G GEORG-AUGUST-UNIVERSITAT Fakultat fur @
GOTTINGEN PhYS]_k

Master’s Thesis

Sensitivitatsstudie fiir eine zeitabhangige
B — Kgflf Analyse mit Belle 11

Sensitivity study for a B — Kgf¥
decay-time dependent analysis at Belle 11

prepared by
Dennis Rodermund

from Herzberg am Harz

at the II. Physikalisches Institut

Thesis period: 5th August 2025 until 31st October 2025
First referee: Prof. Dr. Ariane Frey

Second referee: Prof. Dr. Thibaud Humair






Abstract

Diese Masterarbeit prasentiert eine Sensitivitatsstudie fiir eine zeitabhéngige B — Kgll
Analyse mit Belle II. Es wird gezeigt, dass mit dem derzeitig nutzbaren Datensets von
Belle und Belle II eine Sensitivitat von 0.49 fir Scp und 0.40 fir Cep erreicht werden
kann, wobei die verbleibende Unsicherheit durch die geringe Statistik dominiert wird. Die
Sensitivitdt wird mithilfe einer MVA-gestiitzten Event Selection unter Verwendung von
BDTs sowie einem mehrdimensionalem maximum Likelihood Fit abgeschéatzt.

Stichworter: Physik, Teilchenphysik, B Physik, BDT, MVA, Belle, Belle 11, Sensitiv-
itat

Abstract

This thesis presents a Sensitivity study for a B — K¢l decay-time dependent analysis at
Belle II. It will be shown that with the currently accessible datasets of Belle and Belle II
a sensitivity of 0.49 for Scp and 0.40 for Ccp can be achived. The remaining uncertainty
is dominated by the low statistics. The sensitivity is estimated using a MVA based event
selection with the usage of BDTs followed by a multidimensional maximum likelihood fit.

Keywords: Physics, Particle Physics, B Physics, BDT, MVA, Belle, Belle II, Sensi-
tivity
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1. Introduction

One of the most important open questions in modern physics is the origin of the imbalance
of matter over antimatter. To allow for an imbalance, three conditions need to be met:
there must have been a baryon number violating process in the early universe so that
more baryons were formed than antibaryons and there must have been a departure from
thermal equilibrium to avoid that a baryon number violating process is balanced by its
inverse reaction |1]. Furthermore, CP invariance has to be violated, otherwise for every
reaction which creates a net number of baryons there would exist a CP conjugate reaction
generating the same net number of antibaryons. Therefore, the violation of CP invariance
plays a fundamental role in the evolution of our universe.

The origin of CP violation can be explained by the CKM mechanism [2], however, the
CKM mechanism alone is not sufficient to explain the huge imbalance of matter over
antimatter. Thus, new sources of CP violation need to be identified.

Recently there has been an observation of anomalies in branching fractions and angular
observables in processes involving b — s¢*¢~ transitions, with the B — Kg¢T¢~ decay
channel being one example of those processes [3]. The b — s¢T¢~ transitions constitute a
flavour changing neutral current process and are thus heavily suppressed in the Standard
Model, therefore making the transition sensitive to new physics. The observed anomalies
could be connected to a new source of CP violation. Due to the low branching fraction
of BR(B — Kg(T(~) ~ 1077 [4] the decay channel however suffers from low statistics
limiting the precision a future analysis can achive. In this Thesis, a sensitivity study for a
B — Kgll decay-time dependent analysis using the combined Belle and Belle II datasets
is presented.

In Chapter [2| an overview of the Standard Model of particle physics is given. In Chapter
and [, the Belle 1T detector is described and an overview of the used analysis techniques
is provided. Chapter |5 describes the event selection applied, followed by a presentation
of the maximum likelihood fit to extract the CPV parameters Scp and Cop as well as
the results in Chapter [6] Chapter [7] finally discusses the presented analysis and gives an
outlook toward the future of a possible full B — Kg ¢/~ analysis.






2. The Standard Model

The Standard Model of Particle Physics (SM) describes the known elementary particles
and their interactions with each other and is currently one of the most successful scientific
theories ever created [5, 6, 7, 8, |9]. After a brief introduction to the SM in general in
Chapter [2.1] and the weak interaction in Chapter [2.2] the Cabibbo mechanism, the CKM
mechanism and CP violation are explained in Chapter [2.3] and [2.5] respectively. The
limitations of the SM are discussed in Chapter and the B — Kg¢T¢~ decay channel
is introduced in Chapter 2.7

2.1. Fundamentals

All particles can by divided into two groups: Fermions and bosons. While fermions have
a half numbered spin, bosons have an integer spin. On the scale of elementary parti-
cles, fermions are the particles which make up the matter while the fundamental forces,
electromagnetism, the strong interaction and the weak interaction are described by the
exchange of (gauge) bosons. Fermions are further divided into two subgroups: the quarks,
which interact via the strong force, and the leptons, which do not. An example for leptons
are the electrons and their antiparticles, the positrons, which are used for collisions at the
SuperKEKB accelerator in Japan. Within the SM, the fermions are grouped into three
different generations in order of increasing mass. The particles of the SM are shown in

Figure |2.1

All electrically charged particles interact via the electromagnetic force which is described
by the exchange of photons. The electric charge of a particle describes its sensitivity to
the electromagnetic force. Furthermore, the quarks interact via the strong force which is
described by the exchange of gluons, the gluons also interact via the strong force themself.
The charge of the strong force is called the colour charge which has, in contrast to the
electric charge, three possible values: blue, green and red as well as the corresponding
anticolour charges. Due to colour confinement, a phenomenon which states that quarks

can only exist in a state with neutral colour charge, quarks cannot exist as free particles,



2. The Standard Model

Standard Model of Elementary Particles
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Figure 2.1.: Shown are the elementary particles of the SM together with their mass,
their electric charge and their spin. The quarks are coloured in purple, the
leptons are coloured in green and the gauge bosons are coloured in red, the

Higgs boson is coloured in yellow [10].

but only in bound states, called hadrons. Hadrons can be divided into two groups: The
baryons, which have a half numbered spin, and mesons, which have an integer spin.
Examples for mesons are the B mesons, which are of special interest for this Thesis. The
B mesons were discovered in 1983 by the CLEO Collaboration and consist of a bottom

antiquark together with an up, down, strange or charm quark.

2.2. The Weak Interaction

The weak interaction is of special interest for this thesis. All particles except for the
photons and the gluons interact via the weak force, which is described by the exchange of
W and Z bosons. The sensitivity of a particle to the weak force is described by its weak
isospin.

In 1957, Chien-Shiung Wu showed that the weak interaction is parity violating [11]. The
W boson is maximally parity violating such that only left-handed particles and right-
handed antiparticles couple to the W boson. For the Z boson however the coupling
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strength of left- and right-handed particles differ depending on the particle type. Further-
more, given that there is no observation of a right-handed neutrino but of a right-handed
antineutrino, the weak interaction also violates the charge inversion.

All leptons have the same coupling strength to the weak gauge bosons. This is known as
Lepton Universality (LU). For quarks however, this universality seems to be violated. This
violation can be explained by the Cabibbo Mechanism and its extension, the Cabibbo—
Kobayashi-Maskawa Mechanism (CKM Mechanism).

2.3. The Cabibbo Mechanism

The Cabibbo Mechanism, published by Nicola Cabibbo in 1963 |12], can explain the miss-
ing quark universality for the weak interaction. As described in Chapter 2.1, quarks can
only exist in bound states called hadrons, therefore quarks can only be observed in their
mass eigenstate. The weak interaction however couples to the weak eigenstate of the
quarks. Mass and weak eigenstates of the quarks are rotated against each other, the

rotation is described by the Cabibbo matrix, given by

( d: ) _ ( C?S(HC) sin(f.) ) ( d ) 2.1)
s —sin(f.) cos(6.) s

with the Cabibbo angle 6., which denotes the strength of the rotation, experimentally
determined to be sin(f.) = Vs ~ 0.22[4].
For the calculation of matrix elements and transition amplitudes, one has to take the
rotation of mass and weak eigenstates into account. If, for example, a W boson decays
into an up quark and an antidown quark, the W boson couples to the weak eigenstates
of the quarks. Therefore the matrix element has to include the rotation factor cos(f.) in
order to take the rotation into account, as shown in Figure

The Cabibbo mechanism only accounts for the first two generations of quarks. To

describe all three generations of quarks, the CKM mechanism is needed.

2.4. The CKM Mechanism

The CKM mechanism was established in 1973 and is the extension of the Cabibbo mecha-
nism to three generations of quarks [2]. The principle remains the same as for the Cabibbo
mechanism: the mass- and the weak eigenstates of the quarks are rotated against each

other, the rotation is described by a 3x3 rotation matrix, given as
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d

Figure 2.2.: A positively charged W boson decays into an up quark and an antidown
quark. The corresponding matrix element involves the Cabibbo angle 6.

d, ‘/:Jd Vus ‘/Ilb d
s =1 Vea Vs Vep s |- (2.2)
v Via Vis Vi b

This matrix is called the CKM matrix. The matrix element V;; is the probability that
the up-type quark ¢ decays into the down-type quark j, therefore the CKM matrix has
to be unitary. For the calculation of matrix elements and transition amplitudes, one has
to take the rotation of the weak- and the mass eigenstates of the quarks into account by
applying the corresponding element of the CKM matrix to the vertices, similar as for the

Cabibbo mechanism. An example of this is shown in Figure 2.3

u

—

V., W
W ud ~ 75

d

Figure 2.3.: A positively charged W-boson decays into an up and an antidown quark.
For the calculation of the matrix element, the CKM matrix element V4
has to be taken into account.

The CKM matrix has 9 complex entries, which corresponds to 18 real parameters. The

unitarity of the CKM matrix yields nine constraints. Furthermore, for six quarks five
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relative phases can be adjusted, resulting in four free parameters, three rotation angles

and one complex phase 9, which fully parametrise the CKM matrix. This parametrisation

is given by
Vada Vis Vb 1 0 0 ci3 0 s;ze™ ci2 s12 0
Vaa Ves Voo | =1 0 ca3 s93 | X 01 0 | x| —s12 c2 0 ].(2.3)
Via Vis Vi 0 —s93 c23 —s13e7% 0 c13 0 01

In this parametrization, the parameters c;o = cos(b12), c13 = cos(y3), s12 = sin(f;s)
and so3 = sin(fs3) describe rotation parameters, while § is a complex phase which models
the strength of CP violation within the SM. Since the matrix elements of the CKM matrix
are not predicted by theory, but have to be measured, the complex phase could also be
equal to zero, in which case CP violation would not manifest itself. A value of § which
is not equal to zero, however, results in CP violation due to differences in transition
amplitudes originating from different contributions of conjugated and non conjugated

CKM matrix elements. Current measurements of the CKM matrix elements yield [4]

Via Vas Vb 0.974 0.221 0.004
Vaa Vs Vo | = | 0.221 0975 0.041 |. (2.4)
Via Vs Vip 0.008 0.042 1.010

The measurements show that the CKM matrix is almost diagonal. Therefore, the rotation
of the weak eigenstates to the mass eigenstates is relatively small. Because of this, quarks
tend to decay within their own generation. A top quark for example will almost always
decay into a b-quark, emitting a I¥/-boson in the process.

The unitarity of the CKM matrix yields the following conditions on the CKM matrix

elements:

3
DViVii =0, Vi £k e{1,2,3}
j=1
5 (2.5)
Y ViV =0, Vi #ke{1,2,3}
j=1
Since the matrix elements are complex, the matrix elements and the products of those
can be interpreted as vectors in the complex plane. The unitarity conditions therefore
correspond to six closed triangles within the complex plane, also called unitarity triangles.
One of the unitarity triangles is shown in Figure The height of the triangles are given

by the complex phase §. If the complex phase is equal to zero, the unitary triangle

would collapse into a straight line, which corresponds to a vanishing CP violation. A
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measurement of the unitarity triangles therefore gives the opportunity to validate the

unitarity of the CKM matrix and to measure the degree of CP violating effects.
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Shown is one of the unitarity triangulars of the CKM matrix together with
measurement results of its angles ¢y, ¢ and ¢3 [13].

2.5. CP Violation

Three different types of CP violation are known: indirect CP violation, direct CP violation

and CP violation in the interference of direct and indirect CP violation.
Indirect CP violation occurs when I'(f — f) # I'(f — f), where I refers to the decay

width, f is a particle and f its corresponding antiparticle. It can therefore only occur in

oscillating systems like the neutral Kaon system, where it was first observed in 1964 |14],

which also was the first observation of any kind of CP violation.
Direct CP violation occurs when I'(I — f) # T'(I — f), where [ is an initial state
particle and f its decay product. As with indirect CP violation, the direct CP violation

was first observed in the neutral Kaon system. The first observation was made by the
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NA48 and KTeV experiments in 2002 15, |16].

CP violation in the interference of direct and indirect CP violation refers to the phenomena
rif—f)#r0 (I_ — f), where [ is an initial state particle and f its final state after a
decay. In contrast to direct CP violation, in this case booth the initial state particle I
and its antiparticle I decay into the same final state particle f, which therefore needs to
be an eigenstate of the CP operator. CP violation in the interference was first observed
in the neutral B meson system by the Belle and BaBar experiments in 2001 and 2002,
respectively |17, |1§].

Similar to the neutral Kaon, the neutral B meson can oscillate into its own antiparticle.

This process is illustrated in Figure 2.5

Vig Vio
d ——eo~ A~ v—Pp—D)

B0 ty At B’

Figure 2.5.: A neutral B meson oscillates into its own antiparticle.

The B® meson can decay into a final state fcp with an amplitude Ay,,. However, the
BY meson can also first oscillate into its antiparticle B and then decay into the same final
state fop with an amplitude Afcp. CP violation in the interference refers to a difference

in this process and the same process, where the roles of B and B° are interchanged.

2.6. Limitations of the SM

Despite the huge success of the SM, it has its limitations. For example, the SM cannot
describe the nature of gravity on the quantum scale, the nature of dark matter or the huge
imbalance between matter over antimatter. This imbalance is of the order % ~ 1079,
so for every 10° antibaryons there must have been 10°+1 baryons which annihilated to
10° photons, leaving one baryon [19] [1].

The violation of CP invariance described in chapter may deliver a first source for the

imbalance between matter and antimatter in the universe. However, the amount of CP
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violation predicted by the SM is too low in order to account for the huge disproportionality
between matter and antimatter. Physics which tries to extend the SM in order to give
explanations for those phenomena is called physics Beyond the Standard Model (BSM).
One example for a theory from the field of BSM is the Supersymmetry (SUSY), in which
the assumption is made that every particle of the SM has a "Superpartner" with higher
mass [20]. For example, within SUSY, the superpartners of neutrinos, B® and 7° would

be candidates for dark matter.

2.7. The B — Kgf™¢~ Decay Channel

One way to look for New Physics (NP) which extends the SM is to conduct precision
measurements of processes suppressed in the SM. Any observable () can be expressed as
the sum of an amplitude Agy coming from the SM and an amplitude Axp coming from
NP:

Q ~ |Asum + Anp|*. (2.6)

Thus, in order to look for NP, a promising approach is to consider processes which have
a very low Agy, thus allowing any NP effects to influence the observable () via Axp to a
noticeable extend.

A Feynman diagram of the B — Kg/¢T¢~ decay is depicted in Figure 2.6] A neutral
B meson decays into a Kg and two leptons. The decay into the lepton pair occurs via
a Flavour Changing Neutral Current (FCNC) and is thus heavily suppressed in the SM
due to the loop involved in the decay, resulting in a low branching ratio of BR(B —
Kstt07) ~ 1077 [4]. The B — Kg{T¢~ decay involves a b — s¢{T{~ transition, those
transitions are sensitive to new physics due to their suppression in the SM. Within a B —
K 0~ decay, the short distance electroweak effects decouple from the long distance QCD
effects, which makes the approach of an Effective Field Theory (EFT) applicable. In the
context of EFT, the Lagrangian which describes the B — Kg¢*{~ decay can be written
as a sum of effective coupling constants, called Wilson Coefficients C;, times Operators

Oil
4GF 92

Leg = —=V, V*—CE C;0;, 2.7

72 P (27)

where Gy is referring to the Fermi Constant, Vi, and Vi are elements of the CKM

i

matrix and g, is the electromagnetic coupling constant. The effects of heavy particle
fields like the top quark are integrated out into the Wilson coefficients C}, lighter fields
appear in the operators O;. If any yet unknown heavy particle is involved in the b — s ¢~

transition, it would therefore reflect itself in a shift of a Wilson coefficient from its SM

10



2.7. The B — Kg/{t¢~ Decay Channel

expectation. Recently there has been an observation of anomalies in branching fractions
and angular observables in processes involving b — s¢* ¢~ transitions [3], those anomalies
can be explained by a shift of the Wilson Coefficient Cy from its SM expectation Cy =~ 4.9.
Recent measurements indicate that the shift of Cy is up to a significance of 6.2 [21]. A
shift of the kind Cy — Cy + dCy could allow Cy to take a complex value. A non
vanishing imaginary part of Cy could be connected to a new source of CP violation. The
value of Cy is constant across all processes involving a b — s¢T¢~ transition since the
short distance electroweak effects are the same for all processes involving a b — sf*(~
transition. Therefore, a time-dependent analysis of the B — Kg/¢T¢~ decay yields the
possibility to nail down the coupling constant Cy, thus determining if indeed NP processes

are involved in the b — s/T¢~ transitions.

Figure 2.6.: The B — Kg /"¢~ decay. A neutral B meson decays into a Kg and two
leptons. The decay into the lepton pair occurs via a FCNC and is thus
heavily suppressed in the SM, resulting in a low branching ratio.

11






3. The Belle 11 Experiment

3.1. The SuperKEKB Accelerator

The SuperKEKB accelerator [22] 23] is an asymmetric positron-electron collider, located
at the High Energy Accelerator Research Organisation (KEK) in Tsukuba, Ibaraki Pre-
fecture, Japan. SuperKEKB was constructed by upgrading the original KEKB accelera-
tor [24] to achive higher luminosity.

SuperKEKB operates at a center-of-mass energy of /s = 10.58 GeV, which corresponds
to the T(4S) resonance, thus enabling the SuperKEKB accelerator to produce a high
amount of B mesons via the transition e~ et — Y(4S) — B°B°. SuperKEKB is there-
fore a so-called "B Factory". A schematic of the accelerator is shown in Figure [3.1] The
SuperKEKB accelerator consists of an electron-positron linear accelerator, a positron
damping ring and an electron and a positron ring. The Belle II detector is placed at the
collision point.

SuperKEKB is an asymmetric collider, the energies of the electrons and the positrons are
7 GeV and 4 GeV. This energy asymmetry allows for a boost of the produced B mesons

and thus enabling time-dependent measurements, this concept will be discussed further

in Chapter [4.2]

3.2. The Belle 11 Detector

The Belle II detector [25] is an upgrade of the Belle detector [26] used at the KEKB
accelerator. Like most particle detectors, it has an onion-like structure, where the different
layers of the detector are responsible for measuring the various kinematic and particle
identification properties of interest from the incoming particles. A schematic of the Belle
IT detector is shown in Figure[3.2] The detector consists of a vertex detector, a central drift
chamber, a time of propagation chamber, an aerogel ring-imaging Cherenkov detector, an

electromagnetic calorimeter as well as a K, and muon detector system.

13
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collision point I Belle II detector I

3

. | Electron-Positron
L | linear accelerator

’ Positron damping ring |

T

Figure 3.1.: The SuperKEKB accelerator, located at the KEK in Japan. It consists
of an electron-positron linear accelerator, a positron damping ring and an
electron and a positron ring. The Belle II detector is placed at the collision

point .

3.2.1. Vertex Detector

The innermost part of the Belle IT detector consists of the vertex detector. The vertex
detector consists of two parts: The Pixel Detector (PXD) and the Silicon Vertex De-
tector (SVD). The PXD is responsible for measuring the position of each particle going
through it with high precision. A particle passing through the PXD will leave a track
due to ionisation. Every detected ionisation process is called a "hit" in the detector. By
combining the propagation paths of the various particles it is possible to determine where
the "vertex" of those particles is located, where "vertex" is referring to the position of
the mother-particle decay. The PXD is based on the DEPFET (DEPleted Field Effect
Transistor) technology which allows for very thin (50 pm) sensors. Those sensors are
needed close to the interaction point since strip detectors are not capable of dealing with
the high beam background at SuperKEKB due to their high occupancy.

The PXD is followed by the SVD which has the task to measure the B vertex information,
same as for the PXD. It comprises of double sided silicon microstrip sensors with strips
widths down to 50 um to avoid the huge channel count of pixels. In the SVD, the vertex
position is measured via the combination of two 1D positions: the horizontal and the
vertical position on the sensor. This has the advantage that the data size is much smaller
compared to a 2D position measurement and thus data readout can be much faster. How-

ever, close to the interaction point where the particle density is the highest, this set up

14



3.2. The Belle II Detector

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

— nh (end-caps , inner 2 barrel layers)
EM Calorimeter '

Csl(TI), waveform sampling eleclronics

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

Vertex Detector
2 layers Si Pixels (DEPFET) + !
4 layers Si double sided strip DSSD iR

Central Drift Chamber

Smaller cell size, long lever arm

Figure 3.2.: The Belle II detector. The detector is located at the interaction point of
the SuperKEKB accelerator and consists of a vertex detector, a central
drift chamber, a time of propagation chamber, an aerogel ring-imaging
Cherenkov detector, an electromagnetic calorimeter as well as a Kj, and
muon detector system .

can lead to problems identifying the correct combination of particles. For this reason, the

vertex detector at Belle IT consists of a PXD at the inner part and a SVD at the outer part.

3.2.2. Central Drift Chamber

The Central Drift Chamber (CDC) is the main particle track system of Belle II. The
aim of the CDC is to reconstruct charged tracks and to measure their momenta as well
as their energy. By combining measurements of the momenta with measurements of the
energy loss within the gas volume of the CDC, the CDC provides particle identification
information. The CDC is filled with a He-CoHg gas, any charged particle which passes
through this gas will cause an ionisation charge which then starts to drift to nearby sense
wires, where they cause a gas amplification. By inferring the time of each hit within the
CDC it is possible to reconstruct the trajectory of a particle through the CDC.

The CDC consists of 14,336 sense wires with a diameter of 30 um arranged into 56 layers.

3.2.3. Time of Propagation Detector

The Time of Propagation Detector (TOP) aims to provide particle identification infor-

mation in the barrel region of Belle II by utilizing Cherenkov radiation. A schematic of

15
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the TOP is shown in Figure 3.3l The TOP consists of quartz bars. If a charged particle
flies through the detector, it will emit Cherenkov radiation. The Cherenkov angle 6. de-
pends on the velocity of the particle via cos(f.) = ﬁ with n being the refraction index
of the quartz bars and 3 the relativistic velocity of the particle. Combining the velocity
with the momentum measurements of the CDC and the vertex detector enables a mass

measurement and thus an identification of the particle.

/* Cherenkov angle Oc

quartz radiator

CA

photon detectors
charged particle

Figure 3.3.: Schematic view of the TOP at Belle II. The TOP consists of quartz bars,
a charged particle flying through the detector will create Cherenkov radi-
ation |25].

3.2.4. Aerogel Ring-Imaging Cherenkov Detector

The Aerogel Ring-Imaging Cherenkov (ARICH) detector is based in the forward endcap of
Belle II and focusses on providing discrimination power between kaons and pions as well as
to separate pions, muons and electrons below 1 GeV. The ARICH detector uses an aerogel
to produce Cherenkov radiation if a charged particle passes through the subdetector, very
similar to the way the TOP operates. The Cherenkov radiation is forming a cone of light
around the particle track, the radius of the cone depends on the velocity of the particle.
There is no particle identification system located in the backward endcap of Belle II due
to the asymmetric energy of SuperKEKB and the resulting boost for any created particle

towards the forward region of Belle II.

3.2.5. The Electromagnetic Calorimeter

The task of the Electromagnetic Calorimeter (ECL) is to measure the electromagnetic
energy of photons and to provide particle identification information. If a photon or an
electron reaches the ECL, a particle shower evolves within the ECL due to electromagnetic
effects like pair production and Bremsstrahlung. A schematic of an arising particle shower
is shown in Figure . The resulting particles are detected using 8736 CsI(T1) scintillation

16
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crystals of 29 distinct shapes which create scintillation light when a particle flies into them.
The amount of light created is proportional to the energy deposited within the crystal, the
ECL is thus providing a way of measuring the energy of an incoming electron or photon.
Muons are minium-ionising particles, thus travelling through the ECL without creating a

shower.

Figure 3.4.: Schematic view of an arising particle shower inside the ECL. New par-
ticles are created due to electromagnetic effects like pair production and
Bremsstrahlung.

3.2.6. The Ky, and Muon System

The K, and muon detector (KLM) is the outermost layer of the Belle II detector and
provides muon identification information and it also reconstructs Kj, mesons from the
collision. The KLM consists of an alternation between 4.7-cm thick iron plates and active
detector elements, functioning as a hadronic calorimeter for the Kj,. The KLM is based
on glass-electrode resistive plate chambers (RPC). A charged particle travelling through
the KLM ionizes the gas molecules along its path. An electric field is applied to the
RPCs which then accelerates the electrons toward the anode and the ions toward the
cathode. The electrons initiate secondary ionizations, the resulting current indicates a
charged particle flying through the KLM.

17
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3.2.7. Detector Parametrization

The Belle II detector is described through a cylindrical coordinate system. The z-axis
corresponds to the beam line, with positive values pointing toward the forward direction of
Belle II. The x and y axis are perpendicular to the beam line. Furthermore, an azimuthal
angle ¢ and a polar angle 6 are used. A schematic of the coordinate system used for

Belle II is shown in Figure [3.5

x: Horizontal outward of tunnel
y: Vertical upward
z: Solenoid axis (= bisector of two beams); ~direction of electron beam

electron (7GeV)

~

positron (4GeV)

¢: azimuthal angle around z-axis, ¢=0 for (x.,y,2)=(1,0,0)
0: zenith angle; 8 =0 for (x,y,z)=(0,0,1)

Figure 3.5.: Schematic view of the Belle II detector together with the used coordinate

system .
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4. Analysis Techniques

In this Chapter, an overview of the analysis techniques used for the B — Kg/l{ sensitivity
study is provided. In Chapter [4.1] the flavor tagger used at Belle II is described. In
Chapter [£.2] a description of how a time-dependent analysis at Belle II is performed
is given, followed by an introduction into decision trees and boosted decision trees in
Chapter and an introduction to maximum likelihood fits in Chapter [4.4]

4.1. Flavor Tagger

In order to determine the Time Dependent CP Violation (TDCPV) of the B — Kg¢*{~
decay, the flavor of the tag side B meson needs to be identified. For this, Belle IT uses an
MVA based flavor Tagger (FT)[29]. The FT uses information from the ECL and KLM
clusters as well as tracks in the Rest of Event (ROE) and feeds those informations into
an MVA model. The goal of the FastBDT is to determine the flavor specific channel into
which the tag B meson decayed, thus identifying the flavor of the B meson. For example,
in the decay b — Xe (b — ce v) the charge of the electron tags unambiguously the
flavor of the B Meson. The signatures of the flavor specific decay channels can be grouped
into 13 different categories.

As a first step, electron, muon, Kaon, pion and proton candidates are reconstructed and
their variables are taken as input for a category specific multivariate method. For each
category, a FastBDT is applied which outputs the probability that the considered event
is part of the corresponding category, thus delivering a probability of a certain flavor.
In a second step a Graph Neural Network (GNN) is applied taking the probabilities of
the 13 different categories as input, the output of this GNN is a variable ¢r, which is
the product of the flavor ¢ € {41, —1} of the tag side B meson and the dilution factor
r € [0,1] indicating the confidence of the FT with respect to its flavor output ¢q. The
dilution factor is defined as r = 1 — 2w, where w corresponds to the fraction of wrongly
tagged events. An overview of the workflow of the FT is shown in Figure [4.1]
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Figure 4.1.: Overview of the workflow of the Belle II FT. The FT takes ROE tracks,
KLM clusters and ECL clusters as input and groups the reconstructed
particles into 13 different categories. A GNN is applied to combine the
results of the different categories, delivering the variable gr as output of

the FT .

4.2. Time Dependent Analysis

Figure [£.2 shows a sketch of the positron-electron collision at SuperKEKB with the sub-
sequent decay chain. The electron and the positron are colliding, creating a Y (4.5) meson
in the process, which immediately decays into a pair of quantum-entangled B° mesons.
The first B° meson to decay is considered the tag-side B° meson used to identify the
flavor of the signal-side B® meson with the FT discussed in Chapter exploiting the
entangled state of the two B” mesons. The decay of the tag-side B® meson is happening
per definition at At = 0, the signal-side B° meson continues its flavor oscillation as de-
scribed in Chapter . The probability to observe a flavor specific decay of the ng after
the time At is given via

o 1A /750

P(At, qf|Tpo, Amg) = W[l + g7 cos(AmyAt)], (4.1)
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4.2. Time Dependent Analysis

where 70 refers to the lifetime of the B® meson, Amyg is the mass difference of the mass
eigenstates of the B meson and ¢ refers to the same flavor state (¢ =+1) or opposite
flavor state (qy=-1) of the BY,
decay of a BY meson into a CP eigenstate, the corresponding PDF is given via

meson with respect to the tag-side B meson. For the

oAt /70

P(At, qrag) = {1 + Gtag[—C cos(AmgAt) + S sin(AmgAt)]}, (4.2)

4TBO
where g5 refers to the flavor of the tag-side B meson and S and C are the mixing-
induced and direct CP violation parameters. Using the wrong tag fraction w of the FT

with Aw being the wrong tag fraction difference Aw = wpo —w o, and the detection
ag ag

€g0  —€g0 )
efficiency asymmetry u = w, equation |D takes the form
B B,
Tag Tag

N

P(Ata qwg) = {1 - QtagAw + Qtag,u(l - 2w)

270 (4.3)
Hgrag (1 — 2w) 4+ p(1 — GragAw)][S sin(AmgAt) — C cos(AmgAt)]}.

The goal of a time-dependent analysis is to determine the values of S and C' using a
maximum likelihood fit, which will be further described in Chapter 4.4, In the SM, the
expectation on S and C are S = sin(2¢;) and C' = 0, with ¢; being one of the angles
of the unitarity triangles of the CKM matrix which were introduced in Chapter 2.4, Any
deviation from the SM expectation would be a clear sign of BSM physics. The time-
dependent fit is performed in seven different |gr| bins, where qr refers to the output of
the FT. The different bins are defined as |¢r| € (0.0, 0.1), (0.1, 0.25), (0.25, 0.45), (0.45,
0.6), (0.6, 0.725), (0.725, 0.875) and (0.875, 1.0). The values of the FT parameters are
determined in each |gr| bin individually by performing an unbinned fit to the background-
subtracted At distribution of events in which the fully reconstructed B meson decays as
BY — D®~x* for which the At distribution is given via equation (4.1)).

The PDF described in does not take into account any resolution effects on At.
For this purpose, a resolution function R is introduced [30]. The resolution function is
responsible for taking the residual, defined as dAT = At — Atyc, into account, where
Atye refers to the value of At on truth level. The resolution function consists of a core
component modeled by a Gaussian function to account for time resolution uncertainties
originating from uncertainties in the reconstruction of the B meson decay vertices. To
increase the resolution of the B meson vertices, SuperKEKB is build as an asymmetric
collider as discussed in Chapter [3 thus boosting the B mesons and allowing for a higher
separation of the two vertices. The resolution function furthermore consists of a tail

component modeled by a weighted sum of a Gaussian and two exponentially modified
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Az = At - By

Figure 4.2.: A sketch of the positron-electron collision with subsequent decay of the
T(4S) into a pair of two B mesons. The first decaying B meson is consid-
ered the tag-side B meson used to identify the flavor of the signal-side B
meson at the time At = 0. The signal-side B meson later on decays into
a neutral Kaon and a .J/¢ meson.

Gaussian functions and an outlier component modeled by a Gaussian function to account
for poorly determined Bi,, vertices due to intermediate charm mesons yielding displaced

secondary vertices. The Resolution function is thus given by

R<dAT7 UAt) - fcoreG(dAT; MeoreO At ScoreUAt)
+ftailRtail(dAT7 MtailO At Stail0 At C/UAtv I> f<) (4-4>
+fOLG<dA7-7 07 UOL)a

with G being a Gaussian distribution of mean m and width s and Ry,; is the sum of a
Gaussian distribution and two exponentially modified Gaussian distributions, oa; refers
to the uncertainty of At. The fractions have to satisfy feore + fian + for, = 1. The shape
parameters are obtained from calibration studies on MC data. Figure shows the
resolution function together with the residual dA7 for a subset of the Belle MC sample,
clearly showing that the resolution function can model the At residual. The total signal
PDF for the At distribution is obtained by convolving with the resolution function.

4.3. Multivariate Analysis

For the classification of events into signal and background events, Multivariate Analysis
(MVA) techniques are used [31]. MVA is a statistical tool which has the goal to create
algorithms that are capable of learning. Learning means that the considered algorithm
gets a set of training data as input and practices to make predictions or decisions without
an external user telling the program how to do so. Those predictions are based on under-
lying relations between the input variables which are hard to take into account manually.

The model used to classify events in this thesis is a Boosted Decision Tree (BDT).
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Figure 4.3.: The resolution function together with the At residual for a subset of the
Belle MC. The resolution function is shown in blue, the residual is shown
in black.

4.3.1. Decision Trees

Decision Trees (DTs) are an MVA model developed in the 80’s which can be used for
classification tasks like a signal-background classification of events within high-energy
particle physics[32]. DTs consist of different nodes which can be distinguished into the
root node, the inner nodes and the leaf nodes. The root node is the head of the DT, while
the leaf nodes are the final nodes of the DT which are used to assign a label to a certain
data instance. An example of a simple classification DT used to decide if a passenger of
the Titanic survived can be seen in Figure 4.4l The root node of the DT considers the
gender of the passenger. Based on the outcome of this variable the DT will go down a
certain path. In the case of "female', the DT will go down the right path and reach a
leaf node. The corresponding label "survived with a probability of 73%" is assigned to the
considered passenger.

If the root node outputs "male", the DT will go down the path to the left so that it reaches
the inner node where the age of the passenger is considered. This procedure is iterated

until a leaf node is reached and the corresponding label is assigned to the passenger.

4.3.2. Boosted Decision Trees

Boosted Decision Trees (BDTs) are a subclass of DTs [34]. The idea behind boosting is to
combine a group of simple weak DTs into a single strong learner by iteratively building
new classification models. In the beginning, one simple weak DT is set up and trained

on the dataset. After the training, the performance of the weak DT is evaluated on an
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Figure 4.4.: Sketch of a simple DT used to decide if a passenger of the Titanic survived.
The numbers in each node are referring to the probability of survival and
the percentage of observations in the leaf. The DT makes it decision based
on the gender, the age and the number of spouses or siblings on board,
referred to as "sibsp' [33].

evaluation dataset. For the next iteration, another simple DT is set up and the training
set is reweighed with respect to the former iteration, where the wrongly assigned training
instances get a higher weight compared to the previous iteration, thus enabling the DT
to correct the errors of the former DT. This procedure is repeated until a certain amount
of simple DTs are created. For the final classification of a data instance, the weak DTs
are combined into a singular classifier by averaging their respective outputs into one final
output. Via this procedure a simple DT which misclassified a certain data instance is
outvoted by the following D'Ts which are supposed to correct the wrong assignment of the
first DT.

4.3.3. Construction of Decision Trees

The most relevant question with respect to DTs is how to build the best DT for a given

classification task. For this task multiple algorithms exist, but all of them follow the
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4.4. Maximum Likelihood Estimation

same strategy, a DT is build by iteratively finding the attribute of the data with the
highest separation power. Take a data sample S, this sample will have a certain degree of
impurity referring to the fact that not all instances within this data sample will have the

same class. To measure this impurity, one can define the entropy E of the data sample as

E(S) = =Y pelog(pe), (4.5)
c=1
where p, is defined as p. = % and c¢ being the different classes, p. the corresponding

probability of a randomly drawn instance to be of the class ¢. The goal of any algorithm
building a DT is now to maximise the information gain G by selecting a certain attribute

a of the data set. The information gain is defined as

[Sa=o]

G(S’a) = E(S)_ Z |S|

veV (a)

E(Sa=v) (4.6)

for each attribute of the data sample. The attribute yielding the highest information
gain is chosen as the next attribute on which the DT will base its decision on. For
the example shown in Figure [£.4] the attribute with the highest information gain is the
gender of the passenger, followed by the age of the passenger and the amount of spouses
and siblings on board. The procedure of choosing the best attribute is iterated until no
attribute remains or other termination criteria like a certain depth of the DT or a lower
limit for data instances within a node is reached. Different algorithms for building a DT
mostly differ in their choice of the impurity measure for the data sample, the algorithm
shown here uses entropy, the measure used by the ID3 algorithm [35]. In the context of
this Thesis, the "XGBoost" [36] library is used to set up the BDTs.

4.4. Maximum Likelihood Estimation

To extract the TDCPV parameters Scp and Cep, a maximum likelihood estimation (MLE)
is performed [37]. Given a dataset ¥ = {y1,¥2, ..., Yr}, one can assume that this dataset
is a random sample drawn from an underlying Probability Distribution Function (PDF)
with a set of unknown parameters § = {641,0,...,0,}. The goal of a MLE is to find the
set of parameters 0 within the parameter space which best model the observed data.

—

For this, a likelihood function L(6) is defined as

— —

L(0) = f(5,0), (4.7)
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—

where f(¢,0) describes the likelihood to observe the dataset ¢ given the parameter set
. In the context of high energy particle physics, each observed event y; is randomly

drawn and independent, for which the likelihood is defined as

L(0) = IT /(. 0)- (4.8)

The goal of the MLE is now to find the set of parameters which maximises this likelihood
function. In practice, often the negative natural logarithm is applied to simplify the
product to a sum, thus enabling a faster computation. In the context of this Thesis, the

"iminuit" [38] python interface is used to perform the MLE.
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5. Event Selection

The B — Kg¢*{~ decay channel suffers from very low statistics. The B — Kg/¢T(~
decay channel has a branching fraction of BR(Y(4S) — Kgft¢™) ~ 1.1 - 1077 [4].
Together with a cross-section of o(efe™ — T(45)) = 1.1 - 10720 and an available
luminosity of L=1197fb~!, the available signal events are approximately 280 for the ee
and pp decay channel combined, assuming a signal efficiency of the event selection of
100%. In practise, the number of available signal events after the event selection will be
significantly lower due to signal rejection during the event selection. For comparison, the
branching fraction of the B — J/1Kg decay is BR(T(4S) — J/¥Kgs) ~ 4 -107* and
thus five orders of magnitudes higher compared to the branching ratio of B — Kg /(™.
Therefore, in order to make the B — Kg¢*t¢~ decay channel accessible, a sophisticated

event selection is needed.

5.1. Data Sets

The sensitivity study is performed using simulated events. For Belle, one million signal
events are generated for each of the ee and pu decay channels. The events are gener-
ated using the EvtGen simulation package [39]. The detector response is simulated using
GEANT3|40]. For background, simulations of basic SM processes, called "generic MC
samples", corresponding to four times the total Belle luminosity of 711fb~!, recorded at
the T (45) resonance, are used. The Belle dataset is converted to the Belle II data format
for further analysis using B2BII [41].

For Belle II, approximately two million signal events per decay channel are used. For back-
ground, the used dataset corresponds to four times the Belle IT luminosity of 486 fb™1,
recorded at the Y(4S5) resonance during Run 1 and Run 2 of Belle II. Run 1 of Belle 1T
lasted from 2019 to 2022 during which approximately 357 fb~! of data were recorded at
the T(4S5) resonance. After a long shutdown period, Run 2 took place from 2024 to early
2025, approximately 129 fb~! of data were recorded at the Y(4S) resonance during Run
2. For the Belle II simulation, the MC16rd campaign is used. The data files are processed
using the Belle II analysis software basf2 [42].
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5. Event Selection

5.2. Preselection

For the Belle data, charged particles are required to have a distance to the interaction
point of less than 1.0cm in the transverse plane and less than 4.0 cm in the z-direction
to suppress beam background. For Belle II, these requirements are tightened such that
charged particles are required to have a distance to the interaction point of less than
0.5 cm in the transverse plan and less than 2.0 cm in the z-direction in order to reflect the
higher vertex resolution of Belle II compared to Belle. Charged particles are furthermore
required to satisfy 17" < 6 < 150" to ensure that the particles are within the acceptance
region of the CDC and they need to have a transverse momentum of pr > 0.1 GeV to
suppress background from low-momentum particles. Electron and muon candidates need
to satisfy Le > 0.9 or L, > 0.9, respectively, in order to distinguish them from charged
hadrons, where L, and L, are the electron and muon ID. Furthermore electrons (muons)
are required to satisfy p > 0.5 (0.8) GeV.

To account for Bremsstrahlung, the momenta of photons which have an energy below
1 GeV and are detected within a cone of 0.05 rad around the electron are added to the
momentum of the electron. To distinguish Kg candidates from Lambda Baryons and
misreconstructions steming from wrongly combinated tracks at Belle, a NN is trained on
the Ks momentum, the distance along the z axis between the two track helices at their
closest approach, the flight length of the Kg in the transverse plane, the angle between
the Ks momentum and the vector joining the IP with the Kg decay vertex, the angle
between the pion momentum and the laboratory-frame direction in the Kg rest frame,
the distances-of-closest-approach in the transverse plane between the IP and the two pion
helices and the number of hits in the CDC and the presence or absence of hits in the SVD
for each pion track.

For Belle II, a BDT is trained on kinematics of the Kg and its daughter pions, flight length
of the Kg and number of hits in the VXD to separate Kg candidates from misreconstruc-
tions steming from wrongly combinated tracks. Furthermore, the proton ID of the pions,
the Lambda mass which is calculated assuming proton mass hypothesis for one of the
daughter pions and kinematics of the pions are used for the separation of Kg candidates
and Lambda particles. Furthermore, Kg candidates need to satisfy 0.46871 GeV < M <
0.5081 GeV, corresponding to a 30 window around the nominal Kg mass and pr > 0.1
GeV.

B meson candidates are reconstructed from combinations of oppositely charged lepton
pairs and Kg meson candidates. To distinguish signal from background events, the beam-
constrained mass M., defined as M. = \/ (Ebeam/c?)? — (pp/c)? and the energy dif-
ference AF between the B meson candidate and the beam energy Eg in the CMS are
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5.2. Preselection

considered. B meson candidates need to satisfy 5.20 GeV < My, < 5.29 GeV and -0.10
GeV < AF < 0.25 GeV. For events with multiple B meson candidates, the candidate
with the lowest x? value calculated by a vertex fit is retained. The vertex fits for the B
meson candidates are performed using the TreeFitter module of basf2 .

Many B — J/¢(— ¢7¢7)Kg and B — 1(2S)(— ¢1¢~)Kgs events survive those cuts. In
order to suppress those decays, a veto on the invariant mass of the dilepton system is ap-
plied. The veto is illustrated in Figure [5.1] for the Belle decay channels, the corresponding
plot for Belle II can be found in Appendix [A]
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Figure 5.1.: Veto applied on the invariant mass of the dilepton system for the Belle ee
decay channel (left) and the Belle uu decay channel (right). Signal events
are shown in red, continuum background events in green and BB related
background events are shown in blue. The cuts applied are indicated with
black doted lines.

The decay B — J/v(— (T¢7)Kg is suppressed by applying a veto on the region ¢* €
[8.12, 10.20] GeV? for the Belle ee decay channel, ¢* € [8.2, 11.0] GeV? for the Belle
IT ee channel and ¢* € [8.75, 10.20] GeV? for the up decay channels, where ¢* refers
to the squared invariant mass of the dilepton system. Similarly, in order to suppress
B — ¢(2S)(— £¢7)Ks decays, a veto is applied on ¢* € [12.8, 14.0] GeV? for the Belle
ee decay channel, ¢* € [12.8, 15.0] GeV? for the Belle II ee channel and ¢* € [13.0, 14.0]
GeV? for the pp decay channels. Additionally, for the ee decay channels a veto on the
region ¢ < 0.05 GeV? is applied to suppress low energy photo conversions v* — et e”

and pion decays 7 — yete™.
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p(q) ~ 5GeV/c p(B) = 0.3GeV/c

ete” —qq (q€{u,d,s,c}) efe” — T(4S) — BB

Figure 5.2.: Typical event topologies for continuum events (left) and BB events (right).
Continuum events tend to have a back-to-back dijet event structure
whereas BB events tend to have a spherically distributed topology.

5.3. MVA Based Event Selection

Background events at Belle and Belle II can be divided into two categories: Background
events arising from e~ et — ¢¢, where ¢ € {u,d, ¢, s}, called "Continuum Events", and
background events containing a pair of B mesons, called 'BB Background'. Given that
the B mesons within the BB background are produced almost at rest, BB background
events tend to have a spherically shaped event topology. Continuum events in contrast
tend to have a back-to-back dijet topology due to their higher amount of energy available
to each quark. The typical event topologies are sketched in Figure [5.2]

To suppress the remaining background events, BDTs are used to perform a signal-
background separation. The training variables are chosen such that they have a discrim-
inating power between signal and background events. The BDTs are trained using the
helicity of the B mesons, the cosine of the angles between the thrust axis of the signal B
meson and the z-axis as well as the thrust axis of the Rest-of-Event (ROE), the thrust
magnitudes of the signal B meson and the ROE, a set of Fox-Wolfram moments and
modified Fox-Wolfram moments used to characterise the event shape topology [44], mass,
flight significance and MVA discriminators of the Kg, a set of Cleo-Cones [45], variables
characterising the ROE like the multiplicity of charged Kaons and Kg in the ROE or the
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energy deposited within the ROE, PID variables and the x? values of the dilepton system
and B meson candidate vertex fits. A detailed list of the used training variables together
with their importance to the signal-background separation can be found in Appendix [B]
The amount of signal and background events the BDTs are trained on are summarised in
Table [5.1] There is a significant imbalance between the amount of signal events and the
amount of background events, therefore weights are assigned to the signal and background
events to account for this imbalance. In order to avoid overtraining, the dataset is ran-
domly divided into ten different folds. For each decay channel, ten BDTs are set up. BDT
i is trained on all folds j and evaluated on fold ¢ with ¢ # j and 7,5 € {1,2,...,10}. The
BDTs output a single value ranged between 0 and 1, where 0 corresponds to background
events and 1 corresponds to signal events. Figure [5.3| and Figure [5.4] show the output
distribution and the ROC curve of the BDT training for the Belle ee decay channel,

corresponding plots for the other decay channels are shown in Appendix [A]

Table 5.1.: Amount of Signal and Background Events the BDTs are trained on.

‘ Channel ‘ Signal Events ‘ Background Events ‘

Belle ee 312,858 22,856
Belle pp 340,211 28,353
Belle II ee | 210,186 13,567
Belle IT pp | 177,552 16,393

The training output for an event is calculated by averaging the training output of all
nine BDTs trained on the event. The training and test output distributions agree well with
each other, indicating that overtraining is negligible. Furthermore the distributions show
that the BDTs have a high power of separating signal and background events, which is in
agreement to the ROC curve. In order to remove background events, a cut on the BDT
output is applied at 0.6, the value of the cut was chosen such that the signal efficiency
of the cut is 90%-95%, dependent on the decay channel, with a background rejection
rate of approximately 90%, thus allowing to remove a huge proportion of the background
without a significant loss of signal. Table summarises the signal efficiencies of the

event selection, Table [5.3] summarises the corresponding signal event yields.
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Figure 5.3.: BDT output distribution for the Belle ee decay channel. Shown are the
distributions of the training and the test scores. The events are normalised
such that the area of the histogram corresponds to 1.
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Figure 5.4.: ROC curve for the Belle ee decay channel, shown in orange. The AUC
score equals 0.97, indicating a high separation power between signal and
background events. The dotted blue line shows the hypothetical ROC
curve for an AUC score of 0.5.
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Table 5.2.: Accumulated Signal Efficiencies of the Event Selection.

‘ Cut ‘ Belle ee ‘ Belle pp ‘ Belle II ee ‘ Belle 1T pp ‘
Reconstruction 53.32% | 50.14% | 55.56% 58.47%
Lepton Cuts 47.84% | 44.65% | 51.50% 35.00%

Kgq Cuts 44.29% | 41.25% | 47.81% 32.45%
My, and AE Cut | 38.23% | 39.67% | 43.04% 31.23%
q* Veto 31.29% | 34.02% | 31.61% 26.71%
BDT Cut 29.13% | 31.58% | 30.04% 25.32%

Table 5.3.: Signal Events accessible after corresponding Cut.

| Cut | Belle ee | Belle yuu | Belle 1T ee | Belle IT yuzu | Belle | Belle IT | Combined |
Reconstruction 44.59 42.16 31.73 33.40 76.32 | 75.56 151.88
Lepton Cuts 40.01 37.34 29.43 20.00 77.35 | 49.43 126.78
Ky 37.04 34.50 27.32 18.55 71.54 | 45.87 117.41
M, and AE Cut | 31.93 33.18 24.60 17.85 65.11 | 42.45 107.56
¢? Veto 26.17 28.45 18.06 15.27 54.62 | 33.33 | 87.95
BDT Cut 24.36 26.41 17.17 14.47 50.77 | 31.64 | 82.41
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6. CPV Parameter Extraction

6.1. Set Up of the Fit

After the event selection described in Chapter [5]is applied, a likelihood fit is performed
to extract the Scp and Ccp parameters. The fit region is defined as 5.23 GeV < M, <
5.29 GeV, -0.1GeV < AFE < 0.2GeV and |At| < 10 ps. Further cuts are applied to ensure
the vertex resolution quality. Those cuts are 0.05 ps < Ater < 2ps and 2 > 0 for the
signal and tag-side B meson vertex fits. The fit is performed over M., AE, At and the
BDT output score.

To model the BDT output score distribution with an analytic function, the BDT output

0-0.6
1-0

transformed BDT output scores, and 0.6 and 1 are the minium and maximum values of

is transformed via O’ = 10g< ), where O and O’ are referring to the original and
the original BDT output according to the event selection described in Chapter 5] The
data is fitted in seven different bins of |¢r|, where gr refers to the output of the Flavour
Tagger introduced in Chapter The different bins are defined as |¢r| € (0.0, 0.1), (0.1,
0.25), (0.25, 0.45), (0.45, 0.6), (0.6, 0.725), (0.725, 0.875) and (0.875, 1.0).

The PDF shapes assumed for the signal, BB background and continuum background

distributions for the different fit variables are summarised in Table [6.1]

Table 6.1.: Assumed PDF shapes for the signal and background distributions.

‘ Variable ‘ Signal Shape ‘ BB Background Shape ‘ Continuum Background Shape ‘
My, Double Crystal Ball [46] | ARGUS [47| and Gaussian | ARGUS
AE Double Crystal Ball Exponential Exponential
Transformed BDT Output | Bifurcated Gaussian [48] | Bifurcated Gaussian Bifurcated Gaussian
At At Signal PDF Exp. + Double Gaussian | Exp. + Double Gaussian

For At, the signal PDF is given by the convolution of equation (4.3)) with the resolu-
tion function as described in Chapter . To determine the PDF shape parameters,
100,000 signal events per decay channel and all available background events are used to
perform a likelihood fit which outputs the PDF shape parameters best suitable to model

the given distribution. For the PDF shape parameter determination, all fit projections
are normalised to unity. The Figures [6.1] and [6.3] show the result of the PDF shape
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6. CPV Parameter Extraction

determination for M., whereas Figures [6.4] and show the corresponding plots for
AFE. The plots for M,. and AE show the results for all |¢gr| bins combined. The plots
indicate a good fit quality. For the BDT output score distribution a |gr| bin dependent
disagreement between the MC Data and the fit projection is observed however for the
signal PDF shape determination, where the disagreement becomes more distinct for an
increasing value of |gr|. Figures[6.7] [6.8 and [6.9)show the PDF fit projections for the BDT
output score in the |gr| bins 0 and 6 for Belle, the corresponding plots for Belle II can be
found in Appendix|[C] The background PDF fit projections for At can be seen in Figure
and [6.11] The PDF shape parameters for the At signal PDF were determined using
the methods described in Chapter [4.2]
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5.23 5.24 5.25 5.26 5.27 5.28 5.29 5.23 5.24 5.25 5.26 5.27 5.28 5.29
Mpc [GeV] Mpc [GeV]

Figure 6.1.: Signal PDF shape for M, for Belle (left) and Belle II (right). The black
dots indicate the MC data, the blue line is the result of the likelihood fit.
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Figure 6.2.: BB background PDF shape for M. for Belle (left) and Belle II (right).
The black dots indicate the MC data, the blue line is the result of the
likelihood fit.

6.2. Results

After the PDF shape parameters are fixed, another likelihood fit is performed to extract

the signal and background event yields as well as the Scp and Ccp parameters. For the
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Figure 6.3.: Continuum Background PDF shape for M, for Belle (left) and Belle II
(right). The black dots indicate the MC data, the blue line is the result of
the likelihood fit.
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Figure 6.4.: Signal PDF shape for AE for Belle (left) and Belle II (right). The black
dots indicate the MC data, the blue line is the result of the likelihood fit.

fit, the MC data is sampled to reflect the expected signal and background event yields
at Belle and Belle II. The MC event yields available for the fit after the applied event
selection and sampling are summarised in Table [6.2]

Table 6.2.: MC Event Yields available for the Fit.

‘ Dataset ‘ Signal ‘ BB Background ‘ Continuum Background ‘
Belle 48 622 27
Belle 11 29 136 134
Belle + Belle IT | 77 758 161

In the case of AE and the transformed BDT output, the PDF shape functions are
the same for the BB background and the continuum background. The fit therefore has
problems to distinguish the continuum and BB background events. To solve this issue,
the event yields of the continuum background are fixed to the MC expectation during the
fit whereas the signal and BB background event yields are kept free floating. During a
complete analysis on real data, this set up can be realised by estimating the continuum

background event yields before the likelihood fit using off-resonance data, then fixing the
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Figure 6.5.: BB background PDF shape for AFE for Belle (left) and Belle II (right).
The black dots indicate the MC data, the blue line is the result of the
likelihood fit.
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Figure 6.6.: Continuum Background PDF shape for AE for Belle (left) and Belle II
(right). The black dots indicate the MC data, the blue line is the result of
the likelihood fit.

continuum event yield to the estimated value. The fit is performed on the Belle and the
Belle I datasets separately to ensure the quality of the fit as well as on the combination of
the Belle and Belle IT datasets to extract the event yields and the CPV parameters. In this
Chapter, the results for the fit on the combined Belle and Belle II datasets are presented.
The corresponding plots and tables for the Belle and Belle I datasets separated can be
found in Appendix [C] To perform the likelihood fit, the PDFs of the different fit variables
are assumed to factorise, the logarithm of the likelihoods of the Belle and Belle IT datasets

are summed up. The likelihood for Belle is given via

LBelle = PDFBelle(Mbc) * PDFBeHe<AE)

(6.1)
*PDFBelle (BDT) * PDFBelle (At) .

Additionally, the event yields npepe(s) and npene(b) of the signal and background events
are added to the logarithm of the likelihood to take the normalisation of the PDF shapes
into account. The corresponding logarithm of the likelihood for Belle II is added to get
the full likelihood. Table summarises the results of the fit and compares it to the
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Figure 6.7.: Signal PDF shape for the transformed BDT output for Belle in the |gr| bin
0 (left) and 6 (right). The black dots indicate the MC data, the blue line
is the result of the likelihood fit.
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Figure 6.8.: BB background PDF shape for the transformed BDT output for Belle in
the [gr| bin 0 (left) and 6 (right). The black dots indicate the MC data,
the blue line is the result of the likelihood fit.

expectation from MC. Figures [6.12], [6.13], [6.14] and show the fit projections for the

different fit variables. Figure [6.16|shows the At projection of the fit for the signal region,
defined as My, > 5.27 GeV and |AE| < 0.05 GeV.

Table 6.3.: Results of the Fit on the combined Belle and Belle 11 Dataset.

‘ Variable ‘ Result ‘ Uncertainty ‘ MC Expectation
Scp -0.28 1 0.49 0.0
Cep -0.45 | 0.40 0.0
Signal Events Belle 51 13 48
Signal Events Belle II 32 9 29
BB Background Events Belle 619 37 622
BB Background Events Belle II 133 22 136
Continuum Background Events Belle 27 0 27
Continuum Background Events Belle II | 134 0 134
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Figure 6.9.: Continuum background PDF shape for the transformed BDT output for
Belle in the |gr| bin 0 (left) and 6 (right). The black dots indicate the MC
data, the blue line is the result of the likelihood fit.
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Figure 6.10.: BB background PDF shape for At for Belle (left) and Belle II (right).
The PDF shape parameters are determined using the full background MC
sample and a maximum likelihood fit.
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Figure 6.11.: Continuum background PDF shape for At for Belle (left) and Belle II
(right). The PDF shape parameters are determined using the full back-
ground MC sample and a maximum likelihood fit.
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Figure 6.12.: Fit Projection of My, for the fit on the combined Belle and Belle II

dataset. The Signal, BB background and continuum background yields
are shown in red, blue and green, respectively. The sum of the event
yields is shown in yellow, the MC data is shown in black.
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Figure 6.13.: Fit Projection of AF for the fit on the combined Belle and Belle II dataset.

The Signal, BB background and continuum background yields are shown
in red, blue and green, respectively. The sum of the event yields is shown
in yellow, the MC data is shown in black.
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Belle and Belle II dataset. The Signal, BB background and continuum
background yields are shown in red, blue and green, respectively. The
sum of the event yields is shown in yellow, the MC data is shown in

black.
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Figure 6.15.: Fit Projection of At for the fit on the combined Belle and Belle II dataset,
separated into signal and background events for an B° and B9 tag, re-

spectively.
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Figure 6.16.: Fit Projection of At in the signal region for the fit on the combined Belle
and Belle I dataset, separated into signal and background events for an
B and BO tag, respectively.
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7. Discussion

7.1. Event Selection

In this section, the set up and performance of the event selection, especially regarding the

MVA based part of the selection, are discussed.

7.1.1. MVA Based Event Selection

The signal region is considered to be My, > 5.27 GeV and |AE| < 0.05 GeV. In an early
stage of the analysis, the idea was to use two BDTs per decay channel: one for the signal
vs BB background separation and one for the signal vs continuum background separation.
The cuts on the BDT output scores were then optimized simultaneously with respect to
the signal significance in the signal region, where the significance is defined as S = \/%W’
where S is referring to the signal significance and s and b are the amounts of signal and
background events within the signal region, respectively. This strategy is illustrated in

Figure [7.1] for Belle and [7.2] for Belle II.

Signal significance
~
o

Signal significance
N
o

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
BDT cut BDT cut

Figure 7.1.: Signal Significance depending on the applied cut on the BDT output for
Belle ee (left) and Belle upu (right), the blue line indicates the signal sig-
nificance in the signal region, the black dotted line shows the optimal cut
with respect to the significance.

However, this approach proved to be not optimal due to a very low signal efficiency of

only 50 % for the BDT cut due to the very tight cut according to the signal significance
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Figure 7.2.: Signal Significance depending on the applied cut on the BDT output for
Belle II ee (left) and Belle II pp (right), the blue line indicates the signal
significance in the signal region, the black dotted line shows the optimal
cut with respect to the significance.

optimization and thus a decreased sensitivity of the fit on Scp and Ccp. Thus, to increase
the sensitivity of the fit, the strategy to optimize the cut on the BDT score according
to the signal significance was abandoned to favour a simple BDT set up with a loose
cut on the BDT output which results in a higher signal statistic. Therefore the event
selection presented in this Thesis consists of a simple BDT trained for signal vs background
separation followed by a loose cut on the output at 0.6, the value of the cut was chosen
such that the signal efficiency of the cut is 90%-95%, dependent on the decay channel,
with a background rejection rate of approximately 90%, thus allowing to remove a huge

proportion of the background without a significant loss of signal.

7.1.2. Peaking Background

Figures [7.3| and [7.4] show the distributions of M, for Belle and Belle II for |[AE| < 0.05
GeV and O € (1.0,8.0). For Belle II, the signal PDF shape is clearly distinguishable from
the background PDF shape and the signal yield significantly exceeds the background yield
around 5.27 GeV. For Belle however, the signal-to-background ratio is noticeably lower
compared to Belle II and the BB background exhibits a peak around 5.27 GeV, where
the signal peak is located as well. This peak in the BB background is not modeled by
the background PDF. Tests on four times the available Luminosity of Belle and Belle 11
show no bias in the fit however. Figures and show the distribution of M, for
Belle separately for 0.00 GeV < AE < 0.05 GeV and -0.05 GeV < AE < 0.00 GeV. The
distributions indicate that the peak in the BB background occurs for both regions of AF.

Figure shows the M, distribution of the B B background for Belle differentiated into
different components based on lepton and Kg identification. Especially for the Belle pu
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Figure 7.3.: M, distribution for Belle ee (left) and Belle puu (right) for |[AE| < 0.05
GeV and O’ € (1.0,8.0). The signal is shown in red, the BB and continuum
backgrounds are shown in blue and green, respectively.

decay channel the peak within the background mostly consists of events containing fake
leptons or fake Kg. Fake leptons mostly originate from misIDs on charged pions whereas
fake Kg stem from a track mismatch during the reconstruction of the Kg. Attempts
to reduce the contribution of fake lepton and fake Kg events by applying cuts on PID
variables have proven unsuccessfully due to high signal rejection rates. As a test, a
likelihood fit was performed on AF, the transformed BDT output score and At with a
cut requiring M. > 5.27 GeV to avoid fitting the peaking background. The sensitivity
on Scp however decreased from 0.49 to 0.60, proving that the removal of M. as a fit

dimension does not improve the sensitivity on the CPV parameters.

Figures[7.§ and [7.9 show the AE distributions for Belle and Belle II for M, > 5.27 GeV
and O’ € (1.0,8.0). The PDF shapes of signal and background are clearly distinguishable
and the signal yield exceeds the background yield around 0.0 GeV.

Figures and show the distribution of the transformed BDT output score for
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Figure 7.4.: M, distribution for Belle II ee (left) and Belle I pp (right) for |AE| <
0.05 GeV and O" € (1.0,8.0). The signal is shown in red, the BB and
continuum backgrounds are shown in blue and green, respectively.

Belle and Belle II. As for AE, the PDF shapes of signal and background are clearly
distinguishable from each other.

To conclude, the distributions of AE and the transformed BDT output score as well as
M, for Belle IT look healthy and thus should provide no issue for the likelihood fit. The
peak in the BB background for M, for Belle is not modeled by the fit, but tests on four
times the available luminosity do not show any bias. Unfortunately, neither the removal
of M. as a fit dimension nor attempts to reduce the peak in the background without
removing to much signal have proven successful with respect to increasing the sensitivity
of Scp and Cep.

7.2. Likelihood Fit

Over the course of the analysis, different fit strategies have been tried to study their impact

on the sensitivity of the fit. A simple variation of the cut imposed on the BDT output
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Figure 7.5.: M, distribution for Belle ee (left) and Belle pu (right) for 0.00 GeV <
AE < 0.05 GeV and O’ € (1.0,8.0). The signal is shown in red, the BB
and continuum backgrounds are shown in blue and green, respectively.

score has proven to not affect the fit result to a noticeable degree. Another approach was
to apply a BDT output cut which is dependent on the |gr| bin. This set up can exploit
the higher signal-to-background ratio in higher |gr| bins by imposing tighter cuts on the
lgr| bins 0-4 while keeping the cuts loose for the |gr| bins 5 and 6. Various combinations
of cuts however showed no significant effect on the fit performance.

In Chapter [6.1] it was shown that the fit projections of the PDF shapes agree with the
expectation for M., AE and At as well as the background PDFs for the transformed
BDT output whereas the projections are off for the signal PDF of the transformed BDT
output. While it does not impose a bias to the fit, it could still lead to an increased
uncertainty of the fit result. As a test, the BDT output score was removed as a fit
dimension, but it led to a decreased sensitivity on Scp and Ccp. To solve this issue,
another transformation of the BDT output score was tested, where the BDT output is
not transformed into a bifurcated Gaussian, but instead the signal is transformed to have
a linear distribution while the background is distributed double exponentially. The PDF
shapes for the transformed BDT output can be seen in Figure [7.12] [7.13] and [7.14]

While the PDF shapes look healthy, the sensitivity of the fit to extract Scp and Ccp

has not improved.
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Figure 7.6.: M, distribution for Belle ee (left) and Belle pu (right) for -0.05 GeV
< AFE < 0.00 GeV and O’ € (1.0,8.0). The signal is shown in red, the BB
and continuum backgrounds are shown in blue and green, respectively.

Other approaches were the use of a polynomial PDF shape for the background PDFs of
AFE as well as to allow the continuum background yields to be free floating during the fit.
Both attempts however led to a decrease of the fit sensitivity.

To summarise, the fit seems to have either a worse sensitivity or to be not significantly
affected by applying different fit strategies. Hence, it seems that with the current amount
of data at Belle and Belle II, a precision significantly better than 0.5 on Scp is not
achievable independent of the fit strategy. Other sources of systematic uncertainties are
assumed to be of the order of O(1072), thus significantly smaller than the statistical
uncertainty. Therefore other systematic uncertainties are not addressed in the context of
this Thesis.

7.3. Outlook

The main contribution to the uncertainty on Scp and Cep is the low statistics of the
signal decay. Thus, in order to improve the performance of the fit, more data needs to
be available. The result in this Thesis is obtained by using the full currently accessible
dataset of Belle and Belle II, corresponding to 711 fb~! at Belle and 486 fb~! fb at Belle II.
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Figure 7.7.: M. distribution for the BB background for Belle ee (left) and Belle ppu
(right) for |[AE| < 0.05 GeV and O’ € (1.0,8.0), divided into different
components based on Lepton and Kg IDs.

As a test, a fit is performed assuming the luminosity of Belle II is four times the current
accessible, corresponding to 1944 fb=!. The sensitivity on Scp and Ccp was improved to
0.39 and 0.25, respectively. The SM expectation for Scgp is 0.7, thus a sensitivity of at
least 0.23 is needed to claim evidence for TDCPV in the B — Kg/¢ decay channel. To
achieve this sensitivity, a dataset of approximately four and a half times the size of the
current accessible is needed given that the sensitivity scales with ~ ﬁ with L being the
available Luminosity.

To search for deviations from the SM however, a higher sensitivity is needed, which will be
difficult to archive for Belle IT alone. Thus, in order to nail down the Wilson Coefficient C
and search for deviations from the SM, a combination of measurements of various decay

channels involving b — s¢*¢~ transitions needs to be performed by LHCb and Belle II.
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Figure 7.8.: AFE distribution for Belle ee (left) and Belle pupu (right) for My, > 5.27 GeV
and O’ € (1.0,8.0). The signal is shown in red, the BB and continuum
backgrounds are shown in blue and green, respectively.
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backgrounds are shown in blue and green, respectively.

53



7. Discussion

Mumber of Events

10

[ signal

14 4 T signal

[ Continuum Background [ Continuum Background
[ Background BB [ Background BE

12

10

Mumber of Events

Figure 7.10.:

o4

(N

—L 2
11 N P e e

2 L] 5] & -8 ] -4 -2 [¥] 2 4 6
BOT autput BDT output

-2

Transformed BDT output score distribution for Belle ee (left) and Belle
pp (right) for My > 5.27 GeV and |AE]| < 0.05 GeV. The signal is shown
in red, the BB and continuum backgrounds are shown in blue and green,
respectively.



7.3. Outlook

[ signal [ signal
[ Continuum Background 3.0+9 [ Continuum Background
[ Background BB [ Background BB
3.0+
2.3 4 1
254
2.0
a0 0
c =1
@ 1]
= =
[i1] w
= K]
I 154 —
5154 E
= =
1.04
1.04 —
05 1 — L G-S-
N 1
[ — L
0.0 T F T T T T 0.0 T T T T
-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 o 2 4 6
BOT output BDT autput

Figure 7.11.: Transformed BDT output score distribution for Belle II ee (left) and Belle
IT pp (right) for My, > 5.27 GeV and |AE| < 0.05 GeV. The signal is
shown in red, the BB and continuum backgrounds are shown in blue and
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Figure 7.12.: Signal PDF shape for the transformed BDT output for Belle (left) and
Belle II (right) in the |gr| bin 0. The black dots indicate the MC data,
the blue line is the result of the likelihood fit.
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Figure 7.13.: BB Background PDF shape for the transformed BDT output for Belle

(left) and Belle II (right) in the |¢r| bin 0. The black dots indicate the
MC data, the blue line is the result of the likelihood fit.
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the MC data, the blue line is the result of the likelihood fit.
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Figure A.1.:

Veto applied on the invariant mass of the dilepton system for the Belle II
ee decay channel (left) and the Belle IT uu decay channel (right). Signal
events are shown in red, continuum background events in green and BB
related background events are shown in blue. The cuts applied are indi-
cated with black doted lines.
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BDT output distribution for the Belle II ee decay channel. Shown are the
distributions of the training and the test scores. The events are normalised
such that the area of the histogram corresponds to 1.
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such that the area of the histogram corresponds to 1.
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Figure A.6.: ROC curve for the Belle II ee decay channel, shown in orange. The AUC
score equals 0.99 indicating a high separation power between signal and
background events. The dotted blue line shows the hypothetical ROC
curve for an AUC score of 0.5.
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Figure A.7.: ROC curve for the Belle IT ppu decay channel, shown in orange. The AUC
score equals 0.99 indicating a high separation power between signal and
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B. Input Variables for BDT Training
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Figure B.1.: List of input variables used for the BDT training for Belle ee decay channel.
The input variables are ordered according to their importance for the signal
background separation with the F' score indicating their relevance.
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Figure B.2.: List of input variables used for the BDT training for Belle pu decay chan-
nel. The input variables are ordered according to their importance for the
signal background separation with the F' score indicating their relevance.

66



Feature importance

CleaConecs2_t

Figure B.3.: List of input variables used for the BDT training for Belle II ee decay
channel. The input variables are ordered according to their importance
for the signal background separation with the F' score indicating their
relevance.

Feature importance

Figure B.j.: List of input variables used for the BDT training for Belle II uu decay
channel. The input variables are ordered according to their importance
for the signal background separation with the F' score indicating their
relevance.
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Figure C.1.: Signal PDF shape for the transformed BDT output for Belle II in the |gr|
bin 0 (left) and 6 (right). The black dots indicate the MC data, the blue
line is the result of the likelihood fit.
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Figure C.2.: BB background PDF shape for the transformed BDT output for Belle II
in the |gr| bin 0 (left) and 6 (right). The black dots indicate the MC data,
the blue line is the result of the likelihood fit.
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Figure C.3.: Continuum background PDF shape for the transformed BDT output for
Belle II in the |gr| bin 0 (left) and 6 (right). The black dots indicate the
MC data, the blue line is the result of the likelihood fit.

Table C.1.: Results of the Fit on the Belle Dataset.

‘ Variable ‘ Result ‘ Uncertainty ‘ MC Expectation
Scp -0.03 | 0.72 0.0
Ccp -0.48 | 0.49 0.0
Signal Events 51 13 48
BB Background Events 619 37 622
Continuum Background Events | 27 0 27

Table C.2.: Results of the Fit on the Belle II Dataset.

‘ Variable ‘ Result ‘ Uncertainty ‘ MC Expectation
Scp -0.59 | 1.19 0.0
Ccp -0.52 | 0.71 0.0
Signal Events 32 9 29
BB Background Events 133 22 136
Continuum Background Events | 134 0 134
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Figure C.4.: Fit Projection of M. for the fit on the Belle dataset. The Signal, BB

background and continuum background yields are shown in red, blue and
green, respectively. The sum of the event yields is shown in yellow, the
MC data is shown in black.
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Figure C.5.: Fit Projection of AE for the fit on the Belle dataset. The Signal, BB

background and continuum background yields are shown in red, blue and
green, respectively. The sum of the event yields is shown in yellow, the
MC data is shown in black.
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dataset. The Signal, BB background and continuum background yields
are shown in red, blue and green, respectively. The sum of the event yields
is shown in yellow, the MC data is shown in black.
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Figure C.9.: Fit Projection of My, for the fit on the Belle IT dataset. The Signal, BB
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green, respectively. The sum of the event yields is shown in yellow, the
MC data is shown in black.
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Figure C.10.: Fit Projection of AFE for the fit on the Belle II dataset. The Signal, BB
background and continuum background yields are shown in red, blue and
green, respectively. The sum of the event yields is shown in yellow, the
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yields is shown in yellow, the MC data is shown in black.
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