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Abstract

Using a sub-sample of the Belle II data sample of luminosity (189.8804 + 0.0131) fb_l7
the branching fraction B (B — DYy~ ﬁg>, where ¢ is either e or p, is explored. This
analysis first contributed to the published Belle II results of the hadronic tagged B’ -
D*T[D°% )¢ branching fraction where D” — K71 [1]. This study is expanded to use
both B~ and B" decays in addition to multiple exclusive D* and D decay modes. This
contributes to one of the first tests of lepton flavour universality at Belle II using exclusive
measurements of the denominator of R(D(*)) =B (B — D(*)T_ﬁT) /B (B — DMy~ ﬁg)

where /£ is either e or pu.
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Résumé

En utilisant un sous-échantillon de données Belle II avec une luminosité de (189.8804 £
0.0131) fbfl, le taux de branchement B (B — DYy~ Ug), ou ¢ est soit e soit pu, est ex-
ploré. Cette analyse a d’abord contribué aux resultats publiés de Belle II sur le taux de
branchement B — D*T[Dx"]¢" 7 étiquetée hadronique ott D° — K~ 7' [1]. Cette étude
est élargie pour utiliser a la fois les désintégrations B~ et B en plus de multiples modes
exclusifs de désintégration D" et D. Cela contribue & I'un des premiers tests d’universalité
de la saveur des leptons a Belle II en utilisant des mesures exclusives du dénominateur de

R(D(*)) =B (B — D(*)Tiﬁ.,.) /B (B — D®yp w) ou £ est e ou p.
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Author’s Contribution

Belle II is an international collaboration consisting of over 1000 members. Therefore the
hardware and software tools used for the detector construction, operation, simulation and
data collection are the culmination of many thousands of hours of person-power and exper-
tise, spanning decades. This analysis uses publicly available and Belle II specific software
to manipulate the data collected by the Belle II detector.

The study of the B — D(*)l_ﬁl decay is performed by many analysts within and outside
of Belle II. The specific study of B — DY~ 7, using Full Event Interpretation (FEI)
Hadronic Tagging is ongoing at Belle II, but the refinements of the analysis presented
in this thesis were worked on by a group of analysts including: Doctor Racha Cheaib,
Professor Florian Bernlochner, William Suttcliffe, Michael Eliachevitch, Kyle Amerie and
Maximillian Graf. With these people, the author contributed to the first B — DWyg~ Uy
measurement published by Belle II at the Internation Conference of High Energy Physics
2020 [1]. This analysis is also contributing towards a current analysis producing Belle II's
first measurement of R (D*) being worked on by the author, Kazuki Kojima, Qi-Dong
Zhou and Doctor Racha Cheaib. The author’s main contribution of this analysis is the
optimization of the signal selection and of a multivariate analysis to suppress D** back-
grounds. These members have all contributed towards the development of the analysis
framework and the validation of the analysis methods used.

The B — D™ ¢~ 7, decay as the denominator of the ratio R(D™) = B(B — D"+ 1,)/
B(B — D(*)ﬁ_ﬁg), with both a neutral and a charged B meson decaying to multiple D™
decay channels, has not been validated before for the Belle II experiment. Thus, this
is the contribution of the author to distinct contributions to knowledge. The author con-
tributed to the development, improvement and validation of the Belle IT hadronic FEI skim.

()¢~ v, branching

)

The author examined the use of a two-dimensional cut for the B — D
fraction measurement. The author optimized the signal selection for B — DY~ v, and
B — D(*)T_UT with consideration for the final goal measurement of R (D) and R (D*)

The author developed a D™ suppression multivariate analysis. The author measured the

branching fraction of B — DY~ Uy as the denominator of R (D") and evaluated the
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contributing systematics. Not included in this thesis is the author’s contribution towards

Belle IT’s first R (D) and R (D*) measurement, predicted to be published in 2023.

Chapter 1:

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

The author provides an overview of the study of the denominator of the R (D) and

R (D*) variable, including the motivation for the study.

The author introduces the concepts of particle physics necessary to understand the

context of this study.

The author summarizes the Belle II experiment and the components used for collect-

ing the data used in this thesis.

The author summarizes the software tools used of in this study. The author con-
tributed directly to the development and validation of the leptonic data reduction
referred to as ‘skims’ for the Belle II collaboration including the hadronic FEI skim

used in this thesis.

The author describes the motivation for the measurement of the denominator of the
R (D) and R (D") variable (B — DY~ 7y) at Belle II, and discusses the novel

aspects of the analysis.

The author details the full analysis method. The author contributed directly to the
selection of the exclusive decay modes, to the development and selections of the on-
line and offline cuts, the best candidate selection and to the development, study and
use of the MultiVariate Analysis (MVA). The author was one of the main authors
of the paper “Measurement of the semileptonic B’ - D*+€_Z/g branching fraction
with fully reconstructed B meson decays and 34.6 fb™'of Belle II data” [1]. The au-

[

thor also contributed to the paper 1 “Identification of Beam Background Calorimeter
Clusters and Fake Photons at Belle II Using BDT Classifiers” [2]. In this the author’s
contribution was the application and study of the effect of a separately developed

beam background and fake photon suppression MVA on the MVA developed by the

author in this thesis for the B — D¢~ v, decay.

1y review for publication.
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Chapter 7:

Chapter 8:

Chapter 9:

Chapter 10:

Appendices:

Author’s Contribution

The author extracts the R (D) and R (D") denominators from the obtained fitted

yields.

The author evaluates the systematic uncertainties of the measurement of the R (D)

and R (D*) denominators.

The author presents the final original results and discusses the future potential of the
analysis. This analysis contributes towards the first Belle II measurements of R (D)
and R (D*), which shall be published in the future. The author compares the thesis
result to the work in Reference [1], which was produced with co-authors: Doctor
Racha Cheaib, Professor Florian Bernlochner, Doctor William Suttcliffe, Michael

Eliachevitch, Kyle Amerie and Maximillian Graf.
The author summarizes the method and results of the work presented in this thesis.

The author supplies supplementary information that is not included in the main

thesis text with the intention of a comprehensive yet succinct thesis.
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1. Introduction

The Standard Model (SM) of particle physics has been developed for over half a century
into a relatively robust model of the way the universe works: through elementary particles
and the interactions between them. However, this model contains assumptions and misses
components, falling short of a truly unified theory. There are still aspects of the SM
that do not quite encompass all of the features of the Universe that we observe today.
With the recent discovery of non-zero mass neutrinos, the SM has 25 a priori unknown
free parameters that need to be determined by experiment. This is where high energy
collider experiments come in, to reinforce the SM through the determination of these free
parameters. With these parameter inputs, there are various methods available to test the
SM.

Within the SM, there is a universal coupling to the fermion generations called the elec-
troweak gauge coupling. Between leptons, a flavour symmetry is created that can only
be broken by the SM interactions that generate the charged lepton masses (called Higgs
Yukawa interactions). Thus, the SM predicts lepton flavour universality (LFU). LFU has
recently sparked interest in the particle physics community due to experimental hints at
physics beyond the SM (BSM) due to contention with theoretical predictions. This the-
sis considers one particular facet of the LFU sector that is currently in contention with
experimental measurements: the observables called R(D(*)).

B mesons are particles called hadrons that consist of a quark-antiquark pair, in which
one of the two is an (anti-) b quark!!. This is introduced in more detail in Chapter 2. B
mesons can decay semileptonically i.e. into a combination of hadrons and leptons. These

semileptonic decays can be used as exceptional tests of the SM due to their abundance and

fi Charge conjugate states are implied throughout this thesis, unless otherwise specified.



1. Introduction

their decay mechanisms.

The value of R(D(*)) is the ratio between the rate of decay or “branching fraction” of
two B meson decays, B — D(*)T_?T and B — D¢~ ?g[ii]. R(D(*)) currently shows a dis-
crepancy with the SM, indicating potential lepton flavour universality violation (LFUV).
However, the significance of the discrepancy between experimental measurements and the-
oretical predictions is insufficient to conclude that non-SM contributions are present. An
observation of LFUV would confirm physics BSM and could ultimately provide insight
into a whole new sector of particle physics. It could also contribute to the discovery of
dark matter candidates or additional necessary contributions to the origin of the matter-
antimatter asymmetry in the early universe. The results of this study also contribute
towards further future measurements of these decays and SM tests such as |V,|, and
will eventually contribute to measurements of four free parameters (the three Cabibbo-
Kobayashi-Maskawa (CKM) mixing angles and the CKM Charge-Parity (CP) violation
phase) of the SM through the optimization of signal selection criteria and analysis tech-
niques.

The Belle IT experiment [3] is a unique environment in which to study these semileptonic
B decays. The Belle II experiment is based in Tsukuba, Japan and consists of the Su-
perKEKB accelerator and Belle II detector. Here, 7 GeV electrons e and 4 GeV positrons
et are collided M at a centre of mass energy of 10.580 GeV. The e"e” produces an 1" me-
son, which is a bottomium state and thus consists of a bottom quark and its antiparticle.
At this specific energy the 7 meson is excited to the 7(4S) resonance, which is the first bb
resonance with enough energy to decay into a BB meson pair. This pair is produced almost
at rest in the 7°(4S5) centre of mass (CM) frame. Due to Belle II’s large production rate of
BB pairs, it is given the title “B-factory”. Chapter 3 considers the Belle II experiment in
detail, including a breakdown of the sub-detector components.

Alongside the unique environment at Belle II is the highly advanced software used in

all analyses. Chapter 4 highlights the various software packages specific to the analysis in

[ﬁ]Throughout this thesis, | will represent the electron e, muon p or tau lepton 7, whereas ¢ will only
represent e and p.

[ Throughout this thesis the convention of “natural units” is used, in which A = ¢ = 1 unless explicitly
stated.
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this thesis. The Belle IT Analysis Software Framework, henceforth referred to as basf2 is
the Belle II specific software used for simulation and reconstruction of the measured final
state particles in the detector. Due to the production of a BB pair at rest in the 7(495)
CM frame, full reconstruction of one B meson allows the constraint of the flavour and
momentum of the other B meson in the decay. A machine learning algorithm called Full
Event Interpretation (FEI) is used to reconstruct and tag one of the B mesons (termed
the B

). This is then combined with the signal decay of the other B meson (B,,) to

tag sig
reconstruct the entire 7°(4S5) decay. Figure 1.1 indicates a possible collision event, in which
the particles are reconstructed from measured final state particles. The TopoAna topological
mapping software is then used to compare the original generated collision events to the

reconstructed collision events, and develop the analysis.

Signal B °

Tag-side B (Hadronic)

Figure 1.1.: A depiction of a possible collision event with the decay of an 7°(45)
into a B,,, and a B,;,. The B, decays into B — D{ v,.

This thesis aims to optimize the analysis of the denominators of R (D) and R (D*), and
to procure measurements of the relevant branching fractions. Initially, this analysis con-
tributed to the first published Belle II results of hadronically tagged B® - D*+[DD7T+]E_§
branching fraction where D° — K7 [1]. This thesis expands on this measurement by
including more exclusive decays of the D* and D mesons in the B° decay, and further in-
cludes the charged B meson, B™ (listed later in Table 5.1). This is the first measurement

of its kind at the Belle II experiment.
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In Chapter 5, the motivation behind measuring the denominators of R (D) and R (D)
at Belle IT is discussed, with the combination of features that make this analysis unique. Of
note is the Boosted Decision Tree (BDT) multi-variate analysis (MVA) that is developed
to reduce specific backgrounds that peak in the signal region of the B — DW= v, decays.
The analysis methods and selections optimized in this study are discussed in Chapter 6.

The extraction of the R (D) and R (D*) denominator measurements is performed in
Chapter 7, with in-depth analysis of the systematic uncertainties presented in Chapter 8.

Finally, in Chapter 9, the results of this analysis are compared to the first published
results, and the success of the developed MVA is discussed alongside the future of this

analysis.



2. Theory

This chapter introduces the key concepts of the SM of particle physics necessary for
comprehension of the motivation behind the measurements of the semileptonic decays of
B — D(*)l_ﬁl. The current measurements of B — D(*)l_ﬁl will be discussed, leading to

the status of the R (D) and R (D") test of the SM for LFU.

2.1. The Standard Model of Particle Physics

The SM is the governing theoretical framework of particle physics. It is a consequence of
the fundamental particles and their interactions. Gravity is not explicitly included in the
SM as its effects are negligible in the interactions between the small particle masses at the
distances and energies considered.

The fundamental particles consist of particles that mediate fields called bosons and
matter particles called fermions, of integer and half integer spin, respectively. Figure 2.1
displays these elementary particles. There are the fermions - quarks and leptons - and the
bosons - gluons, photons, Z bosons, W bosons and the recently discovered Higgs boson [4].
Within the SM there are also hadrons, which are composite particles of multiple quarks.
Hadrons can be categorized into mesons and baryons which are composed of two and three
quarks, respectively.

Gauge bosons are the force carrying vector particles that are responsible for the in-
teractions between SM particles. Thus the SM is a gauge theory, based on local gauge
symmetries. The SM is described by the gauge groups SU(3). x SU(2); x U(1)y.. These
three gauge groups represent the strong and electroweak forces of the SM. Under elec-

troweak symmetry breaking effected by the Higgs mechanism [5], the electroweak force
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
I Il [l
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Figure 2.1.: The SM of elementary particles. There are twelve fermions and five gauge
bosons. For each fermion there is a corresponding anti-particle that is not de-
picted. The highlighting loops in the background indicate which gauge bosons
couple to which fermions. This infographic is correct as of the publication of
the 2019 Particle Data Group report [5]. Image sourced from [6].
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becomes the electromagnetic force and the weak force. The electromagnetic force U(1),,,
occurs between charge-carrying particles and is mediated by the photon «y. The weak force
SU(2), occurs between fermions and is mediated with the uniquely massive W* or Z
bosons. The weak force is discussed further in Section 2.1.1. The strong force SU(3). oc-
curs only between quarks ¢ and gluons g. SU(3), symmetry manifests a conserved charge, a
quantum property called ‘colour charge’. There are three possible charges in this property,
which are distinguished and labelled for ease as ‘red’, ‘blue’ and ‘green’ colour charges.
These can be combined into baryons or mesons to create either a colour singlet or net zero

colour charge (a ‘colourless’ state). Figure 2.2 shows the possible combinations of colour

for mesons and baryons. Furthermore, the addition of a colour and it’s corresponding anti-

2

I Wi

NS

Figure 2.2.: The colour charge combinations of baryons and mesons. Image ob-
tained from Reference [7].

colour (such as red and anti-red) also results in a colourless state. Each (anti-)quark can
carry a (anti-)colour charge. A colourless state is required for hadrons, however gluons are

required to carry an overall (anti-)colour charge, and therefore cannot be colourless. As a
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ublue

green

ggreen, anti-blue

ublue u

green

Figure 2.3.: A Feynman diagram depicting two up quarks exchanging a gluon g.

direct result of this, gluons can not only mediate the strong force, but can participate in
it too. Figure 2.3 depicts an example strong interaction with a mediating gluon carrying
an overall colour charge.

Finally, there is the Higgs boson. This particle is a scalar boson and is responsible for
all massive fundamental particles acquiring mass.

The fermions of the SM are leptons and quarks. The leptons are divided into three
generations: the electronic, muonic and tauonic leptons. Each generation consists of an
electrically charged lepton [ and an associated neutrino v; each of which have a corre-
sponding anti-particle. The charged leptons experience both the electromagnetic and weak
forces, whereas neutrinos are neutrally charged and thus only experience the weak force.
Neutrinos were long assumed to be massless particles until evidence of neutrino oscillation
between generations in 1998 indicated they definitely have a non-zero mass [8].

Each lepton generation is distinguished by ‘flavour’, which is a property or ‘quantum
number’ that carries a value relating to the generation and particle. Therefore there are
six lepton flavour quantum numbers: electron (e) number, muon () number, tau (7)
number and their analogous neutrino flavour numbers.

Likewise the SM quarks are composed of three generations, each of an up-type and
down-type quark. The first generation consists of the up v and down d quark; the second
of the charm ¢ and strange s quark; and the third of the top ¢ and bottom b quark. Each
quark has an electric charge, a colour charge, a spin value of %, and a corresponding anti-
quark with opposite charge, but same mass and spin. Quarks experience all of the three

fundamental forces of the SM.
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The relatively recent experimental discoveries of particles such as the top quark (1995)
[9], the tau neutrino (2000) [10], and the Higgs (2012) [4], were predicted by the SM many
years before these particles were observed. This indicates the reliability and strength of
the SM. Currently within the SM there are no further theorized particles left to detect
experimentally. Today, with technological advancement, the SM is scrutinized with ever
more precise measurements. The Heavy Flavour Averaging Group (HFLAV) [11] and
the Particle Data Group (PDG) [5] collects, updates, collates, averages and publishes
experimental results from all over the world, regularly.

However, the SM has some shortcomings that show that it is not a complete theory of
everything. Some of these theoretical deficiencies could be unrelated to particle physics,
such as dark matter — there is no explanation of the mass-energy distribution of the uni-
verse. Yet there are other problems that are intrinsic to the SM that indicate that it is not
fundamental. These shortcomings of the SM include necessary components such as: the
theory for gravitational interaction — there is no gauge boson responsible for gravitation;
and an explanation for the matter-antimatter asymmetry of the initial conditions of the
universe — there is no component that perfectly describes our matter dominated universe.
There are also questions as to why things are the way they are. For example, it is still

unknown as to why all fermions appear in three identical copies except for their mass.

2.1.1. The Cabibbo-Kobayashi-Maskawa matrix

This section discusses the ability to measure 4 of the free parameters of the SM, the CKM
mixing angles 6,4, 053, 013 and the CKM C'P violation phase §.

In the SM the weak force alone has the ability to change a quark from one flavour to
another. Flavour changing charged-current (FCCC) weak interactions, mediated by the
w* boson, are the only processes which violate flavour and C'P conservation in the SM.
In these interactions quarks and leptons weak eigenstates are different from their mass
eigenstates. This means that if a quark couples to a weak boson, the quark is not in its
mass eigenstate but in a superposition of the three generations of quark mass eigenstates.

A FCCC interaction can occur through both same-generational and cross-generational

mixing of mass eigenstates. The strength of these decays varies by the type of flavours that
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are involved in each interaction, and this can be described using a unitary 3 x 3 matrix

called the CKM matrix:

d, Vud Vus Vub d
S 1= Vea Ve Va s |- (2.1)
v Via Vis Vi b

Each of these flavour changes are represented in the CKM matrix by an element V;; that has
a subscript indicating the kind of transition, i.e. |V,;| represents a quark flavour change
of u = b or b — u. The left-hand side of Equation 2.1 shows the weak eigenstates of
down-type quarks while the furthest right column vector on the right-hand side displays
the corresponding mass eigenstates.

The CKM matrix can be parametrized by 4 free parameters: 3 mixing angles (6;,,
093, 013) and 1 C'P violating phase §. The relations between the CKM matrix and these
parameters are shown explicitly in Appendix A. The mixing angles can be constrained
by a CKM unitary triangle, an example of which is shown in Figure 2.4. Unitary triangle
elements can be measured by experiment to then determine these free parameters. C'P
violation and the SM can be tested through measurement of the CKM matrix due to its

contributions of C'P violating parameters.

(P, 1) b — clv

ViaVip

VeaVep VeaVep

(0,0) (1,0)

Figure 2.4.: A unitary triangle of the CKM matrix, highlighting the CKM element relevant
for this analysis, |V,;|. Here the * indicates the conjugate of that element.
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The current measured values of the CKM matrix values are [5]:

Vol Visl [Vis| 0.97446 & 0.00010 0.22452 & 0.00044  0.00365 = 0.00012
Verm = | [Vl Vsl [Vl | = | 0.22438 £0.00044  0.9735975:5001°  0.04214 + 0.00076
Vil Vsl Vil 0.00896 000022 0.04133 & 0.00074 0.999105 = 0.000032
(2.2)

A hierarchy in the diagonal elements is observed in these matrix elements. This mysterious
hierarchy could be indicative of a hidden mechanism at a higher energy scale, hinting at

physics BSM, for example, a new flavour symmetry.

2.1.2. Effective field theories

When considering a single particle, the calculation of a decay rate is relatively straightfor-
ward using Fermi’s Golden Rule [12]. Intrinsic to the Golden Rule is the matrix element
M, which is the coupling term for an initial state transitioning to a final state. For a free

b quark decaying to a ¢ quark this can be written as:

M = Vcb|L“HM (2.3)

.GF
_Zﬁ ‘
where G is the Fermi constant, L" is the leptonic current L* = w~"(1 — 75)v, and
H,, =¢v"(1—5)b is the quark current (where 5 and 7" are the Dirac gamma matrices).

These calculations quickly increase in complexity when considering real, confined quarks
due to the need to consider quark-quark interactions. As discussed in Section 2.1, quark-
quark interactions are also mediated by the strong force. These cannot be calculated from
first principles due to the strong force’s highly non-linear nature and its large coupling
constant at lower energies, however it is possible to model particles computationally using
Effective Field Theories (EFT). EFTs can use just one of the many length scales that
exist in quantum field theories to simplify calculations. For example, they can allow for
perturbative calculations of interactions with energy scales that are large compared to the
quantum chromodynamics (QCD) energy scale Agcp =~ O(100 MeV). This is beneficial in
the consideration of b and ¢ quarks (due to the B meson) because their masses are large in

comparison to Agcp, thus the size of relevant strong force interactions between them are

11
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necessarily large.

Vy
e ¢
b c
B _ _tD*t
d < d

Figure 2.5.: A Feynman diagram depicting the decay B - D*T¢"v,, with quark compo-
sition shown. Here £ represents an electron e or muon u.

Figure 2.5 depicts an example decay involving a B meson to a D" meson and two other
products that are a lepton ¢ (e or u) and corresponding neutrino v,. This is the equivalent

to the quark level process of b — ¢fv,. In this diagram the hadronic current is modified to:
0" = (Dley" (1 — v5)b|B) = (D|V*|B) — (D|A"|B) , (2.4)

where V# = ¢y"b is a vector current and A" = ¢y"v5b is an axial current. As this
matrix calculation cannot be calculated with ease, it can instead be expressed using Form
Factors (FF). FFs are scalar functions of the momentum transfer whose values impact the
branching fraction of a decay. They describe the properties of a particle interaction without
including the explicit physics behind it. They must either be determined experimentally or
computed using lattice QCD [13]. EFTs and their resulting FFs allow precise estimations
of branching fractions that would be too difficult to calculate from first principles. In this
example case the FFs are functions of the leptonic momentum transfer q2, and we can

express the hadronic current as:
<D () IV B(p) >=f (p+ )"+ f- (0 —9)" (2.5)
where f, and f_ are the FFs, and

<D (y) 14" B(p) >=0, (2.6)

12
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such that

H' =f (p+0)' +f (0p-0)", (2.7)

where p and p are the momenta of the B and D meson, respectively.

To model the FFs in this analysis, we must use an EFT that considers the interactions
between heavy ) and light ¢ quarks. Heavy quarks are defined as quarks with a mass
mg that is much larger than Agcp. Here @ is a b or ¢ quark and ¢ is a u or d quark.
Heavy Quark Effective Theory (HQET) is one such EFT. It approximates mg, as infinitely
large, imposes heavy quark flavour symmetry (interactions are unchanged under flavour
exchange) and spin symmetry (interactions are unchanged under arbitrary spin transfor-
mations). This gives the effect of allowing the strong force interactions within the decay to
be considered negligible with respect to those of the weak decay. HQET is crucial in the
undertaking of the measurements of semileptonic decays including that of the CKM matrix

elements |V;| and |V,,|. It has thus become an essential model for B meson physics.

2.2. Semileptonic B meson decays

The B meson is a meson of quark composition bg where ¢ is represents u for a charged B+,
d for a neutral BO, s for a strange Bg or ¢ for a charmed B:r .

Hadronic decays are particle decays that contain solely hadronic products i.e. B — Dm;
leptonic decays only contain leptonic products i.e. B — 7v; semileptonic decays are such
that there is at least one lepton produced i.e. B — X7v, where X is a meson, as in Figure
2.5.

The B meson can decay leptonically or semileptonically in the SM via the weak inter-
action, and can be modelled well using EFTs. In contrast, hadronic B decays are much
harder to describe. Simply due to the fact that there are more quarks in a hadronic decay,
there are more QCD interactions to model, in particular between initial and final state
quarks.

As the W boson mediator of the weak interaction is much heavier in comparison to all

13
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quarks except the top quark, all CKM matrix elements are accessible through (semi)leptonic
decaysm except those of ‘th{.

Leptonic B processes are simpler to calculate theoretically as they occur via the annihi-
lation of the b quarks with the light quark in the B meson. However, they also have a low
production rate and are therefore much harder to measure with precision in experiments.
Semileptonic B processes are more complex due to their dependence on multiple FFs and
the uncertainties that come with them. However, the benefits of semileptonic decays out-
weigh the limitations of the FFs due to their high branching ratios compared to that of
leptonic decays and the fact that one can largely cancel out the uncertainties of the form
factors by measuring the ratio of two branching fractions (Section 2.2.3).

Leptonic and semileptonic decays that involve the 7 lepton allow investigation into the
third lepton generation of particle physics. As this generation is not yet measured as
precisely as the first and second generation, these decays can provide further tests of the
SM[5]. This is discussed in more detail in Section 2.2.2. These decays can also contribute
to the measurements of C'P asymmetries in B decays. Any possible new physics (NP)
contributions to these decays are expected to be highly suppressed [14]. The masses of

@ and e are negligible in comparison to the B and D™

mesons in a semileptonic decay,
whereas the mass of the 7 is the same order of magnitude as them [5]. This differentiates
the 7 decay significantly from the other two leptonic decays. At this stage we shall split
the definition of semileptonic decays into that of semileptonic decays (decays including the
e or p such as B — Xev, or B — Xpuv,) and semitauonic decays (decays including a 7
lepton such as B — X7v,) for clarity in the future sections this thesis. Here X represents a
hadronic system consisting of one or more mesons with a ¢ or a u quark and light spectator
quark, a u or a d.

As mentioned in Section 2.1.1, the precision measurements of |V,;| and |V,,;| are necessary
to validate the SM. Such measurements can be made through charged-current semileptonic
or semitauonic transitions of B mesons. These decays are predominantly tree-level W boson

mediated decays, and are expected to provide excellent measurements of these fundamental

parameters of the SM, including that of the masses of the b and ¢ quarks. As semileptonic

(INot all are accessible via B decays.
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and semitauonic decays predominantly decay to the charmed version of the meson, the two
higher priority decays are the B — DW= 7y and B — D(*)TfﬁT decays, where D™ is
either a D or D* (D*(2007)" and D*(2010)") meson and where £ refers to the leptons e or
w. In this thesis a distinction shall be made between [ = e, u, 7 and ¢ = e, u to indicate that
B — DYy~ U, does not include semitauonic B — D(*)TfﬁT decays. The large samples of
B meson data provided by B factories in the recent history of the field have enabled many

precision studies of these decays.

2.2.1. Search for New Physics beyond the Standard Model

There are discrepancies between SM theory and experiment which hint at possible physics
beyond the SM. In particular, there are fundamental questions about the flavour sector of
quarks and leptons that require investigation. For example LFU is an accidental symmetry
of the SM where electroweak gauge bosons couple with equal strength to the three different
generations of leptons. Leptons alone have a flavour symmetry within the SM that can
be broken by Higgs Yukawa interactions. This means that the SM predicts that LFU
exists such that symmetries occur between lepton flavours that are only broken by the
charged lepton masses. LFU has recently sparked interest in the particle physics community
with growing experimental hints at physics BSM due to contention of measurements with
theory [15]. These discrepancies are naturally limited by the uncertainties involved in
theoretical calculations and the precision of experimental measurements, however with
each improvement in calculation, data sample and analysis method, these uncertainties are
reduced in size.

Whether or not there is physics BSM is yet to be confirmed. No concrete evidence of
NP has been measured directly or indirectly to date, but various NP scenarios have been

postulated to explain that which the SM cannot.

2.2.2. The potential for NP in B — D"t v,

In high-energy collider experiments such as Muon g-2, LHCb and Belle II, there have been
interesting hints at the possibility of NP in the form of three particular flavour observables.

Firstly, the current world average of the measurements of B — D*77_ are in tension with
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the SM by 30 [5]. Secondly, the branching fraction measurements of B — K Y0 are
in 30 tension with the SM [16, 17, 18]. Finally, the anomalous magnetic moment of the
muon was recently measured in experiment and found to be 4.20 away from SM prediction
[19]. Each of these three deviations from the SM are cases of LEUV. If these three LFUV
measurements are related, there may also be new physics effects present in B — D*,uﬁu
decays [20].

This thesis considers one facet of the LEUV sector that is currently in contention with
experimental measurements: an observable related to b — ¢/, and b — 77, called R (D)
and R (D*), discussed in Section 2.2.3.

In the search for the possible causes of the measured deviations of experiment from the
SM predictions, extensions to the SM in the form of new mediator particles have been put
forward. In the quest for providing excellent measurements of fundamental parameters of
the SM, semitauonic decays could provide insight into BSM physics as, in addition to the
W boson mediator, there could be other mediator particles that could contribute to the
B — D(*)T_?T branching fraction.

In particular, extended Higgs sector models such as those with charged Higgs bosons
would potentially be detectable. One such model is the Type II Two Higgs Doublet Model
(2HDM) [21], which is the minimal extension of the Higgs sector in the SM from one
Higgs doublet to two. This model consists of 5 Higgs bosons: the scalar Higgs h® and
H 0, the pseudo-scalar Higgs AO, and the charged Higgs H %, The presence of the charged
Higgs as a mediator particle would modify semitauonic differential distributions like the
momentum transfer to the lepton pair ¢> = (p, + p,)*> = (pg — P+, where p represents
each labelled particle’s momentum. Though there has been a gradual increase of exper-
imental constraints imposed on the 2HDM, the recent muon g-2 result [19] has caused a
resurgence in interest in the model [22]. A discovery of a charged Higgs contribution to
the B — D(*)T_ﬁT branching fraction depicted in Figure 2.6 would be evidence of physics
BSM.

In terms of the benefit of measuring B — D(*)Tfﬁ.r, not only would it be sensitive to
the charged Higgs contributions at tree level, it also decays at a rate 100 times more than

the other NP sensitive tauonic decay B~ — 7~ 7,. This and the fact that in B~ — 7 7,
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T

Figure 2.6.: A modified Feynman diagram of the SM B’ - D*t777_ decay with a charged
Higgs as the mediator boson.

decays there are significant backgrounds and a large uncertainty on |V,;| make it an unlikely
prospect for measurements of NP for the time being. Furthermore, the additional D™
meson in the semitauonic decay helps to constrain signal events and to differentiate them
from background, as will be shown in Chapter 6.

Another possible extension to the SM is the leptoquark, of which many models have
been proposed [23, 24, 25, 26]. It is also possible that the leptoquark model is the only
NP model that seems to be compatible with the discrepancies observed [27]. Leptoquarks
are elementary particles that carry both a quantum quark number and lepton number,
and therefore can couple to both quarks and leptons. Leptoquarks are assumed to be
invariant under SM gauge transformations. It is also assumed that the leptoquark can
mediate B — D(*)TifT without introducing a right-handed neutrino, which is therefore
more compatible with the SM. Figure 2.7 shows the possible modified Feynman diagram

of SM B — D*+7'_§T with the leptoquark L as the mediator particle. Note that here the

L can violate LFU since the neutrino flavour is not necessarily related to the flavour of the

T.
b N T
L\\\ v -
B’ T
C
d < d D

Figure 2.7.: A modified Feynman diagram of the SM B’ — D*+T_PT decay with a lepto-
quark as the mediator boson.
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2.2.3. R(D) and R (D)

The measurement of the branching ratios of a decay of interest is an important step in the
understanding of the SM. However, as discussed in Section 2.1.2, the theoretical calculations
of a semileptonic branching fraction rapidly gain complexity with the presence of quark-
quark interactions. A ratio between two measured branching fractions where only the
lepton flavour varies has the benefit of cancelling or largely cancelling some uncertainties.

)

The largest uncertainties in the measurement of branching fractions of B — DY I v, are
the V4| contribution and the hadronic matrix elements. Thus, it is advantageous to instead
measure the ratio of the branching fractions of B — D(*)T_ﬁT to B — D™~ VU, as:
B (B — D*TfﬁT)
R(D") = (2.8)
B (B = D*E‘w)

and

B (B — D77?T>
R(D) = . (2.9)
B (B - De‘m)

Here, ¢ refers to the electron and muon only. B — D™

T U, is often known as the ‘signal
mode’ and B — D¢~ 7, is known as the ‘normalisation mode’. The R (D) and R (D*)
ratios are independent of |V,;| and the hadronic matrix elements as they cancel in the ratio,
therefore the theory of these variables are very precise.

In a ratio such as this, where only the lepton differs, one might expect that due to LFU
the ratio should be equal to unity. This ratio is in fact subject to the non-negligible 7 mass
relative to the rest of the decay, thus the values of R (D*) are expected to be a fraction of
unity. The ratios of branching fractions that only include the e and u leptons such as in
b — clv, and b — s0T0™ decays are indeed very close to unity, theoretically [28], but show
experimental evidence of deviation from that, hinting at LFUV.

One difficulty in the measurement of R (D) specifically is that it has a large cross-feed

contribution. Cross-feed occurs when, for example, two signal channels are reconstructed,

and each appear as a background to the other channel. In the case of R (D), a D" meson
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that is not correctly reconstructed could be incorrectly reconstructed as a D meson. This
is referred to as “feed down”. Here the B — D(*)lfﬁl decays can easily contribute to the
B — DI v, signal sample due to the decay of the D* to a D meson, therefore it is a large
source of background for R (D). The reverse case in R (D*), where D mesons could be
misreconstructed as D* mesons (“feed up”), is much less likely due to the requirements for
D" reconstruction, i.e. it is easier to miss a 7 or v and mis-reconstruct a D meson than
it is to find one with the correct properties to mis-reconstruct a D*. Thus, the R (D*)

measurement is expected to be the cleaner measurement.

2.2.4. Review of measurements of B(B — D™177,) and R (D) and R (D*)

Now decommissioned experiments such as Belle and Babar [29] were B meson-focused,
accelerator-based particle experiments called B factories, which were tremendously suc-
cessful in their measurements of the free parameters of the SM, the aforementioned CKM
matrix elements. They, alongside the still active experiments of Belle IT and LHCb [30],
contribute to the results and analysis techniques that are reported and used in this analysis.

There are two possible methods in which to study the B — D(*)lfﬁl decays: inclusive or
exclusive methods. In an inclusive measurement, all possible decay modes are considered.
In an exclusive measurement, one specific decay chain is selected for a study, such as a final
state that involves a specific meson (i.e. D(*)). There will be an emphasis on exclusive
analyses throughout this thesis as an exclusive set of B meson decays are utilized.

The first exclusive measurement of B — D7 v, was made in 2007 by the Belle collab-
oration with a 5.2¢ significance [31]. Until then only inclusive and semi-inclusive mea-
surements by Large Electron-Positron (LEP) experiments [32, 33, 34, 35] contributed to
an average measurement of the branching fraction of B(B — X7v,) = (2.48 £ 0.26)%,
where X is a hadron. The current average measurements of the branching fractions for the
various exclusive B — D(*)l_ﬁl decays are available in Table 2.1.

Today, there have been multiple measurements of R (D) and R (D*) and numerous revi-
sions and proposals for the SM prediction of the values of R (D) and R (D*) The current

measurements of R (D) and R (D*) are in contention with the SM and show deviations of

~ 1—30 as listed in Table 2.2. The measurements that contributed towards these averages
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Decay Experimentally Measured
Fraction (I';/T")

B~ > D% 7, (2.35 +0.09)%

B~ —» Dt . (0.77 4 0.25)%

B~ — D*(2007)%¢ 7, (5.66 +0.22)%

B~ — D*(2007)°r 7, (1.88 +0.20)%

B’ = D', (2.31 +0.10)%

B’ = Dt (1.08 + 0.23)%

B’ — D*(2010)7¢ 7, (5.05 + 0.14)%

B’ - D*(2010)" r 7, (1.57 £ 0.09)%

Table 2.1.: The average of the measurements of each of the different B — D(*)F?l decays.
All branching fractions are averages taken from the 2020 update of the PDG
Review of Particle Physics [5].

LFU observable | Experimental Measurement | SM Theoretical Prediction | Deviation (o)

Rp 0.340 £ 0.027 £ 0.013 0.299 £+ 0.003 1.4

Rp- 0.295 £ 0.011 £ 0.008 0.258 £ 0.005 2.5

Table 2.2.: A summary of the averages of the values measured/predicted for R (D) and
R (D") reported by HFLAV, updated in May 2019 [11].

are shown in Figure 2.8. From these figures and Figure 2.9 it is clear that both R (D) and
R (D*) are in contention with the SM. However, due to the large statistical uncertainties
in these measurements, the fact that they all exceed the predictions of the SM is not yet
enough to confirm to a high degree of certainty that there are effects of NP present. More
recently, LHCb presented an updated R (D) and R (D*) measurement contributing little
change to the world average [36]. Many analyses have looked for NP using specific BSM
models; at present no NP have been observed leading to the ruling out of certain models
and the constraint of others [37, 38, 39]. The average measurements of R (D) and R (D")

remain intriguing.
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BaBar (2012), had. tag (?2]33;;.(0232131’ g%c:.gtag —_—
0.440 % 0,058 + 0.042 1D s —— ; 5
: : Belle (2015), had. tag ] :
Belle (2015), had. tag i : 0293+0.038+0.015 T
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Figure 2.8.: The averages of the R (D) (left) and R (D") (right) of the experimental mea-
surements and their averages compared to theoretical SM predictions. This
was calculated and compiled by the HFLAV semileptonic group, last updated
in May 2019 [11].
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Figure 2.9.: The average SM prediction and experimental measurements of R (D)
against R (D*) by the HFLAV semileptonic group, last updated in

May 2019 [11].
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In 1997, the High Energy Accelerator Research Organization was founded in Tsukuba,
Japan. This became the host of the Belle Experiment from 1998 to 2010 which, amongst
decades of important studies and measurements of SM parameters and branching fractions,
notably verified Kobayashi and Maskawa’s proposal that a single irreducible complex phase
could contribute to the matter-antimatter asymmetry of the universe [40]. This lead to
their 2008 Nobel Prize in Physics [41]. After the cessation of Belle’s data collection, major
upgrades were made to the whole Belle IT Experiment [3]. In 2019, the first physics data
was collected from the newly completed experiment: the SuperKEKB accelerator and the

Belle IT detector.

3.1. The SuperKEKB Accelerator

The SuperKEKB Accelerator is an approximately 3km circumference electron-positron
(e_e+) ringed particle accelerator based in Tsukuba, Japan. Bunches (collections) of e~
and e’ are made to collide at a single location called the interaction region (IR). The
bunches complete a full revolution of the rings every 10us, and are separated by 4ns. The
head-on collisions have a CM energy of /s =10.580 GeV, which corresponds to the mass
of the 7°(4S) resonance. Figure 3.1 displays the CM energy of the 7°(4S) ‘on-resonance’
and other lower possible resonances of the 1" particle. The 7°(45) resonance is important
for the Belle II experiment in its unique ability to decay to a BB pair at a high rate of
approximately 96%, and does so without any other decay products.

The BB mass is very close to the 7(4S) energy, thus the two B mesons are produced

nearly at rest in the CM frame. As the B meson only has a mean lifetime of order of
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Figure 3.1.: The ete” CM energy versus the cross-section eTe” to hadrons. The
T resonances are indicated at each respective peak.

1072 s, if the B mesons were to be produced at rest in the lab frame they would have too
short a lifetime to be measured directly. Thus, the SuperKEKB accelerator is designed
such that the energies of the e~ and e’ beams are produced asymmetrically at 7 GeV and
4 GeV, respectively, to result in a boost of Sy = 0.28 along the z axis in the laboratory
frame. This boost in the lab frame ensures that the B decay lengths are long enough for
the time sequence of their decays to be measured and their decay vertices to be easily
separated. Additionally, this beam energy asymmetry is slightly reduced compared to that
of the previous accelerator KEKB, which improves the solid angle coverage of Belle II.

The high B meson production rate of about1.1 x 10° BB pairs per 100 fbfl, that gives the
experiment the title ‘B-Factory’, still requires record breaking amounts of data to be able
to push boundaries of particle physics and produce results that could confirm NP beyond
the SM with the conventional minimum required significance of five standard deviations
(50).

In particle physics, the amount of data collected is referred to as the ‘integrated lumi-
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nosity’. Instantaneous luminosity is defined as

1dN
L= 1N

g (3.1)

Here, o is the interaction cross-section, N is the number of collision events, and ¢ is time.
Luminosity is the number of events per second per em?. In terms of particles, the unit of
centimetres is too large, thus luminosity at particle detectors is measured in inverse barns,
where 1barn = 10" >*cm®. If one has an instantaneous luminosity of 4nb71371, then an
interaction cross-section of 1 nb would give one a rate of 4 events per second. One can then
calculate the integrated luminosity (over time) to find the total number of inverse barns
of data collected. Table 3.1 lists the cross-sections of some of the possible e et processes
produced in the experiment, and therefore hints at the importance of having such a high
luminosity. The further decay of a B meson to a desired signal decay channel, and the fact
that a reconstruction efficiency is never 100%, leads to the demand of millions or billions
of BB meson pairs to be created and recorded for viable measurements.

A nanobeam scheme was chosen in the Belle II upgrade to reach the desired luminosity.
In the nanobeam scheme, the beam size at the collision point was reduced by a factor of
20, from 1 pm to 50 nm, and the currents were increased from those of KEKB by a factor
of 2. Thanks to this upgrade, Belle II expects a factor of ~20 increase in instantaneous
luminosity, in addition to an ~1.5 factor increase due to the escalation of currents. This
leads to an overall factor of ~30 gain in target instantaneous luminosity from the previous
Belle experiment to ~ 6.5 X 10¥ cm %™ In Spring 2021, SuperKEKB broke its own
world’s highest instantaneous luminosity record with 3.1 x 10** cm™2s™%. This is still
an order of magnitude below design luminosity. Figure 3.2 shows the projection for full
integrated luminosity of 50 ab™! to be attained by 2031.

The benefits of this considerable increase in luminosity does not come without its pitfalls.
The beam background contributions of SuperKEKB substantially increase backgrounds
that can occur both with and without collisions. These backgrounds are significant and are
taken into account throughout the design of the Belle II detector to reduce damaging effects

to its components and to reduce the chance of beam backgrounds (Touschek scattering,
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Figure 3.2.: The instantaneous (peak) luminosity before IR upgrade (red), after IR
upgrade (orange) and integrated luminosity (blue) of the SuperKEKB
accelerator as a function of time.

beam-gas scattering and synchrotron radiation) being falsely identified as signal decays.

3.2. The Belle Il Detector

Belle 11 is the particle detector, placed around the interaction point (IP) of SuperKEKB. It
is a 47 spectrometer and consists of several layers of sub-detectors in a cylindrical geometry
about the IP. As depicted in Figure 3.3, the z-axis is defined in the horizontal direction, the
y-axis is defined in the vertical direction, and the cylinder is oriented along the z-axis and
along the beam. This is known as a right-handed orientation. The polar angle 6 subtends
from the positive z-axis and the azimuthal angle ¢ in the x — y plane subtends from the
positive z-axis. It is pragmatic here to also define the transverse momentum pp, which is
momentum perpendicular to the z-axis. It is a convenient variable that represents physics
processes that occurred at the IP, in contrast to any momentum along the z-axis, which
may be an artefact of beam particles.

One of the main goals of the combined SuperKEKB accelerator and Belle II experiment
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Physics process (e e™ —) | Cross section [nb]
7(45) 1.110 £ 0.008 (MC stat.)
T(4S) - B'B~ 0.5654
T(45) — BB’ 0.5346
ut () 1.61
dd(7y) 0.40
s§(7) 0.38
cc(vy 1.30
ete  (7) 300 £ 3 (MC stat.)
vy (y 4.99 £+ 0.05 (MC stat.)
wm () 1.148
(%) 0.919
vir(7) 0.25 x 1073
ete ete 39.7 £ 0.1 (MC stat.)
ete utu” 18.9 4 0.1 (MC stat.)

Table 3.1.: The total production cross-sections from the e e’ processes occurring at Y (4S)
CM energy /s = 10.58 GeV. Errors that are given are Monte Carlo (MC)
statistics. Information obtained from Table 18 of Reference [42].

is to search for NP BSM through measurements of B meson decays. The collaboration
will do this by collecting 50 times more data than their predecessors, KEKB and Belle.
By the early 2030s, Belle II aims to collect 50 ab™ ! of data, equivalent to 55 billion BB
events. This goal requires Belle IT to operate at a 40 times higher luminosity leading to 40
times the Belle event rates. This has the knock on effect of background rates increasing by
an anticipated factor of 40 [42]. To mitigate the effects of the increased background levels
whilst maintaining a good performance of the spectrometer, there were many considerations
taken into account, including the need for the ability to tolerate an increase in occupancy
and radiation hardness, which shall be discussed. This section introduces a breakdown of
the Belle II components at the point of data collection in 2020, which is referred to as the
phase 3 geometry stage.

Belle II is separated into various regions and sub-detectors. Each sub-detector has par-
ticular roles for measuring particle kinematics and properties. It is useful to identify two
regions of the Belle II detector, visible in the full schematic found in Figure 3.4. Firstly, the
‘barrel’ region is the region of the detector that encompasses the beam pipe cylindrically.

Secondly, the ‘endcaps’ are the two ends of the detector walls that are perpendicular to
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Figure 3.3.: A scaled model of the Belle II detector from the side depicting the
relative size of the detector to humans, the coordinate system and the
various sub-detectors. Figure sourced from Reference [43].

the z-axis, and close the cylindrical detector into near hermetic coverage. The two end-
caps are distinguished using the asymmetric property of the beam, such that the ‘forward’
endcap is the endcap on the right of the diagram, oriented towards the electron beam and
consequent lab-frame boost (i.e. in the positive z direction). The other endcap is termed
the ‘backwards’ endcap.

Belle II has state-of-the-art tracking detectors which consist of the pixel vertex detector
(PXD), the silicon vertex detector (SVD) and the central drift chamber (CDC). These are
together placed around the 10 mm radius Be beam pipe and are responsible for tracking
the trajectories of charged particles. These trajectories are intentionally curved using a
solenoid with a 1.5 T magnetic field (oriented to the z axis) to allow for particle momentum
to be measured. These trajectories also allow for precise determination of the decay vertex
of their parent particles, which is particularly important for analysis of B meson decays.

Belle II also has an excellent particle identification (PID) system for the discrimination
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Figure 3.4.: The fully upgraded Belle II detector as viewed from the top.

of charged pions and kaons, comprising of the time of propagation (TOP) and aerogel ring
imaging Cherenkov (ARICH) detectors.

The Belle I detector is not yet in its final form and expects a few more upgrades in
the coming years. The TOP detector will also be enhanced with more radiation hard
photomultipliers. Then in 2026, the final focusing superconducting magnets will be moved
further away from the beam crossing point to reduce the chance of quenches and allow for
Belle II to reach its final target instantaneous luminosity.

The following sections will introduce each sub-detector and are a summary of the in-

depth information recorded in Reference [3].

3.2.1. Vertex Detector

The vertex detector is the innermost sub-detector of the Belle II experiment with the pri-
mary goal of reconstructing decay vertices, especially those of short-lived particles. It uses

position-sensitive silicon layers to measure the trajectories of charged particles. The vertex

28



3. The Belle II Experiment

15 [ Super KEKBVTX (r—p view)

\ : Super KEKB VTX (r—z view)

N -
_ ////—\\\\ 10 |

2]

=
=
~
)

_
-

~__ 7
15 [, ) . . . . ) Prnrnnnllonnnllao~rnl;nnncllonnnllonanllosnc
e ST s W s .30 20 -10 0 10 20 30 40
cm

Figure 3.5.: A schematic of the VDX with the Be beam pipe at the centre. The
inner two layers are the PXD layer, whilst the outer four layers are
the SVD.[42]

detector consists of two inner layers of silicon pixel sensors, the PXD, and four outer layers
of silicon microstrip sensors, the SVD, visible in Figure 3.5. These two sub-detectors are
responsible for stand-alone tracking of low transverse momentum charged particles that
cannot escape the vertex detector region, as well as for providing the innermost track-
ing space-points for higher transverse momentum tracks which traverse the central drift
chamber (Chapter 3.2.2). The positioning of these layers is significant when compared
to the original Belle vertex detector as the beam pipe and SVD are closer to the IP and
the outermost later of the PXD is at a considerably larger radius. This has the effect of
improved vertex resolution, as well as improved reconstruction efficiency of any incidences

of the Kg — 77 decay within the vertex detector.

PiXel Detector (PXD)

The PXD is the vertex detector situated closest to the beam-pipe. It includes two layers of
a total 8 million silicon DEPleted Field Effect Transistor (DEPFET) pixels of 50 by 50 um
each, situated at radii of 14 mm and 22 mm. These small radii compensate for the smaller
separation between BB pairs than at Belle due to the lower energy beam asymmetry.
Tonising particles travelling through the PXD produce electron-hole pairs that propagate
and accumulate charge to produce a signal in the semi-conductor DEPFET pixels. The

benefits of using DEPFET technology are the low power consumption such that air cooling
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is sufficient for active cooling, radiation hardness, and the ability to be constructed at 50
microns [3]. Thus, each layer is 0.19% of a radiation length and allows the preservation
of vertex resolution through the reduction of the likelihood of charged particles multiple

scattering in the detector medium. The PXD has a spatial resolution of 10 pm.

Silicon Vertex Detector (SVD)

The SVD consists of four layers of double-sided silicon microstrip sensors, placed at 38 mm,
80mm, 115mm and 140 mm. Each have dimensions of approximately 125 by 45 mm?.
These give two 1D position measurements in the region just outside of the PXD. The
material thickness is naturally larger than in the PXD and constitutes a radiation length
of 0.57% per layer. As the double-sided layers are orthogonal to each other in the z and
r — ¢ directions, the resolution of the SVD is strip dependent. Depending on the angle of
incidence, the z layers have a resolution of 2 — 5 um, while the r — ¢ have a resolution of
7—27 um. The SVD is the last sub-detector responsible for measuring the vertexes of any

Kg mesons that escape the PXD.

3.2.2. Central Drift Chamber (CDC)

The CDC is a large-volume small-cell drift chamber of outer radius 1130 mm. For charged
particles the CDC supports the PXD and SVD through precise measurements of momenta
and charge, gives particle identification information and gives efficient and reliable trigger
signals.

It has a large radius, with the inner cylinder starting at 160 mm. After Belle, the
CDC was redesigned for Belle II to contain a total of 14,336 sense wires arranged in 56
layers either aligned with the solenoidal magnetic field (termed ‘axial’) or in ‘stereo’ i.e.
orientated at a slant with respect to the axial wires, and 42,240 field wires. Figure 3.6 shows
the increase in density of the inner wire layers to account for the higher beam backgrounds
that will be experienced at Belle II.

The charged particles travel through a helium-ethane gas mixture and ionize the gas
molecules, whilst field wires create an electric field to accelerate these ionized particles.

Referring to Figure 3.4, the now free electrons accelerate towards the high voltage sensing
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Figure 3.6.: A schematic comparing the wire configuration of the Belle (‘Present’)
and Belle II (‘Upgrade’) drift chambers. [3]

wires that are stretched across the chamber. As these electrons travel towards the sense
wires, they ionize other particles. Eventually through gas amplification a number of elec-
trons travel at a high speed towards the sense wires, which registers the signal propagation
and creates a pulse signal. The data acquisition (DAQ) system picks up this signal and
processes it.

The outer solenoid at Belle II causes the trajectory of the charged particles to curve.
A charged particle travelling through the CDC creates a trail of ionisation following the
particle’s trajectory and, through the combination of information from the axial and stereo
wires, Belle II is able to reconstruct a full 3D helical track and determine the particle’s
momentum. From the timing of each wire signal, the drift time and therefore the distance
at which the primary ionization was initialized can be inferred.

The particle’s energy loss dF /dz is determined through the specific ionization calculated
from the deposited charge on each wire. The CDC can then be used to identify the
charged particle depending on its unique signature. Each type of charged particle has a
characteristic distribution of kinetic energy loss as a function of distance in their tracks
as illustrated in Figure 3.7. Thus even low momentum particles that cannot reach the
higher radius sub-detectors for additional identification have a good probability of being

identifiable. The CDC is expected to attain a momentum resolution of 0.2%. The %
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Figure 3.7.: The specific ionisation of charged particles and their separation
at Belle II as a function of momentum. Figure sourced from
Reference [44].

resolution varies in the range 8.5 % to 12 % due to the dependency of position and trajectory

reconstruction resolutions on the incident angle of the charged particles.

3.2.3. Time of Propagation (TOP) counter

The TOP detector is a time-of-propagation detector which surrounds the outer walls of
the CDC chamber in the barrel region and provides charged PID. 16 modules of 0.02m
thick, 2.7m long, 0.45 m wide quartz radiator bars are distributed azimuthally around the
inner components. Installed at the forward end of the bars is a mirror; installed at the
backward end is a 10 cm prism. Attached to the prisms are micro-channel plate (MCP)
photomultipliers (PMTSs) to measure the incident photons. The charged particle passing
through the quartz causes Cherenkov photons to be produced at an angle that is directly
dependent on the particle’s velocity. The photons are totally internally reflected. Upon
interaction with the PMTs, the TOP can can be used to reconstruct 2D information of
Cherenkov rings through the time of arrival and impact position of the Cherenkov photons.
The TOP has a time resolution of 100 ps.

Combining the velocity from the Cherenkov light angle with the particle’s momentum
measured in other sub-detectors allows PID through it’s mass. The separation power of the

PID is more limited the lower the momentum, due to chromaticity of Cherenkov photons.
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Figure 3.8.: A schematic of the TOP counter consisting of a side view of totally
internally reflecting Cherenkov photons, with a separation between
K and 7 mesons shown. The labelled ‘photon detector’ is the PMT
sensor plane discussed in the text [3].

Therefore, the primary PID function is to separate between K and 7 particles. The K-
7 separation of 4.30 at p = 4GeV [45] due to difference in time-of-flight and detection
position displayed in Figure 3.8. Due to the chromaticity, the time resolution broadens at
lower momenta. To minimize this effect, a mirror focusing system was introduced allowing

the division of the ring image depending on the wavelength of the Cherenkov photons.

3.2.4. Aerogel Ring-lmaging CHerenkov detector (ARICH)

The ARICH detector is a proximity focusing, aerogel, ring-imaging Cherenkov detector.
It only exists in the forward region of the Belle II detector and provides K-m separation
over the majority of their momentum spectrum (0.4 GeVto 4 GeV) alongside separation
of low momentum (< 1GeV) 7w, u and e. As shown in Figure 3.9, Cherenkov photons
are produced in the aerogel by charged particles. These traverse across a 20cm gap that
allows development into rings which are detected at a position sensitive photon detector.
One key aspect of the ARICH that needed to be considered during the design was the
minimum number of photons required for a good ring image. To increase the number of
photons produced by a charged particle, one can increase the thickness of the aerogel.
However, with this increase, the resolution of the Cherenkov angle drops due to the gain in
uncertainty of the photon origin. To improve the ring image without reducing resolution,
a novel solution was found in using two 2 cm thick aerogel layers with different refractive
indexes of 1.045 and 1.055. This creates this effect of a focusing lens, as displayed in Figure
3.10.
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Figure 3.9.: The concept of the ARICH detector at Belle II [3].

Ny | N2 ni<ny

/N

Figure 3.10.: The concept of the proximity focusing ARICH using 2 aerogel layers
of different refractive indexes [42].

3.2.5. Electromagnetic Calorimeter (ECL)

The ECL is the first sub-detector layer in the Belle II detector that has the ability to
detect neutral particles from their photon products and also to detect gamma-rays. The

ECL — segmented in a projective geometry across both the barrel and endcap regions of
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the Belle II detector — is wrapped around the TOP and ARICH sub-detectors and other
inner aforementioned detectors. It is still placed within the solenoid as shown in Figure 3.4.
As most sub-detectors in the Belle II detector only have the ability to measure charged
particles, the ECL is the primary component in neutral particle detection. In addition
to detection of photons, it is able to determine photon energies and spacial coordinates
with good resolution. The ECL is a homogeneous, thallium-doped caesium iodide CsI(TT)
crystal scintillation electromagnetic calorimeter. CsI(TI) was chosen as the scintillation
medium in part for its high light output and relatively short radiation length. The forward
and backward endcap regions span 0.42m in the 4z directions and contain 2112 crystals.
The barrel region is 3 m long with an inner radius of 1.25 m and outer radius of 1.62m. The
ECL has nearly complete azimuthal angle coverage and polar angle coverage from 12.1° to
157.1° minus 1° gaps at the joints between the barrel and endcaps.

As an ionising particle traverses the CsI(TI) medium, bremsstrahlung photons are emit-
ted. These photons, and any other incident photons, pair produce eTe” which then radiate
bremsstrahlung photons. These photons then continue this cyclic process over and over,
producing what is called an electromagnetic shower (until there is no longer sufficient en-
ergy to pair produce or emit more photons). The electromagnetic shower is absorbed by
the CsI(TI) crystals and re-emitted as scintillation photons. The photons are then detected
via two 10 mm by 20 mm PIN photodiodes per crystal, converting them into electronic sig-
nals. The electronic signals are then amplified by preamplifiers placed at the back of each
crystal. The scintillation light is proportional to the total ionization i.e. the total energy
of the incident particle, allowing differentiation between incident charged particle types.

The ECL is also utilized to differentiate between electrons and hadrons (in particular
pions) with high efficiency due to the difference in signature of electromagnetic and hadronic
showers. The ability to destructively measure the energy of charged particles enables
identification of electrons through energy deposits or total absorption, unlike muons which
interact only via ionization and hence typically lose only a small fraction of their energy as
they pass through the whole detector. Furthermore, the ECL has the important tasks of the

online and offline luminosity measurements and Kg PID alongside the neutral long-lived
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kaon <K2) and muon (u) detector (KLM) (Chapter 3.2.6).

One third of B meson decay products are either 7 or neutral particles that decay to
photons of energies between 20 MeV to 4 GeV. Due to this reason, a high resolution ECL
is necessary to detect photons.

Due to the increase in background levels compared to Belle, there is an increase of fake
hits and pile-up noise (signal overlap when a crystal has not finished scintillating from a
previous event). To mitigate this, the readout system of the scintillator photo-sensors is
equipped with wave-form sampling read-out electronics. Overall, the timing resolution for
the ECL is 12ns (22ns) in the barrel region (forward and backward endcap regions), the
position resolution is o, = 5 — 10 mm and an energy resolution of o /E ~ 4% at 100 MeV.

A uniform axial super-conducting solenoid magnet surrounds the calorimeter, filling the

inner sub-detectors with the aforementioned 1.5 T magnetic field.

3.2.6. Neutral long-lived Kaon (Kg) and Muon (u) detector (KLM)

The KLM detector is the outermost sub-detector of Belle II, located outside of the 1.5T
magnet. It serves as a hadronic calorimeter and enables identification of neutral K 2 mesons
and muons. It comprises of layers of resistive-plate chambers in the barrel region, inter-
spersed between iron plates. These plates also serve as the magnetic flux return for the field
produced by the superconducting solenoid. In the endcap regions however, it is necessary
to use a material with a shorter dead-time to be able to compete with the higher beam
backgrounds at Belle II. Thus, polystyrene scintillator strips with wavelength shifting fibres
are used.

Due to increased background levels in the Belle IT detector, there is an increase in neutron
induced hits. Neutral K (L) mesons pass undetected through all of the previous sub-detectors
of Belle II. They can, however, be uniquely identified at this level of the detector using a
combination of the KLLM clusters and ECL clusters measuring particles not associated with
a charged track that have an origin near the IP. Muons travel through the KLM, ionising
the gas and producing tracks, but do not produce showers. Thus they can be identified

with the help of matched charged tracks in the CDC. Charged hadrons generate hadronic
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showers when interacting with the iron plates and thus can be differentiated from muons.

3.2.7. Triggering and Data Acquisition

The high instantaneous luminosity, and therefore high background levels at Belle II, results
in the need for selection of events of interest at the stage of data collection. This is to
reduce the large storage and processing speeds needed for data taking. Triggers are used
to efficiently identify dominant background sources previously discussed in Chapter 3.1.
Inherited from the previous Belle trigger scheme, a level 1 (L1) trigger uses signals from
a number of detectors including the ECL, KLM and tracking detectors to make a quick
decision on which events to keep. For example, L1 vetoes Bhabha events.

The increase in background levels since the Belle II upgrade required modifications to
the trigger system. A High Level Trigger (HLT) method is implemented whose function is
to reconstruct the data events in real time. When data is acquired, the DAQ delivers data
from the sub-detectors to the HLT system. The data goes through two trigger selection
stages: the filter and the skim stages. The filter trigger stage defines which events are
discarded. The effect of the filter trigger can be seen in the difference in data retention in
Table 3.2. The number of events that reach the HLT skim stage is reduced, therefore the
retention percentage increases. With the leftover events that pass the filter trigger the skim
trigger is performed, which tags the events online. It also provides additional selection and
further filters Bhabha events with the benefit of allowing effectively 100% of BB events to

pass the trigger.

Hadron HLT
Data MC
Filter OFF | Filter ON | BB cc qq TT Lo
1.90 7.97 99.54 | 96.32 | 79.78 | 27.26 | 0.96

Table 3.2.: The retention (%) for the Hadron skims on Run 5710 experiment 12 (FILTER-
OFF) and Run 5157 experiment 10 (FILTER-ON), shown with the efficiencies
(%) for generic MC using basf2 software release-04-02-05.

In this analysis, to optimise the data sample size and reduce computational load, the
dataset is skimmed with a HLT skim called the ‘Hadron skim’. This skim has been in

use since the beginning of Phase 3 data taking, and requires that the number of tracks
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originating from the IP in an event is > 3 and that the event is not a Bhabha event with
> 2 tracks. Table 3.2 displays the retention of data and MC after these requirements.
This skim does not remove a large portion of the ¢¢ and ¢g events, resulting in its use as
a very general skim, however it is effective in discarding low multiplicity and high-cross
section processes such as pp and 77 events, which are considered nuisance processes for

this analysis.
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The ultimate goal of this analysis is to contribute to the optimization of the measurement
of the normalisation modes of R (D) and R (D*) (see Equation 2.8 and 2.9) using Belle II

(%)

data. The termed ‘normalisation modes’ are B — D'"’¢ 7, and are the signal decays of

this analysis. This chapter describes the analysis tools used in the sensitivity study.

4.1. Monte Carlo (MC)

We optimize the analysis by using the collected data from the Belle II experiment and
remove any background decays without removing too many signal decays. To successfully
do so, it is essential to simulate the data well. Simulated data is produced using the MC
method and is used to simulate detector effects and to determine signal efficiencies and
background rates at Belle II. This allows optimization of the discrimination of background
events. To fully simulate the Belle II data, including signal and background, MC simulation
samples of B meson pairs (charged and neutral) and continuum ete” — qq (where ¢ =
u, d, ¢, s) are generated alongside beam scattering, radiative processes and other beam
background effects. Simulated data is referred to as MC, and the charged, neutral and
continuum samples are considered ‘generic MC’. In this analysis the 14 run-independent
MC campaign of Belle II, dubbed MC14a_ri, was used to simulate data. We simulated
the number of events of each generic MC sample equivalent to 1 ab™! of data luminosity,
given the known cross sections of the simulated processes. The phrase ‘run-independent’
refers to the fact that the MC utilizes simulated background overlays. This means that the
simulated backgrounds are subject to inconsistencies with collected data as the background

overlays and detector conditions are not applied in proportion to the conditions in data,
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i.e. they have not been tuned or corrected to the real conditions of the beam or the varying
status of the Belle II detector that recorded the real data.

The MC14a_ri used in this analysis was produced using release-05-02 of the basf2
framework. This MC has early phase 3 geometry i, The fiducial cross-sections used in the
MC14 production are shown in Table 4.1 alongside the corresponding number of events.
These differ from that of Table 3.1 due to the limited statistics of the generated events

when numerically calculating the cross sections.

Process (e+e_ —) MC name Cross-section Number of events
[nb] (x10°%) [per 100fb™" |

T(4S) — BTB~ (charged) charged 0.540 54

T(4S) — B°B® (neutral)  mixed 0.510 51

uw uubar 1.605 160.5

dd ddbar 0.401 40.1

5§ ssbar 0.383 38.3

cc ccbhar 1.329 132.9

T taupair 0.919 91.9

whpe mupair 1.148 114.8

Total 6.835 683.5

Table 4.1.: The production cross-sections of the e” e processes at the 1°(45) CM energy
used for the 14 run-independent MC simulation campaign. The corresponding
Belle IT MC name is shown for each process simulated in generic MC. Data for
this table was collected from internal Belle II calculations and production notes
[46].

Generic MC aims to simulate all SM events expected to remain after trigger selection.
Thus, we study and measure SM decays of interest using generic MC such as B — D¥e~ Uy.
However, often due to the low branching fraction of these decays, their statistical signif-
icance as a subsample of the generated generic MC is inadequate for meaningful studies.
Using, for example, the theoretical branching fraction for the B — D*JFT*?T decay quoted
in Table 2.1, in lab ! of generic MC, we expect approximately 1.6 x 10" events of the
5.1 x 10° B'B° pairs to be B’ - D*+7'_ﬁT events before accounting for reconstruction
efficiency. Thus, designated samples of specific decays are designed and produced called

signal MC.

oy reproduction purposes, this is without PXD L2.
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Signal MC was used to optimize many aspects of this analysis, including selecting cuts
that distinguish between signal and background events, optimizing a multi-variate analysis
and calculating signal reconstruction efficiencies. For this analysis, 3 sets of signal MC were
created for various analysis optimization steps. Firstly, a sample of 40 x 10° events of B —

(%)

Xl v decays was used for signal studies of B — D"/ 7,. Here X is any hadron with a

(%)

¢ quark in the quark pair. As this sample contains non-signal decays, the B — D'"/{ 7,

decays were selected using topological generator-level truth information (see Section 4.5.1).

The other two samples were specific B — D(*)TfﬁT and B — D7~ v_ samples that did
not contain superfluous decays. Each of these have 80 x 10° generated events. A summary

of these can be found later in Table 4.5.

4.2. The Belle Il Data Sample

Belle II started collecting data with the full detector setup in 2018, thus the data available
for analysis is not yet the complete dataset projected for the Belle I experiment. The data
used in this analysis was collected in the run periods of 2019-2021, reaching a delivered
online integrated luminosity of 213.49 fb_l, and a final collected offline integrated luminos-

ity of (189.8804 +0.0131)fb™" at the 7 (45) resonancel’ [43]. This dataset was the official
dataset used for results for the Moriond 2022 conference and consists of experiments 7 to 18
of on-resonance data. The number of B meson pairs in this dataset has been determined
using event-shape variables and has been determined to be Ngz = (198.0 £ 3.0) x 10°.
Figure 4.1 displays the total integrated luminosity at Belle II as a function of time. Table

4.2 presents a summary of the dataset used for this analysis.

Data Type Luminosity Number of events

Moriond 2022 dataset (189.8804 4 0.0131)fb™' Npz = (198.0 + 3.0) x 10°

Table 4.2.: A summary of the dataset used for this analysis.

(i This will be abbreviated to 189fb~" in figures for this thesis.
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Belle Il Online luminosity Exp: 7-18 - All runs
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Figure 4.1.: The online luminosity of Belle II; the data used for this analysis. The
total integrated daily luminosity is indicated in the (blue) histogram,
while the cumulative integrated luminosities are indicated by the (red)
line. Figure sourced from internal Belle IT Confluence website - image
created by Stefano Lacaprara [43].

4.3. The Belle Il Analysis Software Framework (basf2)

The basf2 package is the official software suite of the Belle II experiment [47]. basf2
has the functionality to simulate particles, to monitor the Belle II detector and to per-
form physics analyses. It notably incorporates external libraries such as: ROOT, CERN’s
physics analysis software [48]; EvtGen, a particle decay simulator including those of the B
and D mesons relevant to this analysis [49]; and Geant4, a simulator useful for sub-detector
interaction and detection of particles [50]. In any Belle II physics analysis, simulated and

real data are processed using basf2.
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Figure 4.2.: The basf2 data process chain. Image created by Andreas Moll [47].

4.3.1. basf2 Structure

basf2 processes the data and generated MC through the use of software modules. Each
module has a separate function, such as reading, manipulating, or writing data. Modules
are arranged in a strictly linear path in order to perform a sequence of configurable analysis
functions. Analysis scripts define this configuration and control the execution of these
modules in the analyst-given path order. The data needed by each module is shared via
a DataStore, shown as a schematic in Figure 4.2. The DataStore stores data-objects such
as ParticleLists, ECLClusters, KLMClusters and Tracks. The analyst can take these
tracks and clusters that have been measured in the detector and create Particle objects,
which are stored in ParticleLists. Next the Particles can be combined with other
Particles to create a parent Particle (for example combining a pion 7 and a kaon K to
create a D meson). Throughout the analysis, the analyst can impose selection requirements
referred to as ‘cuts’ on the various quantities stored in the Particle object. Cuts reject
Particle candidates that do not satisfy certain conditions. At this point of reconstruction
in the analysis, cuts are made to increase the likelihood that the candidate particle(s)
chosen for reconstruction is the particle the analyst expects. The analyst can also perform a
vertex fit on the Particle to find and reconstruct the point at which the particle candidate
decayed within the detector. The analyst then has the option of applying various tools
and performing various advanced algorithms within basf2 such as Continuum Suppression,
Flavour Tagging and Full Event Interpretation (FEI) [51]. Continuum Suppression uses
variables such as CLEO cones [52] and Fox-Wolfram moments [53] to evaluate the shape
of an event to distinguish between BB events and continuum events. Flavour Tagging is a

multivariate method based module that enables the determination of the flavour of one of
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the B mesons in a BB pair through examining the quark content of its flavoured hadrons
descendants. The FEI algorithm is one of the features of this analysis that makes it unique,

thus it is discussed in detail in Chapter 4.

4.4. The Full Event Interpretation Algorithm (FEI)

There are various approaches to fully reconstruct an 7(4S) — BB event at Belle II. These
can be either by a tagged or untagged analysis. An untagged analysis reconstructs a
desired signal decay of a B meson and uses the particles in the Rest of the Event (ROE)
to constrain the second B meson of the BB pair. Here, the ROE is defined as the particles
in an event that are not associated with a designated signal particle.

In contrast, a tagged analysis reconstructs or ‘tags’ a B meson (B,,,) with well under-
stood (or otherwise beneficial) decays, then selects only the desired signal decay for the

other signal B (B,,) from the ROE. The B, and the companion B,,, in an event are then

tag
reconstructed into an 1°(45).

In order to tag a B meson at Belle II, a Fast BDT machine learning software called
FEI was developed from the Full Reconstruction algorithm from Belle [54]. This uses
hierarchical reconstruction of over 10,000 exclusive B meson decay chains and multivariate

classification to tag the B,,, meson candidate particles in an event. Every particle decay

tag
channel implemented in the FEI algorithm has a designated multivariate classifier which
must be trained on the MC simulation of data. The MC used for training must then be
removed from further analysis to prevent bias in later application of FEI. For this analysis,

FEI was trained on 100 fb™ " of generic BB MC from the MC14ri_a campaign il _ o sample

size that ensured sufficient training. Following the paths in Figure 4.3, the algorithm:
1. Collects detector data in the form of tracks and neutral Egcy, clusters.

2. Identifies tracks, displaced vertices, and neutral clusters that pass basic quality cri-
teria. BDTs are trained to identify long-lived particles in the detector (e™, u~, K,

p, ™ , v and Kp) from charged tracks and neutral energy deposits.

liii

IFor replication purposes, the production used was prod 00016661 /2.
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Figure 4.3.: The FEI hierarchical structure showing the progression of the detector
information of tracks (and displaced vertices) and neutral clusters
(energy deposits in the ECL and KLM) to the final tagged Bt or BY.

Figure sourced from Reference [55].

3. Reconstructs stable particles into composite parent particles (770, Kg, J/, DO, D+7

D,, A., A and ¥7). For each composite parent particle in this list, a BDT is trained

to identify potential candidates.

4. Reconstructs excited D meson candidates (D™, D*', D¥) from the candidates in

step 2. Separate BDTs are then trained, again to identify potential candidates.

5. Combines all of the information gained from the previous stages to reconstruct po-

tential B, . candidates. A BDT is then trained to identify viable combinations.

tag

The final BDT trains a multi-variate classifier interpreted as the B,,, ‘signal probabil-
ity’ Pgtag. This distinguishes correctly reconstructed B,,, candidates from the incorrect
combinations of particles by assigning a probability between 0 and 1, where 0 is most
background-like (mis-reconstructed B meson candidates) and 1 is most signal-like (a cor-
rectly reconstructed B meson candidate).

There are two variations of FEI at Belle II: using a hadronic tag or semileptonic tag.
The hadronic tag is the process of using FEI to reconstruct a B,,, meson with only its

hadronic decay channels. The benefit of using the hadronic decays of the B meson is that
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the kinematics of the reconstructed B,,, candidates are fully constrained and the tagged

tag
sample is pure in comparison to the semileptonic tag. However, there is a low efficiency
in the hadronic tag due to the many levels of reconstruction and BDTs used. Thus, due
to the small branching fractions of these processes, a large number of decay modes are
necessary to cover a sufficiently high branching fraction. The larger number of hadronic
decay modes increases the issue of combinatorial backgrounds, which scale as a factorial of
the number of tracks and, as a result, early selections to reduce backgrounds are required
that unavoidably cut out signal events too.

The semileptonic tag involves an exclusive reconstruction of a semileptonic B meson

such as the B, — D™ lv, decay as the tagged mode. In this case there is a neutrino in

tag
the final state which cannot be reconstructed, so the 4-momentum of the corresponding
B, cannot be fully reconstructed. The benefit of the semileptonic tag of the B meson
is the relatively large branching fraction. The semileptonic tag is more efficient than the
hadronic tag, and so results in a larger tag yield for a given dataset. Thus, it potentially
has better statistical sensitivity at the cost of higher backgrounds and lower purity.

As this analysis has a dependency on distinguishing between an event with one and

multiple neutrinos, the hadronic version of the FEI is used (see Section 6.2.1). This ensures

that neutrinos appearing as missing energy in an event are produced solely by the B,,.

4.4.1. Hadronic FEI Skim

As discussed in 3.2.7, raw data is reduced in size using centralized skimming and to aid
in computational load using the trigger and the HLT skim. These are produced centrally
by the Belle II collaboration. This analysis is subsequently performed on these reduced
datasets.

The FEI hadronic skim consists of a selection of loose ‘pre-cuts’ that reduce the size of
data samples with minimal loss of BB events and ensures that the FEI considers hadronic
BB events. Then, it applies the trained FEI algorithm to MC and data. To ensure that
tracks have a close proximity to the interaction point, the track parameters are required
to be within 2.0 cm of the centre of the detector along the solenoidal-field axis (the z-axis),

and within 0.5 cm of the transverse plane dy. The track transverse momentum p; is required
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Branching Fraction

(2.524+0.13) x 10°
5 x 10710

1x 10 %0
(6.0+£0.7) x 107°
No value given.
(6.2+2.2)x 107"
(1.074+0.11) x 107
(3.5+£0.4) x 107°
(247 +£0.21) x 102
(1.06 + 0.09)%
(7.5+1.7) x 107*
(6.4 4+ 0.5) x 10730V
(6.4+0.5) x 10721V
(81+0.7) x107°
(7.2+£0.8) x 107°
0.274 +0.13) x 107°
0.835892% !

1x 1030
(7.21£0.29) x 107
(1.76 + 0.27)%
(74+1.6) x107°
(8.0£1.1) x 107°
(1.77 £ 0.14)%

(8.68 +0.30) x 10~ *
(1.15£0.05) x 102
(4.3+0.4) x 107"
(1.0240.14) x 107
(9.9+£1.1) x 107°
(3.32£0.31) x 10~ *
(4.7+0.5) x 107"
(3.0+0.5) x 107"
(1.9+0.5) x 107*

Decay Mode Branching Fraction

1. BY - D’n" (4.68+0.13) x 107°

2. BY — Dz tn® 5 x 10400 Decay Mode

3. BY & D07r+7r071'0 1 x 1073 . B> D n'

4. BT - Dxtatr (56 +2.1)x107° 2. B 5 D xtx®

5. Bt - D'ntatr n® No value given. 3. B 5 D T x%°
6. Bt - D'D" (3.8+0.4) x 107° 4. BO D rtata
7. B - D'DTK? (1.554+0.21) x 107 5. BY 5 D W+W+W 7°
8. B - D*'D"K? (214£0.5) x 107° 6. B = D*ntn

9. Bt - D'D*"K? (3.840.4) x 107° 7 B DD K+
10. B —» D**D*TK? (9.2+1.2) x 107° 8. B -~ DDkt
11. BY - D°D°K ™" (1.45£0.33) x 107 9. B° 5 D" DK+
12. Bt - D*D°K™* (2.26 +0.23) x 1072 10. B — D"~ DK+
13. Bt - DDk (6.3+£0.5) x 10~° 11. B - D DK
14. Bt - D*D*K™* (1.12+£0.13)% 12. B - D* DV K°
15. Bt - D D° (7.6 +1.6) x 107° 13 B s DD KO
16. B* = Dn* (490 +0.17) x 107° 14 B0 prprt o
17. BY = D%zt x° 5x 10740 5 B = DtD-
18. BT — D*oﬂ+7ro7ro 5 x 10741 16. B° — Divﬁ

19. BT - D%z rtn™ (1.03 +0.12)% 11 17. B® = D* x 20
20. B" - Dt ntn 2" (1.8+10.4)% 18. B = D* 7T x%%°
21. Bt — D D™ (1.71 4+ 0.24)% 19. B® = D* xtata
22. BY - DfD* (8.2+1.7) x 107° 20. B _s D*~ 7r+7T+7T 0
23. Bt — DK™ (3.63+£0.12) x 10* 91. BY s DD~

24. BY D xtat (1.07+0.05) x 107" 99 B0, ptp*

25. Bt 5 D ntntx® 2 x 10720 23. B® = Dt D"~
26. BY — JpK* (1.006 + 0.027) x 107° 94, BO = JWEK®

27. Bt » JW K rta™  (81+13)x107* 25. B H J/¢K+ -
28. BY = Jpp K 7° 9.4840 x 10~ ° 0 26. B® — Jji KSW w
29. BY — Jpp Kon* (1.14 +0.11) x 107° 27. B = A_prtr-
30. BN — A, p7r+ 0 (1.8+0.6) x 107° 98. B = D*'pp

31. BY 5 Ajprtre 7t (224+0.7) x 1077 29. B — D ppr

32. Bt - D*pprt (3.724+0.27) x 1074 30. B® — D* ppr

33. Bt — D*ppr " (3.734+0.32) x 107* 31. B = D*%pprtn
34. B - DYpprtn (1.66 4 0.30) x 10~* 32. B® —» D*ppr
35. BT — D" pprta” (1.86 +0.25) x 10™*

36. Bt — A prt (2.3+0.4) x 107*

Table 4.3.: The PDG branching fractions of the decays used in the hadronic FEI tag with

corresponding assigned decay mode IDs [5].

No branching fraction in the PDG

thus the following branching fraction values are the ones implemented in MC14 production:
[i] value kept from Belle. [ii] removed from MC production. [iii] calculated from Isospin:

(J/¢K+ % = B(J/¢K07r+)/2 [iv] branching fraction is the sum of both B® — D*~ D*
K2 and D™ D*T K9. [v] resonant component is subtracted.
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Category Cuts

E,is > 4GeV

2 < Egcy, < 7GeV
Tracks: |z9] < 2.0cm
‘Good tracks’ |dg| < 0.5cm
py > 0.1 GeV

Ncleaned tracks > 3
ECL clusters: 0.296706 < 6 < 2.61799

E > 0.1GeV

N¢leaned ECL clusters > 3

Table 4.4.: The centrally validated and applied hadronic FEI cuts.(*omitted decay modes
23 for B" and 25 for B® which are listed in Table 4.3).

to be larger than 0.1 GeV. The effect of these cuts is that fake clusters in which beam-
induced backgrounds interact with tracking components of Belle II are removed. Similarly
BB events are required to have at least three clusters with total energy E > 0.1 GeV
within the polar angle CDC acceptance region of 0.296706 < 6 < 2.61799. This track and
cluster selection corresponds to the defined ‘good track’ and cluster selection criteria used
throughout this thesis. The visible energy of the event in the CM frame, i.e. the total
energy of all of the tracks and neutral clusters in the event, is required to be higher than

4 GeV, with the total energy deposited in the ECL FEgcp, required to be between 2 and

+ +

7GeV. This is to exclude low multiplicity events such as e'e” — e'e . The hadronic
FEI skim pre-cuts also implement a restriction on the number of charged particle tracks
per event, which is set to be more than or equal to three. This is due to the fact that
the hadronic FEI B meson decay channels have a least three charged particles, so this cut
suppresses non-BB backgrounds.

These pre-cuts are summarized in Table 4.4. Finally, once these kinematic event-level
pre-cuts have been applied, the generic FEI algorithm is applied with the B,,, being re-
constructed with the hadronic decay channels disclosed in Table 4.3.

These selections were refined over many studies to optimize FEI signal retention. The
retention of a skim is the fraction of correctly reconstructed B candidates present after the

skim is applied to a sample. The author was instrumental in the development of Phase 3

FEI selections.
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MC type MC decay Events generated Events post-FEI FEI retention
code skim

BY - DW* 77w, 1193300007 80 x 10° 4.56 x 10° 5.7%
B’ - D™ v, 1193300008 80 x 10° 5.62 x 10° 7.0%
B’ 5 X v 1193710005 40 x 10° 3.15 x 10° 7.8%
B~ — D™% "5, 1293300007 80 x 10° 5.76 x 10° 7.2%
B~ — D™r v, 1293300008 80 x 10° 6.72 x 10° 8.4%
Bt 5 X v 1293710005 40 x 10° 2.91 x 10° 7.2%
T(4S) — BYB™ (charged) 0.486 x 10” 6.937 x 10” 14.3%
T(4S) — BB’ (mixed 0.459 x 10° 5.222 x 10 11.4%
w (uubar) 1.445 x 10° 1.615 x 10° 11.2%
dd (ddbar) 0.361 x 10” 3.892 x 10" 10.8%
55 (ssbar) 0.345 x 10° 3.224 x 10° 9.3%
e (ccbar) 1.120 x 10° 1.875 x 10° 16.7%
T (taupair) 0.827 x 10° 0 0%
i (mupair) 1.033 x 10° 0 0%

Table 4.5.: The retention of the Hadronic FEI skim by MC type. The generic MC number
of events generated corresponds to 1 ab~! of simulated data. The different signal
MC samples used in this analysis have the Belle II signal MC code stated for
reproducibility.

Table 4.5 shows that the retention of the FEI skim for signal MC alongside mixed and
charged samples is much higher than for continuum, as intended, and is especially effective

77 continuum events. The hadronic FEI skim was performed

in removing all e"e” — 7
on the generic MC, signal MC and data used in this analysis. As 100 fb! of the generic
MC was used to train the FEI, only 900 fb~! was available for use in this analysis. In
addition, at the time of final analysis submission to the computing resources, 100 ! of
generic MC was not available for use. Thus 800 fb~! was used to simulate this full analysis,
with little effect on the statistical uncertainties and systematic errors.

The inclusive B — X/{ 7, decay in a data control sample of 34.6 fb~! was used to
validate MC13 in Reference [56]. This mode was chosen due to its large branching fraction
of (10.33+0.28)% and (10.65+0.16)%, for B and BT, respectively, totalling approximately
20% considering both e and g modes. The FEI tag side reconstruction efficiency in MC

and data differs significantly due to the many multivariate classifiers and the large number
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of decay chains used in training and application. The data-MC efficiency of the hadronic
FEI at values of Pgmg > 0.001, Pgmg > 0.01 and Pgmg > (0.1 were determined. These are

shown in Figure 4.4.

Belle Il preliminary

0741+ { Ptag > 0.001
f Ptag>0-01
072+F
Ljé Ptag>o.1 !
=X
< 070} ' ‘
83
< 0.68}
]
S 0.66
0.64 +
_ [rdt=189.3fb1
0.62-“"“"““"“"““"“"‘
B*e~ B*u~ B* Ble~ BOu~ BO

Channel

Figure 4.4.: The FEI calibration factors required to correct for the difference in
data-MC efficiency as a function of PBtag‘ The calibrations are sepa-
rated into charged and neutral B mesons, and then electrons, muons
and combined electrons and muons. This is a preliminary result, up-
dated from Reference [56].

From this it was recommended that the generic MC samples should be renormalised
to data using a factor for calibration, established using the B — X/ 7, decay. The
calibration factor used to correct for the efficiency is equal to the ratio of the yield of
signal channel (B — X/{ 7,) events in data to that of MC. The yields were extracted
from a fit that maximised a binned likelihood [56] to the lepton momentum in the CMS
frame as shown in Figure 4.5. Preliminary calibration factors calculated for MC14ri with
(189.8804 4 0.0131)fb ™' of data have been developed and are shown in Table 4.6. The
method differs slightly in the use of B — DWy~ v, decays for calibration. This decay has

a high purity factor and a large branching fraction allowing for an adequate amount of
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x104 Belle Il preliminary
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Figure 4.5.: The lepton momentum in the CM frame for B — X/{ 7, used to
extract the FEI calibration factor, in this case using the B,,, and
. Generic MC is classed as B — X/ v,, and background. Data is
overlaid as points with statistical uncertainties shown as error bars.
This result is updated from Reference [56].

statistics for the calibration. The calibration depends on the number of decay channels
used in the FEI and the potentially large systematic uncertainties introduced by certain
D* decay modes that are reconstructed, but this is not largely different from the previous
more generic calibration channel B — X/~ 7,. The B — D*{” 7, calibration factor results
in a significant improvement in the level of data-MC agreement, thus this analysis will
use these newly available calibration factors. There are no decay specific or independent
validation decays evaluated for the B — D{ 7, decay, thus this analysis is restricted to
using the B — X /¢ v, calibration factors.

In conclusion, the overall data-MC efficiency discrepancy caused by the application of the
FEI algorithm is corrected for using the calibration factors shown in Table 4.6. In this anal-

ysis the purity of the B,,, is optimized through the selection of B,,, candidates in accordance
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Decay Channel B - Xu v B 5 Xe v B — Xy v B —Xe 7D
Correction 0.6422 0.6968 0.6715 0.6483
+3.24%(sys.) £3.88%(sys.) £3.10%(sys.) £3.71%(sys.)
B D'y v B D¢ v B —D'yWv B —Dew
0.6259 0.7422 0.6422 0.6735
+0.024(stat.) +0.031(stat.) +0.024(stat.) +0.034(stat.)
+ 6%(sys.) + 6%(sys.) + 6%(sys.) + 8%(sys.)

Table 4.6.: The recently updated FEI efficiency corrections for MC14ri_a calibrated for
B — D"V 7, and B — X{ v,.

with the most efficient MC14 FEI calibration factor (where SignalProbability> 0.001).
Further discussion of the pitfalls and future development of the calibration factors can be

found in Chapter 9.

4.5. Truth information and truth matching

It is important for this analysis that we have an accurate knowledge of how the decay
products interact within the detector, which is why one must simulate these interactions
first using MC simulation. The exact same reconstruction and analysis is performed on MC
as is performed on data, including the use of the same algorithms. The difference between
MC and data is that one can trace the detector response to an MC particle throughout the
simulation and know whether the particles that are reconstructed were identified correctly.

Once the lists of final state particle candidates are reconstructed from the track and
cluster information, and are reconstructed into the desired signal decay via intermediate
particles, truth matching can be performed. This is where the generated particle is com-
pared to the reconstructed particle and is determined to be correctly reconstructed or not.
This is referred to as comparing the reconstructed particle with “MC truth” particle. Nat-
urally we cannot determine the truth of data, so improving our reconstruction efficiency
using truth matching checks is a key aspect of improving the quality of our data.

Here are a few of the many different errors that can occur during the reconstruction of

a particle candidate:

e Misidentification e.g. the particle used in the reconstruction was thought to be a
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pion, but was actually a kaon.

e Missing decay products e.g. the reconstruction combined a kaon and a pion into

a D meson, but actually the D meson decayed as D — K.

e A final state radiation photon was missed e.g. the reconstruction resulted in a

D’ meson, but in reality the particle was a D* DO'y and a 7y was missed.

e In flight decay e.g. a pion decayed into a muon, but the track of the pion was

reconstructed as a muon.

In basf2, a simulated particle is reconstructed in MC simulation as a Particle object,
which is then related to a MCParticle object. When MC matching is performed, the
software returns the true PDG identification number of the particle, which has been pre-
assigned[5]. For example, the PDG ID of a BT is 521, with it’s charge conjugate B~ taking
the negative of this value. This variable is called mcPDG in basf2, and it is set to the PDG

code of the first common mother MCParticle of the daughters of the Particle.

4.5.1. Topology analysis using TopoAna

Topological analysis is one method that enables comprehensive understanding of the sim-
ulation of signal and background of an experiment. Through this understanding, it is
possible to optimize signal selection and background suppression for an analysis. The de-
cay of a B meson is relatively straightforward when one considers a certain signal decay
consisting of composite particles, but when one then considers the subsequent decays of
these composite particles, the topological mapping becomes much more complicated. The
topological decay information of a decay in basf?2 is simulated and stored in MC, but it is
a gargantuan task for an analyst to decipher manually the decay products of an event due
to the large number of combinations and complexities of physics processes. To highlight
this, two example topological maps of e e~ decays of singular processes are displayed in
Figure 4.6.

TopoAna is a generic tool for topological analysis of event or candidate based decays in

the inclusive MC samples of high energy physics [57]. It is an offline analysis tool that is
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independent of basf2. In this analysis, TopoAna is used to store the raw topological truth
information for an event using an interface between basf2 and TopoAna called MCGenTopo.
It is specific to generator-level MC truth. In TopoAna every event is mapped out using
the raw topology truth information: the number of particles in an event, the PDG MC
particle codes of each of the particles and the mother indices of those particles. Using this
information it categorizes each type of event in a sample, flags each event with its decay

type and also counts the number of occurrences of a decay type.

(@) (b)

Figure 4.6.: A schematic depicting two topology diagrams of processes occurring
at ete” colliders. Diagram (a) is the ee” — J/¥ decay, while
diagram (b) contains one possible iteration of the decays studied
in this analysis: an 17(45) — B°B° decay where the B? decays to
D*" ", [55).

Detailed knowledge of the topology of B meson decays in a region selected by signal
selections allows identification of the main backgrounds from the chosen signal decays.
Background events that peak in the same regions of distributions that we expect signal
events to peak in are termed ‘peaking backgrounds’. These are often decays that are
similar in signature to the chosen signal decay of study. This separation of signal and
background allows analysts to further optimize selection criteria and estimate the yields
of peaking backgrounds alongside their statistical and systematic uncertainties, even when
they cannot be suppressed.

The two main functionalities of TopoAna, component analysis and signal identification,
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are used for this analysis. In component analysis, every channel of BT and B° decays
present in the MC are identified and given a flag. In signal identification, the analyst
defines which decays TopoAna should flag. The benefit of using a combination of the
two functionalities is that the entire MC sample can be categorized and analysed using
component analysis, whilst the analyst can define their signal decays to include channels
that contain extra particles. An example of this is when there is a production of an extra
final state radiation (FSR) photon ~ in addition to the decay particles of B — D" v,.
In signal identification the analyst can chose to ignore the FSR to different degrees of
strictness, and continue to consider this decay as one of interest to the analysis. With
signal identification, inclusive and cascade decays can also be selected. Cascade decays
include the definition of multiple, consecutive decays. For example, one can choose to
cascade a B’ — D*+£_U£ decay with the decay of D" = D' 7% and inclusively include
all subsequent DT decays.

TopoAna performs component analysis indiscriminatingly over all truth instances of the
same particles in the same events. Due to this and the fact it is independent of basf2, it
does not consider whether a particle is correctly reconstructed. Therefore particles that
have generator truth level information that has been incorrectly reconstructed are still
flagged as valid decays.

Due to the limited detection efficiencies of both the B,,, (Section 4.4) and B, (discussed
later in Section 7.4.1), the purity is very low, resulting in truth information that does not
match the reconstructed particle candidates. FEI also typically results in multiple tag
candidates, only one (or none) of which are correctly reconstructed. Thus, there are often

multiple B,,, meson candidates for each event that are not correctly reconstructed.

tag

To mitigate this, TopoAna can be combined with reconstruction information. TopoAna
recently implemented the functionality of being able to additionally require that a particle
has been successfully reconstructed using information from basf2. In this analysis, TopoAna
is required to match the index of the truth signal B meson to the reconstructed candidate.
Using a combination of indexing and the number of instances of the ith specified particle or

decay branch found in each event, this analysis studies correctly reconstructed B, decays

topologically.

95



5. The measurement of B — D™, at

Belle 11

This chapter motivates the study of B — D(*)Z_Dl at Belle II, then discusses the unique

features of this analysis.

5.1. Motivation of the measurement of B — D(*)l_ﬁl at

Belle 11

B — D(*)l_ﬁlm is one of the best semileptonic decays available for probing the SM for
NP via LFU, as introduced in Chapter 2. Belle II has unique capabilities with which to
measure the branching fraction of B — D(*)lfﬁl, and therefore R (D) and R (D*), to the
best precision to-date.

Due to the nano-beam scheme discussed in Section 3.1, the beam induced background
in Belle IT is much higher than in previous B factories such as BaBar and Belle. This is, in
turn, suppressed by utilising the upgrades of the detector alongside improved analysis tools
and techniques such as tagging (Chapter 4) . Alongside its B factory status, Belle II is a
high statistics and clean environment, and therefore an ideal probe for evidence of physics
BSM.

This still presents a challenging environment in which to study decays with neutrinos
in the final state which traverse through Belle II undetected, also known as decays with
missing energy. Access to multineutrino final states of the Belle II detector is essential to
()

the measurement of B — D'"[ 7, due to the fact that the 7 final state can include one

B1A reminder that [ = e, b, T and £ = e, .
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+I/€VT or 7T — 7r+1/7. The disadvantage of trying to

or more neutrinos, i.e. from 77 — e
measure decays with missing energy is that they are usually limited in their use of kinematic
constraints that are otherwise used to reject background events. Fortunately, a speciality
of Belle II is that there are unique experimental conditions that allow full reconstruction of
the decay kinematics, and therefore access to multineutrino final states of signal B decays.

Firstly, the known production process of BB pairs at the 7(4S) resonance limits the
momentum of the BB pair. The recoil of the non-signal B meson produced in the event
can be reconstructed and utilized to allow precise knowledge of the properties of the signal
B, such as flavour and momentum. Secondly, the detector encloses the interaction region
almost hermetically (few potentially detectable particles will escape detection). From these
two properties, the four-momentum of undetected particles can be inferred from the mea-
sured momenta and energies of all of the other particles produced in the eTe™ collision,
through imposing energy and momentum conservation. This is a significant benefit for

studying decays with missing energy like B — D™

7.
Background separation can also be implemented through access to the beam-energy-

constrained mass My of the B meson, calculated as

2 sk 2
M, = \/Eﬁeam - |thag| ) (51)

where Ej .., is the beam energy in the CM frame corresponding to half of the energy
available in the CM system, and ﬁ%mg is the B,,, momentum in the CM frame. Fjg,p,
is used instead of the measured B energy to avoid introducing experimental resolution
uncertainties. The asterisk indicates that these are CM frame variables. M. actually
corresponds to the invariant mass of the B meson, reconstructed from its daughter particle
4-vectors.

In addition, the energy difference AFE between the measured momenta and energies of

visible decay products and the beam energy provides more background separation.

AE = Egmg - E;;eam ’ (52)
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5. The measurement of B — D175, at Belle II

where EBtag is the reconstructed energy of the B,,,. M, peaks at the nominal B meson

tag*
mass and AFE peaks at 0 for correctly reconstructed B mesons.

Furthermore, Belle IT can conduct multiple independent FEI tagged and untagged mea-
surements of R (D) and R (D*) There are also various methodologies which can potentially

be used to perform these measurements. The B,,, mesons can be reconstructed hadroni-

tag
cally or semileptonically, and it is possible to consider both hadronic and leptonic decay
channels of the 7 lepton. Therefore, four orthogonal statistically independent tagged mea-
surements of R (D) and R (D*) can be evaluated, with the lowest systematic uncertainties
appearing in the hadronic tagging of the B meson paired with either leptonic or hadronic
7 decays. Currently the leptonic 7 decays have better background rejection than that of
hadronic decays. To-date, only leptonic 7 decays have been measured in this analysis, but
Belle II anticipates measurements expanding to the 7 hadronic channels in the future.
Particle reconstruction at Belle II is highly efficient for charged particles, for example,
hadronic reconstructions of charged K and 7 particles. The tracking components of the
Belle II detector, as mentioned in Chapter 3, are also highly efficient. Finally, charged
leptons have a highly identifiable signature at Belle II, and can be reconstructed efficiently.
Belle II also has state-of-the-art neutral particle detection. The photon detection effi-
ciency uncertainties are currently under 1% in the barrel region for E, > 250 MeV, along-
side newly developed BDTs to distinguish signal photons from beam backgrounds and fake
photons [42]. The detection of Kg decays serves primarily as a veto and can be utilised
well for missing energy measurements. The efficiency of the KLM is under study and will
require much larger datasets. For this analysis, optimisation of D* and D mesons whose
decays include a neutral particle is still underway, as will be seen in Section 6.2.6.
Finally, for measurements of R (D) and R (D"), the high statistics of the final Belle II
dataset compared to previous B factories combined with the cancelled uncertainties from
|V4| and hadronic FF uncertainties (see Section 2.2.3), will allow a decrease in the uncer-
tainties of R (D*) from more than 20% to 3%, even in a pessimistic scenario [58]. Figure
5.1 displays the expected increase in sensitivity as the size of the Belle II dataset grows.
Notice that after approximately 2026 in the pessimistic scenario of Figure 5.1, the un-

certainty for R (D") plateaus at ~3% while the R (D) ratio takes much longer to reach
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Figure 5.1.: The expected total uncertainty of various branching fraction ratios at Belle II
over time. Time represents the expected dataset size and is subject to change.
The pessimistic scenario (left) represents a prediction using current statistical
and systematic errors that contain the irreducible 3% uncertainty. The opti-
mistic scenario (right) lowered the irreducible systematic to 0.5% and assumes
a 50% increase of the effectiveness of the exclusive tagging algorithms. The
grey bands represent data collection downtime. The relevant uncertainties for
this analysis are the R (D) and R (D") (had FEL lep 7) ratios in green. Figure
obtained from Reference [58].

~3% uncertainty. This is due to the cleaner signature of R (D*), but also fewer cross-feed
contributions that are much more present in R (D). There is promise for the optimistic
scenario in Figure 5.1 as there are numerous machine learning and deep learning tools in
development that are improving the precision of measurements [59].

Figure 5.2 shows the predicted statistical and systematic uncertainties for the 5 ab™ ! and
50ab ! Belle II dataset. Thus with just 5 ab™ ! of data, Belle II will be able to produce a

world leading measurement of R (D) and R (D").

5.2. The novel aspects of this analysis

This analysis reports on one of the first tests of LFU at Belle II using exclusive measure-
ments of the denominators of R(D) and R (D*) It originally contributed to the first
published Belle II results of the hadronic tagged B’ — D*+[D07r+]€_? branching fraction
using the “golden decay channel” where D’ 5 K n" [1]. This channel has golden decay

status due to the high statistics available as a result of a relatively high branching fraction,
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Figure 5.2.: The projection of the R (D) and R (D*) measurements at Belle II for 5ab ™"
(left) and 50ab™ ' (right). Figure obtained from Reference [42].

and the best available resolution at Belle II at the time of measurement.

In this thesis the golden decay channel study is expanded to consider supplemental D"
and D° decay channels for the B° meson. The study is also furthered to include the BT
meson and its decay channels. The optimal decay channels of the D* and D mesons used
for the exclusive measurement of the R (D) and R (D*) denominators are detailed in Table
5.1.

This analysis advances the previous study with the use of the larger (and current) Belle IT
dataset of (189.8804 £ 0.0131) fb™'. Amongst the benefits of the use of data with higher
statistics, there are also the benefits of the improved understanding of data and MC with
the passage of time. For example, for higher (lower) momenta the track reconstruction
data/MC ratio was consistent with 1.0 (0.9), with a 0.30% per-track systematic uncertainty
for mid-to-high momentum tracking efficiencies. In comparison, the MC used in early stage
of Phase 3 of Reference [1] had a 0.91% per-track systematic uncertainty.

In addition, the signal selections for the B and B° channels have been studied and
optimized using the newer MC14a_ri and the larger dataset than was available for Reference
[1]. Optimizations of note include that of continuum suppression, loosened D* meson mass
cuts, improved best candidate selection, PID corrections, and ROE and Eg;, development
that are further discussed in Chapter 6.

This analysis mirrors and develops a BDT MVA used in the Babar measurements of
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Decay channel B(%)
D’ — K n" 3.95 + 0.031
Kgr® 1.240 + 0.022
K ntq® 144405
K ntz zt  8.2340.14
0_+ -
Decay channel B(%) Kgﬂ+7f_ . 2.804+0.18
D*(2007)° — D'7%  64.7+0.9 Kgm T 5.2+0.6
D' 353409 K Ii 0.408 & 0.006
Total 100.0 + 1.3 T T 0.1455 £ 0.0024
D" (2010)" — USarT - Total 36.3655 + 0.8145
D0 307405 Dt — K_?Tiwi o 9384016
Total 0R4+0.7 KO 7T+7T ™ 6.25 +0.18
K3 1.562 + 0.031
Kirtn n™  3.1040.09
Kontn° 7.36 + 0.21
KK ™ 0.304 = 0.009
K K=t 0.968 + 0.018
Total 28.924 + 0.334

Table 5.1.: A summary of the D* and D meson decay channels and their corresponding
branching fractions selected for the analysis. Values obtained from Reference

[5]-

B — DY 7, [60] by extending to further decay channels, by evaluating the potential of
additional training variables, by choosing the optimal type of MVA model utilized and by
using signal boosted MC to enhance the performance of the MVA. The performance of the
MVA is improved through the use of the larger Belle II data sample and through the use
of the Belle IT FEI algorithm. Section 6.4 discusses this in detail.

The four branching fractions of B — DYy~ Uy (EO — D"y, B’ - D' v, BT —
D*¢"v, and B~ — D% 1,) are then measured as the denominators of R (D) and R (D")
in Chapter 7. This analysis will contribute towards Belle II's first competitive R (D) and
R (D*) measurements, but that measurement is beyond the scope of this work. Publication

of the first R (D) and R (D") result is predicted by early 2023.
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This chapter details the selections and methods used in this analysis. Firstly, the compo-
nents of the analysis are separated into online and offline selections. The online selections
are those performed first using basf2. The offline selections include additional selections
after further studies are performed. A D** background suppression MVA is developed and
applied. Finally, the resulting signal and normalisation yields are calculated and presented

with application of the optimized D** background suppression MVA classifier selections.

6.1. The analysis procedure

(%)

This analysis is an optimization of B — D'/¢ 7T, as the normalisation decay channel

of the variables R (D) and R (D*) using hadronic tagging techniques. As discussed in

Chapter 2, B — D¢~ Uy is the denominator in the calculation of R(D(*)). A caveat
(*))

to this optimization is that in the measurements of R(D""), the same selections must be

applied to both the B — D¥p~ Uy and the B — D(*)T_WT decay channels. Thus, the

decisions taken in this thesis were performed after studies on both the B — D(*)T_?T and
the B — D¢~ iZ decays[i].

As discussed in Chapter 4, multiple pieces of software were utilized for this analysis.
Table 6.1 summarizes the releases/versions of each of the tools used in this analysis.

As the B,,, and B,;, of each event are produced approximately at rest in the CMS frame,

tag

the sum of their four-momenta would equal the four-momentum of the colliding beams (or

the produced 1°(45)). When the B, decays through the B — DWy v, decay channel,

I Normalisation (B— DY~ 7,) and signal (B — D<*)77?T) decay channels will be distinguished within
MC after the By, is fully reconstructed. Until that point, figures consider the normalisation and signal

combined B — D<*)Z7Dl sample (with [ = e, p, 7).
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Software Release
basf2 light-2110-tartarus
Hadronic FEI skim FEIv4_2021 MC14 _release_05.01_12

Semi-tauonic framework Version 19

Table 6.1.: A summary of the software and relevant releases/versions used for this analysis.

) and £. As previously

the two detectable or reconstructable particles at Belle II are the D
discussed, it is not possible to measure p,, directly, thus the neutrino(s) in an event manifest
as missing momentum at the Belle II detector. With correct reconstruction, the missing
four-momentum vector p,,;. accurately represents the neutrinos present in each event. By
squaring ppi the relation pfﬂiss :mfmss can be implemented and one can measure the

four-momentum squared of the neutrino through measuring the missing mass of an event

squared mfniss. This is defined, for this analysis, as

2
2 2
Miniss = Pniss = (pgg — DB, — pgsig) (6.1)

2
(pe%’ — PB,,, — Pp* — Pﬁ) ) (6.2)

where p + - is the known four-momentum of the colliding beams, and p Bay and p By 8T€ the

measured four-momenta of the respective B mesons. Due to the experimental constraints,

2

the my,;, can also be equated to

2
2 2
Mmiss = Pmiss — (szig — Pp* _p€> , (63)

to simplify the calculation.
For mfniss, one expects two distinct distributions for B — DWe~ vy and B — D(*)Tif,r.
(%)

In the particular case of correctly reconstructed normalisation events, the B — D\"/{ 7,

decay, there is only one neutrino that cannot be directly detected. This means that the

mfmss distribution is expected to peak at zero. This is in contrast to B — D)

T V., which
has a mfmss distribution spread in the range —3 GeV to 10 GeV due to its multi-neutrino

final state due to the 7 decay. This can be better understood through altering Equation
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6.3 to display the missing momentum contributions explicitly:

2
Priss = (P, = P = Pr) = (Buy + Py + 20y (+ )7 (6.4)

sig

where the p,, (i = 1,2,3,...) represent the possible extra neutrinos present in the event.

2

The my,; here does not quite describe the “mass” of a particle as it does in the single
missing neutrino case because it is not the square of the four-momentum of a single particle,
however it will still be referred to as such.

Other semi-leptonic decays and combinatorial backgrounds also have a smeared distribu-
tion about zero. m?niss will be utilized as the yield extraction variable for this analysis due
to its background separation and distinct identification of normalisation events compared
to signal events.

To mitigate experimental bias, this analysis is performed in the side-band regions of the
signal decay such that access to data in the signal region is only allowed once the full R (D)
and R (D*) analysis is finalized. The signal region is defined to be mfniss > 3 GeV, as this
is the region in which the B — D(*)’TifT decay distribution will be predominantly present.

In other words, this analysis considers the side-band region for the B — D™

(

T U, decays,
which is the same as the signal region for the B — D g~ v, decays.

6.2. Online selections

The following section details the online selections for particle candidates and their recon-
struction requirements. The online selections are those performed using the basf2 software.
This includes the reconstruction of particles, the use of FEI tagged B mesons, the choice of
the B, decay channel and subsequent daughter decay channels, the application of contin-
uum suppression, and the addition of a few select cuts. For ease of comparison, a summary

of all of the online selections is included at the end of the section (Table 6.2).
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6.2.1. B. _ reconstruction

tag

The first stage of selection is the application of the trained hadronic FEI (see Section 4.4.1)
on the data and MC samples. In addition to the standard FEI selections, to further reduce
the large number of B candidates per event and the backgrounds to the normalisation

and signal modes, each B,,, candidate is required to have an M, . greater than 5.27 GeV

tag
(Figure 6.1) and AE € [—0.15,0.1] GeV (Figure 6.2). M. and AE were previously defined
in Section 5.1.

The Pgtag of each B,,, (Figure 6.3) is required to be greater than 0.0010 corresponding

tag
to the calibration factor study discussed in Section 4.4.1. The calibration factors in Table
4.6 are applied to all MC samples in this analysis. These additional skim-level selections
are summarized in Table 6.2. Furthermore, every track and neutral cluster that is used in

the B,,, reconstruction is considered to be in the ROE. All remaining tracks and clusters

tag
in an event that are used in the B,,, reconstruction are then masked and prevented from

being reused in the reconstruction of the B_,.

6.2.2. Tracking

In Phase 3 Belle II data, a shift of invariant mass peak positions for DO, DY, Jhp, K 2 and
A is observed by order of a few percent of their expected invariant mass peaks. The cause
of these shifts was found to be predominantly due to a tracking momentum bias derived
from the biased measured magnetic field map that was used in the data reconstruction
process. As recommended by the Belle II tracking group, an official global correction

factor of 0.999717) 000es (sys.) 1is applied to the yields of data.

6.2.3. 7 selections

Neutral pions (7r0) must be reconstructed by combining two photons () from the pre-
defined particle selections as determined by the performance group at Belle II. Specifically
in this analysis, 7 candidates are obtained by using the official Belle II preselected 40%

efficiency ~ list and 40% efficiency 7 list shown in Table 6.3. The daughter v candidates

[10g,,(0.001) = —3.0
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Figure 6.1.: Distributions of M, for B — D™~ 7,. Generic MC is classed as B’B°, BYB~
and continuum. Data is overlaid as points with statistical uncertainties shown
as error bars. The red arrows depict the bins where the residual pull is more
than 1o away from data-MC agreement.

must be located in the CDC acceptance region and the weighted sum of all crystals in an
isolated ECL cluster must have more than 1.5 hits. An energy cut is applied on the v with

a dependence on detector region:

e Clusters in the ECL forward region (region 1) must have an energy greater than

80 MeV.
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(d) B~ = DI,

in the B — D™I77, decay. Generic MC

is classed as BOEO, BB~ and continuum. Data is overlaid as points with
statistical uncertainties shown as error bars. The red arrows depict the bins
where the residual pull is more than 1o away from data-MC agreement.

e Clusters in the ECL barrel region (region 2) must have an energy greater than 30 MeV.

e Clusters in the ECL backward region (region 3) must have an energy greater than

60 MeV.
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Distributions of the base 10 logarithm of the PBtag for B — D(*)l_?l. The
distributions are shown after reconstruction of the 7°(4S) candidate. Generic
MC is classed as BOEO, BB~ and continuum. Data is overlaid as points with
statistical uncertainties shown as error bars.

0.120 < M., < 0.145. These requirements are summarized in Table 6.3. The 7 candidate

is then required to have an absolute cluster timing cut of less than 200 ns. Cluster timing is

the difference between the t; of the event and the photon timing. This value is calibrated

and corrected to include the time of flight of the photons such that photons from the

interaction point (IP) correspond to the ¢, of the event. Thus, the cluster timing should
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be consistent with 0 within errors, predominantly removing photons produced as beam
background from candidacy. The ° data/MC correction factor for the 40% efficiency
particle list is ?ngoo; = 0.945 £ 0.004 (stat.) £0.041 (syst.).

In addition trc‘jche good track criteria required for all tracks (Table 4.4), a likelihood
criteria called PID is required for all hadrons including charged pion (ﬂ'i) candidates. PID
is the efficiency and fake rate of particle species determined through the use of the detector
subsystems. The measure of effectiveness of the PID ranges from a particle candidate i
having a PID probability P; = 0 being the least likely, to P, = 1 being the most likely.
There are two types of PID, global and binary PID.

The global PID is a likelihood ratio

L .
,Pglobal _ particle : 6.5
Lo+ L, +Ly+ L+ Ly (6.5)

where L, is the likelihood of a particular particle candidate ¢ hypothesis. Similarly, a binary
PID can be defined when considering just two particles that are often mis-reconstructed as
the other due to the similarity of their signatures in the Belle II sub-detectors. An example

binary PID is a likelihood ratio such as

binary [’ﬂ'
= . 6.
Pr L.+ Ly (6.6)

. in this analysis it is required that all 7T candidates have a minimum of P,Einary > 0.1.

6.2.4. Slow 7 and ~ selections

The slow pion 7, is the neutral or charged m daughter produced in the decay of the

slow

D*. The 7" produced in the decay of the D*" and D™ are selected using the 7 50%

slow

efficiency list determined by the performance group at Belle II, similar to the above 0

0

slow

40% efficiency list. The selections for the slow 7 list are shown in Table 6.4. This

is also required to have at least one hit in the CDC and an absolute cluster timing cut
0

of < 200ns. The 7" data/MC correction factor for the 50% efficiency list is L()

wel)

0.945 4+ 0.004 (stat.) +0.071 (syst.).
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0

slow

The tracking efficiency difference between data and MC of the 7, are evaluated by the

0

slow

Belle IT performance group. The m_,, was the leading systematic in the work of Reference
[1], thus this recently developed correction is crucial in the improvement of precision and
this current work. Table 6.5 displays the yield correction factors applied in this analysis for
70 with momentum below 0.2 GeV, due to poorer reconstruction strength and resolution

slow

at these energies.

0

slow

In comparison to the m the charged 7, have better agreement between data and MC.

slow

The 7. produced in the decay of the D*" are selected to have a momentum higher than

slow
0.05 GeV, have a vertex within a transverse distance of 2.0 cm from the IP (|d,.| < 2.0 cm)
and a have either a vertex or a point of closest approach in the z direction within 4.0 cm
of the IP (|d,| < 4.0cm).

The requirements for the slow photon 7, , produced in the decay of the D* are that
candidates satisfy the v 40% efficiency list selections and that they pass an absolute cluster

timing cut of < 200ns, shown in Table 6.3.

6.2.5. K. selection

The Kg candidates are selected using the recommended KSO:merged list. A vertex fit is
performed on the objects in the event and candidates with M K0 € [0.450, 0.550] GeV that
did not fail the vertex fit are kept as Kg candidates. These candidates are then required

to have a significance of distance (SOD) from the decay vertex to the interaction point

distance
D= . )
S0 o(distance) >3 (6.7)

This ensures that the flight distance of the Kg is reasonable. Finally, all K are required to
satisfy the kaon PID of P > 0.1.
6.2.6. D™ reconstruction

The four decay channels examined in this thesis contain a D™ meson: B° — D+l_ﬁl,
B — Dolfvl, B’ - D**I"p, and B~ — D*Olfﬁl. These D and D" meson decays are

exclusively selected such that both the signal and normalisation channels for the ¢ and
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7 decay channels have the same reconstructed final state. As mentioned previously, the
B — DY U, branching fraction measurement is an exclusive measurement, which means
that certain decays channels of the D* are selected, examined and used for the final mea-
surement. The decay channels used are selected through consideration of the size of the
branching fraction and through study of particle candidate resolutions and backgrounds.
Extensive studies were performed by the author to ensure each channel contributes in a con-
structive manner to the full analysis. Initially, neutral particles caused resolution issues in
the early stages of this analysis. Despite distinct improvements through studies, optimized
selections and improved MC campaigns, the generic quality of the reconstruction and simu-
lation at Belle II results in limited 7’ and K 2 resolutions and room for improvement in their
distinction from backgrounds. This analysis concludes that the channels listed in Table 5.1
are statistically sufficient at the recorded integrated luminosity of (189.8804 +0.0131) fh?
and have an adequate signal contribution in comparison to background contributions to be
included in the full analysis. Finally, this analysis consists of the largest collection of D*
and D decay channels used in Belle IT exclusive hadronic FEI studies of the B — DXy~ 1z,
branching fraction. In the previous work on this decay channel, only decays of D** — DY
7t with D° — K~ 7" were used to measure the B — D*(” 7, branching fraction [1].

The D candidates are required to have an invariant mass of Mp € [1.78,1.92] GeV
initially. Figure 6.4 shows the invariant mass of the corresponding D mesons used either
as candidates in the B — DI™ 7, decay channels or as candidates for D* daughters in the
B — D" 7; decay channels, after reconstruction of the 7(45) candidate.

To construct a D*T candidate, D° and D" candidates that are a daughter of the D*' are

+ 0
slow or Trslow'

combined with a corresponding 7 Using the constraint of a small momentum
window for the m daughter, the mass difference between these two candidates must satisfy
AMp+_p = Mpe+ — Mp € [0.130,0.170] GeV. The distribution for B’ — D', is
shown in Figure 6.5a.

Similarly, for a D*° candidate, D" candidates that are daughters of the D*® are combined

with the corresponding o

slow

O Vg0, and must conform to AMp«_p, = M.+ — Mp €

[0.100,0.190] GeV. This distribution is shown in Figure 6.5b.
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Figure 6.4.: The invariant mass of the B, daughter D mesons used either as candidates
in the B — DI 7, decay channels or as candidates for D* daughters in the
B — D" 7, decay channels. The distributions are shown after reconstruction
of the 7(45) candidate. Generic MC is classed as B°B°, B"B™ and continuum.
Data is overlaid as points with statistical uncertainties shown as error bars.

6.2.7. Lepton selection

At the next stage of reconstruction, the signal-side leptons of the B — D(*)l_ﬁl decays are

restricted. These charged leptons are required to pass a PID likelihood of more than 0.9 for

e and p candidates. This PID likelihood is determined using typical signatures from each
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Figure 6.5.: The mass difference between the B meson daughter and granddaughter par-
ticles. With restrictions, this variable should represent the mass difference
between D meson and it’s daughter D meson from the B — D*I” 7, decay,
and would peak around 0.145 GeV for the D*T decay.

of the sub-detectors of the Belle II detector. The 7 candidate does not have PID applied.
All lepton candidates must satisfy the good track criteria. Electrons must be corrected
for Bremsstrahlung. This is performed by requiring them to be located within the CDC
acceptance region —0.8660 < cos(f) < 0.9563, have an energy of more than 0.02 GeV and
to have an average of more than 1.5 GeV for the weighted sum of all crystals in an isolated
ECL cluster.

The lepton is selected and the momentum spectrum at this stage is shown in Figure
6.6. In the lower lepton momentum region, the data-MC discrepancy is high, leading to
the necessity of further selections in continuum suppression and in the lepton momentum

itself. These will be addressed in Section 6.3.

73



6. Analysis Method of B — DY~ iz

Belle Il internal [cdt=189fb! Belle Il internal [cdt=189fb1
t mm B°B° 1600 t mm B°B°
1750 F == 5B mm BB+
1500 F L] EE Continuum 1400 ] ¢ § I Continuum
¢ 7 MC stat. unc. 1200 w7 MC stat. unc.

1250 t Data ¢ Data

Candidates / (0.062 GeV/c)

9
>
[}
O
o
8
> 1000
1000 e
Z
2o 2 800
5 600
el
500 T 400
250 S 200
0 0
1 - 1
g Lt oy "
e o ." |u01 "_ +'|
gz *.. "’o.o.o..o.'.o'o.oou.t'o..+I §z |.0 .o.........'.O..-.ol..oo...+
“bo 0.5 1.0 1.5 2.0 2.5 “bo 0.5 1.0 1.5 2.0 2.5
p, [GeV] p, [GeV]
(a) B » D"l 7 (b) B - DI,
Belle Il  internal [cdt=189fb? Belle Il  internal [rdt=189fb1
* mm 3B+ mm B B*
4000 | mm B°B° 3000¢ mm B°B°
LA B Continuum Continuum
2500

7z, MC stat. unc.
¢ Data

MC stat. unc.

3000 Data

2000

Candidates / (0.062 GeV/c)
Candidates / (0.062 GeV/c)

2000 1500
1000
1000
500
i i
g &b o o+
‘ég 0.*.. .-..'.ooo.o.ooo.."..".""""** ‘ég O{ ¢ .-...""'""""'.".'......'.,*i
la} a o
~bo 0.5 1.0 1.5 2.0 2.5 b0 0.5 1.0 1.5 2.0 2.5
p. [GeV] p [GeV]
(¢c) B~ = D"l 1, (d) B~ = DI,

Figure 6.6.: The lepton momentum spectrum for the B — D*I” 7, decay channels. The
distributions are shown after reconstruction of the 7°(4S) candidate. Generic
MC is classed as BOEO, BB~ and continuum. Data is overlaid as points with
statistical uncertainties shown as error bars.

74



6. Analysis Method of B — DY~ iz

Category Cuts
FEI Probability PBtag > 0.001
My B, My p,,, > 5-27GeV
AEp, ~0.15 < AEp, < 0.1GeV
Yslow gamma:eff40_May2020 list and ||[ECL cluster timing|| < 200 ns
Tow pi0:eff50_May2020 list and v : ||[ECL cluster timing|| < 200 ns
nCDCHits > 1
0 pi0:eff40_May2020 list and ~ : ||[ECL cluster timing|| < 200 ns
Kg KSO:merged list
significance of distance > 3 (before the B, vertex fit.)
D 1.78 < M, < 1.92GeV
D* 0.130 < AMp+_,, < 0.170 GeV for D*F
0.100 < AMp«_,, < 0.190 GeV for D*
e Bremsstrahlung correction: £ > 0.02 GeV

and number of ECL cluster hits > 1.5 and
—0.8660 < cos(f) < 0.9563

Vertex Fit treeFit(list_name="B0:sig’, conf level=-1, ipConstraint=False,
updateAllDaughters=True, massConstraint=[Kg,7"])
Lepton ID P S 0.9, PE > 0.9 (no TOP)
Hadron 1D PR S 0.1, PP > 0.1
ROE  Charged ROE charge == 0 and ROE number of tracks ==
|d,.| < 5.0 and |d,| < 20.0
Neutral number of CDC hits > 20 (0) for hadrons (leptons)
gamma:eff40_May2020 list
7(45) Best candidate selection
Ranked by Pgtag and
dM for D or

A (AMp+_p) for D* — D

Table 6.2.: A summary of the online signal selections applied in this analysis. An issue was
discovered with the probability density function for the electron ID of the TOP,
which is present in release-05 of basf2; the TOP electron ID was removed
for this analysis.

Candidates Cuts

v (eff40_-May2020 list) [[number of ECL cluster hits> 1.5]
and [0.2967 < ECL cluster angle 6 < 2.6180]], and
[[ECL cluster region== 1 and E > 0.080] or
[ECL cluster region== 2 and E > 0.030] or
[ECL cluster region== 3 and F > 0.060]]

7 (eff40_May2020 list) ~ (eff40_May2020 list) v (eff40_May2020 list) and 0.120 <InvM,., < 0.145

Table 6.3.: The 7 standard particle list with 40% data-MC efficiency defined in May 2020.
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Candidates Cuts

v (eff50_May2020 list) [[number of cluster hits> 1.5] and [0.2967 <cluster angle 6§ < 2.6180]] and
[[cluster region== 1 and E > 0.025] or
[cluster region== 2 and E > 0.025] or
[cluster region== 3 and E > 0.040]]

70 (eff50_May2020 list)  ~(eff50_May2020 list) ~ (eff50_May2020 list) and 0.105 < M., <0.150

Table 6.4.: The 7 standard particle list with 50% data-MC efficiency defined in May 2020.

Momentum region [GeV | Correction factor

0.05 <p<0.12 0.909 £+ 0.032 + 0.020
0.12 <p <0.16 1.033 £ 0.026 + 0.022
0.16 <p <0.20 0.971 £ 0.027 £ 0.021

Table 6.5.: A summary of the 7 correction factors and corresponding systematic uncer-
tainties as a function of momentum.
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6.2.8. B,, reconstruction

To reconstruct the B, candidates, a lepton candidate is combined with a D* candidate,
matching the charge required for an allowed signal decay. These are constrained with a
vertex fit that requires both candidates to originate from a common position in the detector.

The B,;, candidates are then fitted using the basf2 adapted TreeFitter module [61]. This
simultaneously fits all of the vertices in the B, decay chain. It is possible to select the
best particle candidates by removing those that fail the fit or have a low confidence level.
This was tested using a standard figure of merit (FOM) used in particle physics, defined

as:

FOM = Nsig : (6.8)
\/ N, sig T N bkg

where Ngjo is the number of signal (and/or normalisation) events, and Npkg is the number
of background events. It was ultimately found to be most efficient to keep all particle

candidates at this stage of the selection.
The masses of the Kg and the 7° descendants of each B, are constrained such that any
instances of these particles in the B, decay chain are assigned the corresponding nominal
mass from the PDG [5]. The momenta of the daughter particles are updated with the

TreeFitter. Finally the B, and B,,, candidates are ready to be reconstructed into the

tag

T(49).

6.2.9. Best Candidate Selection

At this stage in the analysis, a 1°(4S5) candidate is reconstructed using the B, and B,,,
candidates. The B — D(*)l_ﬁl events are selected from generic MC using TopoAna. Cor-
rectly reconstructed events are defined as those with a truth-matched signal-side lepton. In

comparison to Reference [60], the D reconstruction at this stage in Belle IT underperforms

due multiple reasons. These are:

e Mis-reconstruction of D* (D) candidates as D (D*) candidates for the B — D(*)l_ﬁl.

This is due to mis-reconstruction of daughter candidates or due to extra (missing)
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daughter candidates being considered for candidacy. There are high D* fake rates
present in the current B — DI 7 selections, however the D fake rates in the B —

D*I” v, selections are negligible.
e Resolution issues perpetrated by constituent daughters such as 7 candidates.

e Data-MC discrepancy due to modelling of daughter candidates in the Belle II exper-

iment.

Thus, in this study we chose to identify signal and normalisation decays as those in which
only the lepton is correctly reconstructed and truth-matched. The use of correctly recon-
structed, truth-matched D™ candidate or B,, candidates to identify signal were exten-
sively studied and had a worse data-MC agreement than the lepton selection.

The presence of multiple candidates per event could give rise to raw biases that are
large compared to the usual statistical uncertainties present in a measurement [62]. From
a study with signal MC, the average number of 7°(4S5) candidate yields at this stage in the
analysis is 5.74 (13.84) for the B® (B™) decay channel. Per D™ decay channel, the average
number of candidates per event was found to distinctly vary. It is found that decays with
higher multiplicity have more candidates per event, and those with neutral particles have
a higher likelihood of more candidates per event. One notable observation is that there is
a higher candidate multiplicity for the B — D*I” 7, decay channels, which indicates that
the slow pion criteria are a source of increased candidature.

To reduce candidate yields to just one 7°(4S) per event, the arbitration approach is used
and the B,,, with the highest FEI Pgtag is selected as the best B,,, candidate. At this
stage in the analysis it is still possible for an event to have more than one 7°(45) candidate
per event, thus the candidates are ranked again with variables dependent on the type of
B,, decay channel. Optimal ranking methods were studied and selected for each of the
B — D(*)l_ﬁl decays. For the B — D*I” 7, decays, the event D* candidate that has the
lowest difference between the reconstructed mass difference AM«_, of the D* candidate
and it’s child D candidate to the nominal AM«_,, A (AMD*_D) is ranked highest. For
the B — DIl 7, decays, the D candidate that has the closest invariant mass to the nominal

D meson mass AM -+ is ranked highest.
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The method of arbitration is only effective when distributions of the correctly recon-
structed signal and the other candidates differ in the quantity used for best candidate
selection. The distributions for Pgmg, A (AM D*_ D) and AMp are shown to be adequate
for the arbitration approach described in Appendix B.

For events with multiple candidates that vary in decay channel, it is possible to obtain
more than one best candidate per event. In the MC samples of this analysis, 0.01 —0.1% of
events exhibit this. In these cases, to make a selection between the possible candidates, the
candidate with the lowest sum of all of the ranking variables is chosen for the D* channels,
and the candidate with the best ranking is chosen for the D channels. These methods were
chosen after studies were made with a focus on optimising signal efficiency and purity.

Finally, each highest ranked B, coupled with the highest ranked D" candidate are used

tag
to select the best 7°(4S) candidate per event. The results of the best candidate selection
are represented in Figures 6.7 and 6.8. Continuum backgrounds and other backgrounds are
largely removed from candidacy and the peaks of the D meson masses and the AMp«_,
improve in resolution.

The ranking was found to have no adverse effect on the other B’ 5 X ol v, candidates.

With the best 7°(45) candidate reconstructed from the optimised B,;, and B,,, candidate

tag
pairs per event, the yield extraction variable - the m?niss distribution - is examined. Consid-

)

ering the normalisation channel B — DYy~ U, as the signal decay that is to be measured

in this analysis, and other decays (that are not continuum events) as background (including
B — D(*)’TifT), Figure 6.9 shows the mfmss distributions after best candidate selection!,

To reduce the large backgrounds in Figure 6.9, the ROE is considered; if an event has
any additional tracks in the ROE after this reconstruction, these events are excluded. The
particles in the ROE are required to satisfy the following requirements. Only clusters that
satisfy the v efficiency of 40% criteria listed in Table 6.3 are considered in the ROE. For
charged particles in the ROE, the number of hits in drift chambers are required to be

more than 20 (0) for hadrons (leptons) and |d,| < 5.0 and |d,| < 20.0 must be satisfied.

[ Note the distinction here between ! and £.
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Figure 6.7.: The mass difference between the B meson daughter and granddaughter parti-
cles. Generic MC is classed as BOEO, BTB™ and continuum. Data is overlaid
as points with statistical uncertainties shown as error bars. The distributions
shown are after reconstruction of the 7°(4S5) candidate and after application of
best candidate selection.

For neutral particles in the ROE, all events with a non-zero charge and number of tracks
are excluded, the distributions of which are shown in Figure 6.10. Finally, the m>

miss

distributions after the ROE exclusions are applied are shown in Figure 6.11.

6.2.10. Epcy

Egcp, is the linear sum of the energy of the neutral clusters in the ECL that do not

correspond with the reconstructed daughters of either the B,,, or the B, i.e. they are

tag sig?

part of the ROE. For signal and normalisation events, Egrqr, would be zero if the detector
were perfect. However, allowances are made for beam background and detector effects.
Background events are distinguishable from signal and normalisation events as their Egcy,
tends towards the positive due to additional clusters in an event produced by unassigned
tracks or from neutral particles present in a mis-reconstructed B,,, or B,,.

The distribution of correctly reconstructed events is expected to peak at zero, however

due to high levels of beam backgrounds at Belle II, in reality the Eycp, peak is significantly

shifted towards larger values of Egcp, (Figure C.1 in the appendices). This has a strong
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Figure 6.8.: The invariant mass of the B, daughter D mesons used either as candidates
in the B — DI 7, decay channels or as candidates for D* daughters in the
B — DI v, decay channels. Generic MC is classed as BOEO, BB~ and
continuum. Data is overlaid as points with statistical uncertainties shown
as error bars. The distributions shown are after reconstruction of the 7°(45)
candidate and after application of best candidate selection.
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Figure 6.9.: The m?niss distributions for B — D*)¢~ V. Generic MC is classed as the
normalisation channels (B — D¥p~ 7;), background and continuum. Data
is overlaid as points with statistical uncertainties shown as error bars. The
distributions shown are after reconstruction of the 7°(45) candidate and after
application of best candidate selection.
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Figure 6.10.:
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The distribution of the number of tracks in the ROE for B — D¢~ Uy.
Generic MC is classed as the normalisation channels (B — D¢~ 7y), back-
ground and continuum. Data is overlaid as points with statistical uncertain-
ties shown as error bars. The distributions shown are after reconstruction of
the 7°(4S) candidate and after application of best candidate selection.
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Figure 6.11.: The m;;, distributions for B — D™y vy. Generic MC is classed as the

normalisation channels (B — DWp~ 7y), background and continuum. Data
is overlaid as points with statistical uncertainties shown as error bars. The
distributions shown are after reconstruction of the 7°(4S) candidate and after
application of best candidate selection.
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. * —_—— . . . . .
impact on B — D¥r 7. measurements and therefore is an important consideration in

)

this analysis. Due to its branching fraction, B — D& 7 U, has low statistics, and peaking
backgrounds are dominant in the mfniss signal region. Compared to B — D¢~ Uy, the
B — D(*)Tiﬁq_ decay channels have poorer background separation.

A shower-shape based MVA was applied to rectify this issue. Shower shape variables
were used to train the MVA to distinguish between real photons and the beam backgrounds
in the ROE. This MVA was applied to all ROE clusters after the online B — DWy¢~ Uy
selections. It results in the reduction of the beam background contribution to Egqr, and
increases its discriminating power. This MVA plays a crucial role in future R (D) and

R (D*) analyses and has a significant impact on the results of this thesis. This will be

discussed in Section 6.4.

6.3. Offline selections and corrections

The following section details the offline selections including further particle candidate se-
lection, data-MC corrections, and development and application of a D** background sup-
pression MVA. At this stage in the analysis, the figures contain the information from the
fully reconstructed 7(4S). The MC is split into the normalisation MC, the D** background
MC and, where applicable, any cross-feed background contributions. For a summary of

the offline cuts, see Table 6.6.

6.3.1. Continuum Suppression

In an e"e” process, event shape analysis is essential in suppressing continuum events. As
shown in Table 4.1, the desired 7(4S) — BB processes do not have the highest cross-
sections of the hadronic processes; there are other non-hadronic ete” processes that have

te processes and BB

higher cross-sections. A rapid distinction between continuum e
processes is through their event shapes. The continuum processes have a jet-like nature,
while the BB processes appear more spherical.

Tracks and clusters that satisfy the pre-defined ‘good’ Belle II criteria are used to deter-

mine an event shape variable: the ratio of the second Fox-Wolfram moment to the zeroth
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Candidates Cuts

Continuum B, Fox Wolfram Ry < 0.3

Suppression
ROE Excr in neutral clusters in ECL < 1.0 GeV
p™) B® - D" [D° 7 ]ev: 0.142 < AM -, < 0.150 GeV

B’ — D" D [Knn’)n "0y : 1.842 < M0 < 1.886 GeV
B° — D*"[D[else]n " ]¢v : 1.853 < M0 < 1.875GeV
B° - DD a"ev 1 0134 < AM ) < 0.148 GeV

B’ —» D' [D°[Kn" 717w - 1.851 < M0 < 1.887 GeV
B’ — D**[D°else]n’]v : 1.860 < M0 < 1.878 GeV

B’ - DY[K ntnt]tv: 1.850 < M+ < 1.878 GeV
B? — D*[else]fv: 1.840 < M+ < 1.888 GeV

B~ — D[D°)fv: 0.141 < AM -, < 0.145 GeV

B~ — DDt : 0.138 < AMp-_;, < 0.145GeV

B™ 5 DOID" 5 K 72, K ntr at, Kontn, Kon o 7w
1.850 < M0 < 1.870 GeV

B~ — D™[D" — elseltv : 1.810 < M0 < 1.890 GeV

B DK« K ntn b, Kontn Jev:
1.852 < M+ < 1.880 GeV
B~ — D’[else]fv: 1.848 < M+ < 1.90 GeV

Y(4S) TopoAna truth matched signal and normalisation modes
with truth matched reconstructed lepton

Table 6.6.: A summary of the offline signal selections applied in this analysis. Here ‘else’

refers to the remaining p® decays in the mode selections.

moment Ry. This value is calculated by using all tracks and photons in the event. A cut
of Ry < 0.3 is applied to suppress continuum events where ete” — qq and to reduce the
overall discrepancy between data and MC, shown in Figure 6.12. This selection used to

be included as a pre-cut in the hadronic FEI, but was recently removed due to impacts on

other analyses.

6.3.2. ROE selection

An optimized selection of Epcy, in the neutral clusters of an event is restricted to be
less than 1.0 GeV to reduce backgrounds and continuum events. The selection is shown in

Figure 6.13. Figure 6.13 also represents the outcome of the Excr, MVA discussed in Section
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Figure 6.12.: Distributions of Ry for B — D™ U;. Generic MC is classed as the nor-

malisation channels (B — DY~ 7;), background and continuum. Data is
overlaid as points with statistical uncertainties shown as error bars. An offline
cut of Ry < 0.3 is projected on the figures.
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6.2.10, and exhibits the reduction of beam backgrounds and correction of the Fgcy, peak.

The effect on the normalisation signal MC can be seen in more detail in Appendix C.

Belle Il internal [cdt=189fb~!
T
i . 50-D" 1D,
1 -
— 1 mm B°-D™ L,
% 2000 : Il Other backgrounds
S : H Continuum
oS 1500 : 7z, MC stat. unc.
Z H ¢ Data
] 1
0] 1
‘© 1000 1
ke i
o 1
% 1
1
& 500 :

0
1
9]
=
1o o AT |
sz o.-oc.-00.0000.0000.¢"|++|+|
3
“bo 0.5 1.0 1.5 2.0 2.5
EecL [GeV]
—0 _
(a) B - D",
Belle Il  internal [cdt=189fb~!
M0y
8000 Hm B =Dl
= B D%y,
7000 B Other backgrounds
6000 mm Continuum
wz. MC stat. unc.
5000 4 Data

Candidates / (0.1 GeV)

3.0

¢]
=
19 o Ly
sz Toee00oo® 00,0, "% TETIY T
8
_%).0 0.5 1.0 1.5 2.0 2.5 3.0
Eec. [GeV]

(c) B~ = D0 7,

Candidates / (0.1 GeV)

Candidates / (0.1 GeV)

6000

5000

4000

3000

2000

Belle Il [cdt=189fb~1

Internal

B°-D*1 v,
BO-D***1- ),
Fake D**

Other backgrounds
Continuum

MC stat. unc.

Data

1l

M

S e L e S A A RS N Y X R
0 015 ltO 115 2?0 2‘.5 3.0
EecL [GeV]
(b) B° - DY,
Belle Il internal [cdt=189fb1

B~-D% v,

B~ -D""% v,
Fake D*°

Other backgrounds
Continuum

MC stat. unc.

Data

[
[
=
|
|

Z
t

oo.............-.o...oo;’ffi+

115
EecL [GeV]

0.5 1.0 2.0 2.5 3.0

(d) B~ = D7,

Figure 6.13.: The Egqp, distributions after the Eggp, beam background suppression is ap-

plied. Generic MC is classed as the normalisation channels (B — DY 7y),
background and continuum. Data is overlaid as points with statistical uncer-
tainties shown as error bars. An offline cut of Fgcr, < 1.0 GeV is projected

onto the figures.
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6.3.3. D™

To reduce the number of fake D* candidates, Mp and AMp«_j, cuts are tightened after
extensive studies performed on a decay mode by decay mode basis. To select the cor-
rectly reconstructed D™ candidates, MC truth matched D" candidates were studied in
the corresponding B°B” and BB~ generic MC samples. The optimal selections for the
D" candidates were chosen using the FOM. Ultimately, the mass of the D candidate is
required to satisfy the channel dependent invariant masses specified in Table 6.6. For ex-
ample, the mass of the D candidates for the B — D¢ v, Mp € [1.840,1.888] GeV. The
B’ — D+[K27T+]£7? candidate decay channels are required to have a D invariant mass
consistent with the masses of the daughters of the Ko and m: M, € [1.858,1.878] GeV.
Figure 6.14 displays the D invariant mass for the B — D¥~ U, channels after these

optimizations.

6.3.4. PID corrections

PID at Belle II is one of the key features in development that will provide opportunity
for higher precision measurements. The PID is developed based on the inputs from the

majority of the sub-detectors at Belle II.

+ +

Using standard decay processes such as J/¥ — e'e” and KS — ' mw , the performance
of the PID is evaluated.

For example, semi-tauonic decays usually dominate the low momentum spectrum of
p < 1GeV, however in this range the mis-identification rate (also known as ‘fake rate’) of
leptons is larger. To mitigate this the PID algorithm has been developed by the Belle IT PID
group and updated to differentiate between low momentum leptons and hadrons using the
different characteristics of their energy deposits. This update reduced the mis-identification
rate of low momentum e by a factor of 10.

Even with this improvement, corrections must be implemented for the PID for lepton and
hadron identification and mis-identification. Within the basf2 package, corrections must

be implemented for the various PIDs available. A package (PIDvar) [63] was developed

by members of the Belle II collaboration to weight true leptons and pions faking leptons
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Figure 6.14.: The D meson invariant mass for the B — D*¢” 7, decay channels. The distri-
butions are shown after reconstruction of the 7°(4S5) candidate. Generic MC

is classed as the normalisation channels (B — DYy~ v,), D™ background,
other backgrounds and continuum. The D* optimisation selections have been
applied.

using collaboration approved tables of corrections for specific bins of p and 6. This PID
correction is implemented at this stage of the analysis. Cases in which the relative data-to-
MC systematic and statistical uncertainties are anomalous (i.e. above an arbitrary value

of 200 defined in the PID tables) in the correction tables are removed from the tables such
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that these particles are no longer covered by the corrections.

There are two other situations in which a particle is not covered by the PID correction
package. One instance is when a fake particle is not a 7, for example when a K is identified
as an £. In this case, i.e. when non-covered hadrons are faking leptons, the PID correction
factor is set to 1 and all variations are also set to 1. If instead the tables to not cover the

p and 0 of the particle, the correction is generated from a Gaussian:

—wariation

€(Data/MC) — 1+ GaUSS(O, Uaverage) (69)

where the average uncertainty for a given table is calculated using;:

_2 e —1
Oaverage — \/a-stat & sys. + €(Data/MC) — . (610)

There is higher occurrences of non-coverage in the low momentum region. It is a well known
feature of the PID that the performances for muons and electrons drops significantly under
1 GeV, hence the coverage of the p bins drops too.

It should be noted that the PID weights released for analyst use are under continual study
and improvement. At this stage, the PID weight tables show a significant inefficiency for
the e corrections, and a smaller inefficiency for the p corrections. This has the result of
an asymmetry between the measured e and p yields, as can be seen later in this study in

lepton comparison plots and in tables such as Table 6.12.

6.3.5. 1 (45)

The 7(4S) is now fully reconstructed with online and offline selections and corrections

2

applied. Figure 6.15 displays the my,;,, distribution at this stage in the analysis. The
normalisation channels (B — DY~ 7y) in MC are TopoAna selected and correctly recon-
structed events. The mfmss distributions are also separated by lepton channel in Figures
6.16 and 6.17. Finally the D" decay channels are displayed in Figures 6.18 to 6.22.

The asymmetry between the separated lepton distributions of the m?niss is representative

of the differing efficiencies for the e and p channels in the FEI algorithm. In addition, the
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PID has significant inefficiencies in the e PID weight tables. Both of these inefficiencies

are the main contributors to the approximate 15% yield difference encountered.
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Figure 6.15.: The mrzniss after online and offline selections and corrections are applied. The
distributions are shown after reconstruction of the 7°(4S) candidate. Generic
MC is classed as the normalisation channels (B — DY~ vy), B— D07,

background, B — D¥ e v, with a fake D* candidate, other backgrounds and
continuum.
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Figure 6.16.: The m?mss after online and offline selections and corrections are applied, sepa-
rated by lepton channel. Generic MC is classed as the normalisation channels
(B — DY¢ 1,), B — D™(" 7, background, B — D¢~ 7, with a fake D*
candidate, other backgrounds and continuum.
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Figure 6.17.: The m?niss after online and offline selections and corrections are applied, sepa-
rated by lepton channel. Generic MC is classed as the normalisation channels
(B — D¢ ,), B — D**(" 5, background, B — D¢~ ¥, with a fake D*
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Figure 6.18.: The mlzmss after online and offline selections and corrections are applied, sep-
arated by D" decay channel. Generic MC is classed as the normalisation
channels (B — D*¢"v,;), B — D¢ 7, background, other backgrounds and
continuum.
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Figure 6.19.: The m?niss after online and offline selections and corrections are applied, sep-

arated by D decay channel. Generic MC is classed as the normalisation
channels (B — D¢ 7,), B — D™{ v, background, B — D{ 7, with a fake
D" candidate, other backgrounds and continuum.
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Figure 6.20.: The m?niss after online and offline selections and corrections are applied, sep-
arated by D decay channel. Generic MC is classed as the normalisation
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Figure 6.21.: The my,;, after online and offline selections and corrections are applied, sep-

arated by D decay channel. Generic MC is classed as the normalisation
channels (B~ — D°0"1,), B~ — D**{" v, background, B~ — D¢ 7, with
a fake D" candidate, other backgrounds and continuum.
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Figure 6.22.: The m?niss after online and offline selections and corrections are applied, sep-
arated by D decay channel. Generic MC is classed as the normalisation
channels (B~ — D°0"1,), B~ — D**{" v, background, B~ — D¢ 7, with
a fake D" candidate, other backgrounds and continuum.
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6.4. Multivariate analysis reducing specific peaking backgrounds

A distinct contribution of semileptonic background to the signal region is that of the
B — D™ v, decay. D™ mesons are excited charmed mesons [64] that have higher energies
than the D*(2010) meson, such as the D*(2420)" meson. Appendix D describes the D**
meson in greater detail.

Mis-reconstructed particles from the D** in the B — D**1” 7, decay channel such as
7 cause the events to mimic signal and normalisation events, therefore it is a particu-
larly difficult background to suppress. After the aforementioned online and offline signal
selections, event yields in generic MC of background B’ — D**¢ v, (B® — D*r 1,)
channels are a minimum of 6% (7%) of the size of the corresponding normalisation yield
for B — D**¢"p, (B - D*'r71.), thus B — D™ 1, is a large background contribu-
tion. Table 6.7 shows the size of contributing D** backgrounds represented as a percentage

of each relevant signal and normalisation channel of interest (COI).

D** Background Corresponding COI Size of D™ yield
as a % of COI yield

B’ - D™y, B’ = D"y, 6
B’ - D*r 1w, B’ - D1, 7
B® - D™y, B —» DYy, 33
B’ > D™r v, B’ > D+7'_PT 29
B D"y, B — DY, 10
B D"t v. B =D 1w 21
B™ - D"y, B — D%, 31

B- - DYr v, B =Dt 7, 29

Table 6.7.: The size of the D** background yield in generic MC compared to a correspond-
ing COI yield, represented as a percentage. Yields are after all selections prior
to the MVA are applied.

In addition, current knowledge of the D** decay is limited. Though the generic MC
simulates the most up-to-date branching fractions, some B meson decays that include
D™ mesons have a relatively high uncertainty, or have been ‘seen’ but not measured [5].
As this background process to B — D(*)l_ﬁl is little known, it is of great importance
that Belle II measures the branching ratios in the future to be able to control and mitigate

them. This however, will take much larger data samples than currently available at Belle II,
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necessitating other methods with which to mitigate these backgrounds. Nonetheless, its
identification and reduction is critical for this analysis, therefore a method of suppression
of the B — D™*1” 7, decays is investigated through the implementation of a MVA.

The straightforward, traditional cut-based approach has been implemented so far in
this thesis. These cuts reduced the data and MC to a manageable size and decent signal
efficiency. However, multivariate techniques could benefit the analysis at this stage and
improve signal efficiency and background rejection, beyond simple cuts on observables. For
some observables, there is no signal-background signal separation power for independent
cuts. These are therefore excluded from the cut-based method yet still have power within
a multivariate analysis.

An MVA needs to be trained on how to classify events. This consists of supplying
the model with artificially labelled events (a target variable) and the observable variables
available to try to classify these events (training variables). Once tested, the model can be
applied to un-labelled MC or data using just the available training variables.

The processes that will be classed as signal for this MVA analysis will be B — D™

N7
(the normalisation channel) and B — D(*)T_UT (the signal channel)[iv]. As has been
mentioned before, though the normalisation channel is the main study of this thesis, it
is imperative in the measurements of R (D) and R (D*) that both B — D™¢~ vy and
B — D(*)TiﬁT have the same methods applied to each. Thus, this impacts the MVA
target variable, as discussed in Section 6.4.2.

Four individual MVAs will have to be trained individually on the four B — D(*)l_ﬁl
possible combinations: B - D"l 7, B’ - D'l p, B~ — D*Of?l and B~ — Dolfﬁl.
This is due to the differing signal selections and performance for the charged and neutral B
mesons and the D) mesons. Different combinations of training variables are optimal for
each decay channel due to the effects of over-training or high (anti-)correlations between

variables.

Three separate subsets of the MC14ri_a production campaign are used for this analysis:

e an MC sample used for training the MVA model, referred to as the training sample;

iVReferred to together as B — D<*)17?l.
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e an MC sample for evaluating the performance of the MVA model, referred to as the

testing sample;

e and the MC and data used for the final measurement in this analysis (excluded from

the training and testing samples). The trained MVA will be applied to this dataset.

MC samples equivalent to 800 fb~ " are available for this analysis of which 10% (80 fb™ ")
is used to create testing and training samples (40fb™" each), and 90% (720fb™") is left
for the final measurement. In order to adequately estimate the performance of the MVA
models the testing or ’validation’ MC dataset must resemble expected data and be of
equivalent size to the training set.

The final MC is scaled to the 189 fb™" of real data collected by the Belle II experiment,
therefore this 720 fb ™! sample is adequate for the analysis. The statistical uncertainties for
MC are smaller than that of the data, but still significant. The 80 fb~! however supplies
a relatively small amount of signal events to be used for the training of the MVA. Thus
this 80 fb " of generic MC is injected with the signal MC samples corresponding to those
in Table 4.5. These O(10") signal events represent O(1ab™ ') of data (depending on the
signal decay channel). This shall be referred to as ‘boosted MC’ for the rest of this thesis.
The boosted MC allows for the MVA model to be better trained to identify signal events.

It results in a higher separation power at the training stage of the MVA.

6.4.1. Training variables

Multiple studies were performed to examine optimal training variables for the analysis.
The correlations of the initial chosen variables with each other were investigated. Multiple
combinations of variables were examined, ultimately to find that as long as the variables
were not highly (anti-)correlated, they did not result in over-training and improved signal
distinction power of the MVA. The training variables for this analysis first mirror those
used in Reference [60] and then extend beyond them to improve the MVA performances.
The selection was optimized and improved separately for each of the four MVAs that were

trained. The final list of all of the training variables implemented is included in Table 6.8.
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Variable

Description

MVA

Egcy,

Has the highest separation on its own between signal
and D**. The distribution of signal events is expected
to peak at 0 GeV (Section 6.2.10). Semileptonic back-
ground has a flat distribution and continuum increases
in the higher Fp, regions.

All MVAs

AFE

The distribution of signal events are expected to peak
at 0 GeV and have a symmetric distribution about it.
The asymmetry visible is due to a bias caused by the
application of the FEI algorithm which uses this vari-
able for selection.

All MVAs

The mass of the first daughter of B,_.

All MVAs

AMD*—D

the difference between the masses of the first B,
daughter and granddaughter (only for B — D*I" 7,
decays).

EO — D*+l_ﬁl

mD(*),tag

The mass of the B,,, first daughter.

tag

All MVAs

Mp* tag — D, tag

The difference between the masses of the first B,
daughter and granddaughter in the circumstance of a
D" daughter only.

All MVAs

Ncharged

The number of charged B,,, daughters. The higher
the number of charged particles, the higher the back-
ground yields.

B~ = D*I 7y,

cos(Abr)

The cosine of the angle between the momentum of the
D" and the lepton frame, and the nominal B,,, meson.

All MVAs

Mbc

The beam constrained mass of the B,,, meson.

All MVAs

DMID of B,

The decay mode identification of the B, meson.

All MVAs

DMID of 1%
daughter of B,

The decay mode identification of the first daughter of
the B, meson.

All MVAs

DMID of 1%
daughter of 1%
daughter of B,

The decay mode identification of the first daughter of
the first daughter of the B,;, meson.

EO — D*+l_ﬁl &
B~ — D"y,

Table 6.8.: The list of various training variables used in the four MVAs. Variables that are
not used to train all four MVAs have their specific usage indicated.

Figures 6.23 and 6.24 show various distributions of the variables used for the B’ -

D*+l_ﬁl MVA. These variables were chosen for their discriminating power between signal

and normalisation decays and their background B — D™ decays. A benefit of the in-

tention to mitigate the D™ backgrounds is that the separation power between signal and

normalisation decays and continuum decays is included in the MVA. Thus only one MVA is

needed in the reduction of continuum and D** decays, rather than two separate methods.

103



6. Analysis Method of B — DY~ iz

Differing variables are used to the same effect for the B — D*I"7; and B — DI v; MVAs
due to the structure of basf2 variables for decays with daughter information at different
levels. The variable of greatest ‘importance’ (i.e. gives most training power to the MVA)

is the Egcy, followed by cos(Afz) and m ).
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Figure 6.23.: The distributions of some of the MVA training variables for the B -
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Figure 6.24.: The distributions of some of the MVA training variables for the B’ =
D*+l_Dl. Signal MC is separated using TopoAna into the signal, normalisa-
tion and D** backgrounds. ‘Weighted’ refers to the signal MC being weighted

to the 189fb~! of data.

6.4.2. Target variable

To inform the MVA models of how to distinguish which of the training events are signal

decays, a boolean variable is created using TopoAna and is used to label and identify

B — D" v, and B — DI 7, decays. In other words, to ensure use of the MVA on the

R(D) and R (D*) measurements, the MVA is trained to consider both the B — DY~ Uy
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and B — D(*)TfﬁT decays as signal.

At the end of training, the MVA model has learned how to classify events based on the
training set, and indicates a probability of each event being either a background event at
0, or a signal event at 1. The classifier output can then be used as any other selection
variable to improve the yield in signal versus backgrounds. The optimal selection value
is chosen by considering purity as a function of classifier output alongside the FOM. The
output from this model is then used on the testing sample with the target variable being

withheld to test the competence of the model.

6.4.3. MVA Model

Firstly, multiple machine learning algorithms were evaluated for optimal performance
within the MVA. The Receiver Operating Characteristic (ROC) curves [65] of 6 machine
learning MVAs are compared: a Decision Tree (DT), a Gradient Boosted DT (GBDT),
Neural Network (NN), a Linear Discriminant Analysis(LDA), a Support Vector Machine
(SVM), and a Random Forest (RF). Each of the MVA models is trained on this training
sample and then evaluated with the testing sample. To evaluate the performance of the
MVA model used, the area under the curve (AUC) of the ROC curves are used as a FOM
on the test datasets. In general, the larger the AUC (up to a value of 1), the better the
performance of the MVA model. Figure 6.25 shows that most of the MVA models tested
have comparative performances.

With hyper-parameter optimisation, the two models chosen for further study were the
GBDT and the NN. Later a further variation of the GBDT model, the ‘FastBDT’ [66], was
examined. Though the NN had a slightly lower AUC than the DT model, NNs have the
ability to handle the same functions as GBDTs, but the difference is that multiple GBDTs
would be needed to do the same executive function. Therefore, the NN model was chosen
for further study over the DT model. Ultimately, the overall gain in performance of the
NN compared to the speed and efficiency of the GBDT was insignificant. Furthermore,
within the basf2 framework, the FastBDT was found to have a negligible difference in
performance and has lower run times compared to the GBDT. Thus, the FastBDT model

is used in this MVA analysis and is described in detail in the next section.
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Figure 6.25.: The mean ROC of the preliminary machine learning techniques
tested on the B — D(*)lfﬁl decays.

6.4.4. FastBDT

A DT uses supervised learning to map between inputs (‘training variables’) and a target
variable. It classifies each event by considering pre-determined consecutive cuts. These
cuts are ascertained through fitting to the training sample. At each branch of the DT, two
cumulative probability histograms are created to determine the optimal signal-background
separation for events that have passed all previous branches.

A stochastic GBDT differs from a simple DT during the fitting of the training data.
‘Boosted’ refers to the fact that multiple DTs with limited branch depths are constructed.
Many of these ‘weak-learner’ DT's are then fitted to minimize the expectation value of a
negative binomial log-likelihood function. ‘Gradient’ refers to ‘gradient-decent’, an algo-
rithm applied between each boosting step that re-weights the training sample. Finally,
‘stochastic’ refers to the fact that the GBDT only uses an exclusive random sub-sample of
training data.

The FastBDT is a stochastic GBDT optimized for reduced execution time at the imple-
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mentation level [66]. Other than the optimal performance determined in comparison with
other machine learning models, the reduced execution time is especially beneficial at the
high luminosity Belle II experiment.

The FastBDT does not have the capability to distinguish between the different D decays
we classify as signal in our data, so to be able to use this type of MVA on B — D(*)lfﬁl,
it is necessary to use four different FastBDTs, one for each decay: B’ = D*+l_ﬁl, B —
D*Ol_ﬁl, B’ - DYl 7, and B~ — Dol_ﬁl. Therefore, MC samples are separated into the
four decays for training, testing and eventual application of the four optimised FastBDTs.

The FastBDT performance was tested using various selections of the exclusive D™ de-
cays (listed in Table 5.1). Groupings were made to consider each individual decay channel,
the effects of channels with and without neutral candidates, and higher multiplicity chan-
nels. Ultimately it is found that the effectiveness of the FastBDT allows use of the full decay
channel list due to its good discrimination between signal and normalisation, background
MC.

The FastBDT in the basf2 framework was tuned using a grid-based optimization method
for 3 available hyper-parameters. Using the AUC alongside the level of over-training and
training-testing agreement as the FOMs, the following hyper-parameters were optimized:
the number of trees NV, the depth of the tree d and the shrinkage parameter A\. The number
of trees is equivalent to the number of boosting steps and is set to N = 200 for all four
FastBDTs. The depth of the tree corresponds to the maximum number of consecutive
cuts. Here d = 11(d = 9) for the B — D*I"v; (B — DI ;) FastBDTs. The shrinkage
power is a value dependent on the learning rate of the FastBDT 7 which is anti-correlated
to the number of trees. Decreasing 1 means that the best value for N increases. It is set
to A = 0.1 for all four FastBDTs after iteration tests for a range of values.

With the recent update of the EFpcr, MVA that now includes the hadronic split-offs,
the performance of this MVA is affected. It was found that the purity and efficiency
of events was increased and the rate of false positive identifications was reduced. The
separation power between signal and background is similar, leading to the same value used

for the optimized classifier output cut, however there are more signal events with a higher

classification value, thus the MVA has more certainty in the identification of events.
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6.4.5. MVA Results

In the following section the performance of each of the four optimized MVAs is reviewed.
For succinctness, the B’ - D*+l_ﬁl MVA analysis is chosen as the focus for the figures.
When not included in this chapter, equivalent plots for the other three decay channels are
available in Appendix E.

Firstly, the training and testing samples are compared. Figure 6.26 (and Figure E.1)
displays a comparison of the performance of the MVA on training and testing samples as
a check for over-training. The overall good agreement between each of the training and

testing samples indicate that the MVA is not over-trained in each of the MVAs.
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Figure 6.26.: The classifier output for the B’ - D*+£_ﬁg MVA. The red sample
represents the backgrounds and the blue sample represents the signal
and normalisation samples. The filled histograms are the training
data, whilst the points with statistical error bars represent the test
data. p represents the pull between testing and training data.

The purities, efficiencies, true positive rates and false positive rates of each MVA as a
function of classifier output is presented in Figure ?7. The selection made on the classi-
fier output must be chosen carefully to optimize signal and normalisation yields without
compromising effects on signal efficiency, purity and false positives. The high false positive

rates and modest purities for lower values of the classifier output of the B — D¢ 7, de-
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samples.

cay channels in Figures E.2 are a result of the high D" cross-feed present in the data-MC
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Figure 6.27.: The classification result the B — D*+€_Pg MVA. The purity (left

plot, red) and efficiency are shown (left plot, blue), and the true

positive (right plot, blue) and false positive rates (right plot, red)
are shown (right), all as a function of classier output cut.

The application of the MVA to the testing sample allows comparison of its AUC to
that of the training sample. All four MVAs show adequate AUC values and agreement,
resulting in the conclusion that there is little-to-no over-training in the each of the MVAs.

The ROCs and AUC values are shown in the top right corner for the train and test samples
for B — D*{" U, as an example in Figure 6.28.

The standard FOM defined in Equation 6.8 is implemented to indicate potential optimal
classifier cuts. Tables 6.9 and 6.10 show the FOM for the B’ — D**4 7, decay channel
with the yields and percentage drop in the yields of the generic MC as a function of a cut
on the MVA classifier. As can be seen from the tables, the FOM is a decent guideline for
the selection of the value of the classifier, however simply choosing the highest FOM may

not be optimal, as the small differences in FOM often have significant impacts on the data.
Thus other decision factors are used to choose an optimal classifier cut.
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Figure 6.28.: The ROC test result (red) in comparison to the training ROC (blue)

for the B® — D*"17; MVA. AUC values are shown and indicate
good agreement.

For the B® — D*+£_ﬁg MVA, there is only a small difference in FOM value for the
classifier output cuts between 0.3 and 0.7, however, the B — D*7~ 7 percentage drop in
yield reaches 24.65% for 0.7 in part due to a low B — D*7 ¥, signal yield in generic MC.

The effect of the classifier output on each of the signal and generic MC groupings is then
examined in Figure 6.29. Here the percentage drop in yield is presented as a function of
classifier cut. The D** background contribution has a higher percentage reduction in yield
compared to the normalisation and signal decays, indicating a successful differentiation
between them.

The B — D(*)T_PT samples indicate a higher percentage drop at lower classifier cut
values than that of the B — D¢~ U, decay channels. This is in part due to the lower
branching fraction and therefore lower statistics available for the calculation. In this situ-
ation the application of this MVA would have impact the R (D) and R (D*) measurement
at the current data luminosity. Thus for this analysis, signal MC was used to determine

an optimal classifier cut. The selection of the classifier output cut must therefore be re-
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Cut 00 01 02 03 04 05 06 07 08 09
B’ - D*+€_§g 2041 2040 2037 2030 2015 1991 1948 1881 1781 1509
Background 552 547 519 481 443 394 333 276 222 148

B D""r"w. 34 34 33 33 32 30 28 25 22 17
B D" v, 140 139 133 124 113 96 77 60 44 23
Continuum 22 20 17 13 10 9 7 5 3 2

FOM 39.91 39.96 40.16 40.41 40.56 40.69 40.72 40.46 39.76 37.05

Table 6.9.: The yield for the B’ - D**0 7, decay channel as a function of MVA classifier
per generic MC type. The B’ & D*+7'_UT signal and the B - D™ 7,
background is a subset of the background MC in this instance. Note that the
number of events is rounded to an integer value (weighting renders events non-
integer values).

Cut 00 01 02 03 04 05 06 07 08 09
B D¢, 000 001 0.18 051 1.25 244 455 7.80 12.71 26.05
Background 0.00 0.90 5.96 12.82 19.66 28.63 39.53 49.96 59.71 73.19

B° — D" 775, 0.00 0.00 1.19 3.41 6.23 10.43 17.82 24.65 33.45 50.13
B’ — D™0"v, 000 022 447 11.54 19.29 30.93 44.87 56.57 68.11 83.36
Continuum 0.00 6.70 21.83 37.92 51.31 58.57 65.37 77.08 82.13 87.74
FOM 39.91 39.96 40.16 40.41 40.56 40.69 40.72 40.46 39.76 37.05

Table 6.10.: The percentage drop in yield for the B - D*T¢" 7, decay channel as a func-
tion of MVA classifier per generic MC type. The B’ - D*+7'_?T signal and
the B — D™ ¢" v, background is a subset of the background MC in this
instance. The percentage drop in yields shown are calculated from the non-
rounded yields in Table 6.9.

optimized in the future to ensure optimal performance on generic MC and, later, data.
This is discussed further in Section 9.3.

The benefit of the MVA being trained against D™ backgrounds is that for B — D™ 7,
decays, this actively trains against D™ cross-feed.

The continuum MC, which has higher presence in the B — DI 7; decay channels, is
drastically reduced at low classifier output values.

Finally, a requirement of the classifier output for an event being more than 0.7 for B -
D*Jr«fﬁe is chosen as the optimal cut due to the clean normalisation channel signature,
even though the looser cut on the MVA would allow for a higher retention of B — D*7 v,

decays. This is justified with the comparison to signal MC in Figure 6.29a, in which

normalisation and signal channels have a similar shape and percentage drop.
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Figure 6.29.: The percentage drop in MC type as a function of MVA output classifier

cut. The dotted coloured lines represent dedicated signal MC. The solid
coloured lines represent generic MC split into the respective TopoAna selected
B — DY v, decays, background decays and continuum.

The normalisation and signal yields indicate that the higher cuts have more impact on

backgrounds

and continuum than the normalisation channel. In addition, the data-MC

agreement as a function of classifier cut is used to determine the optimal classifier output

cut. Figure 6.30 shows an example plot for the B - D*Jrlfﬁl decay channel. The data-

MC agreement slightly improves for the B° — D*T1™p,

Overall, the optimal classifier cut is found to be 0.7 (0.4) for B® — D*"¢" v, (B* —

D0 w,) and 0.5 (0.2) for B~ — D*¢" v, (B~ — D% 1,). The classifier selections are

represented on the distributions of the output classifiers in Figure 6.31. The effect of each

of the optimized classifier cuts on the event yields for normalisation, backgrounds and
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Figure 6.30.: The data-MC ratio as a function of classifier cut for the B —
D*+l_?l decay channel. Errors shown are statistical uncertainties.

continuum events are summarized in Table 6.11.

Overall, the MVAs show good signal-background separation for B — D*l” 7, decays,
with reduced performance in the MVAs for B — DI 7; decays. Here the performance
is severely affected by D" cross-feed present in the B — DI 7; samples, referred to as
fake D" candidates. Appendix F discusses further studies performed by the author to
mitigate this cross-feed issue. The MVA performance for B — DI 7; decay channels can

be improved through reduction of fake D™ contributions through a linear cut on m2.. and

miss
Egcr,, however the method cannot be used in the R (D) and R (D*) measurement due to
acute B — D(*)TfﬂT signal reduction. That being said, although fake D* candidates cause

a loss in performance of the MVA on the D meson decay channels, the MVA itself reduces

the fake D" candidates significantly, ultimately improving data-MC agreement.
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Figure 6.31.: The output classifiers for each of the B — D¥yg~ Uy, MVAs. Where appropri-
ate, the y-axes have been optimized for visualisation of backgrounds. Generic
MC is classed as the normalisation channels (B — DY~ vy), B— D07,
background, B — D¢~ 7, with a fake D* candidate, other backgrounds and

continuum.
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Normalisation  MC type Yield Before Yield After Percentage
Channel MVA classifier cut MVA classifier cut  Drop (%)
B’ 5 D**r v, B > D"y, 2041 1881 7.80
Background 552 276 49.96

B D", 34 25 24.65

— B - D™y, 140 60 56.57

Continuum 22 5 77.08

B Dt v, B =Dy, 1379 1029 25.33
Background 2709 728 73.12

4B D', 27 11 55.39

— B - D™ 7, 399 34 91.37

Continuum 140 12 91.16

B~ - D% v, B =D, 4154 3882 6.56
Background 2305 1534 33.43

— B =Dt w. 73 55 25.55

— B~ — D™l 7, 404 234 42.01

Continuum 138 42 69.44

B - D% v, B — D%y, 3620 2821 22.09
Background 13508 4989 63.07

—+ B =D, 78 40 48.84

— B~ — D"l 7, 1121 187 83.30

Continuum 396 64 83.73

Table 6.11.: The yields per generic MC grouping before and after the MVA selection is
applied to each of the B — DW v, channels. The B — D**¢" 7, background
is a subset of the background MC in this instance. The FOM is also included
for reference. Note that the number of events is rounded to an integer value
(weighting renders events non-integer values). The percentage drop in yields
shown are calculated from the non-rounded values.
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6.4.6. The results of the applied MVA

The resulting m> distributions, after the MVA classifier selections are performed, are

miss
presented in Figures 6.32. In comparison with those of Figure 6.15 without the MVA
classifier selection, a distinct reduction in background contribution can be seen. Additional

?niss distributions with separation into different lepton ¢ modes, e and p (Figures 6.33

m
and 6.34), and different D* decay channels (Figure 6.35) are shown. The corresponding
yields are presented in Table 6.12. The current binning is kept to match the [1] binning
for ease of comparison of results. Appendix G contains alternate binning histograms for
consolidation.

The Figures 6.33 and 6.34 indicate an approximate 15% yield asymmetry between e and
1 decay channels. The largest cause of this is the inefficiencies present in the ever-evolving
lepton-ID correction factors, which were recently reported to have significant inefficiencies
for p and smaller inefficiencies for e modes, as mentioned in 6.3.4. These are in the process
of being updated, and improve with every MC iteration. In addition, though muons and
electrons have similar misidentification rates at Belle II, the pion rate of misidentification
as electrons and muons differs significantly. The misidentification for pions as electron
candidates is (ﬂi — ei) = (4.11f8:§8(stat.) fig:g}(sys‘u.)) x 107 and for pions as muon

candidates is (Tri — pi> = (7.33f8:8?(stat.) fg:gi(syst.)> x 1072 [67].
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Figure 6.32.: The post-MVA classifier cut mlzmss for each of the B — D®)¢~ 7, MVAs.
Generic MC is classed as the normalisation channels (B — DY 7y),

B — D™{ v, background, B — D™y~ 7, with a fake D candidate, other
backgrounds and continuum. Errors shown are statistical uncertainties.
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i K
B channel Ny N, II\D/[(g; d Ny Naata

B° 5> D*tewp, |1881+23 281+23 2162+23 2147446

B’ - D*+e_ﬁe 869 +£23 162+23 1031 +£23 1045+46
B 1011 £23 1184+23 1129423 1102446

B’ - D¢ 1, 10204+20 740+20 1769 +20 1748 +41
B 5DV w, | 439+20 341420 780+20 836 +4l
B 500 +£20 399+20 989+20 912441

B — D*Oﬁ_ﬁe 3882+ 36 157736 545936 540073

B — D*Oefﬁe 1786 £ 36 812+£36 2598 £36 2672+73
B — D*O/fﬁ 2096 £36 764+£36 286036 272873

Table 6.12.:

B — Doﬂ_ﬁg 2821 £43 5053 +£43 7T874+£43 T731+£87
B — Doe_ﬁe 123743 2375 +43 3612+43 3786 £ 87
B — DOM_U 1583 £43 2677 +£43 4260 £43 3945 £ 87

The expected MC signal yield (Ni/i{%), background yield (with continuum in-
cluded as a background) (N&%Td) and sum of the two (Nyee!), compared to
the final measured yield in data (Ngu,) of the B — DYy~ 7, decay channels.
The yields of the separated electron and muon are included. Errors shown are

individually calculated statistical uncertainties.
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7. R(D) and R (D") denominator

extraction

In this chapter the extraction process for the measurement of the denominators of R (D)
and R (D*) will be described. This includes the validation of the fitting procedure used to
extract normalisation event yields from data, and the calculation of the signal efficiency of
the analysis. The MVA is applied to the MC and data and the chosen MVA classifier cuts

are applied.

7.1. Fitting procedure and software

To calculate the denominators of R (D) and R (D*), one extracts the yield of the normal-
isation decay channel from data, N,. This value is determined using a one-dimensional fit
to the mfniss distribution. This is achieved through a likelihood fit of generic MC histogram
shapes referred to as templates. Each template approximates the probability density func-
tion (PDF) of a chosen physics process.

In this analysis, two templates are chosen:

1. Signal template: defined as the normalisation mode, B — DYy~ Vy. TopoAna is

used to select generator level, topologially truth matched B — DWe vy events. The

lepton is required then to be correctly reconstructed using basf2 truth matching.

2. Background template: all other decay channels are considered as background,
including:
e B— DWWy v, events without a truth matched lepton.

e Non-topologically matched B — DMy~ U, events.
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7. R(D) and R (D") denominator extraction

e B— D(*)TfﬂT events.

e B — D™ 7, events.

B — D(*)l_ﬁl feed-up (feed-down) events in which the D (D*) meson in the
event is incorrectly reconstructed as a D* (D) due to reconstruction with an

(%)

extra (missing) v or . This overall effect of misreconstructed D' is called

‘cross-feed’.
o All other B meson events.

Continuum events.

Thus, the background distributions (D™ background, fake D(*), other backgrounds and
continuum) shown in Section 6.4.5 are combined into one template. This single MC com-
ponent is an adequate representation of the various backgrounds due to the evaluation of
shape variation and uncertainties in the modelling (later discussed in Chapter 8). In addi-
tion, the fit continues to be constrained to the side-band analysis of the miﬁss, in the region
—1 GeV? to 3 GeV2. The templates are constructed with 20 bins such that the bin width
is 0.2 GeV and the mfniss signal peak is resolved. The number of bins was varied between
10 and 30 with a negligible effect on the signal and background yields in comparison to
the uncertainties. As previously mentioned in Chapter 6, the templates are also kept to 20

bins for direct comparison with Reference [1].

7.1.1. Fitting with binfit

The fitting procedure uses the same software package and procedure as that of Reference [1].
The fit to data is performed through the maximisation of a binned Poissonian likelihood,
defined as the product of the Poissonian distributions P (n;;v;) multiplied by the nuisance

parameters (NP) G, of each process k:

bins processes
L=J[Pmsw)x [ G- (7.1)
) k

Here P (n;;v;) = e "'24, n; is the observed number of events in data for the i*" bin and

v; is the expectation of the number of events in data, estimated from MC. Whenever a
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1500

1000

500

¢ Data

TRITRETT
t i1

20 25

05 1.0 15
m2,. [GeV?]

3.0

(d) B~ —» D1,

distribution for each of the B — D¢~ U, channels. Generic

MC is classed as the normalisation channel B — D®)¢~ v, and background.
Errors shown are statistical uncertainties. The pull shows the standard devi-
ation of data from MC, with red arrows indicating a difference of more than

lo.

variation such as a systematic uncertainty is added to the fit, the variation is added as a

nuisance parameter.

The fit parameter results give a value and error for each bin, which corresponds to how

much the fit differed from the template in a given bin. The error is the error on the pull of
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7. R(D) and R (D") denominator extraction

the fit. The binfit calculates the global covariance matrix for the templates and nuisance
parameters.

The templates that are input to the binfit package are those shown in Figure 7.1. These
are the same histograms as Figure 6.32, with the generic MC redistributed into the chosen

fit template definitions.

7.2. Fit validation

The fit is first validated before being applied to the normalisation and background tem-
plates. The stability of the implemented fitting procedure can be confirmed by the obser-
vation of no correlation between the values extracted from the fit and the values expected
by the fit. This can be confirmed using a linearity test, in which a stable fit would display
linear dependence of the fitted yield parameter on the injected expected yields. The in-
jected expected yields (i.e. MC yields) correspond to the expected fit yields scaled with a
factor ranging from 0.1 to 2.0. Figure 7.2a indicates that the fit is stable due to a gradient
consistent with 1 and a y-intercept consistent with 0 (both within 1¢). The ratio of the
injected extracted fit yields to the expected fit yields in Figure 7.2b confirms this conclu-
sion; the gradient is consistent with 0 and the y-intercept is consistent with 1 (both within
1o) indicating that there is no bias in the fit.

An Asimov dataset, where extractable quantities are set to be equal to their expected
Valuesm, is then used to test the validity of the fit. In the case of a successful fit, the Asimov
data would correspond exactly to the MC data. Thus, the fit is shown to perform perfectly
in Figure 7.3, with the Asimov data-MC distributions resulting in a pull distribution of
0+ 1 (i.e perfectly agreeing). The same procedure was performed on the B & D+€7W,
B~ — D v, and B~ — D% 17, reconstructed decay channels to re-test the fit to

account for fit variations. The fit procedure was found to be successful for all four decay

channels.

(1» Agimov” refers to the author of Franchise in which a single most representative voter is used to predict
the outcome of an election and therefore replaces the whole electorate [68].
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Figure 7.2.: The results of the test of linearity of the fit on the B’ - D*+€_?g
decay channel. Generic MC is classed as the normalisation channel
B — DYW¢ VU, and background. The errors shown are statistical
uncertainties.

7.3. Fit results

The fit is applied to each of the four decay channels and the results are presented in Figure

7.4. The final yields extracted from each of the fits are presented in Table 7.1.
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Figure 7.3.: The Asimov test of the fit model on the B’ - D**4™ 7, decay channel.
The errors shown are statistical uncertainties.

7.4. Branching fraction calculation

The denominator of R (D) and R (D*) for each of the B decay channels are calculated
using the equation:

Ny x (1+ f10)

B(B—>D(*)£‘v£):4XN T
BB ag-+tse

(7.2)

Here N is the normalisation event yield defined as Ny = Nﬁ/f&a}qt —Nf/[k(%%t, and €nq 4 oo 18 the

signal efficiency defined in Section 7.4.1. In addition, f+70[iﬂ is the ratio of the branching

[ii

ISome literature refers to the quantity as RT/°,
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Figure 7.4.: The post-fit mmISS distributions for each of the B — D™¢~ U, channels.
Generic MC is classed as the normalisation channel B — D¢~ v, and back-
ground. Errors shown are statistical uncertainties. The pull shows the stan-
dard deviation of data from MC.

fractions of the BY to BY productions from 7(4S) decays (or vice versa):

. B (T(45) - B*B*)

fo- = 1.058 £ 0.024 , or (7.3)
T foo ( (48) — BOBO)
) — B B
fo = Joo _ B(r(1s ') = 0.945 £ 0.024, (7.4)
feo <T — B™B” )
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7. R(D) and R (D") denominator extraction

sig bkgd total
B channel ‘ NMC,ﬁt NMC,ﬁt NMC’ﬁt Ndata

B D" w, | 1885 +21 24248 2126422 2196 + 46
B DY p, | 939+15 788+14 1728420 1672 +40
B —» D" w, | 390454+31 1431+18 5376 +36 5389 + 73
B —» D% 7w, | 2350424 5359436 7709+42 7503 + 86

Table 7.1.: The fitted MC signal yield (le/i[% at) fitted background yield (Nll\'jlkég%t)

and total fit yield (Nﬁ/?éa}cit), compared to the final measured yield in

data (Nga,) of each of the B — DW 7, decay channels. Errors
shown are statistical uncertainties.

quoted from Reference [5]. Nz = (198.0 + 3.0) x 10° is the official Belle II counted BB
meson pairs produced in the dataset of 189 fb~!. The factor of 4 is a result of the two B
mesons in each 7°(45) decay and the two lepton generations considered in the normalisation

modes.

7.4.1. Signal efficiency

The signal efficiency €;n44¢1 is a selection and tagging efficiency ratio. It is calculated
as the ratio of correctly reconstructed events to the number of generated events using
B — DY~ 7, signal MC (defined in Section 4.1). The correctly reconstructed events are
defined as normalisation events identified by TopoAna with a basf2 truth matched lepton.

Table 7.2 presents the signal efficiencies of each of the measured decay channels, calcu-

lated using the designated signal MC samples for this analysis.

Normalisation channel Signal Efficiency

€tag-sel
B’ = D"y, (1.908 £ 0.003) x 10~*
B’ - DYy, (2.319 4 0.005) x 10~
B~ - DYy, (2.867 £ 0.004) x 10~*
B~ - D%y, (4.905 4 0.008) x 10"

Table 7.2.: The signal efficiency of each of the B — DYy~ U, decay channels calculated
using signal MC. The errors shown are statistical uncertainties.
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8. Systematic Uncertainties

Each of the variables and factors in the calculation of the denominators of R (D) and
R (D*) contribute sources of statistical and systematic uncertainties to the final result.
From Equation 7.2, there are four variables: N, €.01se1, Ngg and f, o, each with varying
sources of uncertainty. In this chapter, the systematic uncertainties of the denominators of
R (D) and R (D*) components are considered and evaluated. Each individual systematic
uncertainty is then summarized at the end of the chapter in Table 8.5.

To evaluate systematic uncertainties that require a full re-running of the entire analysis
such as the application of the systematic uncertainty of the global tracking scale factor
(Section 6.2.2), only 200 bt of generic MC is used. Though 800 b~ of MC is used for
the main analysis, the impact of addressing systematics with a smaller MC dataset is
negligible.

Firstly, the relative systematic uncertainty for the f, ; variable is calculated from the
provided systematic uncertainty in Reference [5] to be 2.27%. Secondly, the relative sys-

tematic error of Nz is 1.5% [69]. It is dominated by the systematic uncertainties of:

e Effects of data/MC discrepancy entering the efficiency of the hadronic event selection
criteria for BB events, and the variation in non-BB efficiencies and cross sections

with beam energy being accounted for (0.5%).
e Limited knowledge of luminosities of on-resonance and off-resonance samples (0.9%).
e The limited number of off-resonance data samples available (1.14%).

For the final two variables, Ny and €;,4 1, there are multiple systematic contributions,
which have to be evaluated individually. They both include systematic errors from the FEI

tagging calibration, tracking efficiency, . reconstruction, 7 efficiency, assumed charm

slow
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branching fractions, PID, FFs and MVA. One may evaluate the combined impact of these
two variables on R(D(*)), assuming they are uncorrelated, thus each systematic uncertainty
here need only be accounted for once in the calculation for the denominators of R (D) and
R(D").

Systematics can generally be considered in two categories: those that are flat factors that
affect the scale but do not alter the shape of the fit templates, and those that do alter the
shape of the fit templates. The non-flat factor contributions of PID and FFs are evaluated
as systematic uncertainties of N, by including them as nuisance parameters in the fitl To
determine their systematic uncertainty contribution to the yield, each nuisance parameter
is individually removed from the Asimov fit and the impact of their removal evaluated. In
contrast, though the charm branching fraction systematic uncertainties are also non-flat
factor contributions to the denominator measurements, they are not evaluated as nuisance
parameters of the fit. This is discussed in Section 8.2.2.

The remaining systematic errors contributing to the calculation of the denominators of
R(D)and R (D*) are evaluated using signal MC in their contribution to €a¢1. Explicitly,

these are the FEI calibration, tracking efficiency, m,_ . reconstruction, T efficiency and

slow

MVA systematic uncertainties.

8.1. €ia01se1 Systematic uncertainties

8.1.1. FEI Calibration

The FEI tagging algorithm and the necessary calibration for data-MC is the largest source
of uncertainty in the measurement of the denominators of R (D) and R (D"). The calibra-
tion was performed using a data-driven fit of the B — D(*)lfﬁl decay lepton momentum
spectrum, as discussed in Chapter 6. The uncertainties are drawn from the fit model, the
B — DW I v, branching fraction uncertainties, the shape of the lepton spectrum, the lep-
ton ID, and the composition of the inclusive semileptonic decays. The largest uncertainties

are due to the fit model and the B — D(*)l_?l branching fractions. In this thesis the

The fit validation using an Asimov dataset is performed with all non-flat factor systematic uncertainty
contributions.
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8. Systematic Uncertainties

uncertainties are combined and are assumed to be uncorrelated with the other remaining
uncertainties assigned for the efficiencies. The event overlap of the semileptonic D™ events
in this analysis and those of the calibration analysis is negligible. Table 8.5 summarizes

the relative systematic uncertainties of each of the calibration factors from Table 4.6.

8.1.2. Tracking Efficiency

The Belle II tracking group have provided a tracking systematic uncertainty of 0.30% per
K, m and lepton track for the Moriond 2022 dataset (the dataset used in this analysis).

The tracking systematics present in the B, side of the events are accounted for in the FEI

tag
calibration and associated systematic, thus only signal side track efficiencies are explicitly
calculated. As the signal decay definition is constructed of multiple decay modes, which
vary based on the B meson and subsequent p® decay mode, the average number of tracks
used in the reconstructed of B — D¢~ U, is calculated using the values presented in

Tables H.1 and H.2. The 7, track is excluded from this calculation as the systematics

slow

associated with the 7 must be considered separately (Section 8.1.3). The average number

slow

of tracks per event is calculated and the associated systematic uncertainty on the yields is

presented in Table 8.1.

Normalisation channel Avg. number of Relative systematic
signal-side tracks  uncertainty (%)

B’ - D, 3.33 1.00
B’ = DYy, 3.40 1.02
B~ — D%y, 3.27 0.98
B~ — D% 7, 3.29 0.99

Table 8.1.: The average number of tracks per event for each of the four B — DWyg~ Uy

normalisation decay modes and the associated systematic uncertainty.

In addition, the systematic uncertainty on the applied tracking scale factor discussed
in Section 6.2.2 is evaluated via variation of the scale factor to [0.99916, 1.00006]. These
variations result in the yield systematic uncertainties displayed in Table 8.2. These are
combined in quadrature with the tracking efficiency systematic uncertainties and are pre-

sented in Table 8.5 as the tracking systematic uncertainty.
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Normalisation channel Relative systematic
uncertainty (%)

B’ - D"y, 0.01
B - DYy, 0.01
B~ — D", 0.02
B~ — D% 1, 0.01

Table 8.2.: The systematic uncertainties as a result of the tracking scale factor for each of
the four B — D¢~ vV, normalisation decay modes.

8.1.3. Slow 7 data/MC efficiency

0 . . . . ..
The slow 7 and 7" efficiency corrections and corresponding systematic uncertainties

slow slow

are provided by the Belle IT performance group [?]. The systematic uncertainty due to the

Taow Was evaluated by varying the momentum by +1o, and corresponds to 4.1% (4.4%)

slow

for B® (BY) of €tag-sel-

8.1.4. =° efficiency

The 7° efficiency corrections and systematic uncertainties are provided by the Belle II
performance group [?]. The systematic error for the 7 40% efficiency list stated in Section
6.2.3 shows a relative systematic error of 4.34%. Similarly, the systematic error for the
7™ 50% efficiency list stated in Section 6.2.4 is 7.51%. This systematic error is evaluated
()

considering D'/ decay channels that contain a 7. The overall systematic uncertainty on

the yields corresponds to the values presented in Table 8.5.

8.1.5. MVA

To evaluate the systematic uncertainties implicated by the MVA, one can examine the
variation of the data-MC agreement as a function of potential classifier cut. Using this
variation, one can implement a measure of mis-modelling by then calculating the signal
efficiency and the R (D) and R (D*) denominators, also as a function of classifier cut.
Figure 8.1 (and Figure H.1) displays the post-fit variations for B’ - D*+€_ﬁ@[ii]. These

lead to a R (D") denominator variation depicted in Figure 8.2 (and Figure H.2). The MVA

[ Here the classifier cut at a value of 0.9 fails due to low statistics in certain bins leading to a non-accurate

covariance.
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contribution to the systematic uncertainties of the denominators of R(D(*)) are presented

in Table 8.5.

1.100

1.075;

1.050¢

0.0 0.2 0.4 0.6 0.8 1.0
Classifier cut

Figure 8.1.: The ratio of MC to data as a function of classifier
cut for B° — D*t0 7,

8.2. N, systematic uncertainties

8.2.1. The fit

The systematic uncertainty introduced by the fit due to MC statistics is estimated through
performing the fit on statistically varied subsets of the original dataset using the bootstrap
method. A statistically varied subset of events are sampled from the complete dataset.
In this it is possible to draw the same event multiple times in a single sub-sample. This
procedure is performed 500 times and the standard deviation from the nominal value is
taken as the systematic uncertainty. Table 8.3 shows the yield standard deviation in the

fit, and the relative systematic uncertainty of the yield.
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6.00
—— PDG BF

5.75; —}— Measured BF

5.50;

5.25;

5.00;

4.75;

R(D*) Denominator

4.50¢

4.25¢

4.00750 02 04 06 08 1.0
Classifier cut

Figure 8.2.: The denominator of R (D*) as a function
of classifier cut for B’ — Dt o,

Furthermore the D™ branching fraction, PID and FF systematic uncertainties are each
evaluated via nuisance parameters within the fit. The impact of their variations on the
yields are determined individually by comparing the uncertainty with fixed fit parameters
to that of unfixed parameters.

The correlations between the different nuisance parameters are difficult to disentangle in
a mathematically sound manner. Thus, it is assumed that the systematic uncertainty due to
correlations corresponds to the difference between the sum of the systematic uncertainties
of the individual nuisance parameter contributions and the overall systematic uncertainty
all of the nuisance parameter contributions. This ultimately corresponds to a negligible

systematic uncertainty.
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total

Normalisation channel Nuyic sit Relative Sys.
Uncertainty (%)

B’ - D0y, 2126 + 23 + 16 0.76

B’ % DMy, 1728 + 20 + 13 0.79

B~ — DYy, 5376 + 36 + 37 0.69

B~ = D, 7709 + 42 + 28 1.19

Table 8.3.: The total fit yield le/?éa}it with statistical and systematic uncertainties included.

8.2.2. Branching fraction uncertainties of charm decays

For the relatively well known D* branching fraction uncertainties, the systematic uncer-

tainties can be propagated through the branching fraction calculation. The D™

branching
fractions and their systematic uncertainties are obtained from Reference [5] and are dis-
played in Table 5.1. The relative systematic uncertainties for each of the decay modes
calculated for the branching fractions are shown in Table 8.4. These yield total relative
uncertainties of 1.85% (0.27%) for the B° — D*'¢"w, (B~ — D*0"7,) channel, and
1.15% (2.24%) for the B" — D¢ v, (B~ — D% ;) channel.

To account for the more experimentally limited measurements and systematic uncertain-
ties of the D™ branching fraction, D** MC is re-weighted with their branching fractions
varied by AB (B — D**(iy,) /B (B — D*"l;) = 26.2%(15.8%), for B’ (B") in accordance
with the world average uncertainties [5]. This variation is then propagated through to
the fit of the yields and branching fraction calculation. The variation in shape of the D**
modelling is incorporated into the large branching fraction uncertainties. The systematic

)

uncertainties due to the D) and D** branching fractions for the denominators of R (D)

and R (D*) are presented in Table 8.5.

8.2.3. Particle ID and Fake Rates

The particle ID group provides correction factors for MC particles with different signal
identification efficiency targets, with their statistical and systematic uncertainties. Hadron
ID and lepton ID uncertainties are considered separately and can be processed using the

developed particle identification (PID) package, PIDvar. Belle II produces ensembles of
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Decay channel Relative systematic
uncertainty (%)

D*(2007)° — D#° 1.39
D% 2.55

D*(2010)" — D%t 0.74
DY’ 1.63

D'~ K a 0.78

K27° 1.77

K nx° 3.47

K ata ot 1.70

Kirta™ 6.42

Kirta a® 11.54

K K* 1.47

ot 1.65

DT —» K nmnx 1.71

K rnratr® 2.88

Kor™ 1.98

Kg7r+7r_7r+ 2.90

K3nTr® 2.85

KIKT 2.96

K Ktnt 1.86

Table 8.4.: The relative systematic errors of the branching fractions on the normalisation
for D™ meson decays. Values are calculated from Table 5.1 [5].

weights with variations of the statistical and systematic uncertainties of a nominal particle
ID table parametrised in several momentum, charge and theta angle bins. Each particle
correction factor in each bin has uncorrelated statistical uncertainty and is assumed to
have fully independent sources of systematic uncertainty. Within the ensemble, the total
uncertainty is then estimated on the selection efficiency using the root-mean-squared of
the recovered efficiencies.

Finally, the variations in the weights are evaluated as nuisance parameters in the fitting
process. The systematic uncertainties of the PID for the denominators of R (D) and R (D*)

are presented in Table 8.5.

8.2.4. Form Factors (FFs)

The FF uncertainties will predominantly cancel out in the ratios of R (D) and R (D")

that will be calculated in future analyses. The FFs that are not cancelled out are the FF's
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8. Systematic Uncertainties

present in the differential decay rates of B — D™

7 V.. FF theoretical uncertainty is also
substantially smaller than experimental constraints. Even so, they require comprehensive
understanding in a measurement that aims to compare the two, and in the measurement of
the denominators of R (D) and R (D*) in which they do not cancel. This section describes
the method of evaluating the FF systematic uncertainties.

In this analysis, the FF parametrization is set by the BGL(1,1,2) model [70] used to
simulate the B — D®¢~ 7, decays in MC. To evaluate the systematic uncertainties of
this model, one must define a new basis of parameters with uncorrelated uncertainties to
mitigate experimental correlations between FF parameters. Following this, the new basis
of parameters can be combined to form a covariance matrix that describes the correlations
between the central values of the FF parameters. The FF parameters can then be varied
by +1c in the new basis.

Event-wise correction weights are then calculated using the varied parameters in the

normalised differential decay rates:

_ 1—‘nom dr(ﬁ)var /d’U
Fvaur dr(ﬁ)nom/dv

(8.1)

hrd 43 9

where w is the event weight that is a function of (various) kinematic variables (¢). “nom

refers to the original (differential) decay rate, whereas “var” indicates the varied (differen-
tial) decay rate in which the BGL central FF parameters are varied in the new basis by
+10. The weights were found to be non-negligible and therefore used to evaluate each of
the FF parameter systematic uncertainties in the fitting process. The systematic uncer-
tainties due to the FFs for the denominators of R (D) and R (D") are presented in Table

8.9.

8.3. Total relative systematic uncertainties

The summary of relative systematic uncertainties for the measurements of the denominators

of R(D) and R (D") are shown in Table 8.5.
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Source B p**¢v v, B >D'vv, B »D%w, B — D%y,
(%) (%) (%) (%)
fro 2.27 2.27 2.27 2.27
Ngz 1.50 1.50 1.50 1.50
FEI calibration (e) 6.00 3.24 8.00 3.10
FEI calibration () 6.00 3.88 6.00 3.71
Tracking 1.00 1.02 0.98 0.99
T, efficiency 4.10 - 4.40 -
7 efficiency 4.08 2.15 4.96 2.31
MVA 4.29 2.80 3.78 8.92
Fit 0.79 0.79 0.79 0.79
D™ branching fraction 0.50 0.58 1.58 1.44
D™ branching fraction 1.85 1.15 0.27 2.24
PID 0.83 0.59 3.14 1.08
FFs 0.51 0.63 1.82 0.61
TOTAL \ 10.07 6.58 11.48 10.45

Table 8.5.: A summary of the relative systematic uncertainties on the measurements of the
denominators of R (D) and R (D*), separated into the four relevant normalisa-
tion decay channels.
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9. Results and discussion

In this chapter, the measured branching fraction is presented for each of the B — D¥yg~ 17,

decay channels. Equation 7.2 is used for the calculation. Table 9.1 presents the final

measured branching fractions of the B — DY~ U, decay channels.

Normalisation Measured branching PDG branching
channel fraction (%) fraction (%)
B’ - D" v, 513+ 0.06 (stat.) = 0.52 (sys.) 5.05 4 0.14
B D", 211+ 0.02 (stat.) = 0.14 (sys.) 2.31£0.10
B~ — D™, 6.76+ 0.03 (stat.) = 0.78 (sys.) 5.66 & 0.22
B~ = D% 7, 235+ 0.01 (stat.) % 0.25 (sys.) 2.35 + 0.09

Table 9.1.: The measured branching fraction of each of the B — DYy~ U, decay channels.
The current world average branching fractions are given for comparison [5].

The measurements of the branching fractions for B’ & D"t ¢, B’ & D0 v, and
B — Doﬁ_ﬁg as denominators of R(D(*)) are in agreement with the world average exper-

)

imental measurements of each of the individual B — D®¢~ v, branching fractions within
lo of uncertainties. The measurement of B~ — D*Ofﬁg is approximately 2¢ from the
world average measurement.

Thus, these four results are compatible with the previous experimental measurements
of these decay channels. It can be concluded that the methodology used to measure the

denominators of R (D) and R (D") are in good shape, which bodes well for measurements

of R(D) and R (D") with this method in the near future.
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9. Results and discussion
9.1. The “golden mode”

This section contains a short comparison of the work in this thesis to the work on the
‘golden mode’ in Reference [1], work that the author previously contributed to.

Notably, there are substantial differences between the previous and current analysis
methods that alter the signal efficiency, the yields, and therefore the measured branch-
ing fraction. The collaboration-wide changes to MC campaign and FEI calibration are
unavoidable. With these updates, performance and corrections such as PID are altered,
resulting in raw analysis differences. Additionally, the signal selection at the analysis level
has been more fine tuned since the publication of Reference [1]. Thus, it is expected that
there will be differences between the two analyses that do not allow direct juxtaposition of
results.

Nonetheless, an exploration into whether the current analysis improves the “golden
mode” measurement by reducing statistical and systematic uncertainties has scientific
merit. Consequently, the golden mode measurement is compared to the result of B —
D**¢" 7, made in this analysis.

The Ngz yield in data in this analysis is 1% lower than expected if scaled from the
previous result to 189 fb~'. This is not necessarily a surprising variation in yield as there
is the possibility of fluctuation in effective BB production cross-section due to the Belle II
beam energy and its spread.

The signal efficiency in the current analysis is measured to be an order of magnitude
higher than that of the previous study. This is due to the use of more exclusive decay
modes, and improved MC modelling, signal selection and MVA application.

The statistical uncertainty reduces by a factor of 70. This, combined with the reduction
in systematic uncertainty from 12% to 10% indicates a significant enhancement of the
previous result. The largest reduction in individual systematic uncertainty comes from the

reduction in 7, and tracking systematic uncertainties. The comparatively large reduction

slow
in statistical uncertainty compared to that of the systematic uncertainty suggests that
systematic uncertainties are, and will continue to be, the limiting factor of this measurement

in the future. The systematic uncertainties are currently much larger than that of the world
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average systematics uncertainties. This means that these results are unlikely to improve the
world average much in the future unless these uncertainties can be dramatically reduced.
For the purposes of R (D) and R (D*) measurements, however, this is not problematic
because, as previously mentioned, a significant amount of the branching fraction systematic
uncertainties will cancel in the ratio.

The branching fraction of the current analysis moves towards the current world average
of the branching fraction measurement of B — D**¢™%,. Although there is a mild (< 20)
tension in the B — D*Offw branching fraction measurement with respect to the world
average value, there is no indication of any issue in the denominator branching fractions of
R(D) and R (D").

In addition to the aforementioned differences in analysis methods, the application of
the D™ background suppression MVA is arguably the largest difference between the two
analyses at the analyst level; so while a direct comparison between the two analyses is nigh
impossible, the reduction of systematic uncertainty contribution is justified through the

benefits of the D** background suppression.

9.2. The D™ suppression

A main facet of this thesis is to suppress D** backgrounds to B — D(*)l_?l decays through
the development of an MVA. This section discusses the level of success of the application
of the developed MVA in the process of measuring B — D¥ v, with 189 fb~! of Belle II
data.

Firstly, the use of the FastBDT MVA algorithm allowed for reduced computation time in
training on the boosted MC sample, but equivalent performance to other machine learning
techniques (Figure 6.25). This will be beneficial in future applications and trainings, as
with scaling of the data collected at Belle II, the signal MC sample sizes will have to grow
significantly too.

Secondly, the training of the MVA using the boosted MC was successful in that it resulted

in a lower likelihood of over-training of the samples. The ROC curves in Figures 6.28 and

E.3 indicate good signal efficiency and background rejection, as well as agreement between
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the training and testing samples.

Thirdly, Figure 6.26 shows that there is good signal-background separation for the B —
D**1”, MVA. However, there is reduced separation for the other three MVAs (Figure E.1).
There are a multitude of future paths that can be taken to improve the signal-background
separation. These shall be discussed in Section 9.3.

Finally, with the application of an MVA classifier output cut, chosen with consideration
of a multitude of factors as discussed in Chapter 6, normalisation efficiencies were kept
high without a substantial loss in purity, or loss in signal events. The application of the
MVA was effective, with a minimum effect of a reduction of 40% of D** backgrounds, and
the maximum reduction being in the B’ - DT¢"5, MVA of ~ 90%. Furthermore, cross-
feed contributions and other backgrounds including continuum were significantly reduced
(Table 6.11). In addition to the drop in D™ yields, the direct effect of this suppression
can be seen in the reduction of D™ systematic uncertainty contribution to the branching
fraction measurement. For example, examining the B’ - D*T¢" 7, decay in the case of
the MVA not being applied to the dataset, the branching fraction has a 0.70% systematic
contribution from the D™ decays. In the case that the D™ suppression MVA is applied,
the systematic contribution is reduced to 0.50%. The largest effect can be seen for the
B — D*Oﬁ_ﬁg channel, in which the systematic uncertainty drops by a factor of ~ 5.
This indicates the full power of the MVA before highly optimized signal selections are
applied. The relative systematic uncertainties for the other decay channels are presented
in Table 9.2. The desired effect of the MVA is that the systematic uncertainty contribution
of D** peaking backgrounds is reduced by a minimum of 20% through suppression of these

backgrounds.

9.3. The future of this analysis

A future contribution with the highest potential impact to this analysis would be the
fine tuning of the signal selections before the MVA is applied. The development of the
“golden mode” (B® — D*T[D"7"]¢" where D° — K 71) analysis resulted in the fine

tuning of the B & D*T¢" 7, decay channel signal selection, with the further D* and D
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Normalisation channel Systematic uncertainty Systematic uncertainty

without MVA (%) with MVA (%)
B’ - D", 0.70 0.50
B’ - DYy, 1.6 0.58
B~ — D'y, 7.26 1.58
B~ = D, 1.85 1.44

Table 9.2.: The comparison of systematic errors for the D™ of the selected D™

decays with and without application of the D** MVA.

meson

daughter decay channels benefiting from this in natural succession. As the analysis grew
into including the B — D+E_§Z and B~ — D(*)Oﬁ_ﬁg decay channels, more person-power
behind these signal selection development was needed.

The effect of this is visible in these decays, where larger continuum and background
contributions are present before application of an MVA (Figure 6.15). It is also apparent
in the branching fraction results, in which the systematic uncertainties are nearly double for
that of the BT decay channels. This combined with the measurement of B’ - D,
at 20 from the worldwide average, presents a strong argument for further optimization
of the signal selection and MVA. In addition, the data-MC ratios in Figure E.4 for the
B — D¢ 7, decays show a worse data-MC agreement which varies significantly with MVA
classifier cut. This indicates that more studies need to be done for a better understanding
of the MC simulation of real-world data.

Improving signal selection criteria in the B’ — D+l_ﬁl, B — D*Ol_ﬁl and B —
Dol_?l decays would also remove further non-D™* backgrounds that are mis-identified by
the MVA as D™ decays and thus improve the performance of the overall analysis. The
B - D+£_§£ signal selection improvement is currently underway at Belle II, and the
B — D(*)OB_W signal selection is an encouraged future endeavour for this analysis.

D” cross-feed present in the B - D 0 v,and B~ — Doﬁfﬁg decay channels is a signifi-
cant background that affects the MVA performance. Further studies before the application
of MVA were performed by the author to reduce these backgrounds and a possibility for
future development is presented in Appendix F.

There is room for further investigation into the MVA training variables used, with a

145



9. Results and discussion

possibility of inclusion of additional variables that could have discriminating power. One
suggestion would be the examination of the use of angular variables in the MVA. For
example in the frame of the 7 — v, i.e. the B, — D" frame, one can look at the angle
between D descendant and the lepton, to investigate if there is any discriminating power.

A key aspect of this thesis is the use of the hadronic FEI algorithm. The FEI is retrained
and recalibrated for each MC campaign, and aligning dataset. There are some improve-
ments that can be made to the FEI algorithm to improve its performance. For example,
the best candidate selection implemented within the FEI does not always select the purest
decay, resulting in higher backgrounds. With the application of FEI to MC and data comes
a significant discrepancy. However, with each iteration of MC campaign and FEI training,
the procedure for the extraction of calibration factors that mitigate this discrepancy are
improved. There are nevertheless inconsistencies with the use of the current calibration
factors that must be taken into consideration for this analysis and improved for future
analyses. These are the lepton identification (LID) corrections, the calibration methods
and the incorrect branching fractions that exist in MC generation.

Firstly, the LID corrections for electrons and muons in MC14ri have limitations that
affect the systematic uncertainties of the R (D) and R (D*) denominators presented in
Chapter 8. Currently, the FEI correction factors for the p and e differ, as represented
graphically in Figure 4.4. The effect of the PID and its corrections on the FEI data-MC
discrepancy must be investigated, validated and understood further.

Secondly, the calibration method specifically for the B — D(*)l_ﬁl decays is still in
development. There is the question of the validity of using these correction factors derived
using B — X{ 7, for the exclusive B — D(*)l_ﬂl decays. The largest concern is that of
purity issues due to the inclusive nature of B — X/{¢ 7,. There have been recent efforts
towards extracting the B — D(*)lfﬁl calibration factors from the decay itself, as has been
implemented for B — D*/" 7, in this analysis. Further review should be made on the
exclusive calibration factors to improve on the systematic uncertainties presented in this
analysis.

Finally, the calibration factors also account for, amongst other influencing factors, in-

correct branching fractions that exist in MC generation. Alongside this however, there is
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a better data-MC agreement for decay channels with low multiplicity and a large disagree-

) mesons. The data-MC difference is not only present in

ment in channels containing D
total branching fractions, but also present in intermediate resonances, as reported by the
Belle II FEI task force. This indicates that better MC modelling is necessary for optimiza-
tion and that intermediate resonances need to be tuned; scaling alone is not sufficient to
account for the branching fraction differences. A global correction factor for FEI results in
MC and data appearing to have different kinematics, which in turn indicates the need for
non-global calibration factors.

These are all essential avenues of further exploration for improvement of this analysis.
Full understanding of the FEI, its performance and optimization of its calibration method
are required. This is currently in progress at the Belle IT collaboration.

The reduction of uncertainties is another crucial aspect of this analysis that can be
improved. As more data is collected, this result and its statistical errors will improve.
Further, the systematic uncertainties will be improved over time with more understanding
of detector and software performance. Moreover, systematic uncertainties of the charm
branching ratios can be reduced. In particular, that of the B — D" 7, decay chan-

(*)lfﬁl branching fraction

nel, which contributes significant uncertainty to the B — D
measurements, and the focus of this thesis, could still be reduced further. More precise
measurements are needed from the physics community of these decay channels to improve
this systematic uncertainty. Even with more precise measurements in the future, however,
the charm branching fraction systematic is not separable from the total systematic un-
certainty of the B — DW= v, branching fraction, so cannot simply be updated as the
measurements of these decay modes improve. To evaluate the systematic contributions
of future charm branching fractions updates, one would have to measure the branching
fractions as a function of the hadronic tag modes.

The improvement of the analysis of the denominators of R (D) and R (D*) is an essential
task in the future endeavour of measuring R (D) and R (D*) themselves. With just 5 ab™!
of data, Belle II will be able to measure R (D) and R (D*) with sufficient experimental

resolution to determine the validity of the current discrepancy between theory and exper-

iment through, for example, a 50 measurement of R(D(*)) that will point to physics BSM
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given the current central value.
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The measurements of the R (D) and R (D*) observables could indicate physics beyond the
SM through current discrepancy of theory and experimental measurements. Further study,
precision measurements and understanding of this discrepancy is of paramount importance
in the quest for complete understanding of the universe, its particles and their interactions.

This work was an optimization of the methods used to measure R (D) and R (D*) The
denominators of R (D) and R (D*) were measured using 189 fb~! of Belle II data. The
measurements were performed using the hadronic FEI algorithm, and with an extended list
of exclusive decay channels. The data and MC in the side-band regions of the mrzniss of the
B — D(*)T_PT decay (—1 GeV to 3 GeV) were used. A FastBDT MVA was developed to
reduce the largest background yield systematic uncertainty contributions, the D** peaking
backgrounds. This was performed successfully with a reduction in systematic uncertainty

of a minimum of 20%. The yields of the B — DYy~ U, decay channels were extracted
2

from a 1-D fit to the my;. distribution.

The systematic uncertainty contributions towards the measurement of the denominators
of R(D) and R (D*) were assessed with consideration for shape variation in MC modelling.
The denominators of R (D) and R (D”) were calculated with the evaluated signal yields
and signal efficiencies and were found to be in agreement with the current worldwide
average experimental results for the B’ & Dt o, B’ & D¢ v, and B~ — DOZ_W
decay channels. The B~ — D*Oﬁ_ﬁg decay channel was within 20 of the current average
experimental result. The final results are summarized in Table 10.1. This work was an
extension of the study in Reference [1], with the result of B(B° — D*t¢" 7)) = (4.51 +

0.41 00 £ 0.27, £ 0.45, )%.

sys

These measurements indicate possible consistency with the measured experimental dis-
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Normalisation Measured branching
channel fraction (%)

B - D", 513+ 0.06 (stat.) £ 0.52 (s

B’ 5 D' p, 211+ 0.02 (stat.) & 0.14 (sys.)

B~ = D™, 6.76+ 0.03 (stat.) = 0.78 (sys.)
(stat.) (sys.)

ys.)
y

B~ —» D% 1w, 235+ 0.01 (stat.) & 0.25 (sys.

Table 10.1.: The measured branching fraction of each of the B — D™~ U, decay channels.

crepancy of R(D) and R (D*) seen in Figure 2.8, and excites further measurements of
B — D(*)l_ﬁl and R(D(*)) in the future. This is the first measurement of its kind at the

Belle IT Experiment. This work will contribute towards future measurements of R (D) and

R (D).
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A. The CKM parametrisation

This appendix is supplementary information for Section 2.1.1.
To conserve probability the CKM matrix must be unitary under normalisation. This
then becomes an essential tool for verifying the SM as the unitarity requirement gives two

conditions:

> ViiVii = i (A1)

and

VaudVes + VeaVeh + VidVip, = 0. (A.2)

Taking the conditions from Equation A.2 and dividing by ‘VC’;VCZ,‘ gives

VusJb _ Wg%}i _o. (A3)
|VeiVes| Vi Vs |

The CKM matrix can be parametrized by 3 mixing angles and 1 C'P violating CKM

phase:
—i
1 O 0 013 0 8136 C12 512 0
VCKM = 0 Co3 S93 0 1 0 —S812 Cq9 0 (A4)
6
0 —823 623 —8136 0 613 0 0 ].
—id
C12C13 512€13 S13€
_ i id (A.5)
—812€23 — C125823513€ C12€23 — $12523513€ $23C13 :
6 id
812823 — C12C23513€ —C12523 — 512€93513€ C23C13
where s;; = sinf;;, ¢;; = cos;; and 0 is the C'P-violating phase for all SM flavour-changing

processes. This can be re-written in the Wolfenstein parametrization such that the CKM
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matrix is unitary to all orders of A = s;5 and where p = p(1 — /\2/2 +..) and 7 =

nl—X/2+..):

1-2%/2 A AN} (p —in)
Vokum = Y 1—)?/2 AN? +0 (A4) (A.6)
AN (1 —p—in) —AN 1

such that p+ if = — (VqViy) / (VeaVip) is independent of phase convention [5]. Thus the

unitary triangle in Chapter 2.1.1 can constrain 4 parameters of the SM.
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B. Distribution of variables used for the

arbitration approach

This appendix gives information on the variables used for the arbitration approach dis-

cussed in Section 6.2.9.

In Figures B.1a-B.2d, B

tag

PBi A (AMp_p) and AMp, are shown to have distinct
distributions. Here the definition of misreconstructed or correctly reconstructed events

depends on the reconstruction of the lepton.
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B. Distribution of variables used for the arbitration approach
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Figure B.1.: Distributions of a selection of variables used for ranking B & D(*Hf*ﬁg

events by B

sig

candidate. The B°B’ generic MC sample is classified using

TopoAna and the truth-matched signal-side lepton.
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B. Distribution of variables used for the arbitration approach
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For context,the Frcy, distributions in generic MC are shown in Section 6.3.2 before appli-
cation of the Fpcr, MVA (Figure C.1). The Egcy, distributions are then shown for signal

MC before and after application of the Frcr, MVA in Figure C.2.
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C. EgcL
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Figure C.1.: The Fgcj, distributions before the Egqp, beam background suppression is ap-
plied. Generic MC is classed as the normalisation channels (B — DY~ Ty),
background and continuum. Data is overlaid as points with statistical uncer-
tainties shown as error bars.
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D. The charmed meson D**

Section 6.4 introduces the D™ meson. These mesons are highly relevant to the study
of B meson semileptonic decays due to their masses and due to the angular decays of
the D™ to D 7 and D" 7. In the measurements of B — D(*)l_?l, the D™ decay is a
poorly understood peaking background (a background that peaks in the signal region of
the observable measured). As a result, the D™* mesons contribute towards the systematic

uncertainty of the measurements of the branching fractions of B — D™

7.

A heavy-light meson, such as the D** meson, is formed of one heavy quark @ and
one light quark ¢. Due to parity and angular momentum conservation, the possible D**
states are restricted to just four D™ states. The different doublets of D™ mesons can be
differentiated through the angular momentum of the light quark j=S,+L (where S is the
spin angular momentum and L is the orbital angular momentum) and their total angular
momentum J=j+Sq [64]. D™ mesons make up two doublets with j=3, 3.

The j=3 doublet mesons are labelled by the PDG as D;(2400)° and D} (2430)° and are
predicted to decay only through S-wave decay and are relatively broad. The j:% doublet
mesons are labelled by the PDG as D, (2460)0 and D1(242O)0, and are predicted to only
decay through D-wave decay and are relatively narrow. This is due to the larger angular

momentum needed to be overcome. These are the four D** decay modes simulated in the

Belle IT MC, using the LLSW model [71].
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E. Supplementary MVA resources

For succinctness of the main thesis text, the corresponding plots for the B - D+l_17l,
B — D*Ol_ﬁl and B — Dol_ﬁl MVAs from Section 6.4.5 are collated in this section as

Figures E.la to E.4. In addition, the supplementary tables, Tables E.2 to E.6 are included.
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B8 Train-Background
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Classifier Output **

(a) B - DI 7,

Figure E.1.: The classifier output for the B’ - D+€_Dg MVA. The red sample represents
the backgrounds and the blue sample represents the signal and normalisation
samples. The filled histograms are the training data, whilst the points with
statistical error bars represent the test data.
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Figure E.1.: The classifier output for each of the B~ — D(*)OE_W MVAs. The red sample

represents the backgrounds and the blue sample represents the signal and
normalisation samples. The filled histograms are the training data, whilst the
points with statistical error bars represent the test data.
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E. Supplementary MVA resources
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and false positive rates (right plot, red) are shown (right), all as a function of
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plot, red) are shown (right), all as a function of classier output cut.
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E. Supplementary MVA resources

Cut 00 01 02 03 04 05 06 07 08 09
B’ - DYy, 1379 1370 1305 1185 1029 889 777 660 445 159
Background 2709 2487 1742 1143 728 471 315 201 91 18

B D' w. 2 25 19 14 11 9 8 4 0 0

B’ > D™ w, 399 327 155 69 34 21 13 6 2 0
Continuum 140 93 41 21 12 8 5 1 0 0
FOM 21.21 21.8 23.49 24.46 24.48 24.03 23.47 22.46 19.21 11.97

Table E.1.: The yield for the B’ > D077, decay channel as a function of MVA classifier
per generic MC type. The B & D*JFT*E. signal and the B - D™ 7,
background is a subset of the background MC in this instance. The FOM is
also included for reference. Note that the number of events is rounded to an

integer value (weighting renders events non-integer values).

Cut 00 01 02 03 04 05 06 07 08 0.9
B° — D, 0.00 0.65 5.33 14.01 25.33 35.53 43.59 52.13 67.71 88.40
Background 0.00 8.19 35.69 57.79 73.12 82.61 88.35 92.55 96.63 99.32

B’ - DT w. 0.00 4.32 28.16 45.18 55.39 63.15 68.77 82.67 96.45 100.00

B’ > D¢ v, 0.00 17.99 61.19 82.70 91.37 94.67 96.69 98.37 99.48 99.96
Continuum 0.00 33.27 70.62 84.42 91.16 94.25 96.43 98.78 99.62 99.86
FOM 21.21 21.80 23.49 24.46 24.48 24.03 23.47 22.46 19.21 11.97

Table E.2.: The percentage drop in yield for the B’ - D107, decay channel as a function
of MVA classifier per generic MC type. The B — D+7'_UT signal and the
B = D™ 0”7, background is a subset of the background MC in this instance.
The FOM is also included for reference. The percentage drop in yields shown

are calculated from the non-rounded yields in Table E.1.
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E. Supplementary MVA resources

Cut 00 01 02 03 04 05 06 07 08 09
B — D*Oﬁ_ﬁ@ 4154 4153 4145 4105 4031 3882 3519 2768 1792 433
Background 2305 2295 2220 2033 1796 1534 1166 700 308 48

B — D*OT_?T 73 73 73 70 62 55 45 30 13 1
B~ = D™ v, 404 404 394 350 288 234 175 101 42 5)
Continuum 139 138 117 86 60 42 26 13 4 0
FOM 51.14 51.18 51.49 52.03 52.54 52.54 51.27 46.92 39.07 19.72

Table E.3.: The yield for the B~ — D*OE_PZ decay channel as a function of MVA classifier
per generic MC type. The B~ — D*OTfﬁT signal and the B~ — D™( v,
background is a subset of the background MC in this instance. The FOM is
also included for reference. Note that the number of events is rounded to an
integer value (weighting renders events non-integer values).

Cut 00 01 02 03 04 05 06 07 08 09
B — D*OFW 0.00 0.01 0.21 1.18 296 6.56 15.28 33.35 56.85 89.57
Background 0.00 0.40 3.66 11.79 22.05 33.43 49.40 69.60 86.62 97.88

B —>D*07'7§T 0.00 0.00 0.62 5.34 15.23 25.55 37.86 58.53 81.12 98.23
B~ — D™ v, 0.00 0.00 2.52 13.33 28.73 42.01 56.69 74.93 89.39 98.59
Continuum 0.00 0.74 15.83 37.70 56.31 69.44 81.01 90.23 96.63 99.57
FOM 51.14 51.18 51.49 52.03 52.54 52.54 51.27 46.92 39.07 19.72

Table E.4.: The percentage drop in yield for the B~ — D*Oﬁ_ﬁg decay channel as a function
of MVA classifier per generic MC type. The B~ — D*OTfﬁT signal and the
B~ — D¢ v, background is a subset of the background MC in this instance.
The FOM is also included for reference. The percentage drop in yields shown
are calculated from the non-rounded yields in Table E.3.
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E. Supplementary MVA resources

Cut 00 01 02 03 04 05 06 07 08 09
B — Doﬁ_ﬁe 3620 3531 2821 2324 1987 1700 1147 706 376 83
Background 13508 11356 4989 2740 1684 1161 564 237 7710

B —»D%wp. 78 69 40 30 21 15 3 0 0 0
B™ - D"™/"p, 1121 801 187 96 61 41 10 2 0 0
Continuum 396 251 64 39 25 15 5 1 0 0

FOM 27.35 28.7 31.79 32.53 32.69 31.7 27.7 22.97 17.65 8.62

Table E.5.: The yield for the B~ — Doﬁ_ﬁg decay channel as a function of MVA classifier
per generic MC type. The B~ — DOTfﬁf signal and the B~ — D™/ 7,
background is a subset of the background MC in this instance. The FOM is
also included for reference. Note that the number of events is rounded to an
integer value (weighting renders events non-integer values).

Cut 00 01 02 03 04 05 06 07 08 09
B — Doffﬁg 0 247 22.09 35.80 45.11 53.02 68.29 80.48 89.60 97.69
Background 0 15.93 63.07 79.71 87.53 91.40 95.82 98.24 99.42 99.92

B —>D07'7ﬁT 0 11.20 48.84 60.79 72.36 80.01 95.72 99.12 100 100

B — D" 7, 0 28.54 83.30 91.35 94.49 96.32 99.04 99.76 99.95 99.99
Continuum 0 36.66 83.73 90.01 93.65 96.03 98.62 99.52 99.79 100
FOM 27.35 28.70 31.79 32.53 32.69 31.70 27.70 22.97 17.65 8.62

Table E.6.: The percentage drop in yield for the B~ — Doﬁ_ﬁg decay channel as a function
of MVA classifier per generic MC type. The B~ — DOTfﬂT signal and the
B~ — D¢ v, background is a subset of the background MC in this instance.
The FOM is also included for reference. The percentage drop in yields shown
are calculated from the non-rounded yields in Table E.5.
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Figure E.4.: The data-MC ratio as a function of classifier cut for the B’ > D*+l_§l decay
channel. Errors shown are statistical uncertainties.
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F. Suppression of D* cross-feed for

B — D¢ D,

As can be seen in Section 6.4.5, in the histograms representing B — D¢ 7, such as Figure
6.15b, there is a high proportion of B° background compared to the signal decays. Using
TopoAna, these backgrounds are categorized.

The largest contributing backgrounds to the B — D¢ 7, decays are the cross-feed of
D" mesons that are misidentified as D mesons. Using this background categorization it
is possible to examine the different kinematic distributions between the B — D*¢” v, and
B — D{ 7, decays to find distinguishing features. Thus the combination of distributions of
mfmss and pye, were examined. Figure F.1 displays the m?niss versus lepton momentum of the
B — D¢ 7, sample. There are two distinct combined shapes, a vertical distribution and a
diagonal distribution. Using TopoAna truth matching information, Figure F.2 shows a clear

distinction between the D meson and the D* cross-feed. The D* cross-feed could therefore

s
s+b

be suppressed using a m?niss dependent pj, cut. Through optimization of the cut using
(where s is signal yield and b is background yield), the selection of pye, < —3.7 x mrzniss +2.4
was implemented. The cut is shown in Figure F.2, and the resulting distributions after
implementation can be seen in Figures F.3 and F.4. The proportion of B - D+€_Pe
events in the MC sample improves from 13.3% before the cut to 77.1% after the cut. Only
15.6% of signal events were lost, while 85.4% of backgrounds were removed.

Though this reduction in D* cross-feed is highly beneficial in the suppression of B —
D?¢ v, backgrounds, we are left at an impasse due to the impact this specific optimization
would have on B — D7 7, events. As discussed in Section 6.1. the signal region for mfmss

of the B — D(*)T_ET events is not around 0 as for the B — D¢~ U, events. This is due
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F. Suppression of D* cross-feed for B — D{" 7,
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Figure F.1.: A 2D distribution of m?niss VErsus piep, of the candidate B’ & D+€_?g
events.

to the multi-neutrino final state of the decay produced by the 7 lepton. Thus this result is
not carried forward in the calculation of R (D*) in this analysis, but retained as knowledge
for future studies of the B — D¢ 7, decays alone.

Instead, the multivariate analysis technique is used to emulate this the same effect but

with application to both the B — D7 7_and B — D{ 7, decay channels simultaneously.
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F. Suppression of D* cross-feed for B — D{" 7,

D decays
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F. Suppression of D* cross-feed for B — D{" 7,
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Figure F.4.: The resulting m?niss distribution for B® — D+€_ﬁz after the suppres-
sion of D* cross-feed events. The study was performed with 62.8 bt
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G. Alternate binning plots

The binning of the m?niss in this analysis has a historical reasoning for comparison to
Reference [1]. This appendix contains the alternate binning distributions for each of the

miﬁss for completion, Figures G.la and G.1b, discussed in Section 6.4.6.
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G. Alternate binning plots
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H. Systematic uncertainties appendices

Supplementary information for Chapter 8.1.2.

H.1. Tracking efficiency systematics

The fractions of each decay channel present in the B — D™~ v, normalisation modes
are measured in signal MC and used to calculated the average number of tracks associated
with each mode. The number of signal side tracks represents the number of particle tracks
present in each B, meson decay, including the lepton track. These are presented in Tables

H.1 and H.2.

H.2. MVA systematics

Supplementary figures for the MVA systematic calculations presented in Chapter 8.1.5.

These correspond to the B’ - D', BT — D*OE_W and B® — Doﬁ_ﬁg decays.
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H. Systematic uncertainties appendices

Mode Fraction = Number of signal-side tracks
D" 5Dt 5 K oat 19.18 3
Kor° 3.61 1
K ata® 40.01 3
K ata -zt 17.67 5
Kortr™ 5.24 3
Kirta x" 1081 3
K Kt 2.42 3
ot 1.06 3
DY 5D’ 5 K atxt 32.54 4
K atntz® 2946 4
Kort 5.78 2
Kortn ot 4.9 4
Kertn® 21.61 2
KK 1.01 2
K K=t 4.71 4
Mode Fraction = Number of signal-side tracks
DY K rna 38.8 4
K atata® 2077 4
K2rt 6.46 2
Kirta nt 618 4
Kerta® 21.65 2
KYK™ 1.44 2
K K=t 4.69 4

Table H.1.: The fraction of each D) decay channel present in B - D(*)Jrﬁfﬂz signal MC,
and the associated number of signal side tracks per event.
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H. Systematic uncertainties appendices

Mode Fraction = Number of signal-side tracks

DV D% Kt 8.351 3

K27° 1.351 1

K ntn® 21.247 3

K nta -zt 8204 5

Kirtr™ 2.777 3

Kirtan?  6.748 3

K K* 1.168 3

ot 0.499 3

DV 5 D%~ K rt 7.935 4

K27° 1.37 4

K ntn® 21.228 2

K ot ot 7.922 4

K57r T 2.588 2

K57r+7r 70 7.013 2

K K" 1.029 4

rat 0.48 3

Mode Fraction = Number of signal-side tracks

D'~ K ' 19.18 3
K27° 3.61 1
K ntn® 40.01 3
K ntrn 17.67 5)
Kirta™ 5.24 3
Kintn7° 10.81 3
K‘K+ 2.42 3
L 1.06 3

Table H.2.: The fraction of each D) decay channel present in B~ — D(*)Oﬁ_ﬁg signal MC,

and the associated number of signal side tracks per event.
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Figure H.1.: The ratio of MC to data as a function of classifier cut. At higher classifier cuts
there is failure due to low statistics in certain bins leading to a non-accurate

covariance.
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List of Acronymns

2HDM: Type II Higgs Doublet Model

ARICH: Aerogel Ring Imaging

Cherenkov

AUQC: Area Under the Curve

basf2: Belle II Analysis Software

Framework

BDT: Boosted Decision Tree

BSM: Beyond the Standard Model
CDC: Central Drift Chamber
CKM: Cabibbo-Kobayashi-Maskawa
CM: Centre of Mass

COI: Channel of Interest

CP: Charge-Parity

CsI(TT): Thallium-doped Caesium Io-
dide

DAQ: Data Acquisition

DEPFET: Depleted Field Effect Tran-

sistor
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DT: Decision Tree

ECL: Electromagnetic Calorimeter

EFT: Effective Field Theory

FCCC: Flavour Changing Charged-

Current

FEI: Full Event Interpretation

FF: Form Factor

FOM: Figure Of Merit

FSR: Final State Radiation

GBDT: Gradient Boosted DT

HFLAV: Heavy Flavour Averaging

Group

HLT: High Level Trigger

HQET: Heavy Quark Effective Theory

IP: Interaction Point

IR: Interaction Region



List of Acronymns

KLM: neutral Long-lived Kaon and

Muon detector

L1: Level 1

LDA: Linear Discriminant Analysis
LEP: Large Electron-Positron
LFU: Lepton Flavour Universality

LFUV: Lepton Flavour Universality

Violation

MC: Monte Carlo

MCP: Micro-Channel Plate
MVA_: Multi-Variate Analysis
NN: Neural Network

PDG: Particle Data Group
PID: Particle Identification
PMT: Photomultiplier Tube

PXD: Pixel Vertex Detector
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e QCD: Quantum Chromodynamics

RF: Random Forest

ROC: Receiver Operating Characteris-

tic

ROE: Rest Of Event

SM: Standard Model

SOD: Significance Of Distance

SVD: Silicon Vertex Detector

SVM: Support Vector Machine

TOP: Time Of Propagation

TopoAna: Topology Analysis
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