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Kurzfassung

Im Standardmodell der Teilchenphysik wird der experimentell beobachtete Ubergang zwi-
schen Quarks durch die Cabibbo-Kobayashi-Maskawa Matrix beschrieben. Dabei ist die
Ubergangsrate von Bottom- zu Charm-Quarks proportional zur GroBe des Matrixelements
|Vep|. Dartiber hinaus ist |V| einer der fundamentalen Parameter des Standardmodells,
d.h. die Grée kann nicht allein durch Theorie bestimmt werden. Diese Arbeit zielt darauf
ab, |Vi| aus Daten zu extrahieren, die durch das Belle II Experiment am SuperKEKB-
Beschleuniger in Tsukuba, Japan, gewonnen wurden. Dieser Beschleuniger kollidiert Elektro-
nen und Positronen mit einer Schwerpunktsenergie von 10,58 GeV und begann 2019 mit
der Datennahme. Der verwendete Datensatz fiir diese Studie entspricht einer integrierten
Luminositit von 364 fb~!. Zum Zeitpunkt des Schreibens ist die Bestimmung von |V,3| durch
semileptonische B — X fv, Zerfille der bevorzugte Ansatz. Das B steht fiir ein B-Meson,
X, flir ein hadronisches System, das ein Charm-Quark enthélt und ¢ ist ein geladenes,
leichtes Lepton, d.h. entweder ein Elektron oder ein Myon mit dem zugehorigen Neutrino
vy. Diese Messungen konnen mit zwei verschiedenen Ansétzen durchgefiihrt werden: dem
inklusiven und dem exklusiven Ansatz. Bei inklusiven Messungen werden alle B — X vy
Endzusténde rekonstruiert, wihrend bei exklusiven Messungen explizit eine Zerfallskette
untersucht wird, z.B. B — D*t¢~7;. Obwohl man eine Ubereinstimmung zwischen der
Ergebnisse der beiden Methoden erwartet, gibt es eine lang anhaltende Spannung von 3,30
zwischen inklusiven und exklusiven Messungen, was die Motivation hinter dieser Arbeit
ist. Die Extraktion von |V,;| wird anhand der Rekonstruierung von B? — D**/~p; mit
den Unterzerfillen D*t — D% und D° — K~z untersucht. Durch die Bestimmung
der Anzahl der Signal-Kandidaten aus dem Datensatz kénnen die partiellen Zerfallsraten
AT'/AwA cos 0y bestimmt werden, wobei es sich bei w um den hadronischen Riickstol han-
delt und bei cos )y um eine kinematische Winkelvariable. Diese partiellen Zerfallsraten sind
mit V| verkniipft. Die Zusammenhénge konnen mittels zwei verschiedener Parametrisie-
rungen beschrieben werden, der Boyd-Grinstein-Lebed und der Caprini-Lellouch-Neubert
Parametrisierung. Das Matrixelement |V,;| und die Formfaktoren koénnen fiir beide Parame-
trisierungen durch einen numerischen Fit an die partiellen Zerfallsraten gemessen werden.
Mit dieser Methode messen wir |Ve|parL = (38.100 £ 0.194 + 0.754 + 0.674) x 1072 und
[Vip|con = (38.582 + 0.247 4+ 0.844 4 0.560) x 1073 fiir die Boyd-Grinstein-Lebed und die
Caprini-Lellouch-Neubert Parametrisierung anhand von Simulationen mit wettbewerbsfé-
higer Préazision. Die angegebenen Unsicherheiten in der Reihenfolge ihres Auftretens sind
statistisch, systematisch und theoretisch.
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Abstract

In the standard model of particle physics the experimentally observed quark mixing is
described by Cabibbo-Kobayashi-Maskawa matrix. The transition rate from bottom to
charm quarks is proportional to the matrix element magnitude |Vg|. Additionally |V is
one of the fundamental parameters of the standard model, i.e. it can not be determined by
theory alone. This thesis aims to extract |V| from data obtained by the Belle II experiment
at the SuperKEKB collider in Tsukuba, Japan, which collides electrons and positrons at a
center of mass energy of 10.58 GeV and started taking data in 2019. The data sample size
used for this study is equivalent to an integrated luminosity of 364 fb~!. At the time of
writing determining |V| through semileptonic B — X fv, decays is the favored approach.
The B corresponds to a B meson, X, a hadronic system containing a charm quark and
{ is a charged, light lepton, i.e. either an electron or muon with its associated neutrino
vp. These measurements can be done using two different approaches, namely inclusive and
exclusive. For an inclusive measurement all B — X_.fv, final states are reconstructed, while
exclusive measurements investigate a single decay chain, e.g. B — D**¢~7;. While both
approaches use different theoretical inputs their results should be the same. However, there
is a long standing 3.3¢ tension between inclusive and exclusive measurements, which is
the main motivation behind this thesis. In this thesis the extraction of |V| is studied by
reconstructing B® — D*T¢~7; decays through the subsequent decays D** — D%zt and
DY — K~nt. By extracting the amount of signal candidates from the sample the partial
decay rates AT'/AwA cosfy in bins of the hadronic recoil w and the angular kinematic
variable cos 6y can be determined. These partial decay rates are related to |V| and these
relations can be described via two different parameterizations, i.e. the Boyd-Grinstein-Lebed
and Caprini-Lellouch-Neubert parameterizations. The matrix element |V;| and the form
factors can be measured for both parameterizations via a numerical fit to the decay rates.
Through this analysis strategy we measure |Vy|par = (38.100+£0.19440.754 4+0.674) x 1073
and |ValcLn = (38.582 + 0.247 + 0.844 + 0.560) x 1073, for the Boyd-Grinstein-Lebed
and Caprini-Lellouch-Neubert parameterizations, respectively from simulations with a
competitive precision. The provided uncertainties in order of appearance are statistical,
systematic and theoretical.

iii
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CHAPTER

Introduction

The fundamental particles and the interactions between them are described by the standard
model of particle physics. The standard model has been developed in the second half
of the 20" century. The model might not be perfect, since it doesn’t account for the
gravitational force and dark matter among others and can’t fully describe the matter-
antimatter asymmetry in the universe. Nevertheless through the last decades numerous
predictions by the standard model have been confirmed by experimental data, such as the
Higgs boson in 2012.[1] To this day, the standard model is being tested rigorously by a
variety of particle collider experiments.

In the standard model the transition rate between quark flavors is described by magnitudes
of the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix.[2] The CKM matrix
is based on the Cabibbo Matrix introduced by Nicola Cabibbo in 1963, which includes
two generations of quarks. In 1973 Makoto Kobayashi and Toshihide Maskawa expanded
the Cabibbo Matrix matrix to a third generation of quarks to explain observed symmetry
violations in weak interactions.

Several so-called fundamental parameters are present in the standard model. These
parameters are require experimental measurements and can’t be calculated theoretically.
One of these fundamental parameters is the CKM matrix element magnitude |V|, which
describes the b — ¢ quark transition rate, where b is a bottom and ¢ a charm quark. At the
time of writing the favored approach of measuring |V,;| is studying semileptonic B meson
decays. The magnitude |V,;| can be determined through two different approaches: inclusively
and exclusively. For an inclusive approach one analyzes the sum of all possible B — X vy
decays, where X, can be any hadronic system containing a ¢ quark and ¢ is a charged, light
lepton, i.e. either an electron or muon with their corresponding neutrino v,. On the other
hand, an exclusive analysis reconstructs a specific decay chain, e.g. B — D*{r;. While the
theoretical inputs are different for both approaches, one would assume an agreement between
both methods. However |V| exhibits a long lasting 3.30 discrepancy between inclusive and
exclusive measurements. This yet unexplained tension proves that our understanding of
|Vep| and as a consequence also the standard model is still incomplete.

The discrepancy between inclusive and exclusive measurements of |V,,| motivates this
doctoral thesis. We determine |V,| via an exclusive approach through semileptonic B —
D*lv; decays using the data recorded at the Belle II experiment. The Belle II experiment
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1.

INTRODUCTION

is situated at the circular electron-positron collider SuperKEKB in Tsukuba, Japan and
started taking data in 2019. SuperKEKB collides electrons and positrons at a center of
mass energy of 10.58 GeV to produce vast amounts of B mesons, thus SuperKEKB is also
referred to as a B factory.

In Ch.2 of this thesis we will introduce the standard model of particle physics and the
theoretical framework surrounding |V,| and its extraction from B — D*{y; decays. This is
followed by a description of the SuperKEKB accelerator and the components of the Belle
IT detector in Ch.3. We then provide an overview of a typical workflow and concepts for
data analysis at Belle IT in Ch.4, which includes the used data and simulations, as well as
statistical concepts. In Ch.5 we will determine and discuss the calibration of the slow pion
efficiency; a leading systematic uncertainty for B — D*{y; studies. The measurement of
|Vep| is presented in Ch.6, followed by the conclusion of our study in Ch.7.
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CHAPTER

Theoretical Overview

2.1 Natural Units

The system of natural units replaces the S.I. units of kg, s and m in favor of the reduced
Planck constant & = 1.055 - 10734Js, the speed of light ¢ = 2.998 - 108 ms~! and GeV, where
1 GeV = 1.602 - 10~1°J. Additionally it is chosen that i = ¢ = 1. [3] This thesis adopts the
natural units for the following particle related quantities: mass, momentum and energies to
express them in powers of GeV.

2.2 Standard Model of Particle Physics

The Standard Model of particle physics (SM) describes the elementary particles and three
out of four fundamental interactions between them, i.e. strong, electromagnetic and weak
interactions, excluding gravity. The description of the SM is based on the concept of the
quantum gauge field theory. Each of the three interaction types is associated with a gauge
group: electromagnetic U(1), weak SU(2) and strong SU(3). All forces between particles
are described by an exchange of force carriers referred to as gauge bosons. An illustrative
summary of all elementary particles of the SM is provided in Fig.2.1.[3]

Matter consists of elementary particles called fermions, which are half spin s = 1/2
particles. Fermions are divided into two types: quarks and leptons. The categorization of
the fermions is based on the charges they carry with each category consisting of six particles.
These six particles are split into three generations with an increase in mass between every
generation and two particles per generation. Additionally a corresponding anti-particle with
equal mass but opposite charge exists for each fermion. In general the second and third
generations have a very short mean life time, while the first generations are stable, excluding
neutrinos: they are part of the lepton family and for them all three generations are stable.
The two sub-classes of the fermions can be summarized as follows:|3]

o Leptons carry up to two out of three charges. The leptons, that carry both an electric
and weak isospin charge are electrons (e), muons (1) and tauons (7), which correspond
to the first, second and third generation, respectively. In addition an associated

3
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2.

THEORETICAL OVERVIEW

neutrino, that only carries the weak isospin charge, exists for each of these three
particles.[3]

e Quarks carry electric, weak and color charges. The color charge is the charge of the
strong interaction, which is described by quantum chromodynamics (QCD). Overall
six different types of quarks exist: up (u), down (d), charm (c), strange (s), top (¢)
and bottom (or beauty, b), with up and down being the first generation. Quarks can
only be found as color neutral objects called hadrons, which are mainly divided into
two categories: the so-called mesons, that are quark and antiquark pairs (¢g) and
systems consisting of three quarks (gqq), the baryons. Additionally, a variety of very
rare exotic hadrons also exist, such as pentaquarks (¢qqqq).[3]

Interactions between particles are described by an exchange of gauge bosons, which are full
integer spin s = 1 particles, excluding the Higgs boson with s = 0. There are three types
of interactions: strong, electromagnetic and weak, where the electromagnetic and weak
forces can be merged into the electroweak interaction of the U(1) x SU(2) group at energies
of the order of ~ 250 GeV. A particle can only partake in an interaction, if it carries the
corresponding charge. Consequently only quarks can be a part of each interaction type,
charged leptons can take part in weak and electromagnetic interactions and neutrinos can
only be a part of weak interactions. Specific bosons are assigned for each interaction type in
the SM: [3]

e Electromagnetic: The electromagnetic interaction between electrically charged particles
is described by quantum electrodynamics (QED). The photon originates from the U(1)
structure of QED as a chargeless and massless force carrier.[3]

o Weak: The weak interaction is part of the SU(2) symmetry group and can be described
via the exchange of an electrically charged W+ boson with a mass of ~ 80 GeV or
a charge neutral Z boson with a mass of ~ 91 GeV. Only the bosons of the weak
interaction have a mass and couple particles that differ with respect to their electrical
charge.[3]

o Strong: The SU(3) symmetry of QCD generates 8 different massless gluons, which all
carry a color charge and anti charge. The unique property of the gluons themselves
carrying the charge of QCD interactions leads to the phenomenon called color confine-
ment. This results in quarks being only observed in color neutral, bound hadronic
states.[3]

2.3 Global Symmetries

In general symmetries describe, that the physical properties of a system don’t change when
applying a given transformation. There are two different kinds of symmetries, i.e. continuous
and discrete. E.g. with respect to rotation a square has a discrete symmetry, while a circle
has a continuous one.[3]

All fundamental interactions of the SM are described using quantum field theories (QTF),
which are formulated using special relativity. Consequently, it is implied, that the SM obeys
the Poincaré symmetry, which leads to three continuous symmetries: translation, rotation
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2.3.

Global Symmetries

Standard Model of Elementary Particles

interactions | force carriers

three generations of matter
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Figure 2.1: Classification of all elementary particles according to the SM.[4]

and boosts. Furthermore, Noether’s theorem states, that every symmetry is linked to a
conservation law.[5] The three discrete symmetries are the following:[3]

o Charge conjugation (C): Inverts all internal, discrete quantum numbers of a particle,
basically creating the antiparticle. This affects electric charges, color charges, lepton
numbers, baryon numbers etc., but does not affect mass or momenta.

o Parity transformation (P): Mirrors all spatial coordinates through the point of origin,

i.e. © — —&, where ¥ is a vector of coordinates.

o Time revearsal (T): Reverses the time components ¢t — —t.

These discrete symmetry operations can be either applied individually or combined. If a
symmetry operation changes the physical observables of a system, one speaks of a symmetry

violation.

It can be shown, that all QTF theories uphold a symmetry for combined

CPT transformation. However, if all fundamental interactions between particles would be
symmetric under all three individual transformation there would be an equal amount of
matter and antimatter in the universe, which would lead to an annihilation of all matter.
Therefore it can be concluded, that some form of symmetry violation must exist for at least
one interaction. It is known, that QED and QCD interactions conserve C and P symmetries
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(a) (b)

Figure 2.2: Two exemplary Feynman diagrams of QCD interactions: Fig(a) shows a rb — br
process, while (b) shows one of the lowest order Feynman diagrams of the gg — gg process.[3]

separately and therefore also the CP symmetry, which leaves only the weak interaction to
contribute to the matter/antimatter asymmetry. The weak interaction in fact maximally
violates C and P transformations individually and additionally, violates the CP symmetry
to some extend.[3]

2.4 Strong Interaction

The charge related to the strong interaction is the so-called color charge and its associated
quantum numbers are: r, ¢, b for particle or 7, g, b for the antiparticle charges. Due to
the charge naming convention, the QTF of the strong interaction is referred to as quantum
chromodynamics (QCD). The only particles carrying color charge are quarks and the gauge
bosons mediating the force of QCD, i.e. the massless gluons. Exemplary Feynman diagrams
of QCD processes are given in Fig.2.2. Feynman diagrams are graphical representations of
the mathematical description behind a particle physics processes and follow a given set of
rules. Quarks can not be observed as individual free particles, but only in color neutral or
"white" composite systems referred to as hadrons. The most common hadrons are quark
antiquark pairs (¢q) and three quark systems (qqq) referred to as mesons and baryons,
respectively. Besides mesons and baryons, there exists a variety of exotic hadrons, e.g. the
recently discovered pentaquarks (¢qqqqq).[3, 6, 7]

The phenomenon of the absence of individual propagating quarks is accredited to color
confinement, which is a consequence of the color charge of gluons. Because the gluons
carry color charge a self interaction between gluons is caused. The energy of the gluon field
between the quarks increases proportional to the quark distance, making it impossible for
them to separate from each other and propagate individually. Due to the color confinement
qq events produced in high energy collisions are observed in the form of hadronisation jets.
When the ¢q pair is produced during the collision, the ¢ and ¢ travel back to back into
opposite directions: with increasing distance between the quark and antiquark, the energy
stored in the color field between them also increases and produces new ¢q pairs, which leads
to an unique topology for ¢q events.|3]

Another property of QCD is its large coupling constant as ~ O(1) at lower energies,
resulting in the inability to calculate QCD processes using perturbation theories. However,
«; is a running coupling strength that shows a dependence on the energy scale of the
interaction. This property makes it possible to apply perturbation theories at higher energy
scales, a phenomenon referred to as asymptotic freedom. The decrease of the coupling
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2.5. Weak Interaction

strength shows the dependence:[3, 8, 9]

1

Boln( 21/ 1)’ 21)

as(lg?]) o

where Gy = 11 — %nf is the first term of the beta series, with ny being the number of flavors
active at the scale of |¢?| and A is the QCD scale parameter. This property separates o
into a non perturbative low energy regime and a perturbative high energy regime.[3, 8, 9]

A common technique to calculate QCD processes at low energies without perturbation
theory is the lattice QCD (LQCD) approach, where the strong interaction processes are
calculated on four dimensional Euclidean lattice points in space time. The points of the
lattice are inhabited by the quark fields and these sites are in turn connected by the
gauge fields. The QCD need to be discretized for LQCD calculations. These discretized
approximations are formulated in such a way, that a reduction of the spacing between
lattice site to zero leads back to continuous QCD. By discretizing the gauge field theories of
QCD to the lattice LQCD allows for numerical determinations of QCD effects in the low
energy scale. The numerical LQCD calculations are typically done using Monte Carlo (MC)
simulations and come at extremely high computational costs, which increase as the lattice
spacing decreases. [10]

2.5 Weak Interaction

The weak interactions differs from various properties that the electromagnetic and strong
interactions have in common. First of all, the force carriers of the weak interaction are
W= and Z bosons, which have a mass of 80.377 & 0.012 GeV and 91.188 + 0.002 GeV,
respectively.[10] The gauge bosons of QED and QCD are mass less. Additionly the W=
bosons are the only gauge bosons to carry an electric charge, therefore the weak interaction is
the only possible interaction between particles with a different electrical charge. Lastly, the
weak interaction maximally violates C and P symmetry individually and also to some extend
the CP symmetry. This is not the case for QED and QCD and therefore it is the only source
for the matter antimatter asymmetry between these three fundamental interactions.[3]

The P symmetry violation of the weak interaction was first observed in 1957 at the
Wu experiment, which studied the emission of electrons from S-decays of polarized °Co
nuclei.[11] In general physical quantities can be categorized into four classes, based on their
dimension and sign change under parity transformations:[3]

e Scalars: Single valued quantities, e.g. mass or time, that don’t change their sign under
parity transformations.

e Vectors: Multi dimensional quantities like momenta, which change their sign under
parity transformation.

o Axialvectors: Are the cross products of two vectors and therefore don’t change their
sign, e.g. angular momenta. They are also referred to as pseudovectors.

e Pseudoscalars: The product of a vector and axialvector, which results in single valued
quantities, e.g. helicity, that change their sign under parity transformations.
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While QED and QCD currents are vectors, the necessary Lorentz transformation properties
and observations from experiments lead to a (V-A) structure for the weak charged currents
of W¥ boson exchanges.[3]

Another important concept, needed for the P symmetry violation of the weak interaction
is chirality: particles can either have left or right handed chiral eigenstates. Chirality is
connected to the helicity of a particle, i.e. a normalized spin component in the direction of
the particle’s momentum, that can also be either right handed or left handed. The right
handed helicity spinor u; and left handed helicity spinor u| can be expressed in terms of
left handed and right handed chirality components:|3]

1 D 1 D
- -1 21— 2.2
w =5t g Jurt (- g D, (2:2)
1 D 1 D
— -1 (1 - 2,
w= ot g w0 - gy Jum (2.3)

where up and uy, are the right handed and left handed chirality components, respectively.
From Eq.2.2 and Eq.2.3 one can see, that in high energy environments, where £ >> m the
chirality eigenstates are equal to the helicity eigenstates. It can be shown, that, with respect
to the chirality, only right handed particles and left handed antiparticles are able to take
part in the weak interaction, which is the origin of the P symmetry violation. By applying a
parity transformation the sign of the momenta of all particles gets inverted, turning a particle
with left handed helicity into a right handed particle and a right handed antiparticle into a
left handed anti particle. Since the weak interaction only couples to left handed particles
and right handed anti particles, the previous interaction is not possible anymore after the
application of the transformation, leading to a maximal violation of P symmetry. At lower
energies or more massive particles the coupling with a particle with right handed helicity is
possible, but very unlikely in comparison to the original process, still violating P symmetry.[3]

2.5.1 CP Violation

The main motivations behind the Belle experiment were to further investigate the CP
violation and the quark mixing described by the Cabbibo Kobayashi Maskawa matrix. The
CP violation of the weak interaction was first observed at an experiment measuring neutral
kaon decay rates. The neutral kaons K (ds) and K° (ds) are the lightest mesons containing
an s quark and differ from each other to conserve strangeness in strong interactions. However,
K° and K° are known to mix via the weak interaction, which leads to each K° developing
a KO component and vice versa. In the weak interaction of neutral kaons, the physical
states are eigenstates of a K-K° Hamiltonian, which are referred to as K° long (K9)
and K short (K9), due to their different lifetimes of 75, = (5.116 £0.021) x 107% s and
Trs = (8.954 £ 0.004) x 107! s.[10] The dominant decays of Kg — 7m and K — mrm
differ in parity, namely CP(n7) =41 and CP(7w7m)=-1. The conservation of CP symmetry
would imply a correspondence of life time to CP eigenstates, where Kg = K; and KY = Ko,
however Kj — mwm decays could be observed by an experiment of Christenson et al. in 1964,
proving the existence of CP violation.[3, 12]

In 1967, three years after the measurement of the CP violation in K° decays, Sakharov
published a paper on baryogenesis, listing three conditions needed for the present matter
antimatter asymmetry in our universe.[3, 13]
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e Baryon number violation: The number of baryons is not constant.

e C and CP violation: Without C and CP violation there would be an equivalent amount
of antiparticle decays, leading to a net zero.

e Departure from thermal equilibrium: Thermal equilibrium would imply, that all baryon
number violating processes would be canceled out by an inverse process.

2.5.2 Cabibbo Kobayashi Maskawa Matrix

In the 1960s the observed decay rates of K~ (us) — p~ v, and 7~ (ud) — p~ v, deviated
from the value expected from a universal coupling strength of the weak interaction to quarks
and lepton flavor universality (LFU). This discrepancy was explained using a hypothesis
proposed by Cabibbo in 1963, which states that the flavor eigenstates of quarks are not
equal to their weak eigenstates involved in the weak interaction, but that the two eigenstates
are related to each other by a rotation described by the cabibbo angle .. [14] According to
Cabibbo’s hypothesis the two decay rates are linked to each other by a factor tan®d,, which
solves the issue by taking an angle of 6. ~ 14° into account for the suppression of the K~
decay, therefore saving the LFU prediction for the weak interaction.[3]

When the Cabibbo hypothesis was first proposed only three quarks were known, i.e. u, d
and s and it introduced ud and us couplings. However the measured branching fraction of
B(KY — p+pu~) = (6.84 £0.11) x 1072 of the leptonic decay K? — u+ pu~ was lower than
expected by theory.[3] By introducing a yet undiscovered, fourth quark the GIM mechanism
proposed in 1970 would solve this issue by explaining the highly suppressed decay rate with
a coupling between ¢ and s quarks.[15] One would then need to sum up the decay amplitudes
from the couplings, resulting in a suppressed branching fraction close to 0. The ¢ quark
was discovered in 1974 shortly after the proposition of the GIM mechanism. The resulting
Feynman diagrams of the K — 1+ u~ decay are shown in Fig.2.3. By combining the
cabibbo hypothesis and the GIM mechanism the relation between the flavor eigenstates and
the weak eigenstates of the four quarks can be written as a unitary 2 x 2 matrix, referred to

as Cabibbo matrix:|[3]
d cosB,. sinb.\ (d
(s’) o (—sinGC cos@c> (3) ’ (2:4)

where d’, s are the weak eigenstates and d, s the flavor eigenstates.

The Cabibbo matrix still has one major shortcoming: it can’t explain the CP violation
mandatory for the matter over antimatter asymmetry in the universe. To incoporate the
CP vioaltion into the SM Kobayashi and Maskawa predicted a third generation of quarks
in 1973. By introducing b and ¢ quarks, the 2x2 Cabibbo matrix naturally expands to the
unitary 3x3 Cabibbo-Kobayashi-Maskawa (CKM) matrix: [2, 3]

d/ Vud Vus Vub
SV = Vea Ves Vo | | s (2.5)
v Via Vis V) \b

The magnitude of the CKM matrix elements |V;| correspond to the transition rate between
two quark flavors, e.g. |V| gives the rate for b — ¢ transitions. Therefore the CKM matrix
also allows for transitions between different generations. The CKM matrix can be described
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cosf,. —sinb,
uy A VN cvy A VN
sinb, cosf,.

Figure 2.3: The two leading order Feynman diagrams of the K — p+ = decay. For the
decay rate the sum of both processes has to be considered, leading to the suppression of the
decay due to the cabibbo angle. [3]

by three Euler angles ¢12, ¢13, ¢23 and the introduction of a complex phase §, which is the
source for CP violation: [16]

0

C12€13 512€13 S13€
_ i i
Verm = | —s12¢23 — c12523513€"°  C12C23 — S12523513€" s23€13 | , (2.6)
i i
512823 — C12€23513€"°  —C12523 — S12C23513€"  C23C13

where s;; and ¢;; correspond to sing;; and cosg;;, respectively. While transitions between
different generations are possible, they are suppressed in comparison to transitions within
the same generation. This behavior is illustrated by the values of CKM matrix magnitudes
|Vi;|, where the diagonal elements are close to 1: [10]

Vial [Vas| Vil 0.974 0.225 0.004
Vel |Vis| [Vl | ~ | 0.225 0.973 0.042 | . (2.7)
Vidl  [Vis| Vil 0.009 0.041 0.999

The CKM matrix can be parameterized using the Wolfenstein parameters A, A, p, n, by
defining:[16, 17] ‘
s12 = A, sa3 = AN2, s13¢70 = AN} (p — in) (2.8)

where A\ =~ 0.22. Resulting in: [16]

Vud Vus Vb 1- )\2/2 A AN3 (,0 — i?])
Vea Ves Vo | = -A 1—)?/2 AN? (2.9)
Via Vis Vu AN(1—p—in) —AN? 1

The unitarity conditions of the CKM matrix Vo MVCJE xy = 1 and Vct xym Vorm = 1, where
T denotes the conjugate transpose. The equations emerging from the unitarity conditions
can be used to construct unitarity triangles (UT) in a complex plane. These equations have
the property, that proving one equation leads to all equations being correct. The following
equation is commonly used for B meson physics: [10, 16]

VudVay + VeaVey, + ViaViy, = 0. (2.10)

To create the UT used for B physics Eq.2.10 is divided by V.4V, which yields:

ViV VidVy,
1 ud th — 2.11
TV Vv &1)
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Figure 2.4: Schematic of the unitarity triangle. [16]
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Figure 2.5: Current state of the unitarity triangle. [20]

Additionally, the the new parameters 77 and p are introduced, which are defined as: [18]

_ VoV . ViV,
=__u 1- =%t 2.12

and are linked to the Wolfenstein parameters. By utilizing Eq.2.11 and the new parameters
from 2.12, the UT in Fig.2.4 can be constructed in the complex p — 7 plane.

According to the SM predictions and the unitarity of the CKM matrix, the UT has to be
closed. This property provides a crucial opportunity to probe SM predictions, since precise
measurements of angles and sides could result in an opening of the triangle, which would
indicate new physics beyond the SM. [16]

The measurements of the B meson triangle complement each other. Measurements
of time dependent CP asymmetries of B meson oscillations are used to determine the
angle ¢1. Additionally one uses b — ¢ and b — u transitions to measure |Vy| and [V,
respectively: |V| normalizes the UT and the ratio of |Vy|/|Ve| determines the length of
the side opposite of ¢1. By increasing the precision of the measurements of the CKM matrix
element magnitudes and other observables restricting the triangle, one can tighten the
constraints of the corners. The current state of the UT is illustrated in Fig.2.5. [10, 16, 19]

11
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Particle | Quarks Pesmiltl; ?I}(};) Rest Mass [GeV] Mean Life Time [s]
BY db 0~ 5.279+0.120- 1073 (1.519 4 0.004) - 10~ 12
B* ub 0~ 5.279+£0.120- 1072  (1.638 £ 0.004) - 102
BY sb 0~ 5.367 4+ 0.100- 1073 (1.527 4 0.011) - 10712
B} cb 0~ 6.27440.320-1073  (0.510 4 0.009) - 10712

Table 2.1: A summary of the basic properties of B meson ground states. [10]

B Wl; w V;fq B B Wl; t V;fq B

) —¢—e i nne—e— b q
tA vt w w

g —p»—eo ~~ne—p— ) q b
Vig W i Vig ! i

Figure 2.6: Leading order Feynman diagrams of neutral B° meson oscillations. [10].

2.5.3 B Mesons
A particle that provides an excellent opportunity to probe the CKM sector of the SM is the

B meson. B mesons contain a third generation b(b) quark with a mass of ~ 4.18 GeV and
an electric charge of —%(—i—%) There exists a variety of excited B meson states, however the
most commonly observed ground states are B, BT, BY and B. Due to their relatively
high mass above 5 GeV, all B mesons decay rapidly with a mean life time in the order of
O(10712) s. The basic properties of the four ground states are summarized in Tab.2.1. At
colliders B mesons can be produced via the 7°(4S) meson resonance with a mass of ~ 10.58
GeV and a quark content of bb, whose decay rate is heavily dominated by decays into BB
or BYB~ meson pairs with a rate above 96%. [10, 16, 19]

For the neutral B mesons BY — BY (q = d, s) mixing occurs due to the weak interaction,
similar to the mixing of neutral kaons mentioned in Sec.2.5.1. At the lowest order, the
Bg . Bg oscillations occur by exchanging two W bosons and two ¢ quarks, leading to the
two dominant box diagrams in Fig.2.6. [10]

2.6 Semileptonic Decays

Measuring fundamental parameters, with high precision is crucial to probing the SM
predictions. Two of the fundamental parameters of the SM are the CKM matrix element
magnitudes |V| and |Vyp|, which can be measured via decays, that include b — c or b — u
quark transitions. Another important feature of the magnitudes |V| and |Vy3| is that they

complement B meson CP asymmetry measurements, since |V ;| normalizes the unitarity
IVubl
|Vcb|
angle. Both |V| and |V,;| are equally important measurements, however this thesis will

be focusing on decays involving b — ¢ transitions and measuring |V|. In principle there
are three different types of decays one could analyse to determine CKM matrix element
magnitudes: hadronic decays, leptonic decays and semileptonic decays. [19, 16]

triangle and the ratio of is proportional to the length of the side opposite of the ¢;
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Figure 2.7: Feynman diagram of semileptonic B meson decays. [19]

In hadronic decays the B meson decays purely to hadronic daughters, e.g. B — D7
decays. While hadronic decays are statistically not very limited and have rather high
branching fractions, e.g. (2.51 +0.08) - 10~3 for B — D, they suffer from large theoretical
uncertainties from QCD calculations originating from the inability of factorize the two
hadronic currents. [10, 19]

Leptonic decays, i.e. decays only involving lepton daughters e.g. B — ev,, don’t suffer
from the large uncertainty inflicted by the hadronic currents, however these decays are rare
compared to hadronic decays and have very low branching fractions, e.g. B(B — uv,) <
8.6 - 1077.[10] For the current data samples sizes the very low branching fractions result
in high statistical uncertainties severely limiting the precision of leptonic measurements
making them not competitive for CKM measurements. Once more data hast been taken at
Belle II the measurements of CKM magnitudes from leptonic decays will be competitive in
terms of precision.|[19]

With the contributions from one hadronic current being under control and high branching
fractions, the semileptonic B — X .l decays provide the best opportunity for high precision
measurements of |V|. Here X, refers to a hadronic system containing a ¢ quark, ¢ a light
charged lepton, i.e. either an electron e or muon p and the neutrino v, associated with
the given lepton. The neutrinos do not interact with the matter of detectors and can’t
be detected directly. Additionally B — X.fv, decays involving light leptons decay via
electroweak tree-level W transitions of b — cfuy, illustrated in the Feynman diagram in
Fig.2.7, and are therefore expected to be free from non-SM contributions. Finally, the decays
only involve one CKM matrix element, due to the leptonic decay of the W boson, leading
to a critical role for probing the CKM predictions of the SM. Semileptonic decays are also
used to test lepton flavor universality (LFU) of the electroweak interaction by measuring
branching fraction ratios B(B — Xcev.)/B(B — X.uv,). Semileptonic B — X.7v, decays
on the other hand are susceptible to influences of physics beyond the SM like charged Higgs
bosons, due to the large mass of the 7 lepton. [16, 19]

The CKM matrix elements can be measured using two different approaches, i.e. inclusively
and exclusively. In case of an inclusive determination, one measures the decay rates of
B — X vy by summing over all possible decays involving a X, while exclusive decays
reconstruct a specific decay, e.g. B — D*{y,. [16, 19]

Both types use a different theoretical framework to determine the contribution of the

hadronic current. In both cases one makes use of the large mass of the b quark my ~ 4.18 GeV.

For inclusive measurements the QCD contribution is described using the operator product
expansion (OPE) and the heavy quark expansion (HQE), expanding the QCD contribution

in powers of (m%,) In exclusive measurements the hadronic contribution is parameterized in

13
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Vs Vs |
Exclusive | (39.10 £0.50) - 1072 | (3.51 £0.12) - 103
Inclusive | (42.1940.78)-1073 | (4.19£0.17) - 1073

Table 2.2: Current world average values of the magnitudes |Vz| and |V,|, provided by the
HFLAV collaboration. [21]

H’.’_‘ 4.8 T T T T T T T T T T T T T T 2| T T T T T T
3 4.6 Exclusive [V, Ay® = 1.0 contours
— Exclusive [V7,| Inclusive
J— = Exclusive .
24.4 u [V, : GGOU
> IV 1V, [V J: global fit
ubl' 1Y b
=— 42
- HFLAV Average

W W w
B~ O @
L L R LN G 0 RN RN RN RRRE LB
-“
i
'R FETE EETE BT AT P [ e e

3 HFLAV
2.8 Ply2) = 8.9%
PR S R [ TR SO N [N SR T (A N S TR U N TN S T N
36 38 40 42 44 ;
[Vl [107]

Figure 2.8: Graphical comparison between the world average of exclusive and inclusive
measurements of |Vy| and |Vy|, provided by HFLAV. [21]

terms of form factors, which are non perturbative functions of the momentum transfered
to the leptons ¢?. These form factors can be calculated using LQCD or light cone sum
rules (LCSR), with LQCD generally being the favored approach, due to better quantifiable
systematic uncertainties. In general |V;| is determined by measuring the partial decay rates,
which are calculated from the partial branching fractions and the mean life time of the B
mesons. [10, 19]

In theory the values of |V | from exclusive and inclusive measurements should agree,
however the current world averages of |V;| and |Vy;| listed in Tab.2.2 and illustrated in
Fig.2.8 show a long standing 3.30 tension between these measurements. This shows that
our understanding of the CKM matrix is still incomplete. [16, 19]

2.6.1 Decay Rate of B — D*(y,

One of the favored methods to measure the magnitude of the CKM matrix element |V is
by extracting the partial decay rates of semileptonic B — D*/v decays, where the D* meson
(CJ) contributes the necessary ¢ quark for the b — ¢ transition and £ is a light charged lepton
e, pu with its associated neutrino vy. The B — D*{v decay is described by the tree-level
Feynman diagram in Fig.2.9. In general the differential decay rates of semileptonic B decays

originate from the electroweak effective Hamiltonian

4G _
Hepp = TQF S° Ve (@vuPLb) (4 Prwg), (2.13)
g=u,c
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2.6. Semileptonic Decays

eJr

BO

D*~
d

Figure 2.9: Tree-level Feynman diagram of the B — D*{v decay process.

where v# are the Dirac matrices, P, = (1 —~5)/2 and G is the Fermi constant. This results
in the following dependence for differential decay rates with b — ¢ (¢ = ¢, u) transitions:

dl o< G| Vo [*| L (X @y, PLbI B, (2.14)

where L# is the leptonic current and X is the D* meson in the case of B — D*{v studies.
For semileptonic B decays the QCD contributions to the decay amplitude are separated from
the leptonic interactions and constrained in the term (X|gv,Prb|B). Any electromagnetic
interactions between the leptons and quarks are taken into consideration by an electroweak
correction factor 7. [22] For exclusive semileptonic decays the QCD contributions from
the quark current is determined using form factor parameterizations.[19]

The kinematics and differential decay rate of the B — D*{v decay can be fully charac-
terized by four kinematic variables when following the formulation proposed by Ref.[23, 24].
These kinematic variables are the hadronic recoil w and three angular variables 6y, 6, and Y.
The hadronic recoil and the momentum transferred to the lepton system ¢?> = (P, + P,)?,
where P, and P, refer to the four momenta of £ and v, are related to each other and also
kinematically restrict one another: [16, 19]

PrPrs« 2 2 . — 2
w= 20 MpTMp 20 (2.15)
mpmp= 2mBmD*

where Pg and Pp+ are the four momenta of the B and D* mesons and mpg, mp+ their
respective masses of 5.279 GeV and 2.010 GeV in accordance with the current world average
provided by the Particle Data Group (PDG). [10] Another property of w is its reduction to
the Lortentz boost vp« = % in the B rest frame. Due to the relation between w and ¢* a

minimum value of ¢2,;, = 0 results in a maximum value for w:

2 2
B D 1 504 (2.16)

w =
max 2mBmD*

and consequently, zero recoil w;,;, = 1 corresponds to:

= (mp —mp-)? ~ 10.69 GeV. (2.17)

2
mazx

The remaining three angular variables 8y, 8, and ¥, illustrated in Fig.2.10, correspond to:

e 0y: The angle between the lepton and the opposite direction of the B meson in the
rest frame of the virtual W boson.

15
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2. THEORETICAL OVERVIEW
Figure 2.10: Schematic of the angular kinematic variables 6, 6, and y. [19]
e 0,: Angle between the opposite direction of the B meson in the D* rest frame and
the DY,
o x: Tilting angle between the D* and W decay planes in the rest frame of the B meson.
For negligible lepton masses the differential decay rate of B — D*t/~ 7, reads as:
d*T(B° — D** (1)) _6mpmi, 2 5 9
* G V" Vw* —1(1 — 2
dw dcosby dcosby dx 8(47r)4 #|Ver| ( wr +77)
[(1 — cosy)?sin*0, HE (w) + (1 + costy)?sin®0, H2 (w)]
2.18
+ 45in0yc0s*0, Ha (w) — 2sin>0ysin>0,cos2x Hy (w)H_ (w) (2.18)
— 4sinb(1 — cosby)sinb,cosb,cosx Hy (w)Hop(w)
+ 4sinby(1 + cosby)sinb,cosbh,cosx H_(w)Hy(w)],
where r = mp«/mp and H,, H_ and Hy are the three helicity amplitudes of the B —
D* ¢~ 1, decay amplitude. Integrating over the two angular kinematic variables 6, and
yields:
d’T(BY — D**0~7;)) 6
( 7) _ . 02, G2 Va2V w? —1(1 — 2wr + 12)
dw dcosby 8(4m)4
(1 — cosfg)*HE (w) + (1 + costy)*H2 (w)+ (2.19)
+2(1 — cos®0y) HE (w)]
In the heavy quark symmetry basis [25] the axial vector and vector currents of the hadronic
contributions can be factorized using four independent form factors hy and hga, (i =1,2,3),
which are functions of w: [16, 19]
D*|ey*b| B
DN YIB) ) ewas (2.20)
Vmpmp«
16
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2.6. Semileptonic Decays

(D*|ey+°b| B)

/M BmMp-
where the four velocities are v = pg/mp and v' = pp«/mp+, €* is the polarization vector of
the D* and e the Levi-Civita tensor. For negligible masses of the light leptons ¢ = e, u the

hadronic matrix elements can be described by h4, and the two form factor ratios R; and
Ry: [16, 19]

= ha,(w+ 1) — ha, (€ - v)v" — ha,(e-v)v'", (2.21)

Ri(w) = 2V Ry(w) =

hA3 + ThA2
h a1 ‘

ha,

The form factors of the heavy quark symmetry basis and their ratios can be translated to
the form factors g, f, F1 proposed by Boyd, Grinstein and Lebed (BGL)[26, 27]:

(2.22)

_ f
OV (T Y (2.23)
vV = gmB\/; (2.24)
Fi
ha(w—=1r—(w—1)Ry) = (2.25)

m/r(w + 1)

Following the approach of the BGL parameterization yields for the helicity amplitudes:

Hy = f—mg|pp+|g, (2.26)

H_ = f+mg|pp-|g, (2.27)
1 1 Fi

Hy= ——— [2m%|pp+|ay — =(¢° — m% + m? *)f] = —, (2.28)
mp+\/ q> B 2 B D /2

where |pp+| is the magnitude of the 3-momentum of the D* in the B rest frame. In the BGL
parameterization the form factors are expressed in terms of expansion coefficients a,,, b, and
cnt [26, 27]

1 .
9(z) = W%%«Z ) (2.29)
1 .
f(z) = W Z:: bnz", (2.30)
Fi(z) = Z cnz", (2.31)

P fl( qb]'—l n=0
where P are the Blaschke factors, ¢ are outer functions and z is a conformal variable defined
as:

_Vw vw+1-+v2a 2a
C Vw+1++V2a

where it is chosen that ¢ = 0 and therefore zero recoil corresponds to z = 0. The coefficients
co and bg are related by:

(2.32)

_ ([ (mp —mp-¢F(0)
co = < ¢f(0) ) b() (2.33)

Another approach for the parameterization of the form factors is the CLN parameterization
proposed by Caprini, Lellouch and Neubert. [28] The CLN parameterization expresses

17
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2. THEORETICAL OVERVIEW
ha, as an expansion of z with the slope parameter p? and the ratios Ry in terms of the
normalizations R 2(1) and corrections up to the order of (w — 1)%:
ha,(w) = ha, (1)[1 — 8p*z + (53p* — 15)2* — (231p* — 91)27] (2.34)
Ri(w) = Ri(1) — 0.12(w — 1) 4+ 0.05(w — 1)? (2.35)
Ro(w) = Ry(1) + 0.11(w — 1) — 0.06(w — 1)? (2.36)
The parameters p?> and R1 (1) are free parameters, that have to be extracted from data.
This makes the CLN parameterization model dependent, while the BGL parameterization is
model independent.
18
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CHAPTER

Belle II and SuperKEKDB

3.1 SuperKEKB Accelerator

The data used for the V| study of this thesis are obtained at the Belle II experiment,
which measures particle momenta and energies from collision products of the particle
collider SuperKEKB, located in Tsukuba, Japan, at the Japanese High Energy Accelerator
Research Organisation (KEK). SuperKEKB is an asymmetric energy electron positron
double ring collider with a circumference of ~ 3 km and the upgraded successor of the
KEKB collider, which was in operation from 1991 to 2010 and produced collisions for the
Belle experiment. The asymmetry of the beam energies provides a boost to the B mesons,
which would otherwise be produced at rest. This boost makes it possible to separate the
decay vertices of the B mesons from one another, providing an opportunity for CP violation
measurements and probing of the CKM mechanism. One of the greatest achievements
of Belle was to successfully provide experimental proof for the CKM mechanism of the
quark mixing proposed by Kobayashi and Maskawa, which lead to them receiving the Nobel
Prize in 2008. First test runs at SuperKEKB were commissioned in 2016 and the Belle 11
experiment started taking data in 2019. The accelerator complex consists of the following
four main components, shown in Fig.3.1: [16, 29]

e LER: Low energy positron ring for e™ with an energy of 4 GeV.
o HER: High energy electron ring for e~ with an energy of 7 GeV.

o Electron-Positron injector linac: An injector linear accelerator (linac), which accelerates
the electron and positron beams to an energy of 7 GeV and 4 GeV, respectively and
supplies them to the HER and LER.

o Positron damping ring: A ring placed at the end of the second sector of the linac to
reduce the emittance of the positron beam.

In general the performance of particle colliders is characterized by their instantaneous

luminosity £ in units of cm™2?s~!, which is related to the production rate of a certain type
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Belle Il detector

Tsukuba
-

Figure 3.1: Ilustration of the asymmetric energy SuperKEKB collider. [29]

of events per second dN/dt:
dN 1
L=——,
dt o

where o is the cross section of the event of interest. The generic, instantaneous luminosity
for the head-on collision of two beam bunches is determined by the collision frequency f
and, assuming a Gaussian profile of the beams, the width of the horizontal and vertical
beam sizes at the interaction point (IP) o7 and oy [10]

(3.1)

ning

L=f (3.2)

* gk
dmoyoy

*

where n; and ng are the particles contained in the colliding beam bunches and oy , =

\/€z,yDB4, 18 defined by the emittance € and beta function . By additionally introducing
the beam current I, which is defined as the IP crossing rate of the beam, the luminosity of
SuperKEKB can be written as: [29]

_ = i* T8y &
o (10) (259) (2) .

where v is the Lorentz factor, e the elementary particle charge and r. the classical electron
radius. Furthermore S is the vertical beta function at the IP, &, is the vertical beam-beam
parameter and R; and R, are reduction factors for the luminosity and beam-beam pa-
rameter, respectively. The expression of £ in Eq.3.3 shows, that the luminosity is mainly
determined by the beam current, the vertical beta function at the IP and vertical beam-beam
parameter. [10, 16, 29, 30]

SuperKEKB was designed to achieve and instantaneous luminosity of 8 x 103°cm=2s71.
For the purpose of comparison: the set goal is ~ 40 times the instantaneous luminosity
achieved at KEKB, which peaked £ = 2.11 x 103*cm—2s~!. It is planned to achieve this
increased luminosity goal by doubling the beam current and decreasing S, by a factor of 20.
While SuperKEKB didn’t achieve its goal luminosity yet, it is the world record holder with
L =4.65 x 103*cm™2s71, at the time of writing.

In particle physics the size of the accumulated data samples is given in terms of the
time integrated luminosity, L = fOT Ldt in the units of barn, where 1b = 10724%cm?. The
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3.1. SuperKEKB Accelerator

number of events NV of a given process is directly related to its probability of occurrence,
the cross-section o and the integrated luminosity: N = L;,; X 0. Various estimated cross
sections for the SuperKEKB setup are listed in Tab.3.1. The estimations were determined
by Monte Carlo (MC) simulations.[16]

By colliding electrons and positrons with asymmetric energies of 7 GeV and 4 GeV,

Physics Process | Cross Section [nb]
7(4S) 1.110 + 0.008

() 1.61

dd(~) 0.40

s5(7) 0.38

ce(y 1.30

e~ et () 300 + 3 (MC stat.)
¥y (y) 4.99 + 0.05 (MC stat.)
po () 1.148

7777 (Y) 0.919

e ete et 39.7 + 0.1 (MC stat.)
e etu pt 18.9 £+ 0.1 (MC stat.)

Table 3.1: Cross-section estimations of events occurring in e~ e* collisions at /s = 10.58
GeV. [16]

respectively SuperKEKB collides particles at 7°(45) resonance with a center of mass energy
of /s = 10.58 GeV. With a quark content of bb the 7(4S) meson decays predominantly into
charged or neutral B meson pairs with a branching fraction over 96%, which categorizes
the SuperKEKB collider as a B factory. The production process of the 7°(4S) meson from
e~ et annihilation and its decay into B meson pairs is described by the Feynman diagram
in Fig.3.2. The center of mass energy of 10.58 GeV is very close to the energy threshold
for BB production, therefore the pair would be produced at rest, if the boost resulting
from the asymmetric energy of the beams was missing. Additionally, SuperKEKB also
collides electrons and positrons slightly below the 7°(4S5) mass at /s = 10.52 GeV to produce
samples exclusively containing gq events, which is referred to as off-resonance. The data
taken at the 7°(4S5) resonance is the so called on-resonance data. [16, 30]

Within its 19 years of operation the Belle experiment collected a data sample correspond-
ing to 711 fb=! at the 7' (4S) resonance and ~ 1 ab™!, when including the data with an
energy offset. The initially set goal for the sample size of the Belle II experiment is equal
to an integrated luminosity of 50 ab™!. From the start of data taking in 2019 up until its
long shutdown 1 (LS1), due to planned detector upgrades, in mid 2022 Belle II accumulated
a sample size of 364 fb~! at the 7'(4S) resonance and 43 fb~! of off-resonance data. The
development of the instantaneous and integrated luminosity at Belle II is summarized in
Fig.3.3. [16, 30]
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3. BELLE II AND SUPERKEKDB
b
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Figure 3.2: Feynman diagram of the 7°(4S) production through the annihilation of an e"em
pair and its 7°(4S) — BB decay.
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Figure 3.3: Summary of the beam currents of the HER, LER, the instantaneous luminosity
and the integrated luminosity of SuperKEKB from its start of operation in 2019 up to the
long shut down in 2022.
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3.1. SuperKEKB Accelerator

3.1.1 Beam Induced Backgrounds

As a consequence of higher beam currents and the lower vertical cross section at the IP
the Belle II experiment will suffer from higher background rates than its predecessor. The
expected five main background sources induced by the beam are Touschek scattering,
beam-gas scattering, synchrotron radiation, radiative Bhabha processes and two photon
processes. |16, 30]

Toushek Scattering

Toushek scattering is an intra-bunch scattering process, where coulomb scattering of particles
inside the same bunch occurs. This leads to a deviation from the beam’s nominal values
for energies and momenta for scattered particles. As a consequence the scattered particles
might hit vacuum pipe walls or magnet walls, which in turn creates showers, that might
hit the detector if the scattering process happens near IP. The local loss rate from Toushek
scattering is described by Bruck’s formula.[31] Bruck’s formula shows that the scattering
probability is proportional to the bunch current density and second power of the beam
current, as well as inversely proportional to the beam size and the third power of the beam
energy. Due to the exhibited proportionality of the scattering rate, the effect will be larger
for the LER beam, due to lower energies and higher beam currents. The backgrounds from
Toushek scattering are expected to be 20-30 times higher than for KEKB.[16, 30]

Beam-Gas Scattering

Beam-gas scattering is a process that occurs, when beam particles collide with residual
gas molecules left in the beam pipe. The scattering can occur either via Coulomb or
Bremsstrahlung scattering. Coulomb scattering changes the direction of the particles, while
Bremsstrahlung scattering changes their energy. The consequences are similar to Toushek
scattering, i.e. due to the change of momentum the particles get lost in the beam pipe. If
walls inside the detector get hit the created showers may be detected, creating background
events. The probability of the Beam-gas scattering occurrence is proportional to the vacuum
pressure and the beam currents. While the vacuum pressure is the same as for KEKB for the
HER and LER rings it is increased near the IP. Additionally beam currents are increased by
a factor of 2, which leads to an expected ~ 100 times increase of this background component
in comparison to its predecessor. However, the quality of the vacuum varies during a data
taking run, i.e. a specific time period of operation.[16, 30]

Synchrotron Radiation

When relativistic, charged particles get accelerated by an magnetic field in a perpendicular
direction, the particles emit electromagnetic radiation called synchrotron radiation. The
emission rate of the photons is proportional to energy of the charged particle, therefore its
main source is the HER beam. In addition to losing particles in the beam pipe the magnetic
fields of the final focusing system near the IP can cause the emission of photons inside the
detector, which leads to detected background showers from photons.[16, 30]
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Figure 3.4: Radiative Bhabha scattering(left) and two photon process(right) Feynman
diagrams.

Radiative Bhabha Process

Bhabha scattering is a e"e™ — e~e™ scattering process, that can result in the production
of a photon e~e™ — e~ ey, which is called radiative Bhabha scattering. The Feynman
diagram of this process is shown in Fig.3.4a. Photons produced in this interaction travel in
the direction of the beam axis and interact with the iron of the magnets. This interaction
creates large amounts of neutrons due to the photo-nuclear resonance mechanism, which
is the main background contribution for the K and muon detector placed in the return
yoke of the Belle II detector. The neutron production rate from radiative Bhabha events is
proportional to the detectors luminosity, that is designed to be ~ 40 times higher than its
predecessors. In addition to the produced neutron from the photon emission, the trajectory
of the electrons and positrons gets altered from their nominal value resulting in hits to the
walls that create showers in the detector region or curl in the inner detector due to the
magnetic field, leading to multiple false hits.[16, 30]

Two Photon Process

Electron and positron collisions have a chance to lead to the process ete™ — eTe y*y* —
ete ete™ and ete™ — ete v*y* — ete putu~, where * denotes that the photons are
virtual particles. This interaction proceeds via the process illustrated in the Feynman
diagram in Fig.3.4b. The produced electrons and positrons have a very low momentum and
therefore they curl in the inner detectors and produce background hits.[16, 30]

3.2 Belle II Detector

The measurement and recording of the momenta and energies of final state particles produced
from the collision at SuperKEKB and their identification is done by the Belle II detector.
Heavy particles, e.g. B and D, decay too quickly to reach the detector, however their
long lived daughters can be detected. The following charged and neutral particles can be
detected: e®, uF, 7, K+, p*, v, K9, n and d.[16, 30]

The Belle II detector started data taking in 2019 and is an upgraded version of the
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3.2. Belle II Detector

hermetic, magnetic spectrometer Belle, which was in operation from 1999 to 2010. A key
characteristic of the Belle IT detector is its large solid angle coverage of § € [17°,150°] due to
the hermetic structure of the detector This results in the ability to reconstruct events with
missing energy. Other features include its high electron and muon identification efficiency of
86% and 88%, respectively, as well as a high photon detection efficiency. [32, 33|

The coordinates of particle trajectories and various other spatial processes are provided
either in Cartesian or polar coordinates. The center of origin of both coordinate systems is
defined by the interaction point (IP) of the detector, where the electron and positron beams
collide. For the Cartesian coordinates the z-axis is equivalent to the electron beam axis, the
y axis points towards the top and the x axis points outwards. The polar coordinates are
defined by the distance r from the IP, the polar angle 6 and the azimuth angle ¢ in the x-y
plane.[16, 30]

The spectrometer consists of a superconducting solenoid, that provides a magnetic field of
1.5 T, an iron return yoke for the magnetic flux and five sub-detector systems, as illustrated
in the three dimensional model in Fig.3.5. These sub-detectors are from inner to outer
layer:[16, 30]

o Vertex Detector (VXD) that consists of a Silicon Vertex Detector (SVD) and a silicon
Pixel Detector (PXD).

o Central drift chamber (CDC)

o Particle Identification (PID) system consisting of a time of propagation counters (TOP)
and aerogel ring imaging detectors (ARICH)

o Electromagnetic calorimeter (ECL)

o K9 and muon detector (KLM)

3.2.1 Vertex Detector (VXD)

The Vertex Detector (VXD) is the inner most sub-detector system, situated near the IP
around the Be beam pipe with a radius of 10 mm. The VXD measures the positions of the
tracks of charged particles near the IP. These track positions are called hits and are used to
reconstruct decay vertices.

The measurement of hits is based on the helix movement of charged particle trajectories
caused by the Lorentz force of the magnetic field inside the detector. From the knowledge
of the magnetic flux density and the curvature of the tracks one can then determine the
momentum of the particles. By extrapolating the tracks from the measured hits to the IP
one can reconstruct the position of the B meson decay vertices. The reconstruction of decay
vertex positions is a mandatory requirement for CP violation measurements. Additionally
the precision of the VXD allows for the measurement of secondary decay vertices from short
lived B meson daughters, e.g. D mesons.[16, 30]

The VXD is also the only detector that can measure the tracks of very low momentum
particles, which already curl inside the detector layers close to the IP and can’t or barely
reach the outer layers due to the Lorentz force. An example of such particles would be slow
charged pions with momenta below 300 MeV. Finally, the VXD also measures the energy
loss dE/dx for particle identification purposes. For information on the topic of PID see
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Figure 3.5: A three dimensional model of the cross-section of the Belle II detector. The
coordinate systems used for spatial quantities and processes such as momenta and positions
is illustrated in the lower left corner. Adapted from [34].
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Figure 3.6: A schematic cross-section showing the shape and position of the first two PXD
layers in layer one and two, followed by the SVD situated in the layers three to six from a
side and front-view in the left and right figure, respectively. [16]

Sec3.3.[16, 30]

The VXD consists of six layers and two sub-detectors, namely the silicon Pixel Detector
(PXD) and the Silicon Vertex Detector (SVD). Its layout is shown in the schematic in
Fig.3.6. The asymmetric structure of the VXD is a consequence of the Lorentz boost
from the asymmetric beam energies. The PXD consists of pixelated DEPFET sensors and
occupies the first two layers at the radii of 14 mm and 20 mm. These layers are followed by
the SVD, which contains four layers of double-sided silicon-strip sensors at the following
radii: 39 mm, 80 mm, 104 mm, and 135 mm. Finally, the VXD covers a polar angle within
the range of 6 € [17°,150°]. The hit resolution of the VXD system is approximately 20
nm.[16, 30]
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3.2. Belle II Detector

Figure 3.7: A three dimensional render of a side-view of the two PXD layers, showing its
wind-mill like layout.[30]

Pixel Detector (PXD)

To improve the vertex reconstruction capabilities in comparison to its predecessor, it is
necessary to situate detectors closer to the IP. The PXD consists of pixels based on silicon
Depleted P-channel Field Effect Transistor (DEPFET) sensors. However, the close proximity
to the IP comes at the cost of increased amounts of backgrounds. Among other things
the increase occurs, due to the narrower beam pipe radius at the IP. This increase in
backgrounds, especially at close proximity to the IP renders strip detectors useless at close
range due to the large occupancy from background events. The occupancy is the fraction of
occupied channels, i.e. strips or pixels, compared to unoccupied channels. The SVD layers
consist of overall ~ 224 thousand strips, while the PXD contains ~ 8 million pixels, reaching
a maximum occupancy of ~ 3%.[16, 30]

The PXD consists of two layers, at the distance of 14 mm and 20 mm from the IP. Each
layer consists of ladders, i.e. a sensor with a width of 15 mm and a length of 90 mm or 123
mm for the first and second layer, respectively. These ladders are orientated in a wind-mill
like shape as illustrated in the three dimensional render of a side-view in Fig.3.7. The
first layer consists of 8 ladders and the second layer currently consists of 2 ladders with a
planned goal of 12 ladders. Unfortunately the integrated read out time of 19.2 us of the
PXD is slower than other sub-detectors making is unusable for trigger purposes. General
information about Belle II’s trigger system can be found in Sec.3.4.[16, 30]

Silicon Vertex Detector (SVD)

Suffering from less backgrounds and radiation than the PXD, the structure of the sensors
can be changed from pixels for strips to reduce the number of channels to read out. The
SVD consists of four layers of sensors, which are labeled by the numbers 3, 4, 5 and 6, with
increasing radius. The sensors of these layers consist of double-sided silicon strip detectors
(DSSDs) based on six inch wafers with the number of ladders and sensors per ladder varying
depending on the layer. These layers continue the windmill pattern of the PXD. A summary
of the SVD’s layout in numbers of ladders and sensors per layer is given in Tab.3.2.[16, 30]

The SVD is required to cover the full angular acceptance of Belle II, i.e. 6 € [17°,150°].

It serves as the detector for track reconstruction of low momentum tracks down to a
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Layer Radius [mm| Ladders peieiz(zﬁer Sensors
3 39 8 2 16
4 80 10 3 30
) 104 14 4 53
6 135 17 5 85

Table 3.2: Summary of the sensors and ladder layout of the SVD.[30]

Belle Il drift chamber r¢ projection Belle Il drift chamber: rz projection

rfem]

— z[cm]

Figure 3.8: Schematic cross-sections of the CDC’s layout from a front and side-view in the
left and right figure, respectively.[35]

momentum of a few tens of MeV, as well as for the reconstruction of tracks from K
decays outside of the PXD. The last point is required to be able to reconstruct decays like
B — KK K, where only the charged pion daughters of the K, leave tracks. Lastly, the
SVD also provides information for the particle identification by measuring the ionization
energy loss dE/dx.[16, 30]

3.2.2 Central Drift Chamber (CDC)

The Central Drift Chamber (CDC) is the sub-detector following the SVD and is the main
tracking detector of Belle II. It precisely determines the trajectories and consequently the
momenta of charged particles. Additionally the CDC serves the purpose of obtaining
information regarding the particle’s identity by measuring the ionization energy loss dE/dx
of the particles within its gas volume. Finally, the CDC is part of the trigger system, i.e. a
system that determines whether the measured data will be recorded or not, and provides
trigger signals for charged particles.[16, 30]

The CDC is a cylindrical chamber filled with a 50-50 gas mixture of He and CyoHg. It
occupies the detector region from r = 160 mm to » = 1130 mm and covers a polar angle
region of 6 € [17°,150°], equal to the whole angular acceptance region of Belle II. The
CDC is organised in 9 super layers which consist of overall 59 layers with 160-384 wires per
layer amounting to overall 14336 wires. A schematic of the CDC’s layout is provided in
Fig.3.8.[16, 30]

The working principle of the CDC is based on ionization, i.e. charged particle passing
through the gas create electron-ion pairs due to electromagnetic interactions with the gas
molecules. As the charged particles travel through the chamber they leave a track of ionized
gas molecules, the resulting electrons of the ionization process then get accelerated by a
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3.2. Belle II Detector

Figure 3.9: Axial and exaggerated stereo wire layers of the CDC on the left and right,
respectively.[36]

homogeneous electrical field in the direction of so-called sense wires, ionizing further gas
molecules and creating an avalanche. The electrical field is created by surrounding each
sense wire with 8 field wires and applying a high voltage between the field wires and the
sense wire. Due to the electrical field being homogeneous, the electrons drift to the sense
wires with an approximately constant drift velocity. The constant drift velocity in turn
enables the measurement of the drift time from the ionization of the first molecule to the
arrival of the avalanche.[16, 30]

To reconstruct a three dimensional trajectory the layers within the super layers alternate
between layers containing axial wires and stereo wires, both illustrated in Fig.3.9. The wires
of the axial layers are parallel to the beam line providing the r — ¢ coordinates, while the
stereo wires are slightly tilted resulting in a shift dependent on the polar angle 6, making it
possible to estimate the z coordinate.[16, 30]

The overall strength of a signal can be summed up from all layers and used to determine
the lost energy of the particle by estimating the ionization energy loss dE/dx for particle
identification. The CDC is able to achieve an approximate hit precision of 100 pm and 2
mm for the r — ¢ plane and z coordinate, respectively.[16, 30]

3.2.3 Particle Identification System

The particle identification (PID) systems main purpose is to identify the charged final state
hadrons of a decay with a momentum up to 4 GeV by providing an estimate of their rest
mass. These hadrons include pions, kaons and protons with a rest mass of approximately
140 MeV, 494 MeV and 938 MeV, respectively.[16, 30]

Belle II’s PID system consists of two independent cherenkov detectors, that cover
different polar angle regions. The barrel region of the CDC, i.e. the polar angle region of
0 € [32°,130°], is surrounded by 16 time of propagation (TOP) counter cells, whereas the
forward end cap region of 6 € [17°,35°] is covered by an aerogel ring-imaging cherenkov
(ARICH) detector.[16, 30]

The momentum of charged particles is already known from the measurements of the CDC.

Therefore to estimate a charged hadron’s rest mass one needs to measure the velocity of the
particles. This can be done by making use of cherenkov radiation. When a charged particle
travels through a dielectric medium with a velocity greater than the propagation speed
of light inside the medium photons are emitted at an angle determined by the particle’s
velocity, the speed of light and the refractive index of the medium. The relation between
the emission angle 6. of the photons, the particle’s velocity v, the refractive n and the speed
of light ¢ is as follows: [3]
d 1
cost, = v ng (3.4)

29



3.

BELLE II AND SUPERKEKB

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

30

[ 3ibliothek,
Your knowledge hub

Figure 3.10: The characteristic geometry of cherenkov radiation emission. The direction of
the charged particle is indicated by the red arrow.[37]
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Figure 3.11: Side-view of TOP quartz bars illustrating their working principle, which shows
the link between the emission angle of the cherenkov photons and a charged particle’s
velocity.[30]

The properties of the cherenkov radiation lead to its distinct emission geometry in Fig.3.10,
thus the measurement of the emission angle allows to estimate a particles velocity and
determine its mass.

TOP

The TOP counter surrounds the CDC barrel with 16 identical quartz modules, covering
the polar angle region of § € [32°,130°]. Its working principle is based on the total photon
reflection within the bar itself, a schematic side view of a quartz module is provided in
Fig.3.11.[16, 30]

The time of propagation of the photons is based on the angle of the cherenkov photon
emission, which in turn is proportional to the velocity and therefore mass of the charged
particle. While the forward going photons are directly detected by front-end photon detectors,
the backwards going photons first get reflected by a mirror at the back-end of the bar.
By measuring the propagation time one can determine the angle of the emitted photons.
From the angle and known refractive index the particle’s velocity and thus its mass can be
determined.[16, 30]
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(a) An illustration of the working principle
of ARICH. Charged particles with sufficient
velocities cause the emission of cherenkov ra-
diation from two aerogel layers, which overlap (b) Photon ring originating from a cosmic
and form a cone on the photon detector. muon passing through ARICH.

Figure 3.12: The layout of ARICH is depicted in Fig.a, while Fig.b shows the detected cone
from a cosmic muon.[16]

ARICH

ARICH is an aerogel ring imaging cherenkov counter that covers the forward end-cap of the
Belle IT detector within the polar angle region of 6 € [17°,35°]. While the main purpose
of ARICH is to provide information that separates charged kaons from pions within a
momentum range of 0.5 GeV to 4 GeV it additionally allows for muon and pion separation
in a momentum range up to 1 GeV. The ARICH consists of three components: two stacked
2 cm aerogel layers, a 20 cm expansion volume and a photon detector consisting of 7 rings,
containing overall 420 Hybrid Avalanche Photon diode sensors. A schematic of the detector’s
layout is provided in Fig.3.12a. The two aerogel layers have a slightly different refractive
index, namely n; = 1.046 and ny = 1.056 for the first and second layer, respectively.[16, 30]
As a particle with sufficient velocity traverses through the aerogel layers, photons will
be emitted due to cherenkov radiation. Because the aerogel layers have different refractive
indices the angle of the photon emissions from the first and second aerogel layer deviate
slightly. This causes them to overlap when reaching the photon detector, effectively doubling
the photon yield and resolution. The radiated photons form a cone and produce a ring on the
photon detector rings, similar to the example of a detected cone originating from a cosmic
muon in Fig.3.12b. The radius of the measured cone is proportional to the cherenkov angle
of the radiated photons and therefore the mass of the traversing charged particle.[16, 30]

3.2.4 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECL) consists of three detectors, one sub-detector covering
the barrel region and one for each end cap and follows up the PID system. Overall the
calorimeter consists of 8736 scintillator crystals, i.e. 6624 CsI(T1) crystals in the barrel
region and 2112 Csl crystals in the end cap regions. The detector system covers a polar
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Figure 3.13: Development of electromagnetic showers in the ECL.[3]

angle region of 6 € [12°,155°], with the exception of two ~ 1° gaps between barrel and end
cap sections. To detect the photons emitted by the scintillators crystals a photodiode is
glued to the back of each crystal. [16, 30]

The main purpose of the ECL is the detection of photons in an energy range of 20 MeV
to 4 GeV with a high efficiency by determining their energy and angular coordinates to
be able to identify neutral particles. Approximately one third of the B mesons decay into
neutral hadrons, e.g. 7 mesons, which further decay to photons, e.g. 7 — 7. Secondly,
the ECL contributes to particle identification by allowing to separate charged pions from
electrons, because the latter deposit their whole energy in the calorimeter and get stopped,
while the pions pass through, due to their mass difference of ~ 139 MeV. Finally, the ECL
provides trigger signals and helps to identify Kg mesons by combining its track information
with the measurements from the surrounding K9 and muon detector.[16, 30]

As electrons or photons interact with a medium they will produce e~e™ pairs that will
in turn trigger an avalanche of photons, electrons and positrons due to Bremsstrahlung
electron positron pair production. This will result in a shower, as illustrated in Fig.3.13,
that develops until the energy of the particles falls below a certain threshold. Charged
hadrons on the other hand lose their energy continuously due to ionization processes, thus
not creating showers, but leaving measurable hits in the ECL. Typically, the performance of
an ECL is provided by stating the relative energy resolution compared to the energy of the
photons og/E. In case of Belle II the simulations show an relative energy resolution of 7.7%
and 2.3% for photons with an energy of 0.1 GeV and 1 GeV, respectively.[3, 16, 30, 38|

By combining the locations of the showers from energy deposits in the ECL with
the tracks from previous detector layers, one can deduce if a given particle is neutral or
charged. Charged particles leave tracks in the CDC and VXD, while neutral particles
don’t. The spatial resolution of the ECL is also dependent on the energy of the photons:
Opos = 0.5¢cm/V/E, where E is given in GeV.[16, 30, 38]

3.2.5 K9 and Muon Detector

The K9 and muon detector (KLM) serves not only the purpose of detecting K mesons
and muons with a momentum of at least 0.6 GeV, but also provides information to dif-
ferentiate between them. The KLM is the only detector system situated outside of Belle
II’s superconducting solenoid and consists of alternating layers of 4.7 ¢cm thick iron plates,
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additionally serving as return yokes for the magnetic flux, and active detector elements.
Both the barrel and end cap regions are covered by the KLM, resulting in a polar angle
coverage of 6 € [20°,155°]. While the barrel region consists of 15 detector elements and 14
iron plates, the end caps consist of 14 detector and 14 iron layers.[16, 30]

The neutral Kg mesons leave hadronization showers due to interaction with the iron
plates and can be separated into two types of candidates, depending on their polar angle
with respect to the IP: K% that only leave hits in the KLM detector and candidates, which
leave a hit in both the KLM and the ECL. Muons on the other hand don’t create hadronic
showers, but only leave hits inside the KLM. Additionally, Kg and muons can be further
separated by extrapolating the tracks from the KLM detector to the previous CDC and
VXD layers, since only charged particles will leave hits in the first two sub detectors.[16, 30]

3.3 Particle Identification

Effective particle identification (PID) capabilities for leptons, as well as charged and neutral
hadrons, are crucial for the Belle II experiment. The PID is a fundamental tool for
background reduction and the identification of long lived final state particles.

Belle IT combines the complementary information obtained from each of the five sub-
detector system to properly identify particles. For the separation between charged hadrons
the SVD and CDC provide the main information via dFE/dz ionization loss measurements,
based on the Bethe-Bloch formula: [35]

dE  4wNe* | 2m.c? 322
o= . Sle P T
dr  mec?[3? 1

— B2+ corr) , (3.5)

where (3 is the velocity of the traversing particle and z its charge, v is the Lorentz factor,
me is the mass and e the charge of an electron, respectively. The material properties
contributing to the Bethe-Bloch formula are its electron density N and the mean excitation
energy I. In Fig.3.14a and Fig.3.14b the separation power for charged hadrons is shown
for the SVD and CDC, respectively. The energy loss measurement is expected to be only

dependent on a particle’s momentum and provide better separation power below 1 GeV.

Information obtained by the SVD and CDC can then be combined with the measurements
from TOP and ARICH to further discriminate between charged kaons and pions as well as
pions and muons, in the case of ARICH.[16, 30]

Leptons on the other hand are mainly identified by measurements from the ECL in case
of electrons or the KLM for muons. The electrons have the distinct property that they
deposit their entire energy in the ECL due to the mass dependency of the Bremsstrahlung
emission. Combining the measured energy deposit E in the ECL with the track momentum
p measurements from the CDC and SVD leads to a distinction between leptons and other
charged particles using its distinct F/p distribution illustrated in Fig.3.15. While the ratio
E/p provides good separation power for the momentum range of 1 to 3 GeV, this is not
the case for lower momentum particles. The E/p ratio loses its distinct shape in the lower
momentum range and in addition electrons might not even reach the ECL with low momenta
making it especially difficult to separate electrons from pions.[16, 30]

Muon identification mainly makes use of the muons penetration power. The main idea
is to extrapolate the tracks from the KLM measurements to the hits recorded in the CDC
and VXD with the muon hypothesis to extract the muon likelihood.
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Figure 3.14: The characteristic ionization energy loss dE/dx curves of charged hadrons as a
function of the magnitude of the momentum. Adapted from [16]
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Figure 3.15: Shapes of the E/p distribution of electrons, muons and pions for various
polar angle and momentum regions. This illustrates the loss of the distinct shape in lower
momentum regions. The figures on the left side show the distributions for the polar angle
range of 6 € [44°,117°] and the momentum ranges of 500 < p < 750 MeV and 2 < p < 3
GeV on the top and bottom, respectively. The angular range of 0 € [128°,131°] is depicted
in a similar fashion on the right side.[16]
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Photon and therefore 7° identification relies on the shape of ECL clusters and the lack
of associated tracks. While the shape of incident photon clusters is symmetrical, the main
background showers caused by neutral and charged hadron showers are asymmetric and
result in several clusters. Neutral pions decay via 7 — ~v, which leads to specific ECL
cluster shapes, depending on the energy of the decaying pion: below 1 GeV the the photons
typically create two separate clusters, within [1, 2.5] GeV the clusters overlap but can still
be separated, above 2.5 GeV the photon showers can not be separated anymore.[16, 30]

The K9 meson identification relies mainly on information obtained by the KLM and
ECL as they can leave hadronic clusters in the ECL and KLM, depending on their angle.
In the KLM the Kg are mainly identified by the number of penetrated layers, the distance
between clusters and tracks, since neutral particles don’t have any associated tracks from
the inner detectors and the timing of the clusters. Information obtained from the ECL is
complementary to the one obtained from the KLM. These include among others, the total
energy deposited in the ECL, since Kg only deposit very low amounts of energy below 50
MeV in the ECL.[16, 30]

The information obtained from the detector subsystems is then combined to obtain
likelihoods for each particle hypothesis. In this way a likelihood for a given particle type
can be obtained by comparing the PID likelihoods for all final state particles and construct
the PID as follows:

1 Hdet ‘Ca

Lla:p) = -
(O[ ﬁ) 1+ elnl:aflnﬁﬁ Hdet »Ca + Hdet ‘CB 7

(3.6)

where o and [ are the two compared particle types and the product is over the detector
information of active detectors taken into account. This way the likelihoods of two or
more particle types can be compared. Alternatively, one can also use particle identification
likelihoods based on boosted decision trees. The concept of boosted decision trees is discussed
in Sec.4.7.5. [16, 30]

For the slow pion calibration study featured in Ch.5, the binary kaon identification
variable was used without of SVD information. This decision was based on studies that, at
the time of writing, indicated a superior separation power between kaons and pions. The
binary kaon identification likelihood ratio L/ is defined as follows:

Lk

where L and L, are the likelihoods for a given particle to be a kaon or pion, respectively.
The Belle IT PID system exhibits an kaon identification efficiency of approximately 90% and
pion fake rate of 5% for particles with a momentum magnitude of 2 GeV. A fake rate refers
to the probability of a non kaon being falsely identified as a kaon, while the efficiency states
the probability of a kaon being correctly identified.[16, 30]

The determination of the matrix element magnitude |V| through B — D*fy; (¢ =en)
made use of the electron and muon identification systems. For the muon channel of
B — D*{y; the global muon identification likelihood, i.e. the likelihood for all particle
types was taken into consideration, without SVD information was used. With respect to
muon identification, studies indicate an estimated efficiency of 92%-98% with a pion fake
rate of 2%-6% for the momentum region above 1 GeV. The electron channel utilized an
electron identification likelihood based on the multivariate classifier of boosted decision
trees. The PID system of the Belle II detector shows a similar performance for electron
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Figure 3.16: The electron efficiency and fake rate performance as a function of the momentum.
A similar efficiency to the muon identification of approximately 92%-98% can be seen for
the momentum region above 1 GeV and a pion fake rate below 5%. The lower efficiencies
at low momenta can be explained, due to the electron lacking the momentum to reach the
ECL.[16]

identification, which is illustrated in Fig.3.16. This choice of lepton identification variables
follows recommendations of Belle II’s performance group.[16, 30, 38|

3.4 Trigger System

Due to the copious amounts of collision data produced at the Belle II experiment, it is
impossible to keep and record all data. The trigger system fulfills this task and decides
whether data is recorded or discarded. As already mentioned in Sec.3.1.1, due to the design
of SuperKEKB one has to take a variety of beam induced background events into account
that are increased because of their proportionality to luminosity and beam related properties.
Thus the number of background events is increased and the efficiency requirements of the
trigger system are raised. While Belle II’s physics program covers more than just B and
D flavor physics, e.g. 7 physics or dark sector searches, these flavor physics processes are
luckily easily identifiable due to the rather high track multiplicity of at least three tracks in
the CDC and the energy deposits in the ECL.[16, 30]

The trigger system consists of two sub-systems: first a hardware based trigger referred
to as L1 containing four sub-trigger systems and a global decision logic (GDL). Sub-trigger
systems collect the information obtained by detectors that are able to provide measurements
fast enough to fulfill the trigger requirements of a latency of 5 us and a maximum output
rate of 30 kHz and send the collected information to the GDL that makes a decision based
on the provided information.

The detectors included for the L1 trigger are: CDC, ECL, TOP, ARICH and the KLM.
A schematic summary of the sub-trigger systems is provided in Fig.3.17. The information
obtained by the sub-triggers is complementary. The track reconstruction from charged
particles by the CDC characterizes properties of a particle that include its charge, opening
angle and momentum as well as providing information about the charged track multiplicity
of the event. The ECL sub-trigger consists of two triggers: a cluster trigger providing
information about cluster shapes and their timing and an energy trigger based on the energy
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Figure 3.17: Schematic of the L1 trigger and its 5 sub-triggers. Newly added triggers for
Belle II are marked in red.[16]

deposits. This allows the ECL trigger to monitor the luminosity by identifying Bhabha
and ~v processes. The Barrel and end-cap PID systems provide timing information for
charged particles. Finally, the KLM provides information about muon tracks. In addition
to the events relevant for the physics program of Belle II, the L1 trigger also keeps ~ 1% of
Bhabha events for luminosity measurements and detector calibration purposes.[16, 30]

After passing the L1 trigger system, the data gets further processed by the software
based high level trigger (HLT). The HLT further reduces the recorded number of events by
undertaking a full reconstruction of the events and filtering out events based on quantities
like their track multiplicity, vertex position and energy deposits. This process is estimated
to reduce the sample size by approximately 50%. After the initial filtering process the
HLT also roughly categorizes the events based on various criteria, a process referred to as
skimming. Some exemplary skim categories are: hadronic, Bhabha and 7 events. Skimming
is a very important process, that makes the sample sizes easier to handle for analysts, which
gets more crucial as sample sizes increase.[16, 30]

For both the |Vy| and the slow pion study, the hl1t_hadron skim of the whole pre
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long-shutdown 1 (LS1) data sample of the Belle IT experiment was used. A hadron skim
refers to a sample containing only events, that were categorized by the HLT to likely contain
hadrons as decay products, based on a variety of criteria, e.g. track multiplicity. To be
considered hadronic, the events must have 3 good tracks, i.e. tracks that can be reliably
reconstructed, and additionally must pass a veto based on the trigger conditions for Bhabha
events.
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CHAPTER

Data Analysis at Belle 11

4.1 Analysis Overview

Many processes of the analysis workflow are handled using the Belle II Analysis Software
Framework (basf2) such as: the generation of Monte Carlo (MC) simulated samples by the
data production group, the unpacking of real data and the reconstruction of particles. [39]
The basf2 framework is in active development and gets continuously updated and
improved. In general basf2 is organized in modules, paths and packages. A module contains
functions written in C++ for a specific part of the data processing. The modules are assigned
to a path, i.e. an arrangement of modules in a linear order in which they get executed,
where each module can in turn steer the direction of the process towards different paths
depending on a condition. Finally, a package is a collection that contains multiple modules
for an analysis or data processing task. For analysis purposes events are reconstructed using
a steering file, i.e. a python code that initiates a path, adds modules to it and processes the
data provided in analysis files (mDST) accordingly. After successfully processing an mDST
file, the steering file defines an ntuple, which is saved using the ROOT file format. [40]
The analysis itself at Belle II follows roughly the steps illustrated in Fig.4.1. While the
basics of these steps can be generalized to some degree, the implemented strategies can vary
from analysis to analysis. The first step is the event reconstruction, where multiple long
lived, so called final state particles, are combined to the short lived particle of interest also
referred to as candidates, e.g. a B meson; a more detailed explanation of the reconstruction
process is provided in Sec.4.3. This is done by processing mDST files with a self written
steering file.
This reconstruction process is followed by an optimization of selection criteria for
candidates based on a figure of merit obtained from MC simulations, the underlying
concepts are discussed in Sec.4.4. Next, the reconstructed simulation and data samples will

B o " Signal

Signal Calibrati Statistical Uncertainty ;
e alibration 7 Extraction Result
‘Selection Model Estimate on Data

Figure 4.1: Simplified schematic of the typical analysis workflow.
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be calibrated to account for potential mismodeling or biases during the data reconstruction
process (see Sec.4.6).

The fourth step is dedicated to building a statistical model for a binned maximum
likelihood fit based on the MC simulation and testing the model as well as the fit approach
through bootstrapping. The method of bootstrapping is also employed for the estimation of
systematic uncertainties of the measurement. In Sec.4.7, the statistical concepts utilized in
these two steps are discussed.

Finally, after rigorous testing of the statistical model and fitting procedure as well as
the statistical and systematic uncertainty estimation, the model will be used to extract the
signal candidates from the data. Signal candidates refer to the particles, being sought in a
given analysis.

4.2 Data and MC Samples

4.2.1 Data

The HLT hadron skim of the pre long shutdown 1 (LS1) data set was used for the studies
presented in this thesis. As discussed in Sec.3.4, skims have the goal in mind to decrease
the sample sizes by only including events that are potentially interesting for the analyst.
The LS1 data sample includes all data recorded at Belle II from its start of operation in
2019 up to the temporary shut-down in summer 2022 for detector upgrade purposes, mainly
the implementation of the missing PXD ladders of its second layer.

The sample size of the LS1 data corresponds to an integrated luminosity of ~ 364 fb=! of
on-resonance data, taken at the 7°(4S) resonance with a center of mass energy of 10.58 GeV,
containing (387 £ 6) x 10° B meson pairs. In general the data sets at Belle IT are divided
into experiments (exp), which are further divided into run periods. A run is a specific time
frame in which the experiment operates and collects data. The runs within a period may
have somewhat different beam parameters, e.g. slightly varying beam energies or vacuum
conditions. Some runs are also dedicated to estimate e.g. beam-induced backgrounds or
monitor the detector performance and calibration with cosmic muons.

For the |V| analysis, the off-resonance data, taken ~5 MeV below the 7°(4S) resonance,
was studied to monitor the agreement between data and MC simulated gg events. The
overall data set size in fb~! for the on- and off-resonance pre-LS1 data is presented in
Tab.4.1. This summary is split into individual experiments and summed up, including their
respective uncertainties. All luminosity values and their uncertainties are provided by the
dedicated Belle II data processing group.

4.2.2 MC

MC simulated samples are produced by generating events using a event type specific
generator followed by a simulation of the interaction of the particles with the matter of
various detector layers and the magnetic field. In general the number of generated events is
based on decay files, i.e. a file containing the branching fractions of a given particle. The
branching fractions inside the decay file can be either set to only contain a given decay or
be generic, i.e. a decay file containing the world average branching fractions provided by
PDG. [10] The generator used to create an event is based on the event type: PYTHIA[41] is
used for inclusive B and D meson decays, EvtGen[42] is used for exclusive B and D decays.
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4.3. Event Reconstruction

On-Resonance Off-Resonance
Exp. [Ldt [fb!] Exp.  [Ldt [fb!]
26 54.795 £ 0.009 £0.351 | 25 24.574 £ 0.006 = 0.158
24 85.642 £0.011 +0.549 | 18 8.482 + 0.004 £ 0.055
22 32.060 = 0.007 = 0.206 | 12 8.691 £ 0.002 £ 0.056
20 3.788 + 0.003 £+ 0.025 8 0.808 + 0.001 £ 0.006
18 89.900 £ 0.011 £ 0.576
17 10.715 + 0.004 =+ 0.069
16 10.294 + 0.004 + 0.066
14 16.500 = 0.006 £ 0.106
12 54.573 £ 0.005 £ 0.350
10 3.655 = 0.002 + 0.024
8 1.663 +0.003 +0.011
7 0.506 = 0.002 =+ 0.004
Total  364.093 +0.021 +2.331 | Total 42.556 & 0.007 = 0.273

Table 4.1: Integrated Luminosity of the pre-LS1 on- and off-resonance data productions in
fb~! split into experiments. The first uncertainty is statistical and the second systematic.

The qq pairs as well as 7 pairs are generated by KKMC[43] and TAUOLA[44]. Bhabha and
two photon processes are generated by BABAYGA .NLO[45] and AAFH[46], respectively. The
interaction of the particles with the detector layers is simulated using GEANT4. [16, 30]

Simulated MC samples are utilized to optimize the signal selection and also to extract
the signal yield by building and testing statistical models based on the simulation. For all
generated events in the MC sample the relations between particles and their origin, i.e. for
example BB events or ¢ pairs, is known as well as the particle’s properties like momenta,
energy or polar angle. Furthermore, each particle has an associated ID and a MC PDG code,
i.e. a numbering scheme provided by PDG, assigned to it. [10] The PDG code explicitly
identifies the type of a particle. With all the information provided for the generated MC
particles, one can assign signal flags, i.e. a boolean value of 1 or 0, to determine whether a
decay chain has been correctly reconstructed.[16, 30]

The MC samples used for our studies are generic samples, i.e. samples where particles

decay according to the branching fractions of their world averages provided by the PDG.

The MC samples are run dependent, meaning they take the fluctuations of the beam energies
of a given run into account during the simulation process, instead of assuming a constant
center of mass beam energy of 10.58 GeV. The samples are split into the following categories,
based on their event type: B'B°, B*B~, wu, dd, s5, c¢, and 7 pairs. Each of the MC
productions corresponds to a sample size of 1443.999 fb~!, which is equivalent to four times
the integrated data luminosity. Similarly to the data luminosity, a summary table for the
luminosity of each MC sample is provided in Tab.4.2.

4.3 Event Reconstruction

At SuperKEKB B meson pairs get produced via the decay 1'(4S) — BB at a center of mass
energy of 10.58 GeV. The center of mass energy SuperKEKB operates at is very close to
the rest mass of the B mesons, therefore the BB pairs get practically produced at rest and
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Process exp7-18 exp20-26
JLdt [fbfl] JLdt [fbfl]
r(4S) — B'BY 744.764 699.235
Y(4S) — B~ B* 744.764 699.235
e"et = ce 744.764 699.235
e~et > dd 744.764 699.235
e"et — s3 744.764 699.235
e et > uu 744.764 699.235
e"et > 77t 744.764 699.235

Table 4.2: Luminosity of the MC15rd simulated samples in fb~! for each MC sample
category.

wouldn’t be separable, if it wasn’t for the boost from the asymmetric beam energies. While
the boost from asymmetric beam energies is sufficient to separate the B mesons, it is not
large enough for them to reach the first detector layer of the PXD at 14 mm with a traveling
distance of ~ 130 pm before decaying.[16] Other short lived particles like D mesons and
their excited states are also unable to reach the detector.

These short lived particles can be reconstructed by combining so-called final state
particles, that have sufficiently long life times to be detected. During the reconstruction
the final state particles get randomly combined, resulting in candidates. These candidates
get selected or discarded based on requirements, that are enforced for various quantities,
e.g. their invariant mass. The final state particles include: electrons, muons, photons,
charged and neutral pions and kaons. Information about the momenta, energy and particle
identification likelihoods of final state particles are provided by the detector.

It is not often the case, that all three types of information are directly available for a
particle. The momentum of charged particles can be reconstructed by their tracks and they
also leave hits inside of the ECL, depositing some energy in the ECL. Electrons however get
completely stopped inside the ECL and deposit their entire energy. For charged particles
with insufficient energy deposits in the ECL, the energy is estimated using a mass hypothesis
based on the PID system.

Neutral particles on the other hand don’t leave any tracks in the CDC or PXD and
their four momentum is mainly reconstructed based on their energy deposits in the ECL.
Therefore their tracks have to be extrapolated to the IP based on a mass hypothesis, which
is obtained from the PID system.

The combination of final state particles is best explained using an example. For this
purpose we will use the decay B* — D~ 77" with the subsequent decay D~ — K7 7™,
From the measured four momenta of the final state particles one can reconstruct short lived
particles by taking the sum of the four momenta of a given number of particles. The four
momenta of a kaon and two pions of opposite charge are combined to form a D candidate:

PD = PK + Pry + Pro- (4.1)

During this combination process the reconstruction algorithm also takes charge conjugate
decays into account, i.e. D¥ — K~ 7w+, The newly combined D meson is then paired
with two potential pions to reconstruct the B meson.

These particle combinations are random and of course not all of these combinations are
correct, which leads to two basic categories of candidates, namely signal and combinatorial
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Figure 4.2: The spectra of the mpc and AE obtained from the reconstruction of the
hadronic decay BT — D~ w7+, In these illustrations the signal candidates, indicated in
yellow, are stacked on top of the background candidates, indicated by the blue component.

background. Signal candidates are B mesons resulting from completely correctly recon-
structed decay chains of the decay sought by the analyst. Background candidates on the
other hand are falsely reconstructed candidates with similar kinematics.

To separate between signal and background events we can make use of the properties
of the SuperKEKB collider. In case of hadronic decays two very important discriminators
between background and signal events are the beam constrained mass mpc and the energy
difference between the reconstructed B meson and half the beam energy in the center of
mass frame. The beam constrained mass is defined as:

MBC = Y EEQeam - p‘)kBQ? (42)

where EEeaml is the beam energy, which is known to be 5.29 GeV, due to the characteristics
of the collider setup and 7% is the reconstructed B meson momentum. This results in an
expected peak at 5.28 GeV for the beam constrained mass for signal events, but a rather
flat distribution for background events. This behaviour is illustrated by the distribution in
Fig.4.2a.

A second powerful discriminator between signal and background events is the energy
deviation AE of the reconstructed B meson candidate from the nominal beam energy:

AFE = E5 — ESeum; (4.3)

where L7, is the reconstructed B meson energy. For correctly reconstructed candidates
a peak at zero can be observed in the AFE distribution, which is depicted in Fig.4.2b.
Background events exhibit a flat distribution.

Semileptonic decays always include a neutrino, which can’t be detected due to their
lack of any interaction with the detector material. Therefore the previously two mentioned
variables mpc and AFE are only viable for hadronic decays, because the B meson energy
and momentum can’t be completely reconstructed.

One common approach of identifying signal events is the utilization of the low mass of

less than 1.1 eV of the neutrinos. The invariant missing mass m? ;. of the missing neutrino

!An asterisk indicates the center of mass frame.
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Figure 4.3: The binned distribution of cosfpy for the electron channel of B — D*{y;. The
signal events only populate the region of [-1,1], while the background events are spread out
over the range of [-10,5]. [47]

of a B — D*{v; decay can be determined as follows:

V3/2 ’
0 * *
m?m'ss = 0 — D¢ — Pp+ ) (44)

0

where p; and pp. are the reconstructed four momenta of the lepton and D* meson, respec-
tively. Due to the very low neutrino mass a distribution with a peaking structure at zero
can be expected for correctly reconstructed candidates.

For B — D*{v; and other semileptonic decays another powerful discriminator between
signal and background events is the cosine of the opening angle #gy. It can be shown, that
in the center of mass frame the direction of the B meson has to lie on a cone with the
opening angle #py around the direction of the incompletely reconstructed B meson system
Y (D*{). The cosine of fpy is defined as:

* Ik 2 2

, (4.5)
2P Py |

cosfOpy =

where E5 and |p3 | are the reconstructed energy and magnitude of the momentum in the
center of mass frame of the Y system, respectively. The reconstructed mass of the Y system
is denoted as my, while mp is the world average B meson mass of 5.28 GeV. Finally, |p’;| is

,/E%Q — mQB. The variable
cosfpy has the unique trait, that it only acts like a real cosine with a limited interval [-1,1]
for signal events. This behavior is illustrated in an exemplary cos gy distribution for the
electron channel of the B — D*{fy; decay in Fig.4.3.

the magnitude of the momentum of the B meson, calculated by

4.3.1 Full Event Interpretation

All semileptonic decays as well as the leptonic decays, B — ev, B — uv and B — 7v,
involve neutrinos. Because of the presence of the neutrinos in these decays, they suffer from
missing kinematic information. This is a result of the absence of any interactions between
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tag-side e signal-side

KU
S

Figure 4.4: Schematic overview of the BB-pair reconstruction. The left side shows the
tag-side reconstruction of the hadronic decay B — Dm, while the signal-side on the right
reconstructs B — D*{y;.

the neutrinos and the detector material. However, thanks to the hermetic structure of the
detector and its resulting high solid angle coverage, Belle II has the capability to measure
the four momenta of the final state particles of both B mesons of a 7(4S) — BB decay.
Therefore it is possible to reconstruct the 7°(4S5) mother, which provides the possibility to
infer the missing momentum and energy of the neutrino with the knowledge of SuperKEKB’s
parameters. [48]

The concept of using the second B meson of an event to set constraints for the kinematics
of the first B meson is referred to as tagging. For the tagging approach each BB pair is
split into two parts, which is illustrated in Fig.4.4. On the one hand, there’s the signal
side, which contains the final state particles that show a distribution of tracks and energies
hinting to the decay sought for a given analysis, e.g. B — D*{y;. This B meson is the
so-called Bgis. On the other hand is the tag-side with By,g, which contains the remaining
tracks and clusters of a random decay chain. [48]

The algorithm responsible for the tagging, implemented in basf2 is exclusive to Belle II
and is called Full Event Interpretation (FEI) algorithm. The algorithm collects all tracks
and clusters, that are not associated with B,;, and reconstructs a variety of O(10000) decay
chains that are compatible with the detector information. Using boosted decision trees (see
Sec.4.7.5), a probability is calculated for each decay chain to determine its likelihood of
being a correct reconstruction. The FEI's tagging algorithm can operate in three different
modes: [48]

e« Hadronic: In this mode only hadronic decays are reconstructed for the tag-side.
Therefore only decay chains, where all final state particles are detectable are recon-
structed. This allows to determine the momentum of the neutrino via the relation
Dy = Pete— — Py — PBiay> Where Y corresponds to incompletely reconstructed B meson,
e.g. D*{ for B — D*{v;. Additionally this approach can suppress background events,
since all visible tracks must be used during the 7°(45) reconstruction. If tracks are
left over after the reconstruction this implies a background event. This approach only
has an efficiency of O(0.1%) for correctly reconstructing the tag-side resulting in a
very high loss of potentially correct signal candidates. [48]

e Semileptonic: Using semileptonic decays for the tag-side reconstruction results in
an efficiency of O(1%), due to the higher branching fractions. Due to the missing
tracks and clusters from the neutrino involved in semileptonic decays, one loses
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some information about Bygg. This results in the inability to calculate the neutrino
momentum from its kinematic constraints and lessens the power of its background
suppression. [48]

e Inclusive: This method is also referred to as untagged. For this approach all tracks
and clusters not belonging to the final state particles of By;, are collected and combined
to the so-called rest of the event. This approach has an efficiency of O(100%), because
no decay chain reconstruction of the tag-side is attempted. As a trade off one can’t
place any constraints on the kinematics of the neutrino and no information about the
Biag decay chain is obtained. [48]

4.4 Candidate Selection Methods

4.4.1 Rectangular Cuts

During the reconstruction process and subsequent background suppression, certain selection
criteria are required to be fulfilled by B meson candidates. These selections involve setting
thresholds on a variety of variables, effectively defining a multi dimensional rectangular
space which reconstructed candidates must lie within. Hence, these criteria are referred to
as rectangular cuts. These cuts are necessary to increase the significance of the signal and
reduce the sample size. An example for an rectangular cut would be a threshold on the
reconstructed mass of 1.8 < mp < 1.9 GeV for a D meson. [16, 19]

While the simplicity of this concept makes cuts rather easy to implement and interpret,
there are also drawbacks. When applying rectangular cuts the correlations between variables
is not taken into account. Assuming the reconstruction of D — Kx: The D meson is
reconstructed by combining the four momenta of the pion and the kaon. When applying a
cut on the magnitude of the momentum of the 7 this will affect the mass distribution of the
D mass, which we place another constraint on. However, the correlation between these two
variables is ignored when placing rectangular cuts. Any candidates that might still fit into
the required D mass window, but do not fit into the selected pion momentum region are
still discarded. [16, 19]

Another issue is the cut optimization. Some variables like the beam constraint mass
or the energy difference between the reconstructed B meson and half the center of mass
energy show a distinct peak for signal candidates and rather flat distribution for background
noise, which allows for an estimation of the selection criteria by eye by simply basing the
selection criteria on the signal peak. Other variables like the Fox Wolfram moment ratio Ro
(see Sec.4.5) might have regions that are predominantly populated by signal or background
events, however these regions overlap. This overlap makes it hard to determine the best
value for the threshold, which it typically determined by optimizing a figure of merit.[16, 19]

4.4.2 Figure of Merit

In general the figure of merit (fom) summarizes the performance of the chosen constraints
put on the variables of the reconstructed candidates and final state particles within a single
quantity. This quantity can be optimized using the MC simulation, where the origin of
all reconstructed candidates is known. The definition of the figure of merit can vary and
depends on the context of the analysis. For precision measurements such as a |V,;| analysis
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based on B — D*{y; decays, the following quantity is maximized: [19]
Nsig
V Nsig + Nbg ’

where Ng;y and Npg are the numbers of signal and background candidates, respectively. The
denominator \/Ng;s + Npg is equivalent to the poisson error, i.e. the statistical fluctuation
of the number of events. The poisson error in the figure of merits originates from the fact,
that a number of events in a given time frame is described by the means of the Poisson
distribution.[19]

(4.6)

fom =

4.5 Continuum Suppression

Events where g pairs are produced by the eTe™ collisions, rather than 7°(4S) mesons, are
referred to as continuum events, where ¢ can be one of the following quarks: u, d, ¢, s. To
get an idea of the probability of ¢g production, one can take a look at the cross sections in
Tab.3.1.

While most leptonic background events get rejected by the trigger, it is less effective at
identifying and discarding the hadronic continuum events. Another feature of continuum
events are their generally flat and continuous distributions with respect to the invariant mass
of reconstructed B meson candidates and their intermediate daughter particles, such as D
or D* mesons. As a consequence, it is harder to separate continuum from signal candidates,
due to missing background peaks. [16]

Nevertheless, there is a very useful characteristic to distinguish between ¢g and BB
pair events, namely their event shape, illustrated in Fig.4.5. These distinct event shapes
originate from the difference in the available momentum for ¢g and BB events. Due to the
B meson pair mass being barely below the threshold of the 7°(4S) resonance of 10.58 GeV
the B mesons are practically produced at rest and their decay vertices only get separated
by the boost from the asymmetric eTe™ energies. This results in an uniform event shape
for BB. The quark pairs on the other hand, are produced with higher momentum leading
to narrow jets.

The distribution of particles in an event can be expressed by the Fox Wolfram moments
H; introduced by Fox and Wolfram: [50]

2l .
H, = Z %PZ(COS b7)s (4.7)
i?j

where 572 and p; are the momenta with ¢ and j running over all final states particles of the
event and ¢;; is defined as the opening angle between the two particles ¢ and j. Finally,
s is the energy in the center of mass frame and P, the Legendre polynomial of the order
[. The ratio of the second to the zeroth Fox Wolfram Ry = Hs/Hj serves as a powerful
discriminator between continuum and BB events, owing to its peak near zero in the R,
distribution. This feature is depicted in Fig.4.6 and allows for a selection that has a minimal
impact on potential signal candidates, while rejecting a majority of ¢g events.

Based on the Fox Wolfram moments the Belle collaboration developed modified Fox
Wolfram moments. The modified moments are separated into two categories: moments

2The asterisk denotes the center of mass frame.
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(a) Tightly accumulated jets (b) Uniform BB event shape.
originating from ¢q events.

Figure 4.5: Comparison between the continuum and BB event shapes. [49]
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Figure 4.6: An example for the distinction power between signal and continuum events of
the Fox Wolfram moments ratio Ry. [19]

that involve particles from both the rest of the event and the reconstructed candidate HJ7
and moments that only include rest of event particles H7°. Furthermore both modified
moments H>? and Hf° are divided into sub categories based on the order [ of the Legendre
polynomial, where [ € [0,4]. Lastly, the H}? moments are classified with respect to the
charge of the particles involved in the calculation, i.e. x = ¢,n, m for charged, neutral and
missing particles, respectively. For even orders of [ the formula for H? reads as: [19, 16]

5= " Ipjal Pi(cosb; jz), (4.8)
i jx

where 7 refers to the final state particles of the B candidate, jx to the final state particles
of the rest of the event from a given class x and 6; ;, is the angle between two particles. In
case of odd orders of [ follows:

= ZZQinz‘ZHx’B(COS ei,jx)v nl = Hpyy =0, (4~9)

i jx
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where Q;, @, refer to the charges of a given particle. The modified Fox Wolfram moments
for even [ run over the rest of event particles j and k are defined as:

H? =" |pjllpk| Pi(cos 0;), (4.10)
ik

while the moments for odd [ yield:

H° =" QiQulp;lpk|Pi(cos b)) (4.11)
7 k

Furthermore, the H?? and H° moments are normalized with respect to Hy"** and (H{)”‘””)Q,
respectively, where H)"** = 2(E}, .., — AFE). [19, 16]

Another set of effective variables for continuum suppression is based on the thrust vector
of the final state particles used to reconstruct the B candidates. The thrust vector is the
direction that maximizes the projection of all final state particle momenta associated with a
B candidate or the rest of the event. The cosine of the angle between the thrust vectors of
two B mesons will exhibit a flat spectrum, due to its uniform shape, whereas the ¢g pairs
will peak toward one, due to their jet shape. [19, 16]

4.6 Data and MC Calibration

Some discrepancies between the data and MC samples may occur, due to mismodeling in the
simulation for various sub-detectors during the MC production process. Additionally some
biases might be observed in candidates that were reconstructed from data. For example the
application of a biased magnetic field map during the data reconstruction process will affect
the reconstructed momenta and result in invariant mass peak shifts.

These observed data reconstruction biases and mismodeled properties in the MC produc-
tion are corrected by scaling certain variables of the final state particles in the samples during
the reconstruction process or by multiplying correction weights after the reconstruction. The
calibration process is done using python packages and values provided by the performance
group of Belle II, which also offers guidance with respect to the application of the packages.
Not only are these calibrations necessary for correctly interpreting the distribution of signal
and background candidates in the data, since the estimated distributions are based on the
simulation, but also for the estimation of systematic uncertainties.

While the calibration of the data and MC is an integral part of every physics analysis
at Belle II, the amount and type of corrections vary depending on the studied decay: e.g.
a hadronic decay like B — D*71 does need a calibration for mismodeling in the MC with
respect to the particle identification efficiency for hadronic final state particles while a
semileptonic B — D*/v; decay needs a correction for the lepton identification efficiency in
addition to a Bremsstrahlung correction for the momentum of electron candidates. Due to
the analysis specific nature of the calibrations, a complete run-down of all used corrections
will be provided in dedicated sections Sec.5.3, Sec.5.4 and Sec.6.3 for the slow pion and |V
study, respectively.
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4.7 Statistical Concepts

4.7.1 Poisson Distribution

In particle physics one studies a given number of events, that occur randomly and inde-
pendently from each other, over a given time span at an average constant rate. In the
context of particle physics, an event refers to a decay event. Due to the nature of the
events, the optimal approach is to model them by utilizing the discrete Poisson distribu-
tion. The Poisson distribution is defined by the following probability density function: [10, 19]

Nee=A

k!
where k is the number of events, A is the expected event rate in a given time interval and e
is the Euler’s number. The Poisson distribution is discrete and therefore requires k to be a
positive integer. Additionally the variance and mean of the distribution are both equal to A,
which results in statistical uncertainties being estimated by v/A. Another characteristic of
the Poisson distribution is its convergence to the Gaussian distribution for large event rates
A, in accordance with the Central Limit theorem. [10, 19]

P(X =k) = (4.12)

4.7.2 Maximum Likelihood

In general, the model for a given distribution of an observable is based on a probability
density function (pdf). Due to the nature of the data in particle physics, we assume a model
f(&:0) with the parameters § = (61, ..., 0),) based on a Poisson distribution (see Sec.4.7.1)
for the measured data values ¥ = (z1, ..., zj) of an observable. The model also often includes
nuisance parameters ¢ that can be used to quantify the impact of various detector resolution
effects on the relation between 6 and Z, which leads to the model f(Z; 5, q). For simplicity,
this section will stick to the notation f(Z; 5) without nuisance parameters.[10, 19]

The probak)ility of an observed data values &y occurring is referred to as the likelihood

L(g) = f(Zo;0). In case of multiple measurements, the overall likelihood can be written as
a product of all individual measurements:[10, 19]

L(0) = 1] f(#:0) (4.13)

One then seeks the optimal values of the parameters 8, under which the observed data
is most probable. This is achieved by looking for a set of parameters, that maximize the

—

logarithm of the likelihood L(6) for each individual parameter 6;:[10, 19]
0 logL(0)
06,

Since the solution has to be obtained numerically, it is easier to calculate the minimum of
the negative logarithm of the likelihood:

=0,i=1,..k (4.14)

N
~logL(f) = - logf (% 0). (4.15)
i=0

(2

Due to the large number of events in particle physics, O(10%) B mesons in case of the
current Belle II data set, the observed data values ; are typically binned in N bins. Dividing
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the data into multiple bins converts the individual sets of & to vectors 7i(nq, ..., ny), where
each entry n; represents the number of events in a bin ¢ = 1,..., N. [10, 19]

The number of events in each bin is associated with a Poisson distribution with the
mean 4;(A) and a probability f(n;; ;). The distribution over all bins is Poisson distributed
with a mean of ;= >, pt;. This relationship allows to maximize the likelihood based on
the binned event counts, where the content n; of each bin is treated as independent. These
properties yield the following likelihood L(g) as a product of Poisson probabilities to be
maximized:[10, 19]

N
L) = I] f(ns6). (4.16)
=1

Alternatively, one can use the likelihood of an saturated model as a reference and maximize
the likelihood ratio A(8) = f(i7;8)/ fimoder (7T f£). The likelihood feqe (7; fi) corresponds to
a model with a set of parameters fj with one parameter for each bin 4, that is equal to the
expected bin counts, therefore ﬁ' = (n1,...,nN). As a result, the saturated model perfectly
reproduces the observed data and can be used as a benchmark. [10, 19]

Often the double of the negative logarithm of the likelihood ratio is minimized instead of

the maximization:
N

—2In \(f) = Z (0) — n; +n;In i , (4.17)
i=1 12i(0)

where —2InA(d) decreases as the agreement between f(7;6) and the saturated model
improves. A key property of the minimum is that for large means p it follows a 2
distribution according to Wilk’s theorem. When comparing the event count between a
binned data and MC simulation, sub-divided in multiple categories, the x? distribution has
i-1 degrees of freedom, where i is the number of categories. E.g. if a data sample is divided
into four sub-sets based on the momentum of a particle, each sub-set would represent a
category. [10, 19]

4.7.3 *-Test

A goodness of fit test evaluates how well the observed data agrees with a model. One
such test is the x2-test. While a goodness of fit test uses a p-value to quantify the result,
similar to a significance test, it does not involve a comparison with an alternative hypothesis.
Checks used to validate a model, like the y2-test, are also known as closure tests.[10]

As already mentioned in Sec.4.7.2, the maximum of the logarithm of a likelihood L(6)
follows a x? distribution for a large number of events as they are often encountered in
particle physics. Additionally it is also known, that the number of events in each bin is
Poisson distributed, which can be approximate by a Gaussian distribution for high event
counts. In this case, the logarithm of the likelihood function contains a sum of squares and
converges with the method of least square and also follows the x? distribution. Therefore a
given set of parameters ] optimizes both the minimum of x? and maximum of the likelihood.
In case of a completely uncorrelated, observed event counts y;, this reads as: [10]

—

2 7 X (yi — plwi; )
x“(0) = —21n L(0) + constant = Z ——, (4.18)
; o
=1 (3
where p(z;; 5) is the mean of the expected Gaussian of the data or equivalently the theoreti-
cally expected number of events in a bin, and o; the variance of the Gaussian distribution.

o1
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In case of correlated event counts y; the y? function gets slightly altered by the necessary
implementation of the covariance matrix V;; = covly;, y;]:[10]

X2(0) = (y — u(0)" V" y — p(6)). (4.19)

By integrating over the probability function f(t;nger) of X%, with the number of degrees of
freedom ng,r, one obtains the p-value:

oo
p = f(t; ndof)dt, (4.20)
z2,in
where t is equivalent to 4.19. The p-value quantifies the probability of the model correctly
describing the observed data.[10]

4.7.4 Bootstrapping and Error Estimations

Bootstrapping is a valuable statistical technique, which can be used for validating fit models
and estimating systematic uncertainties. The core concept of bootstrapping is based on
creating multiple samples via resampling with replacement of the original data. These
samples are referred to as toy simulations. In case of a binned distribution, this approach
creates new samples by effectively varying the event count in each of the n bins. The
bootstrapping process is done as follows: [10]

o Creating a toy samples from the original data set by resampling with replacements.
Typically in the order of O(10%) toys are created to have significant statistics for the
distribution estimate.

e Determine the variable of interest for each resampled data set.

o From the calculated values a Gaussian distribution is obtained with a mean p and
standard deviation o. The parameters of this distribution can be used to estimate
systematic uncertainties or test the robustness of an underlying fit model.

While Bootstrapping is versatile and conceptually a rather simple approach, its results are
heavily reliant on the size of the original data sample and can be computationally intensive
for large samples.

Using the bootstrapping approach, the systematic uncertainties of a measurement can
be determined. As mentioned in Sec.4.6, the data and the MC samples must both be
calibrated for various mismodeled properties during detector simulations or biases during
the reconstruction of final state particles. These calibrations are done by weighting each
reconstructed candidates. The applied weights are based on performance studies done
by the Belle II performance group. Each of these studies in itself is reliant on multiple
parameters and has its own uncertainties attached to their result, these uncertainties can be
both statistical and systematic. Therefore in each physics analysis, one has to estimate the
impact of the uncertainties of a multitude of calibration factors. To estimate the systematic
uncertainty, the bootstrapping method can be used to resample the original data set by
varying all correction weights in accordance with their assigned uncertainty. This results
in a variation of event counts in each bin and therefore the fit result and the measured
variable of interest. An estimation of this style is done for each possible source of systematic
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uncertainties, which results in a Gaussian distribution with mean p and standard deviation
0. By comparing the standard deviation with the mean of the distribution, one can estimate
the relative impact of each systematic uncertainty on the measurement.[10]

Another use case for bootstrapping is the validation of the robustness of the fit model
on simulated data before applying it to reality. In this case, the varied data samples are
based on the model used for the maximum likelihood fit. Each of these samples is then fit
using the original model, which results in k fitted signal strengths and uncertainties of said
strengths. For each fit result a pull can be calculated: [19]

pull = i ,u’ (4.21)
o

where p is the estimated signal strength, fi the known, true signal strength from the model
and o is the estimated uncertainty of u. The resulting pull distribution can then be fitted
by an unbinned Gaussian to obtain the mean and standard deviation of the distribution. If
our model fits the data unbiased, then [ is correctly estimated on average and the mean
of the pull distribution should be zero. Otherwise, a bias will be observable in either
direction. Similarly the estimated uncertainty of the model can be judged: if the uncertainty
is correctly estimated the standard deviation of the Gaussian will be 1, while a width above
1 hints towards an underestimation of the uncertainty, while a width below 1 hints towards
an overestimation of the uncertainty by the model. [19]

4.7.5 Boosted Decision Trees

In particle physics decision trees are commonly used to reduce background noise. To
determine, whether candidates are kept or discarded, a signal probability is calculated based
on a variety of n variables ¥ = (x1, ..., ¥, ), which can be used to place a cut. Decision trees
are the basis for the multivariate tagging algorithm of the FEI at Belle II, discussed in
Sec.4.3.1, and can also be used to determine the PID likelihood of individual final state
particles. The concept of PID likelihoods is described in Sec.3.3. [19, 51]

A decision tree is a supervised learning algorithm consisting of multiple layers, with each
layer containing multiple nodes. At each node, the data is split based on a threshold for a
given variable, e.g. polar angle or momentum. Every node leads a candidate to another node
and this process is continued through all subsequent layers until reaching a leaf, also referred
to as terminal nodes. Each terminal node represents a signal probability. The conceptual
design of the hierarchical splitting of a decision tree is illustrated in Fig.4.7. Supervised
machine learning involves two steps: a fitting-phase, where training data with known signal
and background labels is used, i.e. an MC simulated sample, and an application-phase,
where the decision tree is applied.[19, 51]

Many shallow decision trees with few variables, so-called weak classifiers, can be combined
to one stronger classification model, i.e. the boosted decision tree. This technique is known
as boosting. During the fitting-phase, weak classifiers are created iteratively and the result
of each tree is assigned a weight, depending on their accuracy. The output of all trees is
then summed up to a weighted average. Additionally, each candidate in the training sample
is assigned a weight, which is adjusted after each iteration, depending on how frequently it
is misclassified, to correct the errors made by the previous trees.[19, 51]
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Figure 4.7: Schematic of a three layer decision tree. Each candidate has to traverse the tree
until a terminal node is reached. A cut based decision is made at each node of the path
for every candidate, here represented by the thresholds for three arbitrary variables z, vy, z.
This process ends, when a candidate finally reaches a terminal node that represents the
probability of it being a signal candidate. The probability is based on the percentage of
signal labeled candidates from the training-data that ended up on the node. [51]
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Figure 4.8: An example based on the cosfpy distribution of reconstructed B — D*/v
candidates showing the impact the choice of binning has to the underlying distribution.
From Fig.a on the left with a number of 4 equal bins it can only be estimated, that our
signal candidates mainly populate the region of [-2,2]. By increasing the number of bins to
15 the resolution of the distribution changes, revealing the structure of the signal component
in the region of [-2,2], showing us that the main region populated by the signal is actually
the region [-1,1].

4.7.6 Unfolding

In Sec.4.7.2 it was mentioned, that we look at our data in bins. Each bin has a well defined
width within the distribution of the variable of interest, e.g. cosfpy. In general, binning
simplifies the visualization of the distributions, making it easier to recognize patterns in
larger data samples. However, it is essential to carefully choose an appropriate number and
width of the bins, which should be based on the resolution of the observable. If the number
of bins is chosen too low one loses information with respect to the shape. This behaviour is
illustrated in Fig.4.8.

If the widths of the bins are too narrow, it can lead to measured events falling into
wrong bins due to the finite detector resolution and limited acceptance. The procedure of
transforming the measured distributions distorted by detector effects to the true distribution
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is called unfolding. There are a variety of different unfolding approaches, among others:
Bayesian unfolding, matrix inversion, singular value decomposition unfolding and bin-by-bin
unfolding. However, we will focus solely on bin-by-bin unfolding, which is a rather intuitive
unfolding approach, that treats each bin independently and doesn’t take possible correlations
between bins into account. [10, 52]

Every unfolding method starts by constructing a migration or response matrix. The
elements of the response matrix correspond to the probability, that a candidate with a
simulated value in bin j has a reconstructed value in bin ¢:

M;; = P(measured value in bin i| true value in bin j). (4.22)

Since the bin-by-bin unfolding approach doesn’t take correlations between bins into account,
only the diagonal elements are relevant. Simply by comparing the number of simulated
events Nypye; in bin 7 to the number of measured events N,..; in the same bin by calculating
an efficiency with the ratio Nipye i/ Nrec,i @ correction factor can be obtained. By multiplying
these correction factors to the number of measured events in each bin, one can obtain the
corrected number of events.[10, 19]

4.8 Template Fits

Measurements in particle physics are based on the prediction of the underlying physical
processes in a data sample. This task is quite complex, due to background noise from
misreconstructed candidates which show similar kinematics. This background can originate
from a variety of different sources, e.g. ¢q events, falsely identified leptons or intermediate
daughters like D mesons that are misreconstructed due to wrong final state particle combi-
nations. In order to determine the observable of interest, one needs to reliably separate the
signal candidates from the complex background noise. A popular approach to predict the
number of signal candidates is by utilizing a template fit.

The concept of template fits is based on the obtained distributions of the signal and
background candidates for a given observable (e.g. AE, cosfpy) from MC simulated samples.
The shapes, i.e. the number of events in each bin of a binned distribution, predicted from
the simulation of the various components within the spectrum are referred to as templates.
The signal component and various processes that contributes to the background have their
own dedicated template. An illustrative example containing two background templates and
one signal template, is given in Fig.4.9.[10, 19]

During the fitting process each template shape is in principle fixed, but nuisance param-
eters can be added to the model that allow some wiggle room for the shapes to estimate
systematic uncertainties. However they get normalized in accordance with the number of
events in the data sample by determining a factor of N,e./Nyrc, where Ny and Nyso is
the the number of events of the data and the simulated sample, respectively. The data from
the experiment contains an unknown mixture of events.[10, 19]

A model is then built by adding together all templates. The sum of all templates is then
varied by adjusting the scaling factor for each individual template. This is done by the means
of an maximum likelihood estimator. We elaborated further on the concept of maximum
likelihood fits in Sec.4.7.2. The result of the fit is then effectively the normalization factor
for each template that most likely fits the shape of the data. By multiplying the number
of signal events in the MC template with the normalization factor obtained by the fit, one
then obtains the number of signal events that are predicted in the data.[10, 19]
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Figure 4.9: A model in a template fit is based on the shapes of various components in a MC
sample. In the pictured example the templates include a flat and peaking background in the
upper row and a signal component in the lower left. Flat backgrounds typically originate
from ¢g background events, while peaking backgrounds often originate from misreconstructed
B meson pairs. The sum of all three templates is depicted in the lower right. All shapes are
shown for an arbitrary observable x.

4.8.1 Implementation in pyhf

The python histfactory (pyhf) is a software tool that is designed for creating statistical
models f(x|6) for a binned analysis, which predicts the probability of the observed data x
for a set of parameters 6 of a given hypothesis. These models are then fitted onto the data
based on a binned maximum likelihood fit for the likelihood L(#) of the model describing
the data. A detailed description of maximum likelihood fits is given in Sec.4.7.2. [53]

The pyhf library builds its statistical models based on the definition of Histfactory. [54]
Conceptually the statistical models of the Histfactory are based on the approach of template
fits. The likelihood specification is based on the following model: [53]

fnaln,x)= TI  1II Poistne | ven(n,x)) I] ex(ax |x), (4.23)

c€channels beEbins,. XeX
where the expected event rate v, is defined as:

ver(9) = Z Vseb (1) X) = Z H Kseb (1, X) Vgcb(na X) + Z Asen (1, X)

sesamples sesamples \ keX AcA
(4.24)

The binned distribution of the model f(xz|f) is represented by a channel. A model may
include one or multiple independent channels and each of them is defined as the binned sum
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n of events of the templates (signal, ¢ events, etc.) incorporated within the distribution,
where each template is represented as a sample. Additionally the observed data may also
include auxiliary data a, i.e. additional data obtained from simulations to constraint nuisance
parameters, leading to z = (n,a). Each set of parameters 6 is split into free and constraint
parameters, which are denoted as 7 and x, respectively. In pyhf all models are defined using
a plain-text JSON format for the ease of sharing and reproducibility. [53]

The expected event rate vy is defined by its nominal rate Vgcb per sample, and its
multiplicative £ and additive modifiers A. One of these modifiers is an unconstrained
normalisation, which scales the model according to the data sample size and is used to
derive the amount of signal events. Other modifiers include the statistical MC uncertainties
and uncorrelated as well as correlated shape uncertainties. Further information about all
available modifiers can be found in the official documentation in Ref.[53].

o7
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CHAPTER

Calibration of the Slow Pion
Tracking Efficiency at Belle 11

5.1 Analysis Overview

This chapter is dedicated to describing the calibration of the reconstruction efficiency of
charged, slow pions for the LS1 data set and its run dependent MC simulation. A description
of both samples is provided in Sec.4.2. Slow pions () refer to pions with a momentum
below 300 MeV. Detecting these low momentum pions is challenging since they can’t escape
the inner detector layers due to the helix movement caused by magnetic field inside the
detector.

The calibration is performed by measuring the relative tracking efficiency between data
and MC. This is achieved by comparing the correctly reconstructed number of slow pions
inferred from B — D*~ 7" decays with the subsequent decay D*~ — D%r,. The subsequent
decay D*~ — D'r is chosen due to small mass difference of ~145 MeV between D and D*
mesons. Since the pion mass is already ~140 MeV, only pions with a low momentum can be
produced in this decay. This slow pion efficiency study is crucial, because the discrepancy
between the slow pion tracking efficiency in data and MC is the source of a leading systematic
uncertainty of |V;| measurements based on B — D*{y; decays. Additionally this study can
also be used to monitor charge dependent inefficiencies for the slow pion track finding in
data and MC.

This chapter is structured as follows: In Sec.5.2 the reconstruction process of the
BY — D*~nT decay will be discussed, followed by the application of various MC and
data calibration weights in Sec.5.3 and Sec.5.4, respectively. This will be followed up by
discussing the agreement between the data and MC samples in Sec.5.5 and the implemented
fit procedure to extract the signal yields and its closure tests in Sec.5.6. The results of this
calibration study will be discussed in Sec.5.7. Finally Sec.5.8 addresses the observed charge
dependent inefficiencies.

59




5.

CALIBRATION OF THE SLOW PION TRACKING EFFICIENCY AT BELLE II

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

60

[ 3ibliothek,
Your knowledge hub

T
D*_/ Kt o~
/ K9 ot o~
BO/ \50/ sm T
N
\ \ Ktro ot o™

ot 0
Ktr «

Figure 5.1: An illustration of the decay chain used to reconstruct BY candidates through
B — D*~nt with the subsequent decay D*~ — D%r; and the four decay modes used for
the D reconstruction.

5.2 Reconstruction of B — D*r

5.2.1 Event Reconstruction

We study the slow pion tracking efficiency at Belle II by reconstructing B° candidates with
the untagged approach (see Sec.4.3.1) from the hadronic decay B® — D*~ 7t followed by the
decay D*~ — D%z !, which includes the slow pion sought by this analysis. Due to the small
mass difference of ~145 MeV between D* and D mesons, this decay predominantly involves
pions with a momentum below 300 MeV. The D" mesons are reconstructed through the
following four decay channels: K*7n~, K*n~nt7~, Kont7~ and KT7n~ 7% An illustration
of the whole decay chain, including all four D° decay modes, is given in Fig.5.1.

The KY of the K97+ 7~ channel is reconstructed by combining two charged pions, whose
combined invariant mass must be within the range of m € [0.45,0.55] GeV. Additionally
the K must successfully pass a vertex fit based on the Treefitter algorithm [55], which
combines all particles in the decay chain to determine the best decay vertex position.

The 7° of the K*7~ 7" decay channel is reconstructed by combining two photons.
We based the selection of the photons on the recommendations provided by the Belle 11
performance group. The polar angle of the centroid position of the ECL cluster must
lie within 0.2967 < 6 < 2.6180 rad. Furthermore, photons must meet specific energy
thresholds based on the ECL region, where the cluster is detected: in the forward ECL
region (12.4° < 0 < 31.4°), the photon energy must exceed 0.08 GeV; in the barrel region
(32.2° < 6 < 128.7°), the energy must be above 0.03 GeV; and in the backward ECL region
(130.7° < 6 < 155.1°), an energy above 0.06 GeV is required. The 7° must have an invariant
mass within [0.120, 0.145] GeV.

Reliably reconstructed tracks of charged pions and kaons within the mid to high momen-
tum region, excluding 7y, are selected by imposing constraints on the distance of the point
of closest approach to the interaction point in the r — ¢ plane dr and along the z-axis dz:
dr < 2 cm and |dz| < 4 cm. Additionally their polar angle is required to fall within the
region of CDC acceptance, i.e. 17° < 6 < 150°.

The reconstructed D° mass is only allowed to deviate from the world average PDG
value by 0.05 GeV. If this criterion is fulfilled, they are combined with a 7, to form a
D*~ meson. The D*~ candidates are restricted to a momentum magnitude p*? below 3
GeV to suppress the contribution from ¢q events and the mass difference between the D*~

!The reconstruction of charge conjugated decays is also implied
2An asterisk denotes the center of mass frame.
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and its DY daughter must be below 0.158 GeV. Finally, we combine the D*~ with a 71 to
reconstruct the B? candidate. The B? meson must exhibit a beam constraint mass mp.
above 5.25 GeV and an energy deviation from the beam energy below 0.3 GeV.

5.2.2 MC Classification

After reconstructing the B? candidates with rather loose selection criteria we optimize the
requirements by studying the figure of merit (see Sec.4.4.2). For this purpose the MC events
are split into the following four categories:

o Signal: Correctly reconstructed candidates, based on a boolean flag from the truth-
matching algorithm of basf2. The truthmatching compares the mothers and daughters
of the whole reconstructed decay chain to the information provided by the generator.

o Continuum: Misreconstructed candidates originating from ¢q events.

e True D*: Combinatorial background from B meson pairs, where the B is misrecon-
structed, however the reconstructed D* candidate is a real D*. This decision is based
on the MC PDG code?® provided by the generator.

o Fake D*: Background events originating from B meson pairs without a correct B
reconstruction and the D* candidate is not true.

5.2.3 Signal Selection

To suppress the number of background events, we optimized the selection criteria by scanning
the figure of merit (fom) defined in Sec.4.4.2. The change of the fom after each tightened
selection criterion is shown in Fig.5.2 for each of the four DY decay channels. Most cuts
are optimized for the combination of all four channels, due to very minor deviations and
for the sake of simplicity. However, there are some channel specific criteria: the binary
kaonID without SVD information and the deviation of the reconstructed K9 mass from its
PDG value |ng - mi’é’G 4. The binary kaonID (see Sec.3.3) was only used for the D°
reconstruction via K+trn~nT7~ and K7~ 7%, due to an lack of improvement of the fom for
the other two channels K7~ and Ko7n+7~. We chose the binary instead of the global ID
because it exhibited superior separation power between signal and background candidates.

The distributions of all discussed selections can be found in Fig.5.3. In these figures the
threshold value of the cuts are indicated by a dashed red line and the colors of the rejected
region are desaturated. For each distribution all cuts except the one for the shown variable
are applied.

For K candidates the absolute value of the mass difference |m K9 - mi? &| must be
below 0.01 GeV. The contribution from continuum events is suppressed by rsequiring the
ratio of the 2" to the 0" Fox Wolfram moment Ry to be below 0.5. While this cut could
have been chosen tighter, it was deliberately kept rather loose to prevent deterioration of the
signal efficiency, due to the main uncertainty of this analysis being statistical. Reconstructed
DY mesons are required to have a mass deviation from their world average PDG mass below
0.02 GeV. The mass difference Am between the D° and the D*~ candidates must fall

3Based on the MC numbering scheme of PDG. [10]
4PDG denotes, that the variable is the current world average provided by the particle data group
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Figure 5.2: Cutflow of the fom for each decay channel used for the DY reconstruction.
Starting from the value of the fom directly after reconstruction up to the last cut. The
x-axis shows the variable on which the cut was applied, while the y-axis shows the fom after
its application.

within [0.141, 0.156] GeV. Furthermore the momentum in the center of mass frame of D*~
mesons is constrained to [2.0, 2.5] GeV to further suppress ¢g events. The kaons of the
Ktn~rntr™ and KT7~ 7% decay channels are required to surpass a binary PID likelihood
ratio L/, of 0.1, with exclusion of the SVD information. For the BY candidates the energy
difference AE = Fpo — Epeam must be below 0.2 GeV and the beam constrained mass myp,.
is constrained to the region of [5.270, 5.287] GeV.

5.3 MC Corrections

5.3.1 Gamma Efficiency

To account for observed discrepancies in the photon detection efficiency between data and
MC, we remove photons from the MC samples. This is done by randomly dropping photons
from the sample before initiating the reconstruction process. The dropout probability
reflects the provided relative efficiency values, that take the photon energy dependence of the
efficiency into consideration. These efficiency values are based on a study, that reconstructs
eet — put(y1sr), where g is a high energy photon that gets radiated in the initial
state e~e™. In this study, the photon is identified by predicting its momentum from ECL
clusters based on the missing momentum of the muon system. [56]

5.3.2 HadronlD

The binary kaon ID employed for the K*n~nt7~ and K*7~7° decay channel has been
shown in Fig.5.3 to be a powerful tool for background suppression. However studies show,
that there are discrepancies between data and MC when comparing the distributions of
particle identification likelihoods. These likelihoods are among others based on momenta,
energy clusters and polar angles, as discussed in the Sec.3.3. To correct for the differences in
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Figure 5.3: Here we show the distributions of all variables used for the tighter selections.
In these figures all tight selection criteria with exclusion of the cut on the shown variable
are applied. We indicate the rejected region by marking the selection threshold with a red
dashed line and desaturating the rejected region. The variables all channels have in common
are shown for the combined distributions in the first two rows, while the left and middle
figure in last row show the kaonID selection for the K7~ 7tn~ and K*7~7° channel,
respectively. In the last row on the right we show the |m K9~ m§§G| distribution of the

K277~ channel.

the likelihood one compares the data/MC efficiency ratio of their ability to correctly assign
an identification in bins of the momentum and polar angle for a selected PID threshold,
i.e. kaonID > 0.1 in the case of our study. These correction ratios are determined by
reconstructing a control channel, that involves the particle of the sought likelihood and
where the tracks and polar angles can be reliably reconstructed. In case of the kaon ID the
control channel would be D** — DY[— K~n+]rT. For the calculation of the calibration
weights the performance group provides MC and data ntuples of said control channel and
the exact same selections and PID cuts are applied on both samples. The ntuples are loaded
and the weights calculated using the Belle II Systematic Framework [57]. The produced
correction weights in bins of the kaon momentum and polar angle are provided in Fig.5.4
and Fig.5.5, for the efficiency and fake rate, respectively. While the efficiency compares the
ability to correctly assign an identification, the fake rate compares the probabilities that a
non-kaon is identified as a kaon. During the application of the weights with the PIDVar
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(b) Correction tables for K candidates with a positive charge.

Figure 5.4: Efficiency weight tables for the binary kaonID, that excludes SVD information
for a kaonID threshold > 0.1. The figures are binned in two dimensions, namely p (y-axis)
and cosf (x-axis). In Fig.5.4a we show the table for the candidates with a negative charge
and Fig.5.4b shows positively charged candidates.

framework [58] we also check the coverage in bins of the momentum and polar angle of the
kaon for both the efficiency and fake rate. The coverage shown for the K7~ 77~ and
K*7=7% in Fig.5.6 and Fig.5.7, respectively indicates a full coverage of our sample. [57]

5.4 Data Corrections

5.4.1 Track Momentum Scaling

During studies of D™9 J/1, Kg and AT mesons a peak shift of approximately -0.015
MeV was observed in the reconstructed invariant mass in comparison to their world average



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

5.4. Data Corrections

1.02+0.01

1.01+0.01

-0.682

-0.4226

K fake rate for binary kaonlD_noSVD > 0.1

1.60x0.01
145£0.01

122+0.02

1.14+0.02

1.18%0.02
121%0.03
124+0.03
126x0.03

121x0.04

1.12£0.05

-0.1045

120%0.02

1.3020.02
126£0.02
12 .02

120+0.02

1.08x0.03
1.09%0.04

1.15+0.01

1.0610.01

0.225

cosTheta bins

1.55£0.01 | 116x0,02

0.97+0.01 | 0.73£0,01

1.03+0.01 I 0.730.02

1.02+0.02 | 0.69+0.02

1.34+0.01
125+0.01

1.17+0.01

(a) Correction tables for K candidates with a negative charge.

03-
1.02£0.02

0.6 -
1104001

09 -
1.01+0.00

17
1.00+0.00

15-
1.000.00

18-
1.000.00
A 21
= 1.000.00

=g
- 1.00+0.01

274
1.00+0.01

3.0 -
0.99:+0.02

33 -
1.000.06

3.5 -
0.840.99

4.0 -
1.36+127

45

-0.866 -0.682

1.3710.01
1.17+0.01
1.05+0.01
1.03+0.01
1.07x0.01
1.12%0.01
1.19£0.01
122+0.01
124+0.02
126+0.02
1.34+0.06
1.57+£0.49

-0.4226

K fake rate for binary kaonlD_noSVvD >0.1

1.50+0.01
1.39+0.01
1.14+0.02
120+0.02
1.20£0.02
1.23%£0.03
125+0.03
122+0.03
1.15x0.04
1.18+0.04
1.14+0.07
0.96+0.09

0.1045

172£0.01
1.44+0.01
117+0.01
122+0.02
121+0.02
125£0.02
127£0.02
1.19+0.02
1.13+0.02
1.02+0.03
0.98+0.04
1.00£0.03
0.93+0.08

1.46£0.01
1.40+0.01
127+0.01
1312001
1.3220.02
127£0.02
1.15%0.01
1.1010.01
1.01+0.02
0.96x0.02
0.97%0.02
0.93+0.02
0.88+0.04

' '
0.225 0.3

cosTheta bins

1354001 126002 1.01+0.02
1.36+0.01 0.91+0.01
127001 1004001
1344001 1.00+0.02
1352001 1.060.02
1352001 1110.02
1.34:001 114002 |
130:001 114+0.03
1.14:0.01 1.0610.-03
1082001 0.95x0,03
1.0120.02 0.89+0.04
1.01+0.02 | 0.800.03

100003 G55 )
| g
0.766 08829 0.9563

(b) Correction tables for K candidates with a positive charge.

Figure 5.5: Fake rate correction tables for the binary kaonlID, that excludes SVD information
for a kaonID threshold > 0.1. The figures are binned in two dimensions, namely p (y-axis)
and cosf (x-axis). In Fig.5.5a we show the table for the candidates with a negative charge

and Fig.5.5b shows positively charged candidates.
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Figure 5.6: Charge separated coverage of the efficiency weight tables (upper) and fake
rate tables (lower) for the K™n~ 77~ channel. The figures are binned in two dimensions,
namely in p (x-axis) and @ (y-axis). The coverage of candidates with negative charge are
shown on the left and with a positive charge on the right.

Efficiency_pi0_-321 Efficiency_pi0_321

Figure 5.7: Charge separated coverage of the efficiency weight tables (upper) and fake rate
tables (lower) for the K*m~ 7" channel. The figures are binned in two dimensions, namely
in p (x-axis) and 6 (y-axis). The coverage of candidates with negative charge are shown on
the left and with a positive charge on the right.
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5.5. Pre-Fit Data-MC Agreement

PDG value. This shift originates from imperfections of the magnetic field map that was
applied during the reconstruction process of the final state particles in the data. To
counteract this discrepancy a global scaling factor is applied to all charged tracks before
initiating the combination process of the particles. The scaling is determined by studying
D*t — D[~ K—7t|axt and applying a fit on the invariant mass of the D meson. From
the deviation of the fit result for the reconstructed invariant mass from its PDG value one
can then derive a scaling factor.

5.4.2 Photon Energy Bias

This calibration originates from observed energy shifts in the AE peak when comparing
data to MC for decays that involve neutral final state particles. For example for the decay
BT — K70 a —21+12 MeV shift of the data with respect to the simulation was determined.
The correction for the observed photon energy bias in data was derived by reconstructing
Bt — D~ K*n~7Y7*. We therefore correct the energy of photons by the calibration
factor provided by performance group before combining particles.

5.5 Pre-Fit Data-MC Agreement

After the calibration of the data sample and the MC, we study the agreement between them
before creating a model for the signal extraction to determine whether the calibration was
sufficient. With respect to the classification of the MC components a minor change was
made for this comparison, due to the chosen variables that will be used during the signal
extraction: the energy deviation AE and the mass difference between the D*~ and D
meson Am. To achieve a better separation power for Am, which is heavily dependent on
the reconstructed D*~ being true, we drop the separate distinction of the ¢g events and
add them to either the true or fake D*~ component in accordance with the MC PDG code
of the D*~ candidate.

In Fig.5.8 and Fig.5.9 the distributions of AE, Am and the slow pion momentum in the
laboratory frame p,, are shown for the combination of all four decay channels and individual
channels, respectively. We show specifically the distributions of these three variables because
they will be used during the signal extraction: a two dimensional fit in AE and Am will be
performed for the signal extraction for four different p,, momentum regions. In these figures
a comparison between the distribution of the data and the luminosity scaled (364/1443)
MC samples are made. It has to be noted, that these plots only include the statistical
uncertainties of the bin counts. By comparing the MC to the data we are able to determine
how well the MC describes our data and if any additional corrections or nuisance parameters
will be necessary during the signal extraction.

When examining the agreement for the combination of all channels, the data is generally
well modeled by the MC. The combined distributions will be used during the fitting procedure
to extract the signal. In Fig.5.8 we observe very good agreement for p,, between the data
and MC across the whole momentum range. For the AFE spectrum, the signal region,
ie. AE € [-0.05,0.05] GeV, is very well modeled, as are the lower and upper sideband
regions of [-0.20,-0.05] GeV and [0.05, 0.20] GeV, respectively. However, there is some minor

disagreement in the lower end of the lower sideband region of AE € [—0.20,—0.15] GeV.

In the prefit comparison of the Am distribution similar properties are observed, with a
very well modeled distribution in the signal region of Am € [0.141,0.148] GeV and a slight

67



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

5.

CALIBRATION OF THE SLOW PION TRACKING EFFICIENCY AT BELLE II

68

Belle Il Preliminary [cdt=364.1fb7" Belle Il Preliminary [cdt=364.1fb7!

Combined - ignal Combined - ignal
. True D 25000 | . True D
. FakeD® . FakeD®

“ MC stat unc

— 15000 %% MC stat unc

4 Data 4 Data

O
=

,% 0.00 Fessee SPPPSCATPTLE sans,® satius é% 0.00 Ba®aa®80 e ey eyryastatt teret®sysatengeton o vet
8l -

~0.15 —0.10 —0.05 0.00 0.05 010 0.15 0142 0.144 0.146 0.148 0150 0.152 0.154
AE [GeV] Am [GeV]

(a) Combined AE (b) Combined Am

Belle Il Preliminary [cdt=364.1fb"!

Combined . Sigaa!

m True D"
. FakeD’
P4 MC stat unc
¢ Data

10000

o @
o o
(=3 (=4
=1 =

Candidates / (0.0062 )
8
8

2000

0.00 4
-0.25E

025h 0
® aSan,an . PPPPCITY P bl LA T

Data —MC

0.10 0.15 020 0.25 0.30 0.35
pr, [GeV]

(¢) Combined p,

Figure 5.8: Shape comparison of pre-fit distribution of all variables relevant to the signal
extraction for the combination of all decay channel. The signal, true D*~ and fake D*~
components of the MC are depicted by the orange, blue and gray components, respectively.
Additionally the dots indicate the data. These figures only include statistical uncertainties.

undershoot of the MC in the upper sideband region above 0.148 GeV.

The entire range of the distributions for AE, Am and p,, of both K*7~ and K+t7n 7
show a very good agreement between data and MC in Fig.5.9. In general the slow pion
momentum is well modeled for all individual channels. The only exception is the K97 m~
channel, where the expectations from the MC underestimate the data. However, the K7+~
channel has by far the lowest event count and therefore rather high statistical uncertainties.
This tendency of the slight underestimation of events by the MC is also observed for the
AFE and Am distributions. The K777~ channel shows good agreement in the signal
region of AE and Am, but an undershoot of the MC in the sideband regions causing minor
discrepancies.

In addition to the agreement between data and MC, we investigated the signal yield,
background yield and significance of each individual decay channel to quantitatively estimate
their contributions to the overall combined distribution used for the signal extraction. For
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Figure 5.9: Shape comparison of pre-fit distribution of all variables relevant to the signal
extraction for each individual channel. The signal, true D* and fake D* components of the
MC are depicted by the orange, blue and gray components, respectively. Furthermore, the
dots indicate the data and these illustrations only include statistical uncertainties.
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Ktr~ Ktn—atr— Kortn~ Ktr a0l
Nig 13135+ 57 20836 =72 4000 &£ 31 17529 £ 66
Nyg 4374 £33 17337T+£65 4948 £35 20970 £ 72

~ Neis 993404 106.6+0.4 423403 89.3+0.3
Nsig“"Nbg

Table 5.1: Summary of the luminosity scaled and corrected signal yield, background yield
and significance of each reconstructed decay channel with an additional restriction to the
signal region of |[AFE| < 0.05 GeV.

Combined K9rtr~ K'n~ Krrrntn- Kraal
Candidates 875107 83802 116621 353350 321334
Unique Candidates 870348 83801 116619 353338 321325
Unique Candidates in % | 99.5% 99.9% 99.9%  99.9% 99.9%

Table 5.2: Summary of the candidates multiplicity without luminosity scaling applied to the
number of candidates.

this check we compared the luminosity scaled and corrected number of events and restricted
the region of AF to the signal region of [-0.05, 0.05]. The results summarized in Tab.5.1
show, that by far the K*n~ntn~ and KTn~ 7" channel contribute the highest number
of signal candidates, closely followed by the K ™7~ mode. However, it also shows that
K*n~ and K7~ nt7~ have the best fom. While the K97+ 7~ has the least amount of
signal candidates and the worst significance, it still contributes ~ 7% of the overall signal
candidates and is therefore not negligible.

The results of study the candidate multiplicity of each individual channel and the
combination is provided in Tab.5.2. This examination showed that due to ~ 99.9% unique
candidates for individual channels and an candidate overlap of only ~ 0.5% there is no need
for a dedicated best candidate selection.

5.6 Signal Extraction

To determine the relative tracking efficiency of the slow pions, it is necessary to compare
the amount of signal candidates in data and MC. We extract the signal candidates from the
data sample using a two dimensional template fit (see Sec.4.8). This involves building a
likelihood model based on the three event categories, as classified in Sec.5.5: Signal, true
D* and fake D*. Each template corresponds to the distribution of events for a given event
category. The background classes were chosen to enhance the separation power between
each component. The fake D* component will be spread out over the whole Am range,
while the true D* component will only populate the signal region of Am € [0.144,0.148]
GeV. In Fig.5.10 we present the two dimensional templates of all three event classes to
highlight their distinct shapes.

The slow pion efficiency will be independently determined in four different p,, regions
via a two dimensional model with 9 even bins in AE € [—0.2,0.2] GeV and 5 even bins in
Am € [0.141,0.156] GeV. We split the samples in the following p., regions: [0.05, 0.12] GeV,
[0.12, 0.16] GeV, [0.16, 0.20] GeV and [0.20, 0.35] GeV. The python package pyhf [53] was
used to create the model and implement this binned maximum likelihood fit.
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5.6. Signal Extraction
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Figure 5.10: The two dimensional templates in AE (x-axis) and AM (y-axis) for the three
MC components. In Fig.5.10a and Fig.5.10b the distributions of the Signal and true D*
component are shown, respectively. Finally, Fig.5.10c shows the distribution of the fake D*
component. The shown spectra include the whole p,, range.

In our binned maximum likelihood model, both the statistical MC uncertainty and
the systematic uncertainty arising from the uncertainties of the kaonID correction weights
applied on the candidates of the Ktn~7nt7~ and K7~ 7" channels were implemented as
nuisance parameters in the form of shape variations. To account for mismodeling due to
poorly known branching fractions for hadronic decay like D*p, another nuisance parameter
was added to reflect this incomplete knowledge as a systematic uncertainty. For that purpose
we implement the nuisance parameter as an uncorrelated shape variation of up to 5% to the
shape of AF for true D*~ background component. Additionally a correlated shape nuisance
parameter of up to 10% was introduced to address a p,, momentum dependent slight peak

of the fake D*~ component in signal region of Am € [0.144,0.147] GeV, as shown in Fig.5.11.

This variation takes potential mismodeling of the ratio of the flat to the peaking component
of the fake D*~ template into consideration as a systematic uncertainty. The impact of the
10% shape variation on the fake D*~ shape in the Am signal region is illustrated in Fig.5.12
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Figure 5.11: Slow pion momentum dependency of the shape of the fake D* background.
Due to the exhibited dependency on p,_, it was chosen to account for the variation of the
slight peak in the Am signal region via a shape nuisance parameter.
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Figure 5.12: Impact of the correlated 10% up and down variations on the Am shapes of the
fake D* component in the individual kinematic bins of p,,.
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5.7. Results

5.6.1 Closure Tests

To ensure a reliable result for the signal extraction two closure tests were made for the
fitting procedure, namely an asimov test and a pull study.

An asimov test is done to evaluate if maximum likelihood is working as intended. This is
done by using the combination of all MC templates without any classification as a pseudo
data sample. We do this test for the exact setup as it will be applied on the data, i.e. a
two dimensional binned maximum likelihood fit in 9 bins of AE and 5 bins in Am, with
the sample being split into four p,, momentum region. If the fit is working as intended,
the resulting normalization factors of all MC templates should be equal to 1. Therefore
estimating the amount of signal events in the pseudo data being equivalent to the signal
yield in the simulation templates. The result of the asimov test for each momentum bin is
provided in Fig.5.13a and shows perfect agreement between the predicted signal yield and
the signal yield in the MC.

The second closure test was a pull test based on bootstrapping to ensure, that our fit is
stable. In Sec.4.7.4 an overview about bootstrapping and pull tests is provided. For the pull
test we calculate the pull of 10000 Poisson resamples of the original pseudo data used for
the asimov test and also Poisson variations of the MC template. The distributions of the
pull are then fitted with an unbinned Gaussian. In Fig.5.13b the mean of the Gaussian for
each momentum bin is shown, where it can be seen that the mean of each pull is centered
towards zero. Therefore no biases are expected for the resulting signal yields. Additionally
no significant over or underestimation of the error on the fit can be observed from the width
of the Gaussians shown in Fig.5.13c, with all widths being within a 1 to 1.5 ¢ agreement
with 1 within their respective uncertainty.

5.7 Results

To determine the relative tracking efficiency calibration factor between data and MC we
extract the signal yields based on the fitting procedure described in Sec.5.6. During the
signal extraction we perform independent, two dimensional fits on AE and Am for four
different pr, momentum regions: [0.05, 0.12] GeV, [0.12, 0.16] GeV, [0.16, 0.20] GeV and
[0.20, 0.35] GeV. In Fig.5.14 and Fig.5.15 we display the data and MC agreement before
performing the binned maximum likelihood fit in 9 bins of AE € [—0.2,0.2] GeV and 5 bins
of Am € [0.141,0.156] GeV, respectively.

For the AF distributions the data and MC comparisons exhibit the same features for
three out of four momentum regions: overall good agreement with some minor disagreement
in the very first AFE bin below -0.15 GeV. The slow pion momentum bin of [0.16,0.20] GeV
shows a very good agreement for the whole AFE range. For Am similar features can be
observed, the p,, € [0.16,0.20] GeV bin shows no diasgreement, while the other three bins
show some minor disagreement for sideband region of Am > 0.146 GeV.

The agreement between data and MC after scaling the MC templates with the resulting
normalization factors from the fit is shown for the AE and Am projection in Fig.5.16 and
Fig.5.17, respectively for all four p,, bins. These figures demonstrate that the agreement
for AF has significantly improved in comparison to the pre-fit distribution, resolving the
minor disagreements in the lowest AE bin. For the Am distribution we can also observe
some improvements: the disagreement in the sideband region is corrected. However, a
minor disagreement in the signal region remains between data and MC for three out of four
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Figure 5.13: The closure test results for the two dimensional fit in AFE and AM using the
three MC templates: Signal, true D* and fake D*. In Fig.5.13a we show the resulting yields
of the asimov test for each p,, bin, while Fig.5.13b and Fig.5.13c show the p and o pull
results, respectively.

momentum region remains, excluding p,, € [0.16,0.20] GeV.

To calculate the relative tracking efficiency we need to compare the signal yield Ny of
each kinematic slow pion bin in data with the MC prediction of the signal in the correspond-
ing pr, bin. The MC prediction is defined as the luminosity scaled (364/1443) number of
signal events in the signal template IV, %C. This yields the following formula for the relative
tracking efficiency:

e luminosity dat
- MC Prediction — NMC . “Wminosity aata

= 5.1
MC Prediction’ 9 luminosity MC (5:1)

Ti

where r; is the relative yield for a given momentum bin 7. This relative yield is used as a
measure of the discrepancy between the modeled tracking efficiency and the reconstructed
tracking efficiency from data for the slow pions, with a ratio of 1 meaning perfect agreement.
These relative yields are not directly used as the calibration factors, because deviations

in the ratios can be caused by factors other than track inefficiencies, such as mismodeling
of branching fractions. Taking these branching fraction uncertainties into account for
each decay would lead to significant systematic uncertainties for the yield ratio; e.g. the
uncertainty of the K+t7~ 7% alone would result in an additional systematic uncertainty of
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Figure 5.14: Pre-fit agreement for the distribution of AE in the four momentum bins of p,,.
In these figures, the distributions of all decay channels are combined.

~ 5%. To cancel these global systematic uncertainties, which would affect all p,, bins
equally, we normalize the individual yield ratios r; to the yield of the highest kinematic
bin, i.e. p; = r;/ry. By normalizing to the highest momentum bin we assume that its
tracking efficiency behaves like the tracking for the mid to high momentum regions and is
therefore affected by their tracking efficiency systematic provided by the performance group.
This approach cancels out all systematic uncertainties, except for the previously mentioned
momentum-dependent shape variations from the fitting procedure.

The yield of the fourth bin to which we normalize is also extracted using a binned
maximum likelihood fit with its implemented nuisance parameters. Therefore we need to
propagate the uncertainty of the highest momentum bin to all three lower momentum bins as
a correlated uncertainty. Additionally each lower momentum also has its own uncorrelated
uncertainty from the individual fits. Through linear error propagation the following two
uncertainties can be obtained for the results of each p,, bin:

1 2 r 2
2 2 2 2 2 .
Op; = (7,4> o+ (T%) Ory = Ouncorr; T O'comwvz €[1,2,3], (5.2)

where o, is the statistical uncertainty of the fit for a given bin ¢ = 1,..,3. On top of the
uncertainties of the signal extraction, the relative uncertainty of the mid to high momentum
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Figure 5.15: Pre-fit agreement for the distribution of Am in the four momentum bins of p,,.
In these figures, the distributions of all decay channels are combined.
tracking oqer = 0.27% is added in quadrature.

A summary of the yield ratios, normalized ratio and uncertainties for all slow pion
momentum bins can be found in Tab.5.3. Additionally we visually compare the normalized
ratios p; in Fig.5.18. From Fig.5.18, we can observe that the tracking efficiency discrepancy
for the second and third low momentum bins of the pions are rather low and agree with
unity within their uncertainties, hinting towards a well modeled momentum region. For the
lowest momentum bin however, i.e. pr, € [0.05,0.12] GeV, a discrepancy of ~ 5% between
data and MC can be observed. By comparing the discrepancies between the first bin and
the other bins, one can assume, that even slow pions, which only barely reach the CDC are
better modelled, than pions in the lowest momentum which almost completely have to rely
on reconstruction via the SVD due to helix movement induced by the magnetic field in the
innermost detector region. To get a measure of how the relative slow pion tracking efficiency
discrepancy between data and MC will affect studies, that involve a slow pion in their decay
chain we calculate an uncertainty weighted average based on the results provided in Tab.5.3:

(97.441 £ 1.1994¢4¢ £ 0.8175y5)%, o, = 1.46% (5.3)
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Figure 5.16: Post-fit agreement for the distribution of AFE in the four momentum bins of
Dr,. In these figures, the distributions of all decay channels are combined.

Calibration results for 7,

pr, range[GeV] 0.05-0.12 0.12-0.16 0.16-0.20 0.20-0.35
MC prediction 9733 £ 49 15832 £ 63 12863 £ 57 20259 £ 71
Fitted yield 9066 £ 144 15336 £188 12432+ 176 19920 + 220
T 0.932£0.016 0.969+0.013 0.967 £0.014 0.9833 £ 0.011
Pi 0.947 0.985 0.983
Ouncorr £ 0corr ~ 0.016 £0.011  0.013 £0.011 0.015 £ 0.011
Otrack +0.0027 £0.0028 £0.0028

Table 5.3: Relative tracking efficiency of 7, for the LS1 data sample and the run dependent

MC.
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Figure 5.17: Post-fit agreement for the distribution of Am in the four momentum bins of
pr.. In these figures, the distributions of all decay channels are combined.

5.8 Charge Asymmetry

The reconstruction chain used for the determination of the slow pion tracking efficiency
comparison between data and MC can also be used to monitor charge dependent track
finding inefficiencies for ms. It has to be mentioned that this monitoring is entirely illustrative
and not a precise study. For the investigation of the charge dependency of the track finding,
we place an additional constraint to select the signal enriched region of |AE| < 0.05 GeV.
The charge of the pions is identified through the sign of their PDG code. This study is
meant to show, that the data and MC samples show a similar behaviour and not provide to
any calibration factors or systematic uncertainty estimates.

First we compare the charge dependent distributions of the transverse momentum pr
and the cosine of the polar angle cosf in Fig.5.19. For this comparison the number of events
in the MC is scaled down to the integrated luminosity of the data sample via the ratio
364/1443. The shown uncertainties are only statistical. From these distributions, we can
conclude, that charge dependent inefficiencies are overall well modeled. However, we can
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Figure 5.18: Visual comparison of the normalized yield ratios p; for all kinematic p,, bins.
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Figure 5.19: One dimensional comparison of the data and MC charge dependent efficiencies
in bins of the transverse momentum of w4 pr (left) and the cosine of the polar angle cosf
(right).

observe slight shape discrepancies for the region of py € [0.10,0.15] GeV and cosf € [0, 0.25].

In these regions the 7, has a higher reconstruction efficiency with a positive charge for both
samples, however some minor shape discrepancies can be seen between data and MC.

In addition to the shape comparison, two dimensional asymmetry factors are determined,
based on the number of reconstructed events:

N™" _ N7

N N (5:4)

asymmetry factor =

where N™" and N7 correspond to the number of reconstructed pions with a positive and
negative charge, respectively. These asymmetry factors are calculated two dimensional in
bins of pr and cosf, separately for both the MC and data. The resulting asymmetry factors
can be found for both samples in Fig.5.20. These asymmetry factors only have the statistical
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Figure 5.20: Resulting two dimensional charge asymmetry in bins of cosf (y-axis) and pp
(x-axis) of the LS1 data in the upper plot and MC15 in the lower plot.

uncertainty attached, which were determined via a bootstrapping approach. Overall both
the MC and data show the same features in the two dimensional distribution.
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CHAPTER

Determination of |V_| from
B — D*T¢~v; decays

6.1 Analysis Overview

In the standard model of particle physics, quark mixing is described by the CKM matrix,
first introduced in 1973. [2, 14] The transition rate from b to ¢ quarks is proportional to the
squared CKM matrix element magnitude |V|. At the time of writing, the favored approach
at Belle II to measure |V;| is through semileptonic B — X fv; decays due to their high
branching fractions and the factorization of the hadronic contributions (see Sec.2.6). In
this decay the B is either a charged or neutral B meson. The term X, refers to a hadronic
system containing a ¢ quark, £ is a light, charged lepton, i.e. either an electron or a muon
and vy is their respective neutrino.

In general the measurement of |V| can be done through two different approaches,
i.e. either by reconstructing the decay inclusively or exclusively. During an inclusive
reconstruction one reconstructs all B — X fv, final states, while for exclusive reconstructions
a single decay chain is explicitly reconstructed, e.g. B — D*fv,. These two approaches serve
as crucial cross-checks for each other. While their input from theory and the uncertainties
differ between these two approaches, their results are still expected to agree with one another.
However, this is not the case, since the two approaches exhibit a long lasting 3.30 discrepancy.
[21] This shows that our understanding of |V is still incomplete.

We measure |V, through the exclusive reconstruction of B® — D*T¢~7; decays with the
subsequent decay D*t — DOt followed by D° — K~nt. These decays are reconstructed
from the LS1 data sample of Belle II, which corresponds to an integrated luminosity of ~ 364
fb~! of data taken at the 7°(4S) resonance of 10.58 GeV and a MC sample corresponding
to an integrated luminosity of ~ 1443 fb~!. Additionally, the off resonance data taken at
~ 5 MeV below the resonance will also come to use during a validation step. A detailed
description of the data and MC samples can be found in Sec.4.2.

By reconstructing B — D*t/~7; decays it is possible to determine their decay rate
and use the dependencies between the partial decay rates, |V, the form factors and the
four kinematic variables, i.e. the hadronic recoil w and three angular variables. We extract
|Vep| through the partial decay rates in bins of the kinematic variables w and cosfy. A
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Figure 6.1: Simplified work flow schematic of the |V| analysis.

discussion of the theoretical framework of the |V| extraction from BY — D**¢~7; decays
and the kinematic variables is provided in Sec.2.6.1. In addition to the |V,;| measurement,
we will also determine the branching fraction B(B° — D**¢~7;) and probe lepton flavor
universality by calculating the ratio B(B® — D**ev.)/B(B° — D*"u~v,,).

This chapter will be structured similar to the analysis workflow provided in Fig.6.1. First
we present a discussion of the reconstruction process of the events, the signal selection and
the reconstruction of kinematic variables in Sec.6.2. This will be followed up by discussing
the necessary calibrations for data and MC in Sec.6.3 and a validation of the agreement
between data and MC distributions in Sec.6.4. In Sec.6.5 we will elaborate on the signal
extraction procedure and its closure tests. Furthermore the estimation process of the
systematic uncertainties will be provided in Sec.6.6 and the |V | extraction method will be
discussed in Sec.6.7. We will then present our results in Sec.6.8.

6.2 Reconstruction of B — D*/v

6.2.1 Event Reconstruction

Potential B — D*t{~7; (¢ = e, u)! candidates are reconstructed through the subsequent
decays D*t — D7t and DY — K~r™, as illustrated by the decay chain in Fig.6.2. The
reconstruction process is done using an untagged approach, i.e. a reconstruction without
attempting an explicit reconstruction of the tag-side By, in any manner and instead only
gathering all left over particles after the By;, to a so-called rest of event, see Sec.4.3.1 for
a detailed discussion. This untagged approach comes at a cost of losing the ability to
place kinematic constraints on the v involved in the semileptonic decay and the additional
background suppression provided by the FEI. The inability to reconstruct the neutrino
momentum results in a worse resolution of the kinematic variables, because they have to be
estimated through other strategies, e.g. by utilizing the information provided by the rest of
the event. However using the untagged approach also has benefits: The event count is vastly
improved due to an efficiency of O(100%) compared to O(0.1%) of the hadronic tagging. A
higher event count of course also increases the background noise, however due to the low
mass difference between the D* and D mesons of ~ 145 MeV for the D*T — D% decay
the kinematics of the 7 is heavily restricted, resulting in B — D**¢~7; being a rather
clean decay mode.

The first step of the reconstruction chain is to combine a K~ and 7t candidate to a D°
meson. To improve the chance of selecting accurately reconstructed, charged tracks of the
final state particles K —, 7 and £, we require the following distances of the point of closest
approach (POCA) with respect to the interaction point (IP): the POCA in the r — ¢ plane

'The inclusion of charge conjugate decays is implied.
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6.2. Reconstruction of B — D*{v
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Figure 6.2: Illustration of the reconstructed B° — D**¢~7; decay chain with the subsequent
decays D*t — D%zt and D — K7,

dr is required to be below 1 cm and the distance to the POCA on the z-axis |dz| is required
to be below 3 cm. Furthermore, we require these particles to have a polar angle 6 within
the CDC acceptance range of § € [17°,150°]. The invariant mass of the newly combined 7
and K~ candidates is required to only deviate by up to 25 MeV from the world average
PDG value of the D° mass of ~ 1.864 GeV.

We then combine the reconstructed D® meson with a charged slow pion to a D**
candidate. The m} candidates don’t need to fulfill the previously mentioned tracking criteria
due to their low momentum but are required to have momentum below 500 MeV. To suppress
the contribution from ¢g events the D*T candidates are required to have a momentum pE*Q
below 3 GeV. Additionally, the mass difference Am between the D** and D° mesons is
constrained to the region of [0.141, 0.156] GeV.

Finally, the B? is reconstructed by combining the D** with a charged, light lepton
£~ i.e. either an electron or a muon. Before initiating the last reconstruction step the
energy and momenta of all electrons are corrected to account for Bremsstrahlung effects.
The concept of Bremsstrahlung corrections is discussed in the following Sec.6.2.2. Both
types of leptons are required to have a momentum within the region of pj € [0.4,2.6] GeV.
Furthermore muon candidates are required to have a global muon identification probability
above 0.9, excluding the SVD information. Electron candidates are required to have an
electron ID likelihood above 0.9, which is based on a BDT score. These thresholds are
based on recommendations of the Belle II performance group. The particle identification
and BDTs are further discussed in Sec.3.3 and Sec.4.7.5, respectively.

The rest of the event (ROE) is reconstructed by collecting the remaining pions and
photons of the event. To select only pions with reliably reconstructed tracks we require
them to have a transverse momentum p; > 0.1 GeV, a polar angle within CDC acceptance
6 € [17°,150°] and IP parameters of dr < 0.5 cm and |dz| < 3.0 cm. All photons in the
ROE must pass the same ECL selection criteria as photons for the Bremsstrahlung selection
in Sec.6.2.2. Furthermore all particles are required to have a momentum in the center of
mass frame below 3.2 GeV.

6.2.2 Bremsstrahlung

Due to Bremsstrahlung effects any electrons or positrons have to be corrected before involv-
ing them in the B meson reconstruction by recovering the lost energy and momentum. This
process is done for both the data and MC events. It can be shown, that the Bremsstrahlung

2The asterisk denotes the center of mass frame for momenta and energies.
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photons are mostly emitted in a cone around the direction of the momentum of the electrons?.

Therefore we search for emitted photons on a cone around the initial momentum of the
electron. This procedure is done via a Bremscorrection module implemented in basf2, that
corrects the four momentum of the lepton by adding the energy and momenta of photons
that fall within the predicted emission cone. Additionally the photons have to fulfill a variety
of criteria based on their ECL clusters and their emission angle ¢ between the electron and
the photon.

The ECL based baseline criteria each photon has to pass to be considered for Bremsstrahlung
recovery are the following: The polar angle of the centroid position of the ECL cluster must
lie within 0.2967 < 6 < 2.6180 rad. Additionally the absolute value of the ECL cluster
timing has to be below 200 ns. The cluster timing is defined as the difference between the
photon timing and the event time. If the cluster originates from a photon that was emitted
from the interaction point, the cluster timing would be 0. Finally all photons must have
over 1.5 ECL cluster hits, i.e. a sum of weights w; (w; < 1) of all crystals within an ECL
cluster.

The next set of selection criteria is based on the ECL region, where their cluster was
registered. The ECL is split into three regions, i.e. the forward region within a particle’s
polar angle range of 12.4°0 < 31.4°, a barrel region within 32.2°0 < 128.7° and lastly the
backward region of 130.7°0 < 155.1°. For each region the ECL cluster energy Egcy, of the
photons have to pass different thresholds:

o Forward: Egcr € [0.04,0.09] GeV
o Barrel: Epcy € [0.09,1.20] GeV

o Backward: Fgcr € [0.055,0.900] GeV

Additionally the photons have to pass selection criteria, which are based on the momentum
of the electron and the angle 1) between the electron and the photon, as well as the region
where the ECL cluster was registered:

e pe < 0.6 GeV: Forward region and ¢ < 0.1368 rad
e pe €[0.6,1.0] GeV: Barrel region and ¢ < 0.0737 rad

e pe > 1.0 GeV: Backward region and ¢ < 0.0632 rad

6.2.3 Event Classification

After the reconstruction process, the candidate selection will be further optimized by utilizing
the MC simulation. For the reconstructed MC events we obtain information about the
relations between all particles of each event. The knowledge of the origin of the events and
the relations between the particles allows us to separate the events into a signal class and
various background categories to improve our selection criteria based on a figure of merit
(fom), see Sec.4.4.2. The events are split into the following four classes:

3The same behaviour and correction procedures for positrons is implied.
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6.2. Reconstruction of B — D*{v

« Signal: The B° — D*T¢~7; decay chain is identified as correctly reconstructed. The
correct reconstruction of the B candidate is checked by utilizing the output of the
truth matching algorithm of basf2 that checks the relations between the combined
particles in the whole decay chain. We set the truth matching algorithm to take into
consideration, that a correctly reconstructed decay chain still has a missing neutrino.
The truth matching will provide each B candidate with an associated boolean signal
flag, which is equal to 1 for correctly reconstructed events. This means, the combined
D* and ¢ are correctly reconstructed, true daughters of the B meson and the D
daughter of the D* is also correctly reconstructed and a true granddaughter of the B
candidate.

o Continuum: Candidates that originate from ¢g events instead of BB events. These
events are identified through an event based boolean continuum flag provided by the
MC information.

« True D*: Candidates originating from Y'(4S) — BB events, which is identified based
on a false continuum flag. Furthermore this event type is required to have a B meson
that is not flagged as a signal candidate. However, the D* meson in the decay chain is
required to be a true D* meson. This identification is made based on its associated
MC PDG code, that explicitly defines the particle type.

o Fake D*: This background category has to flagged as a BB event and must have
a false signal flag. Additionally the D* candidate is not allowed to have a correctly
matched MC PDG code.

6.2.4 Candidate Selection

After the reconstruction process, the candidate selection is further optimized based on the
MC simulation. During this cut optimization the MC will be split into one signal and three
background categories, mentioned in Sec.6.2.3: Signal, Continuum, True D*, Fake D*. This
process will be done by scanning the fom. In Fig.6.3, the cut flow of the fom is shown for the
electron and muon channel separately. This process leads to the following selection criteria:

o The visible energy of the event EJ,  is required to be within [4.0, 10.5] GeV.
 As a main measure for the suppression of ¢g events a requirement on the 2°4 to 0"
ratio of the Fox Wolfram moments R is placed: Rz < 0.3. Additionally the Kakuno-
Super-Fox-Wolfram (KSFW) variable H3$ is restricted to be below 0.25 to further
reduce continuum contributions. An discussion of both the Fox Wolfram moments

and KSFW variables is given in Sec.4.5.

o The mass deviation of D meson candidates from the world average PDG mass |mpo —
mg{? &| must be below 0.015 GeV. As a last measure for ¢g suppression, the momentum

pp- of the D* candidates is required to be below 2.5 GeV.

o Slow pions are restricted to a momentum range of p., € [0.05,0.30] GeV, which is the
region covered by the slow pion efficiency study.

o The leptons are required to have a momentum within p; € [0.5,2.4] GeV and p, €
[0.9,2.4] GeV in case of an electron or a muon, respectively. The difference between
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Figure 6.3: Development of the figure of merit with each additional selection criterion.

the selection criteria originates from the worse agreement between the data and MC
distributions for muons in the lower momentum regions. To reduce the potential
impact of systematic uncertainties of the lepton ID, the lepton candidates are restricted
to the polar angle region of § € [0.56,2.23] rad of the barrel.

o Lastly the Y* system, must exhibit a momentum of py < 2.2 GeV, a mass my > 2.5
GeV and an energy within Ej € [3.2,5.1] GeV.

6.2.5 Control Samples

To calibrate the MC modeling of the background distributions, two additional control
samples were reconstructed: an off-resonance sample and a same sign sample. The control
samples were reconstructed through the same procedure and by applying the same selection
criteria as for the general sample, discussed in Sec.6.2.1 and Sec.6.2.4, respectively.

The off-resonance sample contains only data taken with a center of mass energy that
is ~ 5 MeV below the 7°(4S) resonance of 10.58 GeV. This sample consists only of ¢g
events. Therefore it can be used to validate the continuum model of the MC and correct its
continuum distributions. For the LS1 data set, this sample has a size that corresponds to
an integrated luminosity of ~ 42.56 fb~!,

A second control sample will consist of reconstructed B® — D*~ ¢~ v, candidates. This
sample will be referred to as same sign sample. The reconstruction of the same charged
candidates is carried out on the same samples as the original reconstruction, i.e. the on-
resonance LS1 data and the general MC. We will use this wrong charge sample to calibrate
the MC modeling of fake and true D* background events.

4Y refers to the D*¢ system, see Sec.4.3.
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6.2. Reconstruction of B — D*{v

Figure 6.4: The illustration shows the cone with an opening angle of #py and the estimated
flight direction of the B meson based on —pj,q of the ROE. [47]

6.2.6 Kinematic Variables

In order to measure the magnitude |V,| we need to determine the partial decay rates
['(B° — D**¢~7;) as a function of the kinematic variables, i.e. the hadronic recoil w and
the three angular variables cosfy, cosf, and y. An introduction of the kinematic variables
can be found in Sec.2.6.1. To calculate the kinematic variable knowledge about the direction
and rest frame of the signal B meson is needed. However, since we chose to reconstruct the
events using an untagged approach to increase the number of events, the neutrino momentum
can’t be reconstructed by determining the missing momentum based on a reconstructed
Biag. Therefore we need to estimate the necessary information of the B candidates through
other means.

The starting point of the B momentum direction estimate is the opening angle gy . It
can be shown that the B direction has to lie on a cone with the opening angle of 2 0y
around the momentum p7,., of the Y system, as shown in Fig.6.4. The approach that makes
use of this property and combines it with information available from the rest of the event is
called the Rest of Event (ROE) frame. In the ROE frame approach, the momentum pj, of
the second B meson in the laboratory frame is estimated by combining the momenta of left
over particles not used during the reconstruction of By;,:

7

All particles used for the reconstruction of pj, must pass the selection criteria for ROE
particles mentioned in Sec.6.2. The estimated momentum is then transformed to the center
of mass frame and the energy of the partner B meson is estimated to be half the center of
mass energy Ef = Ef = ./s/2 to estimate the four momentum. We then choose the B
direction to lie on the cone direction with minimal distance to —p, ;.

Since this ROE approach gives an estimate that is only based on rest of event particles
instead of a By,4 reconstruction its resolution is limited. Therefore we estimate the resolution
for the kinematic variables to know how to choose our binning for the decay rates and
whether an unfolding process (see Sec.4.7.6) will be necessary to take bin by bin migrations
into consideration for the signal extraction. The resolution of the kinematic variables is
determined by calculating the difference between the reconstructed value kingop and the
true MC value kinpsco, which is calculated using the simulated neutrino. A summary of the
calculated resolution values for each kinematic variable is given in Tab.6.1. These values are
determined based on percentiles and the 68 — 95 — 99.7 rule. Additionally we also checked if
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Variables

Median

Percentiles

Resolution

w
cos 0y
cos by,

X

0.00094
-0.00348
0.00371
-0.00026

[-0.01891, 0.02221]
0.05382, 0.03492]

[_
[-0.05938, 0.06972]
[_

0.2796, 0.28027]

0.02056
0.04437
0.06455
0.27994

Table 6.1: Summary of the estimated resolution for each kinematic variables using the
68-95-99.7 rule of statistics. This table provides the median, the lower and upper 0.68

percentiles and the resulting resolution estimate.
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(c) cosby

Figure 6.5: The validation of the ROE reconstruction process of the kinematic variables
through a comparison of the shape between the ROE value kingop (blue) and the true value
kinpro(orange). In all figures we show the combined agreement of both lepton channels.

the ROE algorithm is working as intended by comparing the shapes of reconstructed and
true values of the same sample in Fig.6.5, which show some minor disagreement between
the two shapes. However overall they agree well and this comparison is made without
showing any uncertainties and some disagreement between the estimate and the true value is
expected. Lastly, we also checked the bin migration matrix (see Sec.4.7.6) of the kinematic
variables for a binning scheme of 10 even bins for any unusual behavior of the reconstruction.
The migration matrices are presented in Fig.6.6 and show the highest values in the diagonal
with some migration to mainly adjacent bins, i.e. the behaviour one would expect.
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6.3. Data and MC Calibration
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Figure 6.6: Bin migration of the kinematic variables for the combination of both lepton
channels. These two dimensional heat maps show the probability, that a kinematic variable
with a value kinps¢ falls into a reconstructed bin kingog. The x-axis corresponds to the
true value of the variables obtained from MC, while the y-axis represents to the ROE value.

6.3 Data and MC Calibration

The B meson candidates reconstructed from both the data and the MC samples need to be
calibrates to counteract various biases, e.g. during the track reconstruction, or mismodeling
in the MC, e.g. outdated branching fractions for the generation. In general the correction
factors and guidance on their application are provided by the Belle I performance group.

For the data calibration, we apply the track momentum scaling for any charged final
state particle tracks and photon energy bias corrections for any photons involved. The
momentum scaling and the energy bias correction were already discussed for the slow pion
study in Sec.5.4.1 and Sec.5.4.2, respectively and therefore won’t be discussed further since
it follows the same principles. Additionally the energy of the electrons of the data and MC
sample are corrected to account for Bremsstrahlung, as described in Sec.6.2.2.

For the MC samples a variety of new corrections will be introduced: First a leptonlD
correction based on the same principles as the hadronID for the slow pions. Also the slow
pion efficiency correction weights determined in Sec.5.7 will be applied. The other corrections
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include: an X .fv branching fraction calibration, BGL form factor corrections and lastly,
cos Oy background shape corrections.

6.3.1 Slow Pion Efficiency

Since we measure |Vg| through the decay B — D*{y; with the subsequent decay D* — D,
the tracking efficiency difference between data and MC has to be taken into account. The
whole process of determining the relative tracking efficiency of ws from B — D*x decays is
described in Ch.5. We calibrate our MC event count by applying correction weights that
are dependent on the momentum p,, of the slow pion used in the reconstruction chain,
according to summary in Tab.5.3. If the slow pion in a reconstruction chain is identified as a
true pion and its momentum falls within the p,, region of the first bin, then the associated
normalized yield ratio will be used as a correction weight for the candidate. This process is
done for all reconstructed events.

6.3.2 LeptonlID

The leptonID correction is generally done using the same procedures as the hadronID
correction described in Sec.5.3.2. While the muonID fake rate tables are created via the
systematics frame work, correction tables for the muonID efficiency and the BDT based
electronlD are provided by the performance group. For both the electron and muon channel
we observed full coverage of our candidates by the correction tables. The two dimensional
coverage plots for both decay channels can be found in App.A.1.

6.3.3 B — X v branching fractions

The branching fractions of semileptonic B — X_.fv decays used in the decay file to generate
the MC sample are updated to iso-spin averaged branching fractions based on most recent
measurements. These averages are provided by the collaboration and listed in Tab.6.2,
where a comparison between the branching fractions of the decay file and the updated values
is provided. When comparing the measured inclusive B — X .fv branching fraction to the
sum of all exclusive decays a discrepancy can be observed, i.e. the so-called semileptonic
gap. This gap is bridged by adding equal amounts of B — Dnfr, and B — D*nlv, decays.
To be able to apply this correction, we first identify the decay chains of the B mesons using
the information about the daughters and their particle type through their relations and MC
PDG codes provided by the generator. Depending on the determined decay chain we then
associate each candidate with a weight equal to the ratio of Bypdate/Bfile, Where Bypdate and
Byjie are the updated and original branching fraction, respectively.

6.3.4 Form Factors

Similarly to the B — X .fv branching fractions, we also update the form factors used to
model B — D*{y; decays in the decay file. We update the B — D*{fy; form factors to the
recent BGLj9; results from Ref.[59]. The events are reweighed using the following ratio of
normalized decay rates to account for shape differences of the form factors:

d4Fﬁnal version
I‘decay file  dwd cos@ydcosO,dx (6 2)

w =
FE d4rdecay file

dwd cos 0yd cos 0, dx

Fﬁnal version
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6.3. Data and MC Calibration

B(B™) B(BY)
Decay . .
Decay File Updated Decay File Updated

B — Dly, (2.31)- 1072 | (2.41+£0.07)-1072 | (2.14) - 1072 | (2.24+0.07) - 1072
B — D*{y, (5.49) - 1072 | (5.50 £0.12) - 1072 | (5.11) - 1072 | (5.11 £ 0.11) - 1072
B — Dyly, (7.57) - 1073 | (6.63 £1.09)-10=3 | (7.04)-1073 | (6.16 +1.01) - 1073
B — Dty (3.89) - 1073 | (4.20+0.75)-1073 | (3.62) - 1073 | (3.90 £ 0.70) - 1073
B — Dyly, (4.31) - 1073 | (4.204£0.90) - 1073 | (4.01)-1073 | (3.90 £ 0.84) - 1073
B — Dy, (3.73) - 1073 | (2.93+£0.33)-1073 | (3.47) - 1073 | (2.73+0.30) - 1073
B — Drrly, | (0.53)-1073 | (0.6240.89) - 1073 | (0.49) - 1073 | (0.58 +-0.82) - 103
B — D*rrlyy | (2.63)-1073 | (2.16 +1.03) - 1073 | (2.45) - 1073 | (2.00 4+ 0.95) - 1073
B — DKty | (0.3)-1073 | (0.30 £0.14) - 1073 0 0

B — D:Kfly, | (0.3)-107% | (0.29+0.19)-1073 0 0

B — Drly, (1.50) - 10~3 0 (1.38) - 1073 0

B — D*mly, | (1.50)-1073 0 (1.38) - 1073 0

B — Dnly, (2.01)-1073 | (3.77+£3.77) - 1073 | (2.17) - 1073 | (4.09 +4.09) - 1073
B — D*nly, | (2.01)-1073 | (3.774+3.77) - 1073 | (2.17) - 1073 | (4.09 4-4.09) - 1073

Table 6.2: Overview of the updated iso-spin averaged branching fractions and their original
values.

where I is the total decay rate and 4—— g? o the differential decay rate calculated
¢a Cos Uy ax

for a given set of kinematic variables. The calibration weight wrp is determined for each
signal candidate and the form factors for the decay rates are estimated using the MC values
of all four kinematic variables w, cosfy, cosf,, and x.

6.3.5 Background Shape of cosflpy

The cosine of the opening angle cos 8gy will be one of two observables used during signal

extraction. We observed some mismodeling in the cos gy side-band region of cos gy > 2.

This mismodeled region is mainly dominated by contributions of fake D* and true D* events,

which is the reason behind the reconstruction the same sign sample mentioned in Sec.6.2.5.

This wrong charge control sample is used to derive weights that correct the mismodeled
shape of these two background contributions.

To determine the correction weights for the background shape we first apply all previously
mentioned calibration factors and scale down the MC event count using the integrated
luminosity ratio of 364/1443. For this calibration process we split our samples into B —
D*ev, and B — D*puv,, samples. We then bin the cos gy distribution into 30 bins within
the region of cosfpy € [—4,4]. The choice of 30 bins was made as a compromise between
computation time and impact of the corrections, i.e. we saw no significant improvement by
further increasing the bin counts and only made the process more time consuming. Since it
can be observed that the continuum is well modeled by the MC, we subtract the continuum
events from the simulation and also remove the same amount of data event in each cos gy
bin. Furthermore signal events are excluded by design, i.e. reconstructing only candidates
with a mismatched charge, therefore this correction will only affect true D* and fake D*
events. Next we calculate the data/MC candidate ratio for each of 30 bins and add the
weight to all true and fake D* events depending on their respective cos fgy bin.
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6.4 Data-MC Agreement

The purpose of investigating the following data-MC agreement plots is to validate that
the MC shows no major mismodeling of the data and no further calibration is needed.
The MC samples shown in the figures presented in this section are scaled down to the
integrated luminosity of the data by applying a weight equal to the data/MC luminosity
ratio of 364/1443. For both samples the selection criteria listed in Sec.6.2.4 are applied. All
distributions are shown only for the B — D*ev, channel, due to the similarities between
channels unless otherwise mentioned. The spectra of the B — D*uwv,, channel can be found
in App.A.2. Furthermore both the MC and data include all correction weights mentioned in
Sec.6.3. The only exception to the listed properties is the n-1 cutflow, on which we elaborate
further in Sec.6.4.3.

Each figure also features a subplot that shows the 1 and 3 ¢ band of the following pull:

Ndata - NMC'
)
/ 2 2
O data + opmc
where Nyqo and Npyjo are the number of signal and background events in a given bin,
respectively and o444 and oo their associated uncertainties. In the pulls and for the
uncertainties shown in the distributions we include not only the statistical uncertainties, but

also the systematic uncertainties arising from: leptonlD, slow pion efficiency, form factor
reweighing and the X /v branching fraction update.

pull = (6.3)

6.4.1 Off-Resonance

In this section we investigate how well the continuum MC models ¢g events by comparing
it to the distribution obtained from reconstructing B mesons on the off-resonance data
corresponding to an integrated luminosity of 42.3 fb~!. Further details about the off-
resonance data can be found in Sec.4.2. We show the agreement between the distributions of
data and MC for all parameters used during the signal extraction for B — D*ev, in Fig.6.7.
For these comparisons, all correction weights are applied, the number of MC candidates is
scaled down and they are selected based on the continuum classification in Sec.6.2.5.

Overall very good agreement between the off-resonance data and the MC can be observed
for both lepton channels, with barely any deviations above 30. Therefore we conclude that
no additional calibration with respect to the continuum events is necessary.

6.4.2 Same Sign

Due to observed discrepancies in the data-MC agreement of the upper side-band region of
cosOpy € [2,4] it was decided to reconstruct another control sample for calibration purposes,
i.e. the same sign sample consisting of reconstructed B® — D*~ ¢~ 1, decays discussed in
Sec.6.2.5. The reasoning behind choosing this sample is that the upper side band region
is only populated by fake D*, true D* and continuum events. However due to the lack of
other viable control channels it was chosen to use a reconstruction with a same sign for
both D*~ and ¢~, which exhibits similar kinematic properties. Additionally the cos 0y
distribution of the continuum has shown good agreement and is therefore proven not to be
the source of this discrepancy.

The distributions before and after the application of the calibration factor is shown in
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6.4. Data-MC Agreement
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Figure 6.7: The MC and off-resonance data are shown to agree well for all parameters of
interest for B — D*ev.. The agreement for the B — D*puv,, shows a similar behaviour and
can be found in App.A.2.

Fig.6.8 for the electron channel. From these figures one can observe the big discrepancy
caused in the side-bands by the fake and true D* background components, which exceeds
even 5o for some bins. One can also observe that while in the upper side band the MC
underestimates the data, it overestimates the data in the lower side-band. This behavior in
the lower side-band is also corrected by the calibration.

6.4.3 N-1 Cutflow

In the so-called n-1 cutflow plots, we show each variable from the tight signal selection section
in Sec.6.2.4 with all cuts applied, except for the cut on the shown variable. Furthermore
these cutflow plots don’t show the whole MC sample of 1443 fb~!, but only 1/10 of the
whole MC sample, due to computational restrictions. These 143.3 fb~! of the MC are
created by randomly picking 1/10 of the events of each MC production listed in Sec.4.2 and
are used to investigate whether a variable used during the selection is mismodeled and to
visualize their impact on background suppression.

In these plots the red line indicates the selection threshold. The distributions of all
parameters of interest are shown in App.A.2 for both the B — D*ev, and B — D*uv,,
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6. DETERMINATION OF |V| FROM B? — D*t/~7; DECAYS
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Figure 6.8: The comparison between the cos fpy distribution before and after the calibration
is shown. It can be observed, that after the application of the newly calculated correction
factors to the fake and true D* component only very minor discrepancies from the continuum
component are left over. This observation further solidifies the assumption, that the original
disagreement is not caused by continuum events.
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Figure 6.9: Comparison of the lepton momentum p; between the electron and muon channel.
channel. Overall we can observe a good agreement between shapes. However the lepton
momentum plots in Fig.6.9 highlight the necessity of the tighter muon momentum cut due
to its heavily mismodeled lower momentum region.
6.4.4 D*/v Reconstruction
In this section the agreement between the reconstructed B — D*{v; candidates of the
on-resonance sample and the MC is shown in Fig.6.10. This discussion focuses on the
variables that will be directly involved in the signal extraction, i.e. cosfpy, Am, w, cosfy.
We will show the B — D*ev, figures in this section, while the B — D*puv,, figures can be
found in App.A.2.
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6.5. Signal Extraction
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Figure 6.10: Agreement between data and MC of the distributions of the parameters used
during the signal extraction for B — D*ev,.

After the application of the correction weights we observe no major discrepancies between
the data and the simulation. For both the electron and muon channels, the shapes of
the distributions agree well and no deviations above 30 can be observed, with exception
of the lowest hadronic recoil bin. The first bin of the w distribution shows discrepancy
of 3-50. The source of this disagreement is expected to be the high contribution of fake
D* events. However in general we don’t expect a very well modeled lowest w, due to its
inherent theoretical limitations of the modeling. Additionally the fake D* component will
be constrained during the signal extraction due to inclusion of the Am distribution.

6.5 Signal Extraction

6.5.1 Procedure

To extract the number of signal events from data a binned maximum likelihood fit is
performed using the pyhf package, which relies on template shapes. [53] More information
about the concept of maximum likelihood fits and the pyhf library can be found in Sec.4.7.2
and Sec.4.8.1, respectively. The signal extraction will be done separately for the B — D*ev,
and the B — D*puv, channel.
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Figure 6.11: Examples for the reasoning behind the choice of a fixed continuum component
and the cosfpy binning scheme.

During the signal extraction the templates are determined by the event classifications
described in Sec.6.2.3: Signal, True D*, Fake D*, Continuum. The contribution of each
event class within the data distribution is provided by the fit using a normalization factor,
that scales the number of events of a template by a free parameter to best fit the data. This
normalization factor is floating without constraints for the Signal, True D* and Fake D*
component. The continuum template was chosen to be fixed using the integrated luminosity
ratio of 364/1443, due to its very minor contribution. Especially in the lower w region next
to no continuum events can be found, as illustrated in Fig.6.11a. The statistical uncertainty
resulting from the finite size of the MC is considered by adding a nuisance parameter to the
model.

In order to measure |V, | we extract the partial decay rates AT'/AwA cos 6y with a
simultaneous fit in bins of w and cosfy. This is done by extracting the number of signal
candidates for a given cos @, region within a w bin. For this purpose we split the events into
10 w bins, where each w bin is further subdivided into 7 cos 8, bins, resulting in overall 70
kinematic bins. A brief overview of the chosen binning scheme in w and cos 6y is provided
in Tab.6.3. While an even binning scheme for w is employed, it was necessary to implement
a variable binning for the lower region of cos#éy, i.e. [1.00, 0.25, 0.00]. This variable binning
in the region below 0 for cosf; was needed due to the very limited number of events, as
observed in Fig.6.10. Especially in the B — D* v, channel a lower event count for cos 6y < 0
can be observed, because of its tighter lepton momentum cut and its correlation to cos 6.
The highest bin of w, i.e. w € [1.450,1.504], is cut off at 1.504, which is the maximum
value obtainable from B meson reconstruction with a simulated neutrino. Since the ROE
frame reconstructed value wrog is only an estimate of w some deviations between wgrog
and wyso are expected. The lost number of signal events due to the cut-off was observed to
be insignificant with only 877 (0.15%) and 349 (0.07%) lost events for the B — D*ev, and
B — D*puv,, channel, respectively. With respect to the naming convention of the kinematic
bins moving forward, w € [1.00,1.05],cosf, € [—1.00,—0.25] will be referred to as binl,
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6.5. Signal Extraction

w Bin Edges | cosf, Bin Edges
[1.000, 1.050] | [-1.00, -0.25, 0.00, 0.20, 0.40, 0.60, 0.80, 1.00]
[1.050,1.100] | [-1.00, -0.25, 0.00, 0.20, 0.40, 0.60, 0.80, 1.00]

[1.450,1.504] | [-1.00, -0.25, 0.00, 0.20, 0.40, 0.60, 0.80, 1.00]

Table 6.3: Overview of the kinematic binning theme of the partial decay rates.

Variable | Bin Edges Nhins
w [1.000, 1.050, 1.100, 1.150, 1.200, 1.250, 1.300, 1.350, 1.400, 1.450, 1.504] | 10
costy [-1.00, -0.25, 0.00, 0.20, 0.40, 0.60, 0.80, 1.00] 7
cosfpy | [4, -1, 1, 4] 3
Am [0.141, 0.145, 0.149, 0.152, 0.156] 4

Table 6.4: Bin edges of each variable used during the signal extraction.

w € [1.00,1.05], cos §; € [—0.25,—0.00] as bin2 and so on. Splitting each w bin into its 7
cos By bins and then moving on to the next sub-divided w bin.

To determine the partial decay rate in each of these 70 kinematic bins the signal
extracted through a two dimensional binned maximum likelihood fit in 3 variable bins of
cospy within [-4,4] and 4 even bins in Am € [0.141,0.156] GeV. We therefore extract
the number of signal candidates in overall 10 x 7 x 3 x 4 = 840 bins. A summary of the
binning scheme for each parameter is given in Tab.6.4. The binning of cos gy had to be
chosen to be variable, i.e. [-4, -1, 1, 4], because of the very low number of events in the
side-bands of [-4,-2.5] and [2.5,4]. This behavior is exhibited especially in the lower region
of cosfy € [—1,0] of high w bins. An example of this behavior is provided in the heat map
of Fig.6.11b.

6.5.2 Asimov Test

The first closure test used to validate our signal extraction procedure is the asimov test.
For this test we fit the statistical model derived from the MC onto the same MC simulated
sample as pseudo-data without any event categorization. Therefore the expected result of
the normalization factors of the fit equals 1 and the signal yield predicted by the fit and the
known amount of signal events in the MC should be equal. This test serves the purpose
to determine whether the fit procedure works as intended. Both the B — D*ev, and the
B — D*puv,, channel show perfect agreement between the true signal yield of the MC and
the estimation by the fit. The results are shown in Fig.6.12 for the electron channel, while
the muon channel result can be found in App.A.3.

6.5.3 Pull Test

The second closure test is a pull test based on the principles discussed in Sec.4.7.4. We
calculated a pull distribution for 5000 toy MC samples based on Poisson resamples of the
pseudo data and the MC templates for each kinematic bin. These pull distributions are
fitted using an unbinned Gaussian, using its mean g and width ¢ as indicators for potential
biases or faulty error estimations of the fit. Due to the rather limited sample size for each
kinematic bin, it was also investigated how the mean of the pull would translate to the
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Figure 6.12: Asimov result of the B — D*ev, channel, showing perfect agreement between
the known signal yield and the yield estimated by the fit. The red dots indicate the true
amount of signal events and the blue crosses with their respective uncertainties show the
estimation.

number of signal events. This was done by taking the mean of p;; — fitrue over the 5000
MCs per bin. Similar to the asimov test, this closure test was also done for the B — D*er,
and B — D*puv,, channel separately.

The results of this study for the mean and width of the pull, as well as the number of
candidate estimation are shown for the B — D*ev, and B — D*puv,, channel in Fig.6.13 and
App.A.3, respectively. For neither decay channel a significant deviation from the expected
value of 1 = 0 could be observed, with both channels mostly agreeing with 0 within 1 o
of the uncertainty of the Gaussian estimate. The study of the estimation of the mean in
number of signal events also exhibits no biases, with the deviations being well below 5 events
per bin and heavily centered around 0. For the error estimations the unbinned Gaussian
also does not indicate any major over or underestimation of the errors by the fit, with all
widths agreeing with unity within 1 - 1.50 of their respective uncertainties.

6.6 Systematic Uncertainties

All applied corrections mentioned in Sec.4.6 are determined by various analyses and have their
own associated uncertainties. Furthermore various external input parameters used during
the branching fraction and decay rate calculations are also determined from experiment
with a given uncertainty. Thus all of the uncertainties from corrections and external input
parameters will be needed to be taken into consideration as systematic uncertainties for our
measurements. Additionally it is also necessary to determine the overall correlation between
the systematic uncertainties of all 70 kinematic bins. For example, while the tracking
efficiency of mid to high momentum tracks will affect all bins equally, the same variation of
a form factor might have a different impact on bin 1 and bin 20. These correlations are also
needed to average the results from B — D*ev, and B — D*pv,,.

To estimate the impact on the systematic uncertainty on our measurements and also
the correlation between the bins, we use a bootstrapping approach (see Sec.4.7.4). For each
lepton channel we create 1000 toy MCs for every source of a systematic uncertainty and
for a combination of all uncertainties. Each event has an associated correction weight for
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6.6. Systematic Uncertainties
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(a) Summary of the bias estimation.
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(b) Summary of the error estimation
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(c) Estimated mean in number of signal candidates.

Figure 6.13: Pull result summary of B — D*er, for all kinematic bins.

every calibration, when multiplying all weights, one obtains the overall correction factor.

We create the toy MCs for this study not by directly varying the amount of events in each
bin, but by varying the corrections weights according to their associated uncertainty. The
fitting procedure is then done for each variation, ultimately obtaining 1000x70 signal yields
for each source. In order to obtain the systematic correlation from this study, all variations
are applied in the same way for all bins. This means, if a variation of +5% is pulled for a
certain weight, then all 70 kinematic bins for both the B — D*ev, and B — D*puv,, channel
will be varied up by +5%.

We estimate the impact of each source on the branching fraction B(B° — D**¢~7;) and
partial decay rateAI'/AwA cos 6, by calculating them for each toy. The branching fraction
B(B° — D*t/~1;) is defined as follows:

_ N,
BY s Dty ) = s5tg 4
B(B" = e NpoB(D*+ — DOrH)B(DY — K—7t)e’ (64)

where Ny, is the signal yield estimated by the fit, Ngo is the number of neutral B
mesons in the sample and B(D*t — D%7T) and B(D" — K~ n") are the world average
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branching fractions of the sub decays taken from PDG.[10] Lastly, the equation also includes
the efficiency e. The branching B(B? — D**(~1;) is first calculated for each kinematic bin
individually and then summed up while taking systematic correlation into account to obtain
the overall branching fraction. The standard deviations and mean of the branching fractions
of the 1000 variations for each kinematic bin are used to determine the relative uncertainties
of each source.

Through the efficiency we take any signal candidates that might have been lost during
the analysis process into account, whether due to signal selection criteria or detector effects.
During the calculation of the efficiency we also unfold (see Sec.4.7.6) our signal yields by
taking bin by bin migrations into account through bin by bin unfolding. This is done by
comparing the reconstructed amount of events within wrog, costy,,,,, bins with the event
count provided by the generator in bins of wys¢, costy,,, with equal bin edges:

N’V‘GC
€ =

- 9 65
Norc (6.5)

where Ny is the number of reconstructed events in a ROE bin e.g. wrog € [1.00,1.05], cosf,,, €

[—1.00,—0.25] and Nps¢ is the number of generated events within the bin with the true
values wyc € [1.00,1.05], cosfy,, € [—1.00,—0.25].
The partial decay rates exhibit the following relation to B(B? — D**¢~1)):

AT _ AB(B" = D*""wy);
Aw;Acosby, N To Aw; Acosby,

Ji e [1,70], (6.6)

where 7o is the BY life time and Aw; and Acosfl, the width of a given kinematic bin i.
The determination of the relative error of the various sources of systematic uncertainties are
determined in the same way as for the branching fractions.

6.6.1 Tracking

An additive per track uncertainty of the data/MC efficiency of mid to high momentum
tracks is provided by the tracking and vertexing group. The recommendation corresponds
to a relative uncertainty 0.27% per charged track. Thus we have to consider an relative
tracking uncertainty of 0.81% due to three charged final state particle being part of the
B — D*{v; decay chain, namely a pion, a kaon and a lepton. The slow pion involved in the
D* — Dm decays has its own dedicated systematic. We estimate the tracking uncertainty by
adding an additional weight to our events and drawing a random number from a Gaussian
distribution with a mean of 1 and width of 0.0081.

6.6.2 cosfpy Background Shapes

Another uncertainty arises from the reweighing of the fake and true D* background shapes
of cosOpy. To determine the background shape uncertainty we vary the correction weight
Weos 0y Within the region of [—weos g,y s Weos 5y |- This is achieved by calculating the varied
weight using Weosopy + Trand(Weos05y — 1), Where Z,4pnq is random number drawn from a
Gaussian distribution with mean 0 and width 1. All weights for the 30 cos 6y shape weights
are varied in this manner.
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6.6. Systematic Uncertainties

6.6.3 Continuum Normalization

The continuum shape is fixed to the integrated luminosity ratio between data and MC
during the fit. However the integrated luminosity of the data is estimated through Bhabha
events and not an exact knowledge without uncertainties. Therefore we vary the luminosity
scaling within the provided uncertainty in Sec.4.2.

6.6.4 LeptonlD

The systematic uncertainty arising from the leptonID weights is based on the statistical and
systematic errors provided with the tables for each p, 0 bin of the leptons. We generate 200
event wise variations:

wi/ =w; + g(oa O'Lz;atpstato'stat) + g(07 Uz;jspsyso'sys)a (67)

where w;’ is the variation of a weight w; and G(0,0” po) are random numbers based on a
multivariate Gaussian with the correlation p and uncertainties o. For the generated weights
we assume full correlation over all bins for the systematic uncertainties and no correlation
for the statistical uncertainties.

6.6.5 Slow Pion Efficiency

To estimate the uncertainty from the slow pion tracking efficiency we use a similar approach
to the leptonID. We generate 200 variations of the slow pion weights through the following
approach:

wi/ =w; + Q(O, Uuncorr) + Q(O, Ucorr) + g(07 Utrack:)a (68)

where G(0,0) are random numbers drawn from a Gaussian distribution. The correlation
between bins is taken into consideration by drawing the random numbers G(0, o) and
G(0, 0¢rqer) from the same random seed for each momentum bin. Random numbers from
uncorrelated uncertainties are drawn with a different seed.

6.6.6 Form Factors

The uncertainties arising from updating the form factors of the decay file are estimated by
generating 200 BGL models based on the updated form factor values. We create the 200
models through eigenvariations of the original form factors to take correlations between form
factors into account. These eigenvariations are based on the uncertainties and correlations
provided with the results of the measurement from Ref.[59]. For each of these variations
new event-wise form factor weights will be calculated and a random number between 1 and
200 will be drawn to determine which set of variations will be used for a toy MC.

6.6.7 X_./v Branching Fractions

We estimate the uncertainties of the updated X.fv branching fractions by varying the
updated branching fractions using a random Gaussian number based on their respective
uncertainties provided in Tab.6.2.
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6.6.8 Charm Branching Fractions

The impact of the uncertainties of the world averaged values of B(D** — D%*) and
B(D® — K~—7") used to determine the branching fraction B(BY — D**¢~;) have to be
taken into consideration. The uncertainty arising from these input parameters is estimated
through a Gaussian variation of B(D** — D%rT) and B(D° — K —7") within their
respective uncertainties and calculating a set of 1000 B(B? — D**¢~7;) results using the
varied charm branching fractions.

6.6.9 BB Counting

In order to determine B(B" — D**¢~7;) the knowledge of the number of neutral B meson
pairs is necessary. The amount of overall BB pairs npz = (387 & 6) - 10° is provided by
the collaboration and determined via Bhabha decays. However the counted B meson pairs
npp include both charged and neutral pairs. We determine the amount of B® mesons in
the sample from the overall BB pairs as follows:

__2-7mpp
NBO — m, (69)
where RT~/% the following ratio of 7'(45) decay rates, measured by Belle [60]:

= = — = 1.065 £ 0.052. 6.10
F9 T T(T(48) — BB (6.10)

Similar to the charm branching fraction uncertainty estimate, we calculate 1000 branching
fractions with a Gaussian variation of the number of B° mesons.

6.6.10 B Lifetime

To determine the decay rates from B(BY — D*T¢~7;) knowledge of the B® meson life time
Tpo is necessary. This external parameter is provided by the PDG [10] and varied within its
associated uncertainty. Currently the world average 750 = 1.519 & 0.004 ps has a relative
uncertainty of ~ 0.3%.

6.6.11 Unfolding

The bin by bin migration of events due to the limited resolution of the reconstructed kinematic
variables is taken into consideration by implementing bin by bin unfolding through the
efficiency. The uncertainty arising from the unfolding procedure is partially taken into
account by the form factor uncertainty. When altering the form factor we also change the
number of events per kinematic bin, due to the weights being dependent on the kinematic
variables. Furthermore we also have to take statistical fluctuation of the MC events into
account due to its finite sample size. We achieve this by varying the amount of MC signal
candidates in the true kinematic bins within their statistical uncertainty and calculating
varied efficiencies.

6.6.12 Correlation Matrix

In order to sum up the branching fractions of B — D**e"7, and B — D** 77, of the
kinematic bins and average the branching fractions and decay rates over both channels it
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6.6. Systematic Uncertainties
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Figure 6.14: Statistical and systematic correlation matrix of B — D*ev.

is necessary to determine the systematic correlation between the kinematic bins of each
channel and between both channels. The statistical correlation between the bins and the
channels is equal to a diagonal matrix due to the signal extraction being independent for
each kinematic bin. The full 70x70 correlation matrices including systematic and statistical
correlations for the partial decay rates is provided in Fig.6.14 and App.A.4 for B — D*ev,
and B — D*puv,,, respectively.

6.6.13 Estimation Results

The resulting estimated systematic and statistical uncertainties of each source for the
branching fractions are provided in Tab.6.5. We provide a summary in the form of branching
fraction instead of decay rates, due to the unwieldy nature of presenting three times 70
partial decay rates. By simply showing off the uncertainties on the determination of B(B° —
D*te~v,) and B(BY — D*Tu1,) separately as well as their average B(B? — D**(~ 1), it
is simpler to provide an overview of magnitude of each systematic source and their sum.
As we can observe from the summary table, the leading systematic by far is the external
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6. DETERMINATION OF |V| FROM B? — D**/~7; DECAYS
Source BY — D**e7w. %] | B - D*Tu v, (%] | B® — D*"~ v, [%]
Tracking 0.80 0.80 0.80
cosfpy BG Shape | 0.42 1.20 0.81
LepID Efficiency 0.31 0.15 0.17
LepID Fake Rate | 0.01 0.03 0.01
Slow Pions 1.35 1.38 1.37
X lv 0.13 0.19 0.11
Form Factors 0.15 0.13 0.14
RF—/00 2.60 2.60 2.60
npp 1.41 1.41 1.40
Continuum Norm. | 0.02 0.13 0.08
Unfolding 0.07 0.07 0.05
B(D*t — Dz*) | 0.74 0.74 0.73
B(DY — K—7t) | 0.73 0.73 0.74
MC stat. 0.27 0.44 0.26
Data stat. 0.54 0.87 0.51
All Sys 3.66 3.89 3.73
All Stat 0.61 0.98 0.57
Total 3.71 4.01 3.77
Table 6.5: Summary of the systematic and statistical uncertainties of each source and
their sum. The results are provided for each lepton channel individually and their average
B — D*{y,
Channel Fit Result Generator Value
B(BY — D*"e w,)  (5.099 £ 0.031510t & 0.1874,5)%  5.110%
B(B® — D*"pup,)  (5.091 £ 0.0505q +0.1985,5)%  5.110%
B(B® — D**07w;)  (5.095 & 0.029,¢4¢ £ 0.1904,5)%  5.110%
Table 6.6: Comparison between the asimov branching fraction results and the generator
value.
input of the 1°(4S5) decay rate ratio R* /% with 2.6%. This is followed by the slow pion
efficiency and the npyp counting, with 1.37% and 1.40%, respectively. The difference of
the statistical uncertainties between B — D*ev, and B — D*puv,, are expected, due to the
higher cut on the lepton momentum for the muon channel. From this study we can already
conclude, that the uncertainty of our measurement is heavily dominated by the systematic
uncertainties and not statistically limited. Especially a more precise determination of the
ratio RT=/% will be needed to improve the precision of future measurements. Additionally
we provide a comparison between our asimov result of the branching fractions with the value
of the MC generator in Tab.6.6, which easily agree with one another within 1o.
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6.7. |Ve| Extraction

6.7 |V, Extraction

The following relation between the decay rate and the CKM magnitude |V| is used to
determine |V| and the form factors:

= 1 Vw? —1(1 -2
dw dcosbty 8(47T) cwCrVal wr +7%)

[(1 — costp)HE (w) + (1 + costy)? H? (w)+
+2(1 — cos®0y) HE (w)]

(6.11)

Further details on the origins of this relation, the variables and the parameterizations of
the form factors can be found in Sec.2.6.1. We fit |V| and the form factors for both the
CLN [28] and the BGL [26, 27] parameterization onto the partial decay rates obtained from
the simulation. Then we estimate the form factors and |V| by minimizing the following 2
function:

X2 _ (Nobs o Nexp)c—l(ﬁobs - ]\_']exp)’ (612)

where N °s are the decay rates obtained from the data, N &P their expected values based on a
set of CLN or BGL parameters and the full covariance matrix C. Additionally we implement
the recent beyond zero recoil LQCD results published by the FNAL/MILC collaborations
in Ref.[61] for both parameterizations. To take the LQCD input into consideration a
modification of the y? function is necessary:

X2 _ (Nobs o Nexp)c—l(ﬁobs o Nexp) + (T’obs o T’exp)U—l(T‘obs o T’exp), (6.13)

where TP are the form factor values provided by the LQCD input at a given set of w
values, T°bs the form factor values based on the observed decay rates and the correlation
U~! between the form factors from the LQCD measurements.

For both CLN and BGL we executed the same closure tests for the fit, that were
mentioned during the signal extraction in Sec.6.5, i.e. an asimov and a pull test.

6.7.1 BGL Parameterization

To determine |V,| and the form factors through the BGL parameterization it is necessary
to truncate the BGL expansion. It was chosen to truncate the expansions in Eq.2.29-Eq.2.31
at n=2, since it was proven to be sufficient in Ref.[62]. This results in 3 parameters for
each expansion, thus this approach is referred to as BGL333. The parameter ¢g is not fitted
directly, but determined by the following relation to by:

o (1—7)-bo
CVE (LR

where 7 is the ratio of the mass of the D* over the B meson

The results of the asimov fit for all fitted parameters can be found in Tab.6.7. In Fig.6.15
we present the agreement between the measured partial decay rates in bins of w, cos 8, and
the curve obtained from the fitted parameters. Figures for the individual w bins can be
found in App.A.5. Overall the shape of the curve agrees well with the measured decay
rates with all data points agreeing with the curve within 1o. That being said, we can
observe some minor disagreement between the measured decay rates and the curve. This

(6.14)
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6. DETERMINATION OF |V| FROM B? — D**/~7; DECAYS
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Figure 6.15: Comparison between the partial decay rates obtained from the MC with the
shape of the curve determined by the 2 fit using the BGL parameterization.
V| (38.100 £ 1.000) x 10~3
ao 0.032 + 0.001
ai —0.084 + 0.064
a9 —1.687 + 1.847
bo 0.012 £ 0.001
b1 0.031 +0.011
ba —0.015 £ 0.385
c1 0.005 + 0.002
c2 —0.054 + 0.032
X% /naot | 50.16 / 70
Table 6.7: Results obtained from the asimov data through a BGL fit.
behaviour originates from the different BGL19; truncation in the generator and additionally
the generator doesn’t use any inputs from LQCD results beyond zero recoil.

The pull test was done as described in Sec.4.7.4 with the results from the asimov fit
acting as the expected value fi. To obtain the fitted values p and o we resample the averaged
the decay rates through a multivariate Gaussian based on the full covariance matrix and
additionally repeat the same procedure for the theory input. Through this approach we
obtain the mean and width illustrated in Fig.6.16a and Fig.6.16b, respectively. From the
obtained pull results, we can conclude that our BGL fit is unbiased and the errors for all
parameters well estimated.

6.7.2 CLN Parameterization

When using the CLN parameterization, the fit doesn’t directly provide |V, but instead
F(1)|Vep|, where F(1) corresponds to the form factor normalization at zero recoil F(1) =
0.910 £ 0.013, provided by Ref.[63], which is estimated theoretically.

For the CLN form factors and |V,;| we obtain the asimov results listed in Tab.6.8. When
comparing the MC result of |V| from the CLN fit with the BGL fit, we find that both
results have an agreement within 1o of each other. The comparison between the shape
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6.7. |Ve| Extraction
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(a) Summary of the bias estimation. (b) Summary of the error estimation

Figure 6.16: Results obtained from the pull test of the |V,| and form factor fit using the
BGLg333 parameterization.

F(1)[Vep| | (35.110 + 0.780) x 103
p? 1.200 =+ 0.070

Ri(1) 1.214 + 0.088

R (1) 0.797 + 0.067

2 /naor | 69.95 / 69

Table 6.8: Results obtained from the asimov data through a CLN fit.

obtained from the fitted parameters and measured partial decay rates from the MC is
provided in Fig.6.17. For the CLN fit we also don’t expect a perfect agreement between
the decay rates and the shape obtained from the fit, due to the different parameterization
of the MC generator. Nevertheless, the decay rates of all bins agree with the fitted shape
within 1o. The shapes of the individual w bins are provided in App.A.6.

We studied the CLN fit for biases using a pull test with the same approach mentioned
for the BGL parameterization. The resulting mean and width of the pull can be found in
Fig.6.18a and Fig.6.18b, respectively. From the results of the pull, we don’t expect any biases
by the CLN fit. However, the uncertainties on the form factors seem to be underestimated
by up to 20%, thus we will scale up these uncertainties.

6.7.3 Sensitivity

To estimate the achievable precision of the form factor and |V| measurements for our anal-
ysis setup we use a bootstrapping approach similar to the systematic uncertainty estimate
of the branching fractions. We create a random variation of the averaged decay rates by
drawing new decay rates based on a multivariate Gaussian using the covariance matrix
obtained from the previous study on the impact of the individual systematic uncertainty
sources on the partial decay rates and branching fractions.
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Figure 6.17: Comparison between the partial decay rates obtained from the MC with the
shape of the curve determined by the 2 fit using the CLN parameterization
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Figure 6.18: Results obtained from the pull test of the F(1)|Vy| and form factor fit using
the CLN parameterization.

Using this approach we obtain the uncertainty estimates in Tab.6.9 for the BGL pa-
rameterization. We obtain a split of the uncertainties for BGL of |V|pgr = (38.100 +
0.194 +0.754 £ 0.674) x 1073 from the simulation with an overall uncertainty of 2.62%. The
uncertainties in order of appearance are: statistical, systematic and theoretical.

The results of the CLN study are provided in Tab.6.10. However this summary does
not yet include the theoretical uncertainty arising from the form factor normalization at
zero recoil F(1) = 0.910 & 0.013 provided by Ref.[63]. For the sensitivity study of the CLN
parameterization we can observe the same tendency shown in the pull: when using the com-
plete covariance matrix for the fit we obtain an uncertainty ~ 20% lower than the sum of the
individual sources for the form factors. Thus we opt for choosing the sum of the individual
sources as our total uncertainty instead of the error estimated by the fit from the total
covariance matrix. This way we obtain F(1)|V,|cLy = (35.11040.22540.769+0.095) x 1073
from the simulation. By inserting the value of F(1) from Ref.[63] and taking its uncertainty
into consideration we obtain: |Vy|cLy = (38.582 4 0.247 & 0.844 + 0.560) x 1073, The
uncertainty from F(1) contributes another relative uncertainty of 1.43% to the theoretical
part, thus we obtain a precision of 2.70% for the CLN parameterization.
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6.8. Results

Source Ve | ao al as bo by bo c1 cy

Tracking 0.36 | 0.03 | 0.26 | 1.24 0.01 | 0.83 | 34.22 1.63 | 2.16
cosfpy BG Shape | 0.15 | 0.53 | 5.18 | 24.32 | 0.02 | 6.09 | 847.70 | 9.75 | 14.02
LepID Efficiency 0.07 | 0.08 | 2.15 | 9.00 0.02 | 1.15 | 163.52 | 2.47 | 4.18
LepID Fake Rate | 0.01 | 0.02 | 0.88 | 2.45 0.01 | 0.33 | 39.71 0.65 | 1.09

Slow Pions 0.83 | 0.08 | 5.15 | 3.67 0.07 | 4.02 | 201.95 | 599 | 9.37
X v 0.10 | 0.18 | 6.50 | 13.80 | 0.05 | 2.86 | 272.79 | 4.72 | 8.48
Form Factors 0.54 | 1.20 | 19.14 | 21.65 | 0.33 | 4.67 | 955.29 | 6.22 | 14.96
R*—/00 1.24 | 0.10 | 0.84 | 4.04 0.03 | 2.88 | 137.56 | 5.59 | 7.33
nBB 0.70 | 0.05 | 0.47 | 2.28 0.01 | 1.60 | 67.15 3.12 | 4.09
Continuum Norm. | 0.01 | 0.02 | 0.68 3.02 0.01 | 0.65 70.78 1.16 2.17
Unfolding 0.07 | 0.09 | 5.17 | 10.55 | 0.04 | 2.08 | 155.57 | 3.60 | 6.19

B(D** — D) 10.35 | 0.03 | 022 | 1.13 0.01 | 0.81 | 34.01 1.58 | 2.07
B(D° - K—71) 0.34 | 0.03 | 0.22 | 1.11 0.01 | 0.78 | 32.13 1.53 | 2.02

TRO 0.12 | 0.01 | 0.08 | 0.41 0.01 | 0.28 | 11.87 0.56 | 0.73

MC stat. 0.23 | 0.33 | 14.06 | 30.05 | 0.12 | 6.42 | 445.89 | 10.35 | 17.18
Data stat. 0.48 | 0.65 | 29.91 | 60.47 | 0.26 | 13.34 | 914.56 | 21.35 | 35.76
All Sys 1.98 | 1.28 | 21.23 | 36.72 | 0.34 | 9.92 | 740.11 | 14.70 | 24.56
All Stat 0.51 | 0.74 | 33.50 | 68.42 | 0.29 | 14.47 | 1975.36 | 23.14 | 37.84
Theory 1.77 | 3.28 | 64.62 | 80.74 | 1.80 | 28.42 | 1350.55 | 27.99 | 36.93
Total 2.62 | 3.12 | 76.19 | 109.48 | 8.33 | 35.48 | 2566.66 | 40.00 | 59.25

Table 6.9: Summary of the systematic, statistical and theoretical uncertainties of each source
and their sum for the BGL parameters of B — D*fy;. The uncertainties are relative and
given in %.

6.8 Results

The study of the sensitivity of an |V| extraction from partial decay rates AI'/AwA cos 6y
yielded:

[VaplBaL = (38.100 £ 0.194 & 0.754 4 0.674) x 1073,

6.15
[VeploLn = (38.582 4 0.247 £+ 0.844 + 0.560) x 1072, (6.15)

The first uncertainty is statistical, the second is systematic and the third uncertainty is
arising from the theoretical beyond zero recoil LQCD input. Additionally the uncertainty
from the theoretical zero recoil normalization F(1) from Ref.[63] is also incorporated in the
theoretical uncertainty of |V.p|crLn. The results of the form factors obtained by the fits are
provided in Tab.6.7 and Tab.6.8 for BGL and CLN, respectively. For both parameterization
we used beyond zero recoil LQCD results provided by Ref.[61]. From the sensitivity studies
we can assume, that the novel approach of measuring |V,;| from partial decay rates binned in
both w and cos 6, simultaneously can achieve a precision comparable to recent |V | studies
at Belle II. In Ref.[64] a Belle II sample corresponding to 189 fb~! was studied for the
same B” — D*T/¢~7; decay chain. The Measurement of |V| from Ref.[64] yielded a relative
uncertainty of 2.85% for |Ve| for BGL and 2.81% for CLN in comparison to our estimated
sensitivity of 2.62% and 2.70%.

From the simulation the following branching fractions were obtained for the individual
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6. DETERMINATION OF |V| FROM B? — D*t/~7; DECAYS
Source F()|Vy| | p? Ri(1) | Ra(1)
Tracking 0.38 0.09 | 0.06 0.11
cosfpy BG Shape | 0.23 1.08 | 2.62 2.00
LeplD Efficiency 0.07 0.06 | 0.37 0.10
LepID Fake Rate | 0.01 0.05 | 0.08 0.07
Slow Pions 0.93 0.87 | 0.29 0.59
X Av 0.14 0.67 | 1.07 0.98
Form Factors 0.85 4.39 | 6.53 6.98
RF—/00 1.28 0.31 | 0.20 | 0.37
NnpB 0.74 0.18 | 0.11 0.21
Continuum Norm. | 0.01 0.01 | 0.07 0.01
Unfolding 0.08 0.53 | 0.50 0.80
B(D** — D°z%) | 0.37 0.09 | 0.06 0.11
B(D° - K—7t) |0.35 0.08 | 0.05 | 0.10
TRo 0.12 0.03 | 0.02 0.37
MC stat. 0.29 1.54 | 1.87 2.27
Data stat. 0.58 3.23 | 3.61 4.67
All Sys 2.19 4.42 | 7.02 7.03
All Stat 0.64 3.43 | 3.95 5.03
Theory 0.27 5.11 | 3.34 6.08
Total 2.22 7.58 | 8.72 10.57
Table 6.10: Summary of the systematic, statistical and theoretical uncertainties of each
source and their sum for the CLN parameters of B — D*{r;. The uncertainties are relative
and given in %. This table does not include uncertainty arising from F (1), which contributes
another 1.43% to the theoretical uncertainty of |V|.
lepton channels:
B(B® = D*Te™7,) = (5.099 4 0.031510¢ + 0.1875,5) %, (6.16)
B(B" — D*ﬂfﬁu) = (5.091 £ 0.0504¢4s £ 0.1984,) %. '
Which results in the following branching fraction ratio:
B(B° — D**ep,)
R=—= = 1.002 £ 0.012444¢ £ 0.036ys, 6.17
B(BO N D*+M_vu) stat sYs ( )
in agreement with the SM prediction. The combination of both channels yielded:
B(B° — D*" 07 1;) = (5.095 & 0.0290; + 0.1904y5)%. (6.18)
The whole analysis chain was done blinded, i.e. the data was not used while establishing
the signal and |V| extraction strategies. By withholding the data and using the MC as
pseudo-data instead we eliminate potential biases for the outcome of our study. Due to
the policies enforced by the Belle II collaboration it is not allowed to apply the extraction
strategy on the data until a rigorous peer review of the analysis chain and the results from
the simulation was done. At the time of writing this study was not peer reviewed by the
collaboration and therefore only the sensitivity tests can be provided as a result.
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CHAPTER

Conclusion

We studied the achievable precision for a novel approach to extract |V| and its form factors
from the Belle II data with a sample size corresponding to 364 fb~!. In this approach we
extract |V,| through the partial decay rates AI'/AwA cos 6y of semileptonic BY — D** (1,
decays. These decays are reconstructed through the subsequent decays D** — D% and
DY — K—7nt. All conducted sensitivity studies were done blinded, i.e. the data was withheld
to eliminate possible biases, and are based on MC simulations. The extraction of V| was
done for both the BGL parameterization formulated by Boyd, Grinstein and Lebed [26, 27]
and the CLN parameterization proposed by Caprini, Lellouch and Neubert [28]. For both
parameterizations we incorporated the beyond zero recoil LQCD results provided by the
FNAL/MILC collaborations in Ref.[61] into our fit.

Using the proposed approach we measure the following values for |V| from the Belle 1T
MC simulations for the BGL and CLN parameterization, respectively:

[Vb|BaL = (38.100 4 0.194 + 0.754 + 0.674) x 1073,

7.1
[Vaplcrn = (38.582 + 0.247 + 0.844 + 0.560) x 1073, (7.1)

where the uncertainties are statistical, systematic and theoretical. For both approaches we
find that the systematic uncertainty is leading. However, the uncertainty arising from theory
is only ~ 11% smaller than the systematic. Our studies show that the main three sources
contributing to the systematic uncertainty of ~ 2% that need improvement to achieve a
better precision in the future in descending order are:

o The 7(45) decay rate ratio to charged and neutral B mesons Rt=/90 provided by
Belle in Ref.[60] contributes 1.24%.

e The calibration of the slow pion tracking efficiency derived from our study in Ch.5
through B? — D*~ 7t decays yields an uncertainty of 0.83%. At the time of writing
this uncertainty is mainly driven by the statistical limitation of B® — D*~ 7t study.

 Finally, the counting of nyz events provided by the Belle II collaboration contributes
0.70% to the systematic uncertainty.

111




7.

CONCLUSION

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

112

[ 3ibliothek,
Your knowledge hub

To determine whether the precision of our approach to measure |V,| is competitive, we
compare the results of our sensitivity study to the recently published |V,;| measurement of
Belle II in Ref.[64], which uses a data sample with a size corresponding to 189 fb~!. The
sensitivity test for our analysis yielded 2.62% and 2.70% for BGL and CLN, respectively.
Compared to 2.85% and 2.81% from Ref.[64], which makes our achievable precision competi-
tive. The main difference of the precision stems from the statistically dominated uncertainty
of the slow pion tracking efficiency, whose impact on the uncertainty of |V,;| decreased from
1.50% to 0.83%, mainly due to the increase of the data used to derive the tracking efficiency.

Since the measurement of the partial decay rates requires the determination of the
branching fraction B(B° — D*t¢~7;) along the way, we also provide a precision estimate
on the branching fraction for the combination of both lepton channels:

B(B° = D*t0 1) = (5.095 % 0.029514¢ + 0.190,5)%, (7.2)

which is in good agreement with the MC generator value of 5.110%. Additionally we also
provide an estimate on the ratio between the branching fraction for the electron and muon
channel, which offers a test for lepton flavor universality predictions of the SM:

B(B® — D**ep,)
B(BY = D**tu~v,)

R = = 1.002 =+ 0.012444¢ £ 0.0365ys, (7.3)

The sensitivity studies were done blinded on MC simulations due to internal Belle 11
policies allowing the application of the analysis chain on data only after a rigorous peer
review of the studies on MC by the collaboration, which was not done by the time of
writing. Nevertheless we can conclude, that we managed to proof that the concept of a |V|
extraction through the partial decay rates AT'/AwA cos ), of semileptonic BY — D** (7,
decays can be done with a potentially competitive precision.
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APPENDIX

Additional Figures for |V, from
B — D**¢~p; decays

A.1 LeptonID Coverage

Efficiency_df_11

L

IN AN

Efficiency_df -11

0.0 0.5 1.0 15 2.0 25 3.0 3.5

Figure A.1: Coverage of the leptonlD efficiency correction tables for the B — D*ev, in the
top row and B — D*puv,, in the lower row. The left column is dedicated to leptons with a
negative charge and the right column to leptons with a positive charge.
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A. ADDITIONAL FIGURES FOR |V,;| FROM BY — D*/~7; DECAYS
cb l

Fake_df_-211_11 Fake_df_-321_11
3.0 3.0

Fake_df 211_-11 Fake_df_321_-11
3.0 i - 3.0 - -

“0.0 0.5 1.0 15 2.0 25 3.0 35
P

Figure A.2: Coverage of the leptonlD fake rate correction tables for the B — D*ev,. On
the left we show the coverage for misidentified pions and on the right for kaons.

Fake_df -211_13 Fake_df -321_13
3.0 3.0

Fake_df 321_-13

Figure A.3: Coverage of the leptonlD fake rate correction tables for the B — D*uv,. On
the left we show the coverage for misidentified pions and on the right for kaons.
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A.2. Data/MC Agreement and Cutflow

A.2 Data/MC Agreement and Cutflow
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Figure A.4: Agreement of the continuum shapes for the distributions of the parameters of
interest for the B — D*puv,, channel that are used during the signal extraction.
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Figure A.5: Comparison of the cospy distribution of the B — D*pv), channel before (left)
and after (right) the application of the background shape correction factor.
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A. ADDITIONAL FIGURES FOR |V| FROM B? — D**(~7; DECAYS
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Figure A.6: On-resonance data and MC pre-fit agreement for the n-1 cutflow of B — D*ev,.
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Figure A.7: On-resonance data and MC pre-fit agreement for the n-1 cutflow of B — D*uwv,,.
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Figure A.8: Agreement between data and MC of the distributions of the parameters used
during the signal extraction for B — D*puv,,.
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A.3. Signal Extraction Closure Tests

A.3
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Figure A.9: Closure test results summary for the B — D* v, decay channel.
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A.4 Correlation Matrix
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Figure A.10: Systematic and statistical correlation matrix of partial B — D*puv, decay
rates.
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Figure A.11: Agreement between the partial decay rates obtained from the simulation and
the shape of the predicted curve from the BGLss3 x?-fit. Each figure shows the partial
decay rates of the cos 8y for the average value of a w bin.
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Figure A.12: Agreement between the partial decay rates obtained from the simulation and
the shape of the predicted curve from the CLN y2-fit. Each figure shows the partial decay
rates of the cos, for the average value of a w bin.
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