGen de-
velopment team which is primarily based in LHCDb to collectively develop the
EvtGen package. EvtGen generator is controlled by a decay table that lists all
possible decay processes, their branching ratios and the model used to decay

them.

e KKMC [13]: It is the FORTRAN-based generator used to generate two fermion

+

final state; " p~, 7777, v v and ¢q for beam energies at and above the Y (49)

resonance.

e MadGraph [14]: MadGraph is a framework designed to provide all the elements
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necessary for both Standard Model and Beyond Standard Model phenomenol-
ogy.

e PHOKHARA [15]: PHOKHARA is the FORTRAN based generator used to
generate eleven different leptonic and hadronic final states. These simulations
cover scenarios both with and without photon emission, referred as radiative
return (with photon emission) and scan mode (without photon emission), re-

spectively.

e CRY [16]): The CRY software generates the distributions of cosmic-ray particle
showers at three different elevations: sea level, 2100 meters, and 11300 meters.
It generates output based on pre-tabulated data for muons, neutrons, protons,
electrons, photons, and pions originating from primary protons with energies

ranging from 1 GeV to 100 TeV.

e BABAYAGA.NLO [17]: BABAYAGA.NLO is a default generator used to

simulate large-angle e”e” collisions that result in the e"e” — e¥e™ () and

ete”™ — 7479(y) final states. It generates multiphoton initial-state radiation

(ISR), final-state radiation (FSR), and the interference of initial and final-state
radiation (IFI) based on the exact next-to-leading order (NLO) corrections
matched with a parton shower algorithm. The generator claims a theoret-
ical precision of about 0.1% for both cross-section and inclusive differential

distributions within the detector acceptance.

e AAFH [18]: For non-radiative four-fermion final states like e"e™ — eTe ete™
and ete”™ = efe put ™ AAFH is used which includes leading-order (LO) QED
diagrams and their interference but no higher-order QED corrections or weak
corrections. The LO calculation is exact and includes final-state mass kine-
matics with the LO divergence controlled by a minimum invariant secondary

fermion pair mass, typically with W, > 0.5 GeV /c>.
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3.1.2.2 Simulation

Once the four-vectors of the event are generated, the next step is to simulate the
events to make it look like output from the real detector. The detector measures
the interaction of these particles with its material including processes like ionization,
scintillation, bremsstrahlung, pair production and Cherenkov radiation. These well
known processes can be simulated using Geant4 simulating software [19]. Geant4
uses the four-vectors to simulate how particles interact with the virtual Belle 11
detector. This simulation provides information on the energy deposited and the
particles detected by each sub-detector. Additionally, custom software is used to
translate the results from Geant4 into signals that mimic what is observed from the
actual detector. For the Belle IT experiment, the simulation of the entire detector

takes approximately one second.

After simulation, the data obtained looks like the real data observed from the
actual detector and allows to compare predictions with real measurements. However,
Geant4 relies on an ideal description of the detector, but in reality, the detector
comprises thousands of tons of hardware to measure positions with micrometer
precision. Since every detail of the detector’s material composition and placement
cannot be perfectly known so there are unavoidable differences in the simulation.
Minimizing these differences is important at the early stage of the experiments and
efforts are made to improve the accuracy of the simulation by studying specific

samples and conducting analyses.

3.2 Belle II Framework

Basf2 [20] is used as the software framework for the Belle IT experiment. From
generating simulated data to reconstruction and high-level analysis, basf2 is used
in all aspects of the data processing chain at Belle II. Basf2 is a command line

interface and this package contains Python functions and C++ modules that help
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Figure 3.4: Schematic view of the processing flow in the Belle IT Software (basf2) .

to perform the specific analysis. In the basf2 system, modules play a very important
role in carrying out various tasks necessary for analyzing the data. The modules
are like small units of work each designed to perform a specific function such as
reading data from a file, simulating the detector’s behavior or tracking particles.
These modules act as building blocks of the data processing where each module
contributes its part to the overall analysis. Modules are organized within a path
which serves as a container for arranging them in a specific order. When it comes
to processing the data, the framework follows the path and executes each module
in the order it appears. Furthermore, modules are equipped with conditions that
dictate the processing flow based on certain criteria. As data is processed, it is
stored and accessed in a common storage area known as the Data Store. This
allows modules to read from and write to the data as needed during the processing
pipeline. Additionally, there are non-event data elements called conditions which
provide additional information about the experimental conditions or the settings.

These conditions are loaded from a central database known as the DBStore and

are available for modules to access when necessary . Figure represents a

schematic view of the processing flow in the Belle II Software.

Overall, the use of modules within paths forms the backbone of the Belle II
data processing system, enabling efficient and organized analysis of experimental

data while providing flexibility for different analysis tasks.
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3.3 Object Reconstruction in Belle 11

After collecting data and simulating events, there is a huge amount of information
in the form of raw detector responses but it’s not ready for analysis yet. This infor-
mation needs to be processed to make it easier to understand. This is done to figure
out which particles were involved in the interaction and get their original properties.
However, it’s hard to identify all the particles because some particles decay quickly
before reaching the detector. Also, there are some unwanted signals in the detector,
like random noise or background signals from other particles nearby. So, algorithms
are used to find the set of most likely particles to be involved in the interaction
and then later use statistical methods to study the events more closely. The recon-
struction is the process where raw detector signals are processed to identify particle

trajectories, ECL clusters and PID likelihoods.

The same reconstruction is performed for both simulated data and the real
data by using the same algorithms for both. However, the advantage of simulated
data is that it is known which particles are involved in the interaction. In addition to
processing the data, track of the accuracy of reconstruction is kept which is known

as “MC Truth”. Following are the subsequent steps of the reconstruction:

3.3.1 Clustering

Clustering is the first step in the reconstruction of the raw data. It is a process to
group detector responses from each sub-detector if they seem related. For example,
if a particle passes through the pixel detector, it might trigger more than one pixel
because it didn’t go exactly through the center of one. These neighboring pixels
are grouped into clusters by taking into account the detector’s intrinsic properties
such as noise. The size, shape and center of the clusters can be figured out. Analog
readout of the pixel detector can measure the amount of ionization per pixel so

the weighted average method can be used to figure out the central position. A
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Figure 3.5: Simplified example of 2D clustering with analog signals [1].

similar principle is used in other sub-detectors too like in the strip detector and the
calorimeter where nearby crystals are grouped in clusters. Figure represents the

example of 2D clustering with analog signals.

In calorimeters, the shape of clusters is different, the shape depends on the
particle that causes clustering whether it is a photon or hadron. This makes it a bit

difficult to define clusters in the calorimeter but the basic idea is the same to find

all the signals caused by a particle and group them into clusters.

3.3.2 Tracking

Tracking is one of the major parts of the reconstruction of raw data. It is the process
of identifying the trajectory of the particles known as tracks with the help of tracking

detectors. Track finding and track fitting are two main parts of the tracking.

3.3.2.1 Track finding

Track finding is the process where detector hits that belong to a single track are
grouped into a track candidate. The track finding process uses algorithms to figure

out the tracks of the particles in the detector. There is a difference in the features
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Figure 3.6: Illustration of the simulated event in an x-y cross-section of the CDC.
The CDC hits displayed here originate from either charged particles associated with
the event or beam-induced background noise. Hits that remain grey are rejected as
background noise [1].

of detector hits in CDC [22] and VXD [23] so different algorithms are used for each.
For VXD, a cellular automation model [24], [25] is used that connects the pairs of
hits in adjacent layers to form track segments. These segments are then combined
into track candidates using a lookup table called sector maps and geometrical re-
quirements. The CDC uses two algorithms, the first is a global one that considers
all hits simultaneously using a Hough transformation [26] and the second is a local
one which searches for tracks based on neighboring hits. After finding tracks in both
the detectors, they are merged based on the distance between the VXD and CDC
track candidates extrapolated to the CDC’s outer wall. Figure [3.6| represents the

simulated event in an x-y cross-section of the CDC.

3.3.2.2 Track fitting

In Belle I1, track fitting involves the determination of the best estimate of the kine-
matic variables that describe the particle trajectories associated with each found
hit/cluster pattern to figure out particle position and momentum close to the inter-

action region as precisely as possible. The trajectory is described by five parameters
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that include the distance from the origin in the transverse plane (d;), the longitu-
dinal distance from the origin (z,), the angle with respect to the x-axis (¢), the
tangent of the angle between the momentum and the transverse plane (tan \), and
the curvature (w). However, the actual trajectories of particles are not perfect he-
lices due to interactions with detector material and variations in the magnetic field.
To account for these factors, Belle IT uses algorithms like the deterministic annealing
filter (DAF) [27], which is based on the Kalman filter (KF) [28]. The DAF considers
interactions with material and adjusts the weights of points based on their deviation

from the expected track, suppressing hits with large deviations.

3.3.3 Particle Identification

After identifying the tracks, the next task is to figure out the likelihoods of the
tracks belonging to different types of particles. The contributions from various sub-
detectors are examined to verify if they detect any relevant signal corresponding
to each track. For example, in CDC total energy loss along the track is calculated
and compared with expected values for different particle types. In ARICH |29, the
area where track enters is examined to look for Cherenkov rings around this. The
same approach is used for TOP [30], ECL [31] and KLM [32] where the likelihood of
signals from different particle types is determined based on the track’s entry point.
Subsequently, these detectors calculate likelihoods for the signal from different types
of the particles and then information is combined with the track information for use

further analysis.

3.3.4 Data Formats

When electrons and positrons collide in the Belle II detector, they produce signals
in the sub-detectors. These signals are collected, matched and stored in a binary
format on disk. To reconstruct this data, there are several steps: unpacking, calibra-

tion, reconstruction and analysis. Each step involves reading and writing different
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types of objects and producing files in various formats.

These data objects are categorized in four groups: raw, low-level,
reconstruction-level, and analysis-level. Raw objects are the initial outputs from
the subsystems while low-level objects are abstracted versions after unpacking.
Reconstruction-level objects result from running algorithms on these signals to gen-
erate useful quantities like tracks and PID likelihood. Finally, analysis-level objects
are used for physics analysis, representing charged particles, photons and other rel-

evant quantities.

There are four data formats in Belle II:

e Raw: Raw is the basic data format that contains un-processed and un-
calibrated detector output. Since it cannot be used for analysis, this data

serves as a base to produce other data formats.

e cDST (calibration Data Summary Table): ¢cDST data contains same objects
as of the raw data along with results from the tracking so reconstruction can
be performed using this data format. To execute low-level detector studies

and to measure calibration constants, cDST data format is used.

e mDST (mini Data Summary Table): mDST is the basic format for the data
analysis that contains high-level information that is used to carry out the

physics analysis.

e uDST (user Data Summary Table): uDST is the main format for the data
analysis which contains output from the skim analysis. The skimming proce-
dure selects only a few events from mDST which are useful for certain analyses.
The content of the cDST format is the same as mDST along with reconstructed

particles used in the skimming procedure.

Figure [3.7 represents the data modeling scheme in Belle IT with data formats.
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Figure 3.7: Simplified data model in Belle IT experiment .

3.4 Analysis overview

In ete” collisions, many states emerge that include bound states of quarks and
antiquarks as well as free leptons. These states include heavy resonances, mesons

and baryons. The Belle II detector provides the momentum, energy and Particle

*e collisions. However,

Identification (PID) information of particles produced in e
not all particle yields all three types of information. The bound states are short-
lived and do not leave signals directly in the detector. These states typically decay

into stable particles that leave their traces as hits in various sub-detectors of the
detector. The charged particles including et /Li, 7t K* and p(p) and neutrals,
~v and K are the only particles detected by the detectors while everything else is
short-lived to be detected. Unstable particles can be reconstructed from the stable

decay particles known as daughters and combining these stable particles to repro-

_l’_

duce an e" e~ event is known as an event reconstruction. The distinction between

“measured particles” that are reconstructed directly from detector signals and the
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“combined particles” that are reconstructed as a sum of measured particles is a
crucial distinction. Reconstructed particles are also known as final state particles
because they are the final products of the decay chain that are require for any anal-

ysis.

e Reconstructed Particles

Reconstructed particles originate from the reconstruction of the charged par-
ticles from tracks and photons or neutral kaons (K from clusters in the ECL
or KLM. For charged particles, tracks are reconstructed from the paths left
by particles as they pass through the detector. However, tracks only provide
information about the particle’s momentum in three dimensions so to calcu-
late the full four-momentum assumptions are made about its mass. These
mass assumptions often rely on the output of the PID detectors. On the other
hand, clusters only provide information about the energy but not about the
momentum. To obtain the momentum, assumptions are made not only about
the particle’s mass but also about its production point. It is assumed that
photons and K originate at the primary interaction point. Reconstructed
particles serve as the basic building block of the analysis. Tracks and clusters
are created during the reconstruction step with the mass assignment being the

only operation left for the final user at the analysis level.

e Combined Particles

Combined particles are reconstructed by summing the four-momentum vectors
of the reconstructed particles. This allows the reconstruction of any resonance
but all their decay products must be measured properly. These combined
particles can further be combined to move upward towards the decay tree
until the final desired step is reached. Unlike reconstructed particles, creating
combined particles is left to the final user at the analysis level. Belle II provides

tools within the basf2 package to reconstruct this process.
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Figure 3.8: Illustration of the detector’s data, final state particles and intermediate
particles to reconstruct B mesons in Full event interpretation algorithm ||

e VO Particles

Lastly, there exists a unique category of combined particles known as VO parti-
cles. These are neutral particles that decay into two charged particles far from
the interaction point, leaving a distinct V-shaped signature and are provided
by the reconstruction procedure. While they can be reconstructed by com-
bining the four-momenta of their daughters but if the decay happens outside
the beam pipe, it’s better to re-run tracking before doing so. This is be-
cause tracks originating outside the interaction point cross less material than

expected, requiring updates to the multiple scattering corrections.

In conclusion, Belle IT’s approach of handling particles involves reconstructing
both measured and combined particles, with special attention to VO particles due to
their unique characteristics. These processes are essential for extracting meaningful
physics results from the detector data. Figure represents the final state particles

and the intermediate particles to reconstruct final B mesons.
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3.4.1 Background Contribution

Numerous processes or interactions can affect signal identification either by produc-
ing the same final state as the signal or by producing particles that overlap with
signal events, thereby altering the composition of the final state. These are com-
monly referred to as backgrounds. Belle IT analyses categorize backgrounds into the

following types:

*te” — e'e” that can be rejected

1. Trigger Backgrounds: Processes such as e
at the trigger stage or by implementing simple cuts are identified as trigger

backgrounds [34].

2. Physics Backgrounds: These types of backgrounds arise from physics pro-

cesses that mimic the signal, for examples in the D° — 4~ analysis, D° — 7%7°

act as a major physics background. These types of backgrounds can be rejected

with the help of various selection cuts within the analysis.

3. Radiative Bhabha process: Photons produced in the radiative Bhabha
scattering interact with the iron of the magnets and generate neutrons that
act as a significant background source for the KLM detector. In KEKB,
shared QCS magnets over-bent the scattered particles and caused them to
hit the magnet walls and create the electromagnetic showers. However, in
SuperKEKB separate quadrupole magnets are used which reduces this back-

ground [38].

4. Two-photon process: The fifth beam background comes from low-
momentum electron-positron pairs created by a two-photon process ee — eeee.
These pairs can spiral along the solenoid’s field lines and cause multiple hits in
Belle IT’s inner detectors. Additionally, primary particles that lose significant

energy or scatter at large angles can also be lost in the detector.
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5. Continuum Background: This type of background arises from non-resonant

ete” — ¢q hadronic events and these events not only include BB production

but also the hadronization of light quarks (uds) and charm quarks that mimics
signals for many physics measurements. These events generate multiple tracks
per event so there are chances to find the signal like tracks and clusters. While
some background can be reduced but many analyses retain some of it because

tighter cuts on continuum suppression variables can significantly reduce the

efficiency of the signal. ete™ — ¢¢ events contain both the signal and back-

ground for the present analysis. The signal and background contributions in

ete” — cc are separated using truth matching information.

6. Beam-Induced Background: Beam-Induced Background consists of tracks

and clusters that did not originate from primary e*e™ collisions but from other
interactions within the beam itself. Beam-induced backgrounds, primary, pro-
vide additional particles which changes the final state of the signal event and
make it difficult to identify. Compared to previous experiment Belle, these
backgrounds are more common in Belle IT due to the more tightly focused
beams at SuperKEKB. The presence of such tracks and clusters is usually
acceptable and can be rejected at the final stage of the analysis [35]. At Su-

perKEKB, following are the five main types of beam backgrounds:

e Touschek scattering: At SuperKEKB Touschek scattering [36] takes
place when particles in the same bunch of the beam go through Coulomb
scattering which causes some particles to gain more energy while some
of the particles lose energy. Special devices called collimators and shields

are used to stop these scatter particles from reaching Belle II.

e Beam-gas scattering: This happens when particles in the beam hit
gas molecules left over in the beam pipe. It occurs in two ways: first

is Coulomb scattering, where the beam particles change the direction
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and second is bremsstrahlung scattering |37, where they lose the energy.
At SuperKEKB, this is expected to be 100 times more than at KEKB
because of the smaller beam pipe and larger vertical beta function. This

background can also be reduced by using collimators and shields [35].

e Synchrotron radiation: Another background source is synchrotron ra-
diation (SR) emitted by the beam. HER is the main source of this back-
ground. SR emits X-ray-like photons that can damage the detectors. To
prevent this, the inner surface of the beam pipe is coated with gold and
the pipe’s shape is designed in such a way to avoid direct hits on the

detectors.

3.5 Chapter in a Nutshell

This chapter provides an overview of the dataset used in the Belle II experiment
and provides the details of the process from data collection to the analysis. It starts
with an explanation of the data collection framework in the Belle II experiment
with the focus on the differences between prompt and reprocessed data, luminosity
and the various types of on-resonance and off-resonance data. The chapter also
highlights the importance of simulated data and discusses the event generators used
for producing Monte Carlo samples. The section on object reconstruction in Belle 11
covers tracking, clustering and particle identification in raw data and describes the
different formats used for storing processed data for analysis. The analysis review
section outlines the reconstruction chain by explaining reconstructed, intermediate
and V0 particles. Lastly, the chapter concludes with the different background sources

at SuperKEKB and the strategies to mitigate them.
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Chapter 4

Measurement of the

B(D;" — DI =")/B(D;" — D7)

This research work is based on the measurement of the branching fraction,
B(D:" — DIn°) with respect to B(D:t — Df~). The measurement requires re-
construction of D" — DI 7" and D" — D}~ decay modes. This chapter gives an

overview of the analysis methodology to reconstruct Dt — D 7° and Dt — D~
decay modes and subsequently measure the ratio of branching fractions using Belle

IT data.

4.1 Introduction

The branching fraction of D" — D 7° with respect to DT — D}~ has been pre-
viously measured by CLEO |[1], BaBar [2] and BESIII [3] experiments. Figure

illustrates the B(D:t — DI 7°)/B(D:" — DX~) measured by different experiments.

The present analysis uses a methodology similar to the CLEO [4] and BaBar [5] anal-

81
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ysis, with the inclusion of an additional decay mode (D} — K e *0) to enhance the
sensitivity of the measurement. The recent measurements from BESIII [6] adopted
a different approach based on inclusive analysis. The present measurement benefits

from the larger statistics as compared to previous studies. A reduction in systematic
uncertainties associated with fitting procedure, a better v/ 7° efficiency corrections

and the dependence on p*(D:") is also anticipated.

CLEQ PRDS86,072005 0.062+0.004+0.006

BaBar PRD72,091101 0.063+0.004=0.006

PDG 0.062+0.007
BESIII 0.062+0.004=0.002
1 1 1 I L 1
0.02 0.04 0.06

B(D,*—n'D})/B(D,*—=yD})

Figure 4.1: Comparison of B(D:" — DI #°)/B(D:" — D}~) measured by different
experiments @

The decay modes D" — D7 and Dt — DI~ are reconstructed as:

e DI = Df7°
- DI — ¢nt

¢ — K"K~

- Df & KK

KO 5 ot K™
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. D;H_ — D:’y

- Dj — ¢7r+

¢ — K"K~

- D = KKt

K & nt K™
Charge conjugate decay modes are implied throughout the text. The effective
branching ratios B(DS — ¢n")x B(¢ — K*K™) and B(D} — K+l{*0) X B([{*O —
K~ ") of the decay modes, under considerations, are 2.24 + 0.06 % and 2.58 +

0.06 %, respectively [7].

The ratio of branching fraction for decay modes D" — DI#” and DT — DI~ is

defined as:

B(DI" = Dix") _ N(D" = D;x’) e(Di" = D7)
B(D;" = DJy)  N(DI" = D) =~ e(DI = Din')

: (4.1)

Here, N(D:* — DI 7") and N(D:" — DJ~) represent the signal yields and
e(D:Y = DI n%) and €(D:T — D) represent the signal selection efficiencies for

the decay modes D:* — D7’ and DI — Dt~ respectively. The measurement of
these signal yields and selection efficiencies require a detailed analysis of data and

Monte Carlo samples as discussed in the subsequent sections.

4.2 Data and Monte Carlo samples

The present analysis is performed using electron-positron collision data collected

with the Belle II detector. The analyzed data corresponds to an integrated lumi-

nosity of 424 fb™! taken from experiments 7 to 26. This data includes collisions
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at T(4S) peak and also off the Y(4S) peak with respective luminosity of 363 fb™"

and 61 fb™' [8]. The data was collected during 2019-2022 before the experiment
entered its first long shutdown. This dataset is sufficient to perform statistically

robust measurements.

It is essential to use Monte Carlo samples to establish the robustness of the
measurement. The MC samples are crucial to optimize the selection criteria, extract
signal efficiency and evaluate the systematic uncertainties [9]. The signal events are
generated using event generators [10] such as EvtGen [11], KKMC [12], etc. One

million centrally produced signal MC events have been used for this measurement.
The background process i.e. c¢, ui, dd, s, B°B° and BB production at Y (45)
are produced with a run-independent generic MC samples corresponding to an in-

tegrated luminosity of 1 ab™'. The ¢¢ production includes both signal as well as
background events. The detector effects are simulated in the MC events using

GEANT4 package [13].

4.3 Selection Criteria

As discussed earlier, the signal processes have charged and neutral particles in the
final state. The clean identification of the signal processes requires efficient recon-
struction and identification of these particles. This analysis process involves a com-
bination of selection criteria to suppress the contribution of background processes

to an acceptable level.

4.3.1 Charged particle selection

There are three charged tracks (K, K~, 71) in the final state of D" — Dz" and

D" — D!~ decay channels. To reduce the background contribution from off Inter-

action Point, a cut on the transverse (dr) and longitudinal (dz) impact parameters
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are applied. The parameters dr and |dz| are required to be smaller than 1 cm and

3 cm, respectively.

After passing through the detector, it is possible that the pion track is misiden-
tified as the kaon track or vice-versa. This misidentification of particles is suppressed
by using particle identification variables that assess the likelihood of a particle be-
ing a pion compared to a kaon and a particle being a kaon compared to a pion [14].
Various particle ID variables are accessible for identifying six charged particle types
(electron, muon, pion, kaon, proton, or deuteron). The specific variables used in

this analysis are explicitly defined as follows:

L
PionlID = ——— 4.2
o L. +Lx (4.2)
and
Lx
KaonlD = ———— 4.
aon R (4.3)

PionlI D cut returns the probability of pions with respect to kaons and Kaonl D
returns the probability of kaons with respect to pions, by using particle identification
information from all sub-detectors to identify tracks as pions and kaons, respectively.
L (L) is the likelihood of a charged track being attributed to a kaon (pion). A loose
cut of PionID > 0.4 and KaonID > 0.4 is applied to suppress the contribution of

misidentified particles.

4.3.2 ~ reconstruction

In the final state of the signal, there are v and 7°. The 7 also decays to two v with
a 98% branching fraction [7]. At first it is important to efficiently reconstruct pho-
tons using ECL [15]. This identification requires the usage of multiple ECL based

variables as discussed below:
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e An ECL cluster is treated as a v candidate if it is isolated from the extrapo-
lated charged tracks. To eliminate vs from the beam background and detach

hadronic shower fragments, the s are required to have minimal energy value.

0

For 7°, in DT — D!n° mode, the energy of v candidates is required to

BX > 30 MeV, B > 120 MeV and EX**“** > 80 MeV for bar-
rel, forward endcap and backward endcap, respectively. For the DI — D~

mode, s are expected with higher energy, therefore, a stringent condition is

applied to the energy i.e. £/ > 300 MeV.

e A real photon is expected to deposit most of its energy in a single crystal.
To suppress the fake photon contribution, the relative energy distribution of
the surrounding crystals is taken into account using a variable called clus-
terE1E9. This variable is defined as the ratio of the highest energy crystal and
the sum of energy deposit in 9 (3 x 3) crystals surrounding the highest energy

crystal. The clusterE1E9 should be greater than 0.4 for the Dt — DI z°

decay mode and a tighter cut, greater than 0.6, is applied for the DT — D~

mode to address the higher background levels.

e ClusterTheta is defined as the polar angle of the ECL cluster and the re-

quirement on clusterTheta is; 0.5 < clusterTheta < 2.6180.

e ClusterNHits is defined as the sum of weights of all crystals in an ECL
cluster and it is required to be larger than 1.5 for both D" — Dfz° and

D" — D~ decay modes.

4.3.2.1 =° reconstruction

To reconstruct 7° candidates in the mode DIt — DI 7°, the invariant mass of the

two photons, M(yy) is required to lie between 0.121 GeV/c* and 0.142 GeV/c?.
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This cut effectively eliminates incorrectly paired photons not originating from a
parent 7°. The azimuthal angle difference, A¢(y7), between the two photons coming
from 7° decay is constrained within the range of [-1.2, 1.2], which selects 73% of
the signal while rejecting approximately 50% of the background. Additionally, the
angle between the momenta of the pair of photon candidates, A#(v,7;), is required
to be less than 1. This cut retains 52% of the signal while significantly reducing

background contributions by about 72%. Furthermore, a constraint is applied to

the nominal 7° mass to enhance the overall resolution of the decay. More details

about these cuts can be found at the reference [16].

4.3.3 D7 and D! reconstruction

DY is reconstructed using DY — ¢(K*K )xt and D — Ki*O(WJrK*)K+ Dt
modes. Here, the ¢ candidate is reconstructed using K+ and K~ candidates with

an invariant mass lies between 1.01 - 1.03 GeV/c*. The 7" candidates combined

with K~ candidates to reconstruct K_ *0 candidates with an invariant mass between

0.84 GeV/c* and 0.94 GeV/c*. Figure4.2| (a) and |4.2| (b) represents the invariant of

mass ¢ and K candidates, respectively. The signal and background are extracted
from generic MC samples while signal is identified using truth matching information
and background is obtained by removing the signal component. These selected ¢
and K*° candidates recombined with 7+ and K candidates, respectively to form
DY candidates with an invariant mass lies between 1.93 GeV/c* and 2.01 GeV/c.
For the decay chains, Dy — ¢7" and Df — lg*OK+, a vertex fit |17, |18] is applied
and only candidates with a confidence level > 0.001 are considered. Additionally,

a cut is imposed on the cosine of the helicity angle, |cos(0y.)| > 0.4, where the
helicity angle (0y,;) is defined as the angle between the momentum of K (7 %) and

the direction opposite to the momentum of D] in the rest frame of K™K~ (7" K ™)
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Figure 4.2: (a) M(KXTK™) and (b) M(7"K ™) distributions, here magenta distri-
bution is signal and the green distribution represents background.
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for DY — ¢n™ (DS — K K ™). This condition reduces about 25% background

while retaining 95% of the signal event.

For D" candidates, difference between the invariant mass of D" and D,
AM, is required to be in 0.14 - 0.16 GeV/c* and 0.1 - 0.18 GeV /¢ for the DIF —
D (¢n)n® and DIt — Df(¢rt)y modes, respectively. Additionally, to reject
the contribution of charmed mesons coming from B decays, the center of mass

momentum of D!*, p*(DIT), is required to be larger than 2.5 GeV/c. Table

summarizes the selection criteria for DX — Df7° and D" — D~ modes.

4.3.4 7° veto for Dt — Dt~

One of the possible backgrounds for the DI — D!~ mode is where v is coming
from the decay of 7°. To reject this contribution 7 veto is applied. For this purpose,
D" — Dt~ decay is reconstructed using the selection criteria as discussed above.
Subsequently, a Rest of Event (ROE) is reconstructed event that includes every

particle that is not associated with the signal event or specific decay mode of interest.

Then, v of the signal events is combined with other s, having energy > 50 MeV, in
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Objects Selection Cuts Selection Cuts
(D" — D) (D" = DJv)
Tracks dr <1 cm dr <1 cm
|dz| < 3 cm |dz| < 3 cm
K" KaonlD ~5— > 0.4 KaonlD ~5— > 0.4
wt PionlD ;~%— > 0.4 PionlD ;~5— > 0.4
B > 30 MeV
B > 120 MeV E > 300 MeV
y Elekeerd 5 80 MeV
clusterE1E9 > 0.4 clusterE1E9 > 0.6
0.5 < clusterTheta < 2.6180 | 0.5 < clusterTheta < 2.6180
clusterNHits > 1.5 clusterNHits > 1.5
0.121 < M(yy) < 0.142 GeV/c? -
0 1.2 < Ap < 1.2 -
i daughterAngle(0,1) < 1 -
Mass Fit -
DY 1.93 < M < 2.01 GeV/c 1.93 < M < 2.01 GeV/c?
Dt 0.135 < AM < 0.16 GeV/c? 0.1 < AM < 0.18 GeV/c?
s p* (D7) > 2.5 GeV/e p (D7) > 2.5 GeV/c

Table 4.1: Summary of the selection cuts and criteria used in the reconstruction of
D" = Dfx% and DY — Dy modes.
the ROE and the invariant mass is required to be within 0.08 GeV/c* < M < 0.2
GeV/ ¢?. There are multiple 7° candidates but only 7° candidate with minimum y?
is selected for the analysis. Here, y* is defined as ((Invariant mass - nominal PDG
mass)/c)’. Further event is rejected if the selected 7 has y* larger than 0.2. This

condition helps in substantial, ~ 67%, reduction in background from 7° with about

20% of the signal loss.

4.3.5 Best Candidate Selection (BCS)

After applying all the selection cuts, the multiplicity of DI candidates is found
to be less than 1% for each decay mode used in this study. Candidate multiplicity
is defined as the number of events that have more than one candidate out of a

total number of events. Out of multiple D" candidates, only one candidate with
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the reconstructed mass closest to the nominal D" mass will retain. Table
summarizes the candidate multiplicity and BCS efficiency corresponding to different

decay modes. BCS efficiency is defined as

Number of correct candidates selected in BCS

BOS = Number of true events having candidate multiplicity > 1
Decay mode | Candidate Multiplicity(%) | Efficiency of BCS(%) |
D" — Df(¢r™)n” 0.04 99.1
DY — DHK *°K+) 0.08 98.2
Dt — D (¢nt)y 0.07 98.5
Dt = DF(K™K")y 0.05 90.0

Table 4.2: Candidate multiplicity and efficiency of best candidate selection corre-
sponding to different decay channels.

4.4 Reconstructed D" candidates

After applying the above selection criteria, a clean sample of Dt candidates is ob-
tained. Figures and display the invariant mass of the DI candidate and
AM distribution for the D" — D (¢n")7x® and DI — D:(I{*OKJF)WO decays,
respectively. These distributions depict signal and background components sepa-
rately. Figures and represent the 2D scatter plot of signal (left distribu-
tion) and background (right distribution) components between AM and M (D) for
D — DY (¢pn")a° and DIt — D:(K_ K70 decays, respectively. These dis-
tributions demonstrate that there is no correlation between the AM and M (D)
variables. Therefore, there is no bias from the correlation of these two variables in

parameter estimation and ensures precise measurement. The signal and the back-

ground are selected through truth matching.

Background observed in the decay mode DIt — D:(¢7T+)7TO has two distinct
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components. First, there is a contribution from fake 7° candidates resulting from
fake or mis-reconstructed 7° candidates combined with genuine D candidates. A

peaking structure in M (D]) is observed due to this fake 7 background. Second,

the background also includes a combinatorial component.

For the D" — DFK*K')n° decay channel, the background is primar-
ily due to three sources: due to the fake or mis-reconstructed n° candidates,

Dt — Kt decay and combinatorial background. The background that arises

from Dt — K*%7" decay has a peaking structure in the lower signal region of the

AM distribution.

Figures and illustrate the invariant mass of the D candidate and AM

distribution for Dt — D (¢n")y and DT — D (K**K ™)y decays, respectively.
These distributions show signal and background components separately. Figures

and represent the 2D scatter plot of signal (left distribution) and background

(right distribution) components between AM and M (DY) for Dt — DX (¢nt)y

and D!t — DH(K e ")y decays, respectively. Similarly to the previous case, these
distributions demonstrate no correlation between the AM and M (D) variables,

therefore, there is no bias these variables in parameter estimation.

In the DIt — D~ decays, there are three different background contributions.

Firstly, there is a fake v background arises from the fake or mis-reconstructed
candidates recombining with the genuine D} candidates which result in the peaking
structure in the M(D]) distribution. Secondly, there is a background due to fake

DY candidates combined with real v candidates that leads to the peaking structure
in AM distribution, although its contribution is minimal. Lastly, the background

also includes a combinatorial component.
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Figure 4.7: (a) M(D;) and (b) AM distributions from D" — DJ (¢n ")y decay
channel, here magenta distribution is signal, the orange component represents the

fake D background and the green component represents fake v and combinatorial

backgrounds.
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Figure 4.9: M(DJ) vs AM correlation plot for DXt — DI (¢n ")y (a) signal and
associated (b) background events.
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Figure 4.10: M(DY) vs AM correlation plot for DT — DI (K**K ™)y (a) signal

and associated (b) background events.

These signal regions have varying signal purity i.e. 25-80% for different modes.
The signal purity for different modes is summarized in the Table[4.3] These selected

event samples fitted to extract the signal yield as discussed in the subsequent sec-

tions.
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| Process | Purity (%) |
D — D (¢prH)7” 45
Dt — DHEKK*)x° 24
D" — Df(¢n)y 82
Dt = DHEKOK ")y 74

Table 4.3: Purity of the decay modes of interest within the signal region.

4.5 Probability Density Functions

To determine the signal selection efficiency and to extract the signal yield, a two-
dimensional fitting of the invariant mass of D and the AM distributions is per-
formed. Probability Density Functions (PDFs) are used to fit signal and background

components as discussed below.

4.5.1 PDFs for D" — DI #° mode

For AM, the Johnson function [19] is used to model the signal contribution in the

D — Df (¢pn")n” and DIt — D (K*°K*)7" decays. Johnson function is defined

as:

PDFY, =

-1 B 2
0027) = eXp [—% (7 + dsinh ™! (—AM “AM>> ]
o
o1+ (2452) B

IAM
(4.4)

Here, ;1 and o are the mean and the width of the distribution whereas ¢ and

~ are the shape parameters.

To model signal contribution in M(D]) distribution, the sum of two Gaussian

functions and a bifurcated Gaussian function is used,

PDF]?/Z[Q = fls DG(MHMM?UM)Ulvf;) + (1 _ff) 'Gbg(M;H’MaO—Lao-R) (45)
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Here, DG(M; pips, 00s, 01, f5) is the double Gaussian function that represents the

sum of two Gaussian functions defined as:

DG(MQ/LMaUManf;) = fzs : G<M§,UM70M) + (1 - fQS) ) G(M;MM>UI) (4-6)

where, 0, = s X 0); and the Gaussian function is defined as:

G(M; p,0) = a\}% exp (—%('MJ;Q’M)) (4.7)

and Gy (M; iy, o) is a bifurcated Gaussian function and is defined as:

1 1 (M — p)*
Gy (M: 11, 0,) = B Sl 7 18
bg( % Ubg) O'bg\/% €xXp ( 9 O_gg ( )

where, 0, = oy, for M < p and o0, = o for M >

To model the combinatorial and fake 7° background contribution in AM dis-

tribution, the threshold function is used and defined as:

PDFY = (1 — exp (-%)) : (A—M>A +B- (A—M - 1) (4.9)

mgq mg

Since the fake 7° background in the M(D7) distribution has a peaking con-
tribution, the sum of Gaussian and bifurcated Gaussian functions is used to fit this

background.

0
pDF]\jZIkEW = f{) ’ DG(M,/L?\/[,O'g/[,O'I{,f;)) + (1 _ff) ’ Gbg(M;,U?\/[,U%,O'%) (410)

where, pb; = 6° 4+ py and by = s° x oy
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’ Variable ‘ Signal ‘ Combinatorial Bkg fake 7° ‘
AM Johnson Threshold function Threshold function
M(DH) Double Gauss. + 2" order . Double Gauss. +
¢/ | Bifurcated Gauss. | Chebyshev polynomial | Bifurcated Gauss.

Table 4.4: Summary of the PDFs for the fitting of D" — D (¢77)x° decay mode.

‘ Variables ‘ Signal ‘ Combinatorial ‘ DT — K" bkg. ‘ fake 7" ‘
AM Johnson Threshold Gaussian Threshold
M(D?) Double Gauss. + 2" order . 2" order . Double Gauss. +
8 Bifurcated Gauss. | Chebyshev Polynomial | Chebyshev polynomial | Bifurcated Gauss.

Table 4.5: Summary of the PDFs for the fitting of DT — DJ(I{*OKJF)WO decay
mode.
The 2™ order Chebyshev polynomial function is used to fit the combinatorial

background contribution in the M(D;") distributions.

PDFy,(M;ay, ay) = f.(a,M? + a;M + 1) (4.11)

In DIt - DH(K e +)7TO decay mode, there is also a background contribution
from DT — K*xt decay which is peaking in the AM and flat in the M(D;)
distribution. To fit this background contribution in AM, the Gaussian function is

used and to fit this in M(D]), a 2" order Chebyshev polynomial function is used.

PDFs for Dt — DI (¢nt)n° and Dt — DI (K*°K™)7° decays are summa-

rized in the Tables [4.4] and [4.5] respectively.

4.5.2 PDFs for DT — D~ mode

To fit the signal contribution in AM, the sum of the Johnson function as mentioned

in equation [4.4] and two Gaussian functions as defined in equation [4.7] is used,

PDFZ% = gis : DG(AM;MAM7UAM70AM1795) + (1 - gf) ) J<AM§NAM70J757 ’Y)
(4.12)
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‘ Variables ‘ Signal ‘ Combinatorial ‘ fake DT ‘ fake v ‘
AM Johnson + 2" order Gaussian 2" order
Double Gaussian | Chebyshev polynomial Chebyshev polynomial
M(DF) Double Gauss. + 2" order 2" order Double Gauss. +
s Bifurcated Gauss. | Chebyshev polynomial | Chebyshev polynomial Bifurcated Gauss.

Table 4.6: Summary of the PDFs for the fitting of D" — D (¢n ")y and DIt —

DI (K™K ™)y decay mode.

To model signal contribution for M(D]) distribution, the sum of Gaussian and

bifurcated Gaussian functions is used, which is defined in equation [£.5]

The fake v background is flat in AM distribution and peaking in the M(D])

distribution. Thus, to fit the fake v background in AM, 2" order polynomial func-
tion as defined in equation is used. To fit the peaking part of this background

in M(D]) distribution, the sum of the Gaussian and bifurcated Gaussian function

is used.

To fit the fake D} background, the Gaussian function in AM distribution and
the 2" order Chebyshev polynomial function in the M(D;) distribution is used.

To fit the combinatorial background, 2™ order polynomial function is used in both

the AM and M(D;") distributions. PDFs for the fitting of D;" — DI (¢7")y and

DIt — D:(K_ 0"~ decays are summarized in Table .

4.6 Signal selection efficiency

As discussed in the Section [4.1], the ratio of branching fraction given by the equation
, requires to measure ratio of the selection efficiency of the D™ — Dz’ and

D" — DI~ modes. The selection efficiency can be factorized as;

e(D:t — DIv) = (D) x () x e(combining DI with ) (4.13)
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e(DXT = DIn®) = ¢(Df) x e(n”) x €(combining D] with 7°) (4.14)

Here, the important component is ratio of selection efficiency of v and 7°. This ratio
can be measured using collision data in control channels such as n — 777 7" and

n — w7y as referenced in the e(n°) correction study [20]. Following method is

used to compute the ratio of efficiencies:
N = nt7 7% =e(n — 777 7°) x N(n) x B(n = 777~ 7°) (4.15)
Nin—=rtry)=eln— 7t7n77) x N(n) x B(n = w717 7) (4.16)
The efficiencies are expressed as follows:
e(n = 7ta 1) = e(n) x e(n7) x e(7°) x €(combining 777~ with 7°)  (4.17)
en =7 n7y) =eln") x e(n7) x €(y) x e(combining 77~ with 7) (4.18)
The ratio e(7”)/e(7) is then obtained as:

e(r)  e(n—atr ) _ N(np— rtrn°) y B(n—atn7y)
e(v)  en—oatry)  Nun—vtny) " Bnp—atn )

(4.19)

For the reconstruction of these control processes, the selection criteria is the
same, as discussed earlier, for the tracks, v, and 7. In addition, invariant mass is
required to lie in the window [0.52, 0.58] GeV/c* with resulting momentum larger

than 2 GeV. There is a significant difference in the kinematics of n and DY as shown

in Figure [4.11 which can introduce differences in the measured efficiencies.
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Figure 4.11: Shape comparison distributions of (a)p_o, (b) cosf o, (c)E, and (d)
cosf., between 1 and D:+ decays from data. Blue plots are for D:+’s decays and
black points are from 7’s decays. Lower plots show the ratio between D:+ and 7

decays.
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This difference is taken into account by a 2D reweighting procedure. Here, the

weights are calculated in the bins of the p o/E. and cos(f o /'y) which are applied

bin-by-bin to the events for control processes. Figure illustrates the kinematic

shape comparison of 7 and ~ after reweighting.
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Figure 4.12: Shape comparison distributions of (a)p o, (b) cosf o, (c)E, and (d)
costl, between 1 and D:+ decays from data after reweighting. Blue plots are for
D:+’s decays and black points are from 7’s decays. Lower plots show the ratio
between D! and 7 decays.

Signal yields are extracted by fitting the reweighted M (n) distribution in both

generic MC and data. For signal fitting, a sum of two Gaussian and bifurcated

Gaussian functions is utilized, while a 1* order polynomial function is employed for
background fitting. Figures and depict the fitting of the weighted M (n)

distribution for simulation and real data, respectively. In Table a summary of

the measurement of (7°)/e(7y) following the reweighting process in both simulation
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and data is presented. The ratio of selection efficiencies of 7 and v, e(7°)/e(7), is

measured to be 0.699 + 0.010 and 0.640 + 0.006 for data and simulations, respec-

tively.

Observables

Data (424 tb™)

Simulations (400 fb™")

N(n— nta a0
N(np— 7 7 7)
B(n— nta )
B(n— a7 7y)

e(m")/e(v)

1544885 + 3547
410892 + 1631
0.2302 £ 0.0025
0.0428 £ 0.0007
0.699 = 0.010

744192 £ 3123
235166 £ 2074
0.2274
0.046
0.640 £ 0.006

Table 4.7: Signal yields, branching fractions and () in data and simulations after

reweighting of 1 decay modes
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Figure 4.13: 1D unbinned maximum likelihood fitted M(n) distribution in (a) n —
7ta 7" and (b) n — 777 v decay modes in generic MC samples (400 fb™ 1), blue

curve shows total fit, black points are data points, red dotted represents signal and

cyan dashed lines represent background.
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Figure 4.14: 1D unbinned maximum likelihood fitted M(n) distribution in (a)
n — 7 7 7 and (b) n — 7w decay modes in Belle II data including procl3
and prompt dataset corresponding to 424 fbfl, blue curve shows total fit, black
points are data points, red dotted represents signal and cyan dashed lines represent
background.

4.7 Signal yield extraction

The signal yield is extracted by two-dimensional extended maximum likelihood

fit of the M(D}) and AM for the D'* — D, (¢nt)r°, D — DH(KK)r,

D" — D (¢n")y, and DI — DI (K**K™)y decay channels for the data events.
The fitting is performed using the signal and background PDFs as discussed in Sec-
tion [4.60l Before getting there, it is important to validate fitting setup with MC

samples.

To extract the signal yield from MC samples during fitting, the mean, sigma
and yield of the signal and background are allowed to vary. Whereas the shape
parameters of the signal PDFs are fixed as derived from the fitting of signal MC
samples. Furthermore, the background parameters of the non-peaking background

are determined by separately fitting the background distributions from the generic
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MC samples.

For the peaking backgrounds (fake 7° background in case of D" — Dfxn°

decays and fake v and fake D} background in D:* — DX~ decays) in M (DY)
and AM, the mean and sigma parameters are parameterized based on those of

the signal while maintaining a fixed shape from MC. Figures [4.15] [4.16] .17, and

[4.18) illustrates the two-dimensional unbinned maximum likelihood fitting of the

AM and M (DY) distributions for the Dt — DI (¢pn*)z", DI — D:(I{*OKJF)WO,
Dt — Df(¢n")y, and DIt — Dj([{ *K ")~ decay channels. Table compares
the signal yield extracted from the fitting and the yield estimated for the integrated

luminosity of 424 fb~'. The signal yield extracted from the fitting is consistent with

the MC predictions which establishes the robustness of the fitting setup.
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Figure 4.15: The 2D unbinned maximum likelihood fitted MC distribution of AM
(left) and M (DY) (right) for the D" — D (¢7 )" mode. The data is shown by
black markers whereas contribution of signal, combinatorial background and fake w0
background is shown with red dotted, green dashed and cyan dashed, respectively.
The bottom panel shows the pull distributions.
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Figure 4.17: The 2D unbinned maximum likelihood fitted MC distribution of AM
(left) and M (DY) (right) for the DY — D (¢n")y mode. The data is shown
by black markers whereas contribution of signal, combinatorial background, fake ~
and fake D;r backgrounds is shown with red dotted, green dashed, cyan dashed and
purple dashed lines, respectively. The bottom panel shows the pull distributions.
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Figure 4.18: The 2D unbinned maximum likelihood fitted MC distribution of AM

(left) and M(DJ) (right) for the DXt — DI (K* K ')y mode. The data is shown
by black markers whereas contribution of signal, combinatorial background, fake ~

and fake Dj backgrounds is shown with red dotted, green dashed, cyan dashed and

purple dashed lines, respectively. The bottom panel shows the pull distributions.

Process ‘ Yield scaled at 424 fb™" ‘ Expected yield at 424 fb~! ‘
D" — D (¢n™)7° 2899 + 68 2925
Dt = DY (KK )’ 2885 =+ 102 2939
DIt — DI (¢n)y 71773 + 373 71814
D — DHKK )y 70987 + 423 71944

Table 4.8: Signal yield (statistical uncertainty) corresponding to different decay

channels and comparison between extracted signal yield and expected signal yield

at 424 fb! luminosity.

The fitting procedure is further validated using the pseudo experiment with

the help of MC events. The pull distribution and linearity test suggest robustness
and stable performance of the fitting procedure. Figures and show the pull

distributions for D" — DI 7" and Dt — D}~ decay channels, respectively. Pulls

are calculated as (Np; — Ny, )/0(Nyy), where N, is the generated yield and Ny

is the fitted yield using the same PDFs employed to extract the signal yield. The

pull distributions have mean and sigma consistent with 0 and 1, respectively, which

establishes the robustness of the fitting method.
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80 pullMean = 0.017 + 0.020

pullMean = 0.020 +0.031
pullSigma = 0.974 +0.022

45
pullSigma = 0.915 + 0.014
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In the linearity test, 1000 pseudo experiments are performed with varying
signal yields. Figures and show the extracted yield as a function of the
signal yield set in the input. It is clear from the fitted line that there is a good
consistency between the input and the extracted signal yields. These closure tests
establish the robustness of the fitting procedure and can be used for the fitting data

distribution to extract the signal yield.
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4.7.1 Yield extraction in data

After establishing the robustness of the fitting procedure, the same approach is used
for the signal yield in the real data. To minimize the bias from MCs, the sigma
and mean for the signal PDFs are allowed to vary. For the peaking background in
M (DY), the mean and sigma are parameterized in such a way that these depend on

the floated parameters of the signal.

Regarding the non-peaking backgrounds, the thresholds are fixed whereas

the parameters of the polynomial functions are floated. Additionally, in the AM

distribution of the DT — DI (K**K™)x° decay, the mean of the peaking back-

ground (from D% — KOr+ decay) is varied. This flexible approach ensures

robustness in our analysis by adjusting for any disparities between the Belle II

data and MC simulations. Figures 4.23] [4.24] |4.25| and [4.26] illustrate the two-

dimensional unbinned maximum likelihood fitting of the AM and M (D) distribu-

tions for the D! — D (¢7")7°, D — DHKK*)x°, D** — Df (¢nt)y, and

DXt — DI (K**K ™)y decay channels for Belle IT data, respectively. The extracted

signal yield from different decay channels is summarized in Table [4.9]

Process Signal Yield (424 fb™)
DX — DI (¢ )z’ 1875 + 77

Dt = DH KK )x” 1932 + 75

DIt — DX (o¢nt)y 42398 + 292

D — DHK™K ")y 43023 + 345

Table 4.9: Signal yield (statistical uncertainty) from Belle IT data corresponding to
different decay channels.
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4.8 Systematic Uncertainties

Systematic uncertainties are deviations or limitations that occur from factors such
as the measurement methodology, experimental configuration and theoretical frame-
works used in the analysis. Unlike statistical uncertainties, which decrease with
larger data samples, systematic uncertainties are intrinsic to the measurement pro-
cess and cannot be significantly reduced by increasing the dataset size. Instead, they
must be quantified and included in the analysis to ensure an accurate interpretation

of the results.

In the present analysis, the branching fraction of D" — D}z® is measured

*

** — D+, so most of the systematics

with respect to the branching fraction of the D
will cancel in the ratio. The remaining systematics are explained in the following
subsections.

4.8.1 Dependence of branching fraction on p*(D:™)

The main source of systematic uncertainty (6.8%) in the BaBar study [5] was iden-
tified to be the dependence of branching fractions on center-of-mass momentum of
Dt candidate, p*(D:'). A similar procedure is adopted to obtain the associated
systematic uncertainty. The measurement of B(D:t — DI=%)/B(D:" — Df~v) is
repeated within intervals of p*(D:"). We fit the ratio of branching fractions as a
function of p* using both a constant function and a first-order polynomial function.
Figure displays the branching fractions as a function of p* fitted with both
a constant function and a first order polynomial function. This difference in the
integral of the two fit functions is considered as a measure of the associated sys-
tematic uncertainties. The systematic uncertainty measured to be 1.6% which is

significantly lower compared to that measured in BaBar.
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Figure 4.27: Measured value of (a) B(D:t — D (¢x")x%)/B(D:" — DI (¢7T)y)

and (b) B(D:" — DJ(I{*OKjL)TrO)/B(D:JF — DH(K*™K™)y) in the intervals of
p*(D:Jr), error bars indicate the statistical error, blue solid line and red dashed
lines represent the constant fit and first order polynomial fit, respectively.

4.8.2 Measurement of 6(71'0)/6(’)/)

A reweighting process is used while measuring e(7°)/e(7). Each weight factor has
a statistical uncertainty which is considered to evaluate the systematic uncertainty
due to the reweighting process. For this uncertainty, 100K toys are generated where

the weight factor is varied within the associated statistical uncertainties. Figure

shows the distribution of €(7%)/e(v) for 100K toys. This distribution follows
the Gaussian function and the standard deviation of this Gaussian distribution with

respect to the mean will be the uncertainty on the e(7°)/e(7) due to reweighting.

The 1o (0.0063) of this Gaussian distribution is considered as the system-
atic uncertainty and is measured as 0.9%. There is also a statistical uncertainty

on €(m”)/e(v) which is about 0.010 (1.43%), as shown in Table 4.7 These two

uncertainties are added in quadrature and considered as the total systematic un-
certainties due to the reweighing process in the measurement of e(7°)/e(v). 0.012

(1.7%) is measured as the total systematic uncertainty due to the e(7°)/e(7).
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4.8.3 Systematics on the PDFs

To estimate the systematic uncertainty due to fitting, each parameter of the fit func-

tion is varied with +10. The quadratic sum of the changes in the branching fraction

is taken as the systematic uncertainty due to the fitting. Table summarizes

the systematic uncertainties corresponding to D — ¢r" and D — KK decay

modes.

Source Df — ¢n* (%) | Df — K*YK* (%)
Fitting 1.2 2.5
e(m) /e(v) 1.7 1.7
p*(D:") dependence 1.6 1.6
Total 2.62 3.42

Table 4.10: Systematic uncertainties from all three sources for both D: — o

and D;r o KOkt decay modes.
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B(D:T DI n°
4.9 Measurement of the 32s =Ds 7 )
B(D;"—DJ~)
As discussed earlier the ratio can be written as:
B(D:* — D%y N(D:* — Dfr%)  e(v) (4.20)
B(D:* = Dfvy)  N(D;* = Div) = ") '

The selected efficiencies and yields are measured in previous sections are sum-
marized in Table 4.11] These numbers are used in equation to calculate the

ratio of branching fractions for different decay modes. Table summarized the

measured ratio of branching fractions for data and MC events, for D — ¢n and

Df — KK decay modes.

Observables Data Simulations
N(D:" — DY (¢n™)n) 1875 4+ 77 2899 + 68
N(D:" — Df (¢n)y) 42398 + 292 | 71773 + 373
N(D* = DH(K*KH)r% | 1932 + 75 2885 4 102
N(DI = DF(K*°K*)y) | 43023 + 345 | 70987 + 423
e(7%)/e(7) 0.699 =+ 0.010 | 0.640 + 0.006
Table 4.11: Selected efficiencies and extracted signal yields for both decay modes

of D for data and MC events.

Branching fractions Data Simulations

B(D:* DY (¢n)n")
B(D: DT (¢n" )v)
B(D:T DT (KK )x°)

0.063 = 0. 0026
0.064 £ 0.0025

0.0631 £ 0.0015
0.0634 £ 0.0022

B0 DT (KK )y

Table 4.12: Ratio of branching fractions corresponding to both decay modes of D
for data and MC events.

Further, the results from two decay modes of D: DI — ¢xt and DI —
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K* K" are combined using weighted average method of combining branching frac-
tions. The combined result provides a more precise estimate of the branching frac-
tion than from the single decay mode. The uncertainties associated with each mea-
surement are also taken into account in the combined result to provide a complete

assessment of the branching fraction and its uncertainty:.

In the weighted average method, each measurement of the branching ratio
from different decay channels is assigned a weight based on its statistical uncer-
tainty. These weights reflect the relative reliability and precision of each measure-
ment. The weighted average is calculated by summing the products of the branching
ratio and its corresponding weight for all measurements and dividing by the sum of

the weights.

Let’s BR; denote the branching fractions from different decay modes where
1 = 1,2,3,....., N represents each decay mode. Similarly, o, represents the total

uncertainty associated with each branching ratio BR;.

The weight assigned to each measurement BR; can be calculated using its

uncertainty as:

1
a;

Then, the weighted average branching fraction BR is calculated as follows:

N
_ ; . BR.
BR — Zz:l ]flVUl ()
D i1 Wi
This formula essentially calculates the weighted average by taking the sum of
the products of each branching ratio and its corresponding weight and dividing by

the sum of the weights.
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The uncertainty associated with the weighted average BR can be calculated

using the standard error of the mean, given by:

1
OBR = N

D i1 Wi

This formula accounts for the uncertainties of individual measurements and their

weights in determining the overall uncertainty of the weighted average. This ap-
proach ensures that measurements with smaller uncertainties contribute more to
the final result while taking into account the overall precision and reliability of each

measurement.

0.0634 + 0.0018 and 0.0632 £ 0.0013 are the final ratios of the branching

fractions calculated with weighted average method for data and MC, respectively.

To compile the systematic uncertainties from both decay modes of D, the
weighted average method is used similarly as used to compile the branching ratios.

Combined systematics calculated from the weighted average method from both de-

cay modes of D is 3%.

The branching fraction B(D:T — D 7%) with respect to B(D:t — DI~) using

the data corresponding to 424 fb™' luminosity collected by Belle II detector during

ete” collisions at or near Y(4S5) resonance is measured. The results is :

B(D:" — D%

— 2 = 0.0634 £ 0.0018 £ 0.0019
B(D;" — Dgv)

where the first uncertainty is the statistical and the second one is systematical
uncertainty. The results from the data are consistent with simulations and with the
previous measurements. A significant 50% reduction in the statistical uncertainty

is achieved and a 40% decrease in the overall uncertainty compared to the previous
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best measurements. Figure compares the B(D*" — DIz%/B(D:" — D~)

measured by different experiments with Belle II results.

CLEO PRD86,072005  0.062 + 0.004 + 0.006 8.
BaBar PRD72,091101  0.063 + 0.004 + 0.006 v g .
PDG 0.062 +0.007 ————%—
BESIII PRD107,03201  0.062 +0.002 + 0.004  ~————#———
Bellell(Work in Progress) 0.063 + 0.0018 + 0.0019 —a—
\ \ \ I
0.02 0.03 0.04 0.05 0.06 0.07

Figure 4.29: Comparison of B(D:t — DFx%)/B(D:" — D ~) measured by differ-
ent experiments with Belle II results.
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Chapter 5

Summary and Conclusion

This thesis is based on the study of the decays of charm meson using the Belle 11
experiment. The study of charm meson decays is crucial for advancing our under-
standing of the fundamental forces and particles in the universe by testing the lim-
its of current theories and exploring potential physics beyond the Standard Model.
Since the prediction of the charm quark’s existence, the study of the charm mesons
plays an important role in the flavor physics. The charm meson decays help to
probe the validity and limitations of the Standard Model, especially in understand-
ing weak interactions and CP violation. Investigating CP violation in charm decays
can provide insights to the matter dominated universe. The discovery of the charm
quark with the J/¢ meson confirmed the existence of the fourth quark predicted
by the GIM mechanism [1] that explains the suppression of Flavor Changing Neu-
tral Currents (FCNC). Precise measurements of the charm quark processes, such as
neutral charm meson mixing, CP violations, FCNCs and lepton flavor violation, can
potentially uncover new physics phenomena. Experiments like Belle I |2], BaBar [3]

and LHCb [4] have made a significant contribution in exploring the D meson decays.

The Belle II experiment located at the SuperKEKB accelerator [5] is the next-

generation B-Factory and has a significant improvement over the Belle [6] and the

123
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BaBar experiments [3]. Over the coming decades, the Belle II experiment will col-
lect billions of bottom mesons, charm mesons and 7 leptons generated by electron-
positron collisions at the SuperKEKB accelerator. This vast dataset collected under
controlled and low-background conditions offers an opportunity to measure hundreds
of parameters that validate the Standard Model and explore the potential existence
of new particles. Clean background environment, higher trigger efficiency, excel-
lent reconstruction of gamma and 7 particles, efficient flavor-tagging and access to
numerous control samples for systematic studies are some advantages of studying

charm physics at the Belle II experiment over the hadron experiments like LHCb.

The work presented in this thesis focuses on the measurement of the branch-
ing fraction B(D:" — DI 7") with respect to B(D:" — D). These precise mea-
surements hold significant importance in understanding the dynamics of strong in-
teraction processes involving charm quarks within the Quantum Chromodynamics
(QCD) [7]. It can also provide crucial input for theoretical models that allows a
deeper understanding of particle interactions, serving as a testbed for predictions
within the Standard Model of particle physics. Any deviations from the expected
branching fraction could indicate a presence of new physics beyond the Standard
Model. By comparing experimental measurements with theoretical predictions,
these theoretical models can be improved. Moreover, the precise and early mea-

surements obtained from the Belle II data also serve as valuable benchmarks for

evaluating the performance of the Belle II detector.

This measurement is based on the analysis of eTe™ collision data collected with

Belle II detector. The analyzed data corresponds to an integrated luminosity of 424
fb~!. An optimized criteria is devised to efficiently identify and reconstruct decay
modes DT — DI 7" and Dt — DI~. Here the D] candidate is considered to decay
into g7 and K*K*. The signal yield is extracted by performing a two-dimensional

extended maximum likelihood fit of invariant mass of DY, M(D{), and the mass
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difference of D" and DI, AM, distributions. The fitting procedure uses Probability
Density Functions (PDFs) for each decay mode. Different PDFs are applied to model
the signal and various background components such as combinatorial background
and fake 7° and ~ backgrounds. Signal selection efficiencies are calculated by using
the control sample of 1 decay modes. Various sources of systematic uncertainties
are investigated. Here dominant uncertainties arise from the efficiency corrections
for v and 7° reconstruction, dependence of branching fraction on the center of mass
momentum of DIt candidates and fitting model assumptions. The measured value

of the ratio is:

B(D:t — D%
B(D;" — DJ7)

= 0.0634 £+ 0.0018 £ 0.0019,

where the first uncertainty is the statistical and the second one is system-
atic uncertainty. A significant 50% reduction in statistical uncertainty and a 40%
decrease in overall uncertainty is achieved compared to the previous best measure-
ments. This analysis offers the most precise result to date. The measured branching
fraction ratio is consistent with the predictions from the Standard Model as well as
with the previous measurements by other experiments like CLEO [8], BaBar [9] and
BESIII [10]. This consistency shows the robustness in the fitting methodology and
reliability of the Belle II detector’s performance in conducting precision measure-
ments in charm physics. The predictions by the covariant model (0.079 £ 0.008) [11]
overestimate the measured values and, therefore, require further refinement.

These precise measurements are crucial for understanding QCD within the

Standard Model. These measurements provide valuable constraints on low-energy

phenomenological models and are essential inputs for determining key parameters

such as the DI decay constant, [p+, and the ¢ — s CKM matrix element, |V,,|.

Therefore, this study can provide a significant role in refining our understanding of

these fundamental processes.
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Societal Impact

Studying charm physics with the Belle II detector plays a unique role in society
from advancing fundamental scientific knowledge to encouraging global collabora-
tion. Charm meson decays help to understand the fundamental structure of the
universe. The Standard Model explains the basic building blocks of the universe
and the fundamental particles. These decays help to increase our knowledge re-
garding the universe by allowing us to study physics not explained by the Standard
Model such as dark matter, dark energy, nature of gravity, matter-antimatter asym-
metry, etc. Understanding particle behavior and forces could lead to new energy
sources, advanced materials, or technologies that could dramatically change society.
In addition to our theoretical understanding, experiments like Belle II have a great
impact on society. This thesis involves the statistical analysis of large datasets,
which play a fundamental role in the development and application of machine learn-
ing techniques. Various statistical methods used for the analysis such as classifying
data, making predictions and recognizing patterns are basics of machine learning al-
gorithms. In this way, there is a close connection between experimental high energy
physics and advancements in artificial intelligence and data science. Technological
advancements such as data analysis and machine learning, developed for the exper-
imental high energy physics detectors can be applied to various fields like medical
imaging, cybersecurity and big data analytics. A key example of this is the devel-
opment of the Positron Emission Tomography (PET) scans which is a critical tool
in modern medicine. Particle accelerators such as cyclotrons are used to produce
the radioisotopes required for PET scans that provide high resolution imaging of
internal body structures and are essential for detecting cancer. This technology
was initially developed for high energy physics research and became a foundation
of non-invasive medical diagnostics. Beyond these technological advancements, the
Belle IT experiment has played a major role in educating and training scientists and

engineers. These individuals develop expertise in fields such as physics, computer
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science and engineering. Skills such as problem-solving, data analysis and program-
ming acquired during working on particle physics experiments can also be used in
other sectors and have a significant contribution to academia, industry, and public
service. Working on experiments like Belle II can also promote the global scientific

collaboration. Researchers from all over the world contribute to the success of the

experiment. These relationships extend beyond the realm of physics by promoting
shared knowledge and technologies that can be applied to societal challenges such as
climate change, renewable energy and public health. Studying charm physics using
Belle IT detector has many benefits for society as a whole. The tools and technolo-
gies developed through this research help to address many questions that are not

explained by current models.
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We report a measurement of the D® and D™ lifetimes using D° - K~z" and D* — K~z z" decays
reconstructed in ete™ — c¢¢ data recorded by the Belle II experiment at the SuperKEKB asymmetric-
energy ete” collider. The data, collected at center-of-mass energies at or near the Y(4S) resonance,
correspond to an integrated luminosity of 72 fb~!. The results, 7(D°) = 410.5 4 1.1(stat) & 0.8(syst) fs
and 7(D') = 1030.4 £ 4.7(stat) + 3.1(syst) fs, are the most precise to date and are consistent with

previous determinations.

DOI: 10.1103/PhysRevLett.127.211801

Accurate predictions of lifetimes of weakly decaying
charmed and bottom hadrons are challenging because they
involve strong-interaction theory at low energy. Predictions
must resort to effective models, such as the heavy-quark
expansion [1-6], which also underpin strong-interaction
calculations required for the determination of fundamental
standard-model parameters from hadron-decay measure-
ments (e.g., to extract the strength of quark-mixing cou-
plings from decay widths). Precise lifetime measurements
provide excellent tests of such effective models. Lifetimes
are also important inputs for a wide variety of studies
because they are needed to compare measured decay
branching fractions to predictions for partial decay widths.

Weakly decaying charmed hadrons have lifetimes rang-
ing from about 0.1 to 1 ps [7]. The world averages of the D°
and D lifetimes, 410.1 4+ 1.5 and 1040 & 7 fs, are almost
exclusively determined from systematically limited per-
mille-precision measurements made by FOCUS two dec-
ades ago [7,8]. Recently, the LHCb Collaboration precisely
measured the lifetimes of the D] meson and charmed
baryons relative to that of the D™ meson [9-12]. Such
relative measurements minimize Systematic uncertainties
due to decay-time-biasing event-selection criteria that are
particularly severe at hadron colliders. By contrast, experi-
ments at eTe~ colliders, owing to the reconstruction of
large charmed hadron yields without decay-time-biasing
selections, have a great potential for absolute lifetime
measurements. With the first layer of its vertex detector
only 1.4 cm away from the interaction region, the Belle II
experiment at the SuperKEKB asymmetric-energy ete™
collider [13,14] obtains a decay-time resolution two times
better than the Belle and BABAR experiments [15], ena-
bling high precision for the measurement of charmed
lifetimes with early data. To limit systematic uncertainties
this potential must be complemented with an accurate

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

vertex-detector alignment, a precise calibration of
final-state particle momenta, and powerful background
discrimination.

In this Letter, we report high-precision measurements of
the D° and D* lifetimes using D** — D°(— K~ zt)z™*
and D't — D¥(— K~ z2"2")z° decays reconstructed in
the data collected by Belle II during 2019 and the first half
of 2020 at center-of-mass energies at or near the Y(4S)
resonance. (Charge-conjugate decays are implied through-
out.) The data correspond to an integrated luminosity of
72 tb~!. At Belle I, D** mesons from ete™ — ¢ events
are produced with boosts that displace the D° and D™
decay points from those of production by approximately
200 and 500 um on average, respectively. The decay time is

measured from this displacement L, projected onto the

direction of the momentum p as t = mpL - p/ |p|?, where
myp, is the known mass of the relevant D meson [7]. The
decay-time uncertainty o, is calculated by propagating

the uncertainties in L and P, including their correlations.
The lifetimes are measured using a fit to the (7,0,)
distributions of the reconstructed decay candidates. The
sample selection and fit strategy have been optimized and
validated using simulation; however, no input from simu-
lation is used in the fit to data. To avoid bias, we inspected the
lifetimes measured with the full data sample only after the
entire analysis procedure was finalized and all uncertainties
were determined. However, we examined the results from
the subset of data collected during 2019 (approximately 13%
of the total) before the analysis was complete.

The Belle II detector [13] consists of several subsystems
arranged in a cylindrical structure around the beam pipe.
The tracking system consists of a two-layer silicon-pixel
detector (PXD), surrounded by a four-layer double-sided
silicon-strip detector (SVD) and a 56-layer central drift
chamber (CDC). Only two out of 12 ladders were installed
in the second layer of the PXD for this data sample. The
combined PXD and SVD system provides average decay-
time resolutions of about 70 and 60 fs, respectively, for the
D? and D* decays considered here. A time-of-propagation
counter and an aerogel ring-imaging Cherenkov counter
that cover the barrel and forward end cap regions of the
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detector, respectively, are essential for charged-particle
identification. The electromagnetic calorimeter fills the
remaining volume inside a 1.5 T superconducting solenoid
and serves to reconstruct photons and electrons. A dedi-
cated system to identify K mesons and muons is installed
in the outermost part of the detector. The z axis of the
laboratory frame is defined as the central axis of
the solenoid, with its positive direction determined by
the direction of the electron beam.

The simulation uses KKMC [16] to generate quark-
antiquark pairs from ete™ collisions, PYTHIA8 [17] for
hadronization, EVTGEN [18] for the decay of the generated
hadrons, and GEANT4 [19] for the detector response.

The reconstruction [20-22] and selection of the signal
candidates avoid any requirement that could bias the decay
time or introduce a variation of the efficiency as a function
of decay time, as checked in simulation. Events are first
selected by vetoing events consistent with Bhabha scatter-
ing and by requiring at least three tracks with loose upper
bounds on their impact parameters and with transverse
momenta greater than 200 MeV/c. These three tracks are
not necessarily associated with the decay modes being
reconstructed.

Candidate D — K~z decays are formed using pairs of
oppositely charged tracks. Each track must have a hit in the
first layer of the PXD, at least one hit in the SVD, at least 20
hits in the CDC, and be identified as a kaon, if negative, or
else a pion. Low-momentum pion candidates are tracks
consistent with originating from the interaction region that
are required to have hits both in the SVD and CDC. They
are combined with D° candidates to form D** — DOz
decays. A global decay-chain vertex fit [23] constrains the
tracks according to the decay topology and constrains the
D** candidate to originate from the measured position of
the eTe™ interaction region (IR). Only candidates with fit
x> probabilities larger than 0.01 are retained for further
analysis. The IR has typical dimensions of 250 ym along
the z axis and of 10 and 0.3 pm in the two directions of the
transverse plane. Its position and size vary over data taking
and are regularly measured using ete™ — utu~ events.
The mass of the D° candidate m(K~z") must be in the
range [1.75,2.00] GeV/c?. The difference between the
D** and D° candidate masses Am must satisfy 144.94 <
Am < 14590 MeV/c?> (+3 times the Am resolution
around the signal peak). Since the D is assumed to
originate from the IR, charmed mesons originating from
displaced decays of bottom mesons would bias the lifetime
measurement. They are suppressed to a negligible rate
by requiring that the momentum of the D** in the ete”
center-of-mass system exceeds 2.5 GeV/c. After requiring
1.851 < m(K=z") < 1.878 GeV/c?>  (signal  region),
multiple D*" candidates occur in a few per mille of
the selected events. In such events, one randomly selected
candidate is retained for subsequent analysis.
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FIG. 1. Mass distributions of (top) D — K~z* and (bottom)

Dt - K n"z" candidates with fit projections overlaid. The
vertical dashed and (for the bottom plot) dotted lines indicate the
signal regions and the sideband, respectively.

The signal region contains approximately 171 x 103
candidates with a signal purity of about 99.8%, as deter-
mined from a binned least-squares fit to the m(K~z™")
distribution (Fig. 1). In the fit, the D — K~z" signal is
modeled with the sum of two Gaussian distributions and a
Crystal Ball function [24]; misidentified decays of D° —
atzx~ and D° — K*K~, each modeled with a Johnson’s S,
distribution [25] with parameters determined from simu-
lation, do not enter the signal region; the remaining
background, modeled with an exponential distribution, is
dominated by candidates formed by random combinations
of particles.

The selection of the D** — D*(— K~z*2")2" candi-
dates follows similar criteria to those for the DY mode, but
with more stringent requirements to suppress a larger
background contamination. Tracks identified as kaons or
pions are required to have a hit in the first layer of the PXD,
at least one hit in the SVD, and at least 30 hits in the CDC.
They are combined to form D™ — K~z "z " candidates. To
suppress backgrounds from misreconstructed charmed-
hadron decays, such as four-body hadronic or semileptonic
decays, the lower-momentum pion must have momentum
exceeding 350 MeV/c and the higher-momentum pion
must not be identified as a lepton. Candidate 7° — yy
decays are reconstructed using photon candidates from
calorimetric energy clusters that are not associated with a
track. Each photon energy must be larger than 80, 30, or
60 MeV if detected in the forward, central, or backward
region, respectively, of the calorimeter. Neutral-pion can-
didates with masses in the range [120, 145] MeV/c? and
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momenta larger than 150 MeV/c¢ are combined with D"
candidates to form D** — D*z% decays. The D** decay
chainis fitusing IR and z° mass constraints. Only candidates
with fit > probabilities larger than 0.01 are retained. The
mass of the D" candidate, m(K~z"z"), must be in the range
[1.75,2.00] GeV/c? and the difference between the D**
and D* masses in the range [138, 143] MeV/c? (43 times
the Am resolution around the signal peak). The momentum
of the D** in the e™e™ center-of-mass system must exceed
2.6 GeV/c to suppress D** candidates from bottom mes-
ons. This requirement is tighter than that used for D°
candidates because of the less-precise 7 -momentum
resolution.

The signal region in m(K z"z') is defined as
[1.855,1.883] GeV/c? (Fig. 1). It contains approximately
59 x 10 candidates after randomly selecting one D**
candidate for the percent-level fraction of events where
more than one is found. A binned least-squares fit to the
m(K~z"z") distribution identifies about 9% of candidates
in the signal region as background. Simulation shows that
such background is composed of misreconstructed
charmed decays and random track combinations. In the
fit, the D — K~ 2"zt signal is modeled with the sum of
two Gaussian distributions and a Crystal Ball function; the
background is modeled with an exponential distribution.

The lifetimes are determined with unbinned maximum-
likelihood fits to the (7, 0,) distributions of the candidates
populating the signal regions. Each signal probability-
density function (PDF) is the convolution of an exponential
distribution in # with a resolution function that depends on
o,, multiplied by the PDF of o,. In the D™ case, simulation
shows that a Gaussian distribution is sufficient to model the
resolution function. The mean of the resolution function is
allowed to float in the fit to account for a possible bias in
the determination of the decay time; the width is the per-
candidate o, scaled by a free parameter s to account for a
possible misestimation of the decay-time uncertainty. The
fitreturns s & 1.12 (1.29) for the D° (D) sample. In the D°
case, an additional Gaussian distribution is needed to
describe the 3% of candidates with poorer resolution.
This second component shares its mean with the principal
component but has its own free scaling parameter (s" = 2.5)
for the broader width.

In the DY case, the signal region contains a 0.2% fraction
of background candidates. Sensitivity to the background
contamination and its effects on the decay-time distribution
is very limited. For the sake of simplicity, the background is
neglected in the fit and a systematic uncertainty is later
assigned. In the D™ case, the signal region contains a non-
negligible amount of background, which is accounted
for in the fit. The background is modeled using data
with m(K~ztz") in the sideband [1.758,1.814] U
[1.936,1.992] GeV/c? (Fig. 1), which is assumed to
contain exclusively background candidates and be repre-
sentative of the background in the signal region, as verified

in simulation. The background PDF consists of a zero-
lifetime component and two exponential components, all
convolved with a Gaussian resolution function having a
free mean and a width corresponding to so,. To better
constrain the background parameters, a simultaneous fit
to the candidates in the signal region and sideband is
performed. The background fraction is Gaussian con-
strained in the fit to (8.78 £ 0.05)%, as measured in the
m(K~n"n") fit.

The PDF of o, is a histogram template derived directly
from the data. In the fit to the D° sample, the template is
derived assuming that all candidates in the signal region are
signal decays. In the fit to the D* sample, the template is
derived from the candidates in the signal region by
subtracting the scaled distribution of the sideband data.
The PDF of o, for the background is obtained directly from
the sideband data.

The lifetime fits are tested on fully simulated data and on
sets of data generated by randomly sampling the PDF with
parameters fixed to the values found in the fits to the data.
All tests yield unbiased results and expected parameter
uncertainties, independent of the assumed values of the DO
and DV lifetimes.

The decay-time distributions of the data, with fit pro-
jections overlaid, are shown in Fig. 2. The measured D°
and DT lifetimes 410.5 + 1.1(stat) = 0.8(syst) fs and
1030.4 + 4.7(stat) & 3.1(syst) fs, respectively, are consis-
tent with their world averages [7]. The systematic uncer-
tainties arise from the sources listed in Table I and
described below. The total systematic uncertainty is the
sum in quadrature of the individual components.
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FIG. 2. Decay-time distributions of (top) D’ - K~z and

(bottom) D" — K~ ztz" candidates in their respective signal
regions with fit projections overlaid.
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TABLE I. Systematic uncertainties.

Source 7(D) [fs] (D) [fs]
Resolution model 0.16 0.39
Backgrounds 0.24 2.52
Detector alignment 0.72 1.70
Momentum scale 0.19 0.48
Total 0.80 3.10

The decay time and decay-time uncertainty are observed
to be correlated in data and simulation reproduces these
effects well. The dominant effect is that small o, values
correspond to larger true decay times (and vice versa).
These correlations, when neglected in the fits, result in an
imperfect description of the ¢ distribution as a function of
0,. To quantify the impact on the results, our model that
neglects the correlations is fit to 1000 samples of signal-
only simulated decays, each the same size as the data. The
samples are obtained by resampling, with repetition, a set
of simulated e e~ collisions corresponding to an integrated
luminosity of 500 fb~'. Upper bounds of 0.16 and 0.39 fs
on the average absolute deviations of the measured life-
times from their true values are derived and assigned as the
systematic uncertainty due to the imperfect resolution
model for the D° - K=zt and D' —» K zTz" cases,
respectively. For signal decays, the bias of the decay-time
resolution function depends nearly linearly on the candi-
date mass and may not average out when the mass range is
restricted. Varying the boundaries of the signal region
shows that such a correlation has a negligible effect upon
the measured lifetimes.

The background neglected in the D° — K~z fit could
result in a systematic bias on the measured lifetime. To
estimate the size of the bias, we fit our model that neglects
the background to 500 resampled sets of simulated e*e™
collisions, each having the same size and signal-to-
background proportion as the data. The measured lifetimes
are corrected by subtracting the bias due to the neglected ¢
vs o, correlations. The average absolute difference between
the resulting value and the simulated lifetime, 0.24 fs, is
assigned as a systematic uncertainty due to the neglected
background contamination in the D° — K~z fit.

The background contamination under the Dt —
K- nn" peak is already accounted for in the fit of the
DT lifetime using sideband data. In simulation, the side-
band (f,0,) distribution describes the background (7, s,)
distribution in the signal region well. The same might not
hold in data given that some disagreement is observed
between data and simulation in the ¢ distribution of the
candidates populating the sideband. We fit to one thousand
samples of simulated data obtained by sampling the fit PDF
for the signal region and by resampling from the simulated
ete™ collisions for the sideband. The resulting samples
feature sideband data that differ from the background in the

signal region with the same level of disagreement as
observed between data and simulation. The absolute
average difference between the measured and simulated
lifetimes, 2.52 fs, is assigned as a systematic uncertainty
due to the modeling of the background (7, 5,) distribution.
In the lifetime fit, the fraction of background candidates
in the signal region is constrained from the fit to the
m(K~z"z") distribution. When we change this back-
ground fraction to values obtained from fitting to the
m(K~z"z") distribution with alternative signal and back-
ground PDFs, the change in the measured lifetime is
negligible.

During data taking, a periodic calibration determines the
alignments and surface deformations of the internal com-
ponents of the PXD and SVD and the relative alignments of
the PXD, SVD, and CDC using e*e™ -collision, beam-
background, and cosmic-ray events [26]. Unaccounted-for
misalignment can bias the measurement of the charmed
decay lengths and hence their decay times. Two sources of
uncertainties associated with the alignment procedure are
considered: the statistical precision and a possible system-
atic bias. Their effects are evaluated using simulated signal-
only decays reconstructed with a misaligned detector.
For the statistical contribution, we consider configurations
derived from comparison of alignment parameters deter-
mined from data acquired on two consecutive days. These
configurations have magnitudes of misalignment compa-
rable to the alignment precision as observed in data
averaged over a typical alignment period. For the system-
atic contribution, we consider configurations derived from
simulation studies in which coherent global deformations
of the vertex detectors (e.g., radial expansion) are intro-
duced [27]. These deformations have magnitudes, deter-
mined by the most misaligned sensors, ranging from about
50 to 700 um. The alignment procedure determines the
magnitude of these deformations within 4 ym accuracy.
We consider configurations in which the CDC is perfectly
aligned and configurations in which it is misaligned.
Possible effects on the determination of the IR are also
introduced by using parameters measured on misaligned
samples of simulated eTe™ — u"u~ events, to fully mimic
the procedure used for real data. For each misalignment
configuration, we fit to the reconstructed signal candidates
and estimate the lifetime bias. We estimate the systematic
uncertainty due to imperfect detector alignment as the sum
in quadrature of the largest biases observed in each of the
statistical and systematic contributions. The resulting
uncertainties are 0.72 and 1.70 fs for D° - K~z* and
DT — K~ztz" decays, respectively. The absolute length
scale of the vertex detector is determined with a precision
significantly better than 0.01% and contributes negligibly
to the systematic uncertainty.

The measurement of momenta is calibrated with the peak
positions of abundant charmed-, strange-, and bottom-
hadron decays. Uncertainty in the scaling of the momenta
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results in a systematic uncertainty in the lifetimes of
0.19 fs for D° and 0.48 fs for D*. Uncertainties in the
D’ and DT masses [7] contribute negligibly to the
systematic uncertainty.

As a cross-check, a statistically independent measure-
ment of the D lifetime is performed using approximately
146 x 10° D** - D%(— K=z*a~a")x" decays recon-
structed in data with criteria similar to those used for the
D" — K~z* mode and a signal purity greater than 99%.
The resulting lifetime, 408.8 & 1.2(stat) fs, agrees with the
value determined from the D° — K~z" mode.

Finally, the internal consistency of the measurement is
tested by repeating the full analysis on various subsets of
the data, i.e., running periods and running conditions,
charmed-meson momentum and flight direction, and
D*t or D*~ candidates. We have also studied different
selection criteria and sideband definitions. In all cases, the
resulting changes in the lifetimes are insignificant.

In conclusion, the D° and D' lifetimes are measured
using eTe™ — cc data collected by the Belle II experiment
corresponding to an integrated luminosity of 72 fb~!. The
results,

7(D%) =410.5+ 1.1 (stat) 0.8 (syst) fs and (1)
7(D') =1030.4 £ 4.7 (stat) = 3.1 (syst) fs, (2)

are the world’s most precise to date and are consistent with
previous measurements [7]. Assuming that all systematic
uncertainties are fully correlated between the two mea-
surements, except those due to the background contami-
nation (assumed uncorrelated), the total correlation
coefficient is 18%. The ratio of lifetimes is
7(DT)/7(D%) = 2.510 + 0.013(stat) & 0.007(syst). These
results demonstrate the vertexing capabilities of the Belle II
detector and confirm our understanding of systematic
effects that impact future decay-time-dependent analyses
of neutral-meson mixing and mixing-induced CP violation.
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We measure the lifetime of the D] meson using a data sample of 207 fb~! collected by the Belle I
experiment running at the SuperKEKB asymmetric-energy e* e~ collider. The lifetime is determined by

fitting the decay-time distribution of a sample of 116 x 103 D} — ¢zt decays. Our result is
7pr = (499.5 + 1.7 £ 0.9) fs, where the first uncertainty is statistical and the second is systematic. This

result is significantly more precise than previous measurements.

DOI: 10.1103/PhysRevLett.131.171803

The lifetime of a particle, like its mass and spin, is one of
the fundamental properties that distinguishes it from other
particles. The lifetime is the reciprocal of the total decay
width, which is the sum of all partial decay widths. Each
partial width is proportional to the magnitude squared of
the sum of all decay amplitudes to a final state, and thus
every decay amplitude potentially affects the lifetime. As a
result, the lifetime can provide information about ampli-
tudes that are difficult to measure or calculate.

Lifetimes of D mesons are dominated by partial widths
to hadronic final states. The relatively long lifetime of the
DT meson, 2.5 times that of the D°, implies there is a
reduction in hadronic partial widths. This reduction is
attributed to destructive interference between a “spectator”
amplitude and a color-suppressed amplitude (Fig. 1, left)
[1]. The small difference in lifetimes of the D° and D7
mesons is attributed to the dominance of the spectator
amplitude for hadronic decays and different color factors
that enter subdominant “exchange” (D°) and “annihilation”
(DY) amplitudes [2]. The latter amplitude for DY decays
(Fig. 1, right) is Cabibbo favored and thus plays a larger
role than it does for D' decays, in which it is Cabibbo
suppressed.

Hadron lifetimes are difficult to calculate theoretically, as
they depend on nonperturbative effects arising from quan-
tum chromodynamics (QCD). Thus, lifetime calculations
are performed using phenomenological methods such as
the heavy quark expansion [3-8]. Comparing calculated
values with measured values improves our understanding
of QCD, which leads to improved QCD calculations of
other quantities such as hadron masses, structure functions,
etc. [9]. Measurements of the DY lifetime have been
reported by many experiments [10-16]; the world average
value is 7+ = (504 &= 4) fs [17]. In this Letter, we present
a new measurement of the D7 lifetime using D] — ¢n™
decays [18] reconstructed in 207 fb~! of data collected by
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the Belle II experiment [19,20]. The data were recorded at
an e e center-of-mass energy corresponding to the Y'(4S)
resonance, and at an energy slightly below. Our result has
significantly greater precision than the world average value.

The Belle II experiment runs at the SuperKEKB e™e™
collider [21]. The overall detector [19] has a cylindrical
geometry and includes a two-layer silicon-pixel detector
(PXD) surrounded by a four-layer double-sided silicon-
strip detector (SVD) [22] and a 56-layer central drift
chamber (CDC). These detectors reconstruct tracks (tra-
jectories of charged particles). Only one sixth of the second
layer of the PXD was installed for the data analyzed here.
The axis of symmetry of these detectors, defined as the
z axis, is almost coincident with the direction of the elec-
tron beam. Surrounding the CDC is a time-of-propagation
counter (TOP) [23] in the central region, and an aerogel-
based ring-imaging Cherenkov counter (ARICH) in the
forward region. These detectors provide charged-particle
identification. Surrounding the TOP and ARICH is an
electromagnetic calorimeter based on CsI(TI) crystals that
provides energy and timing measurements for photons and
electrons. Outside of the calorimeter is an iron flux return
for a superconducting solenoid magnet. The flux return is
instrumented with resistive plate chambers and plastic
scintillator modules to detect muons, K% mesons, and
neutrons. The solenoid magnet provides a 1.5 T magnetic
field that is parallel to the z axis.

u

u
d— <4¢———<4— ]

FIG. 1. Left: Spectator amplitude (top) and color-suppressed
amplitude (bottom). Right: Annihilation amplitude.

171803-2



PHYSICAL REVIEW LETTERS 131, 171803 (2023)

We use Monte Carlo (MC) simulated events to optimize
event selection criteria, calculate reconstruction efficien-
cies, and study sources of background. We generate
ete” = qq(q =u,d,s,c,b) events using the KKMC pack-
age [24] and simulate quark hadronization using the
PYTHIAS package [25]. Hadron decays are simulated using
EVTGEN [26], and the detector response is simulated using
GEANT4 [27]. Final-state radiation is included in the
simulation via PHOTOS [28]. Both MC-simulated events
and collision data are reconstructed using the Belle II
analysis software framework [29,30]. To avoid introducing
bias in our analysis, we analyze the data in a “blind”
manner, i.e., we finalize all selection criteria and the
fitting procedure before evaluating the lifetime of signal
candidates.

We reconstruct Di — ¢t decays by first reconstruct-
ing ¢ > KTK~ decays and subsequently pairing the ¢
candidate with a z* track. We select well-measured tracks
by requiring that each track have at least one hit (measured
point) in the PXD, four hits in the SVD, and 30 hits in the
CDC. We select tracks that originate from near the
interaction point (IP) by requiring |6z] < 2.0 cm and
or < 0.5 cm, where 0z is the displacement of the track
from the IP along the z axis, and 6r is the radial
displacement in the plane transverse to the z axis. The
IP position is measured at regular intervals of data taking
using e™e~ — uTu~ events. The spread of the IP position is
typically 250 pm in the z direction, 10 pm in the transverse
horizontal direction (x), and only 0.3 pm in the transverse
vertical direction (y). We have checked that none of the
above requirements, nor any subsequent selection require-
ments, bias the lifetime measurement.

We identify tracks as pions or kaons based on Cherenkov
light recorded in the TOP and ARICH, and specific
ionization (dE/dx) information from the CDC and SVD.
This information is combined to calculate a likelihood L ,
for a track to be a K™ or x'. Tracks having a ratio
Lx/(Lyx+ L,) > 0.60 are identified as kaon candidates,
while tracks having Lx/(Lx + L,) < 0.55 are identified
as pion candidates. These requirements are 90% and 95%
efficient for kaons and pions, respectively.

To reconstruct ¢p - K™K~ decays, we combine two
kaon candidate tracks having opposite charge and an
invariant mass satisfying 1.010 GeV/c? < M(KTK™) <
1.030 GeV/c?. This selected range retains 91% of ¢ —
K"K~ decays. We pair ¢ candidates with z* tracks to
form D] candidates and require that the invariant mass
satisfy a loose requirement of 1.922 GeV/c? < M(¢pn*) <
2.020 GeV/c?. We fit the three tracks to a common vertex
using the TREEFITTER algorithm [31]. The vertex position
resulting from the fit is taken as the decay vertex of the D .
The fit includes a constraint that the D7 trajectory be
consistent with originating from the IP; this constraint
improves the resolution on the DY decay time by a factor
of 3.

To eliminate D mesons originating from B decays,
which would not have a properly determined decay time,
we require that the momentum of the D} in the eTe”
center-of-mass frame be greater than 2.5 GeV/c. This
selection eliminates all D} mesons from B decays while
retaining 67% of those produced via eTe™ — cc. We
reduce background arising from random combinations of
¢ and z" candidates by requiring | cos 0| > 0.45, where
Ok is the angle in the ¢ rest frame between the K~
momentum and the direction of the D/ . This requirement
reduces combinatorial background by 40% while retaining
90% of signal decays. After applying all selection criteria,
about 2% of events have more than one D] — ¢n*
candidate. False signal candidates arise mainly from
combinations of ¢ decays with unrelated z+ tracks.
These do not peak in M(¢n") and are counted as back-
ground in our fits for signal yield and DY lifetime;
consequently, they have a negligible effect on the fitted
lifetime. We thus retain all signal candidates.

The final M(¢z*t) distribution is shown in Fig. 2. We
perform an unbinned maximum likelihood fit to M (¢z ™) to
determine the yield of DI — ¢n' decays. The signal shape
is modeled as the sum of two Gaussian functions and an
asymmetric Student’s ¢ distribution. The background con-
tains no peaking structure (> 95% consists of random
combinations of ¢ and z candidates) and is well-modeled
by a second-order polynomial. To measure the D} lifetime,
we select candidates having an invariant mass satisfying
1.960 GeV/c?* < M(¢pr*) < 1.976 GeV/c?. This range
retains 95% of DY — ¢zt decays. In this signal region,
the fit yields 115 560 signal decays and 9970 background
events; the signal purity (ratio of signal over the total)
is 92%.

b 16000

S L4000 Belle Il I Data

[0} —1

= 12000 _[ L dt=207 b — Total fit

----- Background

¥ .
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FIG. 2. Distribution of M(¢a") for D] — ¢z candidates, with
the fit result overlaid. Black dots correspond to the data; the red
dashed curve shows the background component; and the blue solid
curve shows the overall fit result. Vertical dotted lines denote the
signal region, and vertical dot-dashed lines denote the upper and
lower boundaries of the lower and upper sidebands (see text). The
corresponding pull distribution is shown in the lower panel, where
the pull is defined as (data — fit) /(statistical uncertainty in data).
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The decay time of a Dy candidate is calculated as

d-p
t= <2 )mD:r, (1)
p

where d is the displacement vector from the IP to the D]
decay vertex, p is the DY momentum, and m p: is the
known D; mass [17]. The average resolution on 7 is 108 fs.
We determine the D lifetime by performing an unbinned
maximum likelihood fit to two observables: the decay time
t and the per-candidate uncertainty on ¢ (o,) as calculated

from the uncertainties on d and p. The likelihood function
for the ith candidate is given by

L(z

tiv 6;) = fsigPsig<ti T, Gi)Psig(GD
+ (1 = fuig) Poke(']0}) Prig (01).  (2)

where f, is the fraction of events that are signal Dl —
¢rt decays; Pgg(t]7,0,) and Py,(tlo,) are probability
density functions (PDFs) for signal and background events
for a reconstructed decay time ¢, given a D7 lifetime 7 for
signal and an uncertainty o,; and Pg,(0,) and Py, (o,) are
the respective PDFs for o,. To reduce highly mismeasured
events that are difficult to simulate, we impose loose
requirements —2000 fs < r <4000 fs and o, < 900 fs.
These requirements reject less than 0.1% of signal
candidates.

The signal PDF is the convolution of an exponential
function and a resolution function R:

Psig<ti

. 1 , . .
7,00) = ;/e"/’R(t’ —tsu,s,00)dt’,  (3)

where R(t' — t';u, s, 61) is a single Gaussian function with
mean y and a per-candidate standard deviation s x o'. The
scaling factor s accounts for under- or over-estimation of
the uncertainty o. The PDF Py, (t]o,) is determined by
fitting the decay-time distribution of events in the
M(¢pr*) “upper” sideband 1.990 GeV/c? < M(¢prt) <
2.020 GeV/c?, which has no contamination from signal
decays with final-state radiation. We model Py, (t|o,) as
the sum of three asymmetric Gaussians with a common
mean. We use MC simulation to verify that the decay-time
distribution of background events in this sideband describes
well the decay-time distribution of background events in
the signal region.

The PDFs Pg,(0,) and Py, (o,) are taken to be finely
binned histograms. The former is determined from the o,
distribution of events in the signal region, after subtracting
the o, distribution of events in the M(¢z ") sideband. The
resulting Pg,(c,) distribution matches well that of MC-
simulated signal decays. The Py, (o,) distribution is
determined from background events in the M(¢pz™)

n

pay 10t Belle Il # Data

© Ldt=207 1" — Total fit
240? - - Background
[}

[0

Pull

FIG. 3. Distribution of # for D} — ¢z candidates, with the fit
result overlaid. Black dots correspond to the data; the red dashed
curve shows the background component; and the blue solid curve
shows the overall fit result. The corresponding pull distribution is
shown in the lower panel.

sideband. The signal fraction fg, is obtained from the
earlier fit to the M(¢z™) distribution (Fig. 2) and fixed in
this fit. Thus, there are three floated parameters: the lifetime
7, and the mean parameter x and scaling factor s of the
resolution function. These are determined by maximizing
the total log-likelihood >, In L(z|f',5}), where the sum
runs over all events in the signal region.

The result of the fit is 7 = 498.70 + 1.71 fs, where the
uncertainty is statistical only. The projection of the fit for ¢
is shown in Fig. 3 along with the resulting pulls; the
x> divided by the number of degrees of freedom
(100 —4 =96) is 1.02. The values u = 0.56 £ 0.86 fs
and s = 1.22 +0.01 obtained for the resolution function
are similar to those obtained from MC-simulated samples.

The main systematic uncertainties are listed in Table I
and evaluated as follows. Uncertainty arising from possible
mismodeling of the detector response and possible corre-
lations between ¢ and o, not accounted for by the resolution
function is assessed by fitting a large ensemble of MC
signal events. The mean of the fitted lifetime values is
calculated, and the difference of —0.85 fs between the
mean value and the input value is used to correct the fitted

TABLE I. Summary of systematic uncertainties.

Source Uncertainty (fs)
Resolution function +0.43
Background (¢, 6,) distribution +0.40
Binning of ¢, histogram PDF £0.10
Imperfect detector alignment +0.56
Sample purity +0.09
Momentum scale factor +0.28

D mass +0.02
Total +0.87

171803-4



PHYSICAL REVIEW LETTERS 131, 171803 (2023)

lifetime. We assign half of this correction as a systematic
uncertainty.

There is uncertainty arising from modeling the back-
ground decay-time distribution. We model this distribution
using background events in the upper M(¢r™) sideband
1.990 GeV/c? < M(¢pr) < 2.020 GeV/c?. To evaluate
uncertainty in this model, we choose a lower sideband
1.922 GeV/c? < M(¢pn*) < 1.946 GeV/c?, a combina-
tion of the two sidebands, and also the MC-simulated
background distribution in the signal region. The largest
difference observed between the resulting fitted lifetime
and our nominal result is assigned as a systematic
uncertainty.

We model both signal and background o, distributions
using histogram PDFs, and there is systematic uncertainty
arising from our choice for the number of bins (i.e.,
statistical fluctuations of the sideband data used to obtain
the histogram PDF). We evaluate this by changing the
number of bins from the nominal value (80) to other values
in the range 60—400. For each choice of binning, we refit
for 7. The largest difference observed between the resulting
values and our nominal value is taken as a systematic
uncertainty.

As measuring the decay time depends on a precise
determination of the displacement vector d and momentum
p [Eq. (1)], there is uncertainty arising from possible
misalignments of the PXD, SVD, and CDC detectors.
We study the effect of such misalignment using MC events
reconstructed with various misalignments. Each sample is
equivalent in size to that of the collision data used. The
difference between the fitted value of 7 and the result
obtained with no misalignment is recorded, and the root-
mean-square (r.m.s.) of the distribution of differences is
taken as the systematic uncertainty due to possible detector
misalignment.

There is uncertainty arising from the fraction of signal
candidates (f,), which is fixed in the decay-time fit to the
value obtained from the fit to the M (¢z ") distribution. We
vary this parameter by its uncertainty and take the resulting
change in the fitted lifetime as a systematic uncertainty.

There is an uncertainty arising from the global momen-
tum scale of the detector, which is calibrated using the
peak position of D° — K=zt decays. We evaluate this by
varying the global scale factor by its uncertainty (£0.06%)
and assigning the resulting variation in the fitted lifetime as
a systematic uncertainty.

Finally, we include a systematic uncertainty due to
uncertainty in the D7 mass [17], which is used to calculate

the decay time from the vectors d and p [see Eq. (1)]. The
total systematic uncertainty is obtained by adding together
all individual contributions (listed in Table I) in quadrature.
The result is +0.87 fs.

As a final check of our analysis procedure, we divide the
data sample into subsets based on D} (or Dy) charge, D}
momentum, D polar angle, D} azimuthal angle, and data-

L L L L L R L L B
530F » Bellell e Average =

- I Ldt=207fb" — Full data fit E

i 520? = Run period fit E
‘QE',’ 510F + g
3 500F .4 + + + ........ + ............... =
& 490 * + + E
480F =
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FIG. 4. Fitted lifetime for different run periods (c1—c15). For
these fits, the parameters of the resolution function are fixed to the
overall fitted values. All values are consistent with the overall
result, which is plotted as a red data point. The red dashed line
shows the average of the lifetime results for the different run
periods.

collection (run) period, and we measure the lifetime
separately for each subset. All measured values are con-
sistent with statistical fluctuations about the overall result.
The fitted lifetime for different run periods is plotted
in Fig. 4.

In summary, we have used 116 x 103 D} — ¢ " decays
reconstructed in 207 fb~! of data recorded by Belle II in
e e collisions at or near the Y (4S) resonance to measure
the DY lifetime. The result is

T = (4995 + 1.7 £0.9) fs, (4)

where the first uncertainty is statistical and the second is
systematic. This is the most precise measurement to date. It
is consistent with, but has half the uncertainty of, the
current world-average value of (504 +4) fs [17]. It is also
consistent with theory predictions [3,6,8]. The high pre-
cision results from significantly improved decay-time
resolution as compared to previous ete” experiments.
This is due to the smaller beam sizes of SuperKEKB,
which reduce uncertainty on the IP, and to the smaller
radius of the first layer of the vertex detector.
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