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Abstract

Despite the successes of the Standard Model, its limitations provide strong indications that new
physics beyond the Standard Model must exist. Today, numerous avenues are explored to search for
any evidence of new physics, one of which is rare particle decays. Such decays are promising as their
suppressed decay rates allow for any enhancements from new physics contributions to be more readily
seen. One such rare decay of interest is B® ¥ * (“ = e; ) which is a lepton flavour violating decay
making it forbidden within the conventional Standard Model framework. However, within an extended
Standard Model that includes neutrino oscillations, which there is strong evidence for, the decay can
occur but at a rate far beyond any current or future experimental sensitivity. Therefore, observation of
BO® - would be strong and clear evidence of new physics beyond the Standard Model. This study
presents the first search for BY ¥ * using 365 fb 1 of data collected by the Belle II experiment
from 2019-2022. The Belle II experiment is situated around the interaction point of the SuperKEKB
collider which is an asymmetric e*e collider designed to mass produce B mesons. The primary aim
of the study presented in this thesis is to develop an analysis technique for future hadronic tag-based
BO ¥ - searches at Belle II that yields an improved sensitivity over previous analysis strategies
employed by other experiments. This is achieved by partitioning the decay into leptonic and hadronic
modes, and designing separate signal extraction methods that are optimised for each as opposed to
employing a global strategy for all decays. Focusing only on the leptonic  decays for now, upper
limits on the BY ¥ * branching fraction are derived using a hybrid cut-and-count approach based
on the Rolke-Lopez interval method. The results from just the leptonic  decays have a sensitivity that

is competitive with the current world-leading upper limits using only a fraction of the data.
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CHAPTER 1

Introduction

The theory of the Standard Model represents the culmination of several decades work from theor-
etical and experimental particle physicists who endeavoured to understand the foundations of matter.
The theory describes the fundamental particles that constitute all visible matter, and their interactions
with the fundamental forces. It is one of the most successful scienti c theories to date, and since its
completion in 1978, the Standard Model theory has withstood countless experimental tests and even
predicted the existence of new particles long before they were discovered in particle colliders [4][5][6].
The most famous example of this was the discovery of the Higgs boson by the ATLAS and CMS
experiments at the Large Hadron Collider in 2012. [7][8]. Though the Standard Model provides an
expression for the Higgs boson mass in terms of the coupling parameter from the Standard Model scalar
potential, the coupling parameter is free and therefore the Higgs boson mass is not predicted by theory.
However, by tting and consistency arguments, the range 116 - 127 Ge¥dft be obtained, which
is consistent with the value measured by the ATLAS and CMS experiments [7][8]. Nevertheless, it is
well-known that the Standard Model theory is incomplete. Its inability to account for dark matter or
gravity, the source of neutrino masses, or the matter-antimatter asymmetry in the universe, to name
just a few examples, provides strong indications that there is new physics beyond the Standard Model
[9][10]. Numerous theories that extend the Standard Model by introducing new particles or interactions
have been proposed, with many experiments today focused on searching for these new particles as
well as providing measurements that test Standard Model predictions to detect where any new physics
contributions might exist. Although no concrete evidence for new physics has been found thus far,
certain precision measurements exhibit tension with Standard Model predictions. The most notable
of these measurements include the anomalous muon magnetic moment [11][12] and lepton avour
universality tests [13].

A fertile area to search for new physics are rare decays as they are suppressed within the Standard
Model and thus exhibit branching fractions@{10 °) or smaller. This allows for any enhancements in
the branching fraction as a result of new physics contributions to be more readily observed. The focus
of this thesis is oB% | (C = e; ) which is an example of a charged lepton avour violating
decay, a class of decays that are yet to be observed. Albeit forbidden in the absence of neutrino masses,
charged lepton avour violating decays are allowed as a result of neutrino oscillations [14]. However,
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due to the neutrino mass scale, such decays are rare and expected to have incredibly small branching
fractions, well below any current or future experimental sensitivity. Therefore, observation of any
charged lepton avour violating decay would only result from an enhanced branching fraction due to
new physics contributions, and would thus be concrete evidence of physics beyond the Standard Model.
Previous searches have been performe@fot ° at a variety of particle colliders, with the current
world-best value8(B°! e )< 1:6 10 >andB(B°! ) < 1:2 10 ® coming from
searches by the LHCb and Belle experiments respectively [15][16].

The search presented in this thesis is the BSt! ° search conducted at the Belle Il experi-
ment. An upgraded successor to the Belle detector, the Belle Il detector is located at the SuperKEKB
e" e collider in Japan. It is purpose-built aBafactory and features an extensive and diverse physics
program, centred on precision measurements for avour physics. Since commencing collisions in
2018, the Belle Il detector has recorded an integrated luminosityLaft = 504 fb 1. An integrated
luminosity between 10 — 50 ab is anticipated to greatly improve the branching fraction upper limits
forBO1 ° , with the potential to probe as low &10 7). Therefore, given the amount of data
currently recorded, the purpose of the search presented in this thesis is to explore new avenues for im-
proved sensitivity iB% ! ° searches, and set the analysis foundations for future Belle Il searches
that will have access to signi cantly more data. A challenge for fuRifd searches, and for
other Belle Il searches involving neutrinos, is the increase in background as SuperKEKB reaches higher
instantaneous luminosities. This background directly degrades the power of a key analysis variable for
these searches call&y, . As this variable is used in the analysis presented in this thesis, a secondary
goal was to develoRexira Multivariate classi ers that can be used to improve the robustness of this
variable against higher backgrounds for future searches.

The layout of this thesis is as follows. Chapter 2 introduces the theoretical framework of the
Standard Model, and brie y covers the theoretical concepts that pertain to avour violation in the quark
and lepton sectors. The latter half is focused ongRe decay, its role in searching for new
physics, and an overview of the methodologies and results of past experimental searches. Chapter 3
describes the setup of the SuperKEKB collider and the Belle Il detector, and outlines the various particle
reconstruction methods. Chapter 4 provides discussions on the techniques use&fgyihdassi er
study andB?! ° analysis. Chapter 5 discusses the work performed to develop clean-up classi ers
for the Eeyxra quantity. Chapter 6 presents the entirety of el ° analysis, and concludes with
the results on the branching fraction upper limit. Lastly, Chapter 7 is the conclusion, and includes an
overview of points of further work for thiB® ! ° analysis.

All values and measurements presented in this thesis use natural units wheraby 1. Unless
otherwise speci ed, charge-conjugates are implied.



CHAPTER 2

Theoretical Overview

The role of this chapter is to brie y introduce the theoretical foundations of the Standard Model,
with a focus on the concepts from avour physics that pertain to the work presented in this thesis. This
is done in Section 2.1 and Section 2.2. Following this is a focused discussion &® the °
decay, in both the context of the Standard Model as well as beyond the Standard Model theories, in
Section 2.3. Additionally, the section covers the current status of experimental seardBé&d for ,
and provides insight into the various analysis strategies used, with particular emphasis given to the
experimental methodologies that are also employed in the search presented here.

2.1 Flavour in the Standard Model

In particle physics, the term avour refers to the different types of quarks and leptons that exist in the
Standard Model. The aim of avour physics is to study processes that change the avour of quarks and
leptons, and as will be shown in Section 2.1.1, avour physics played an instrumental role in shaping the
Standard Model framework. To this day its importance remains, with avour physics studies holding an
integral place in the current particle physics landscape, by testing Standard Model expectations through
precision measurements, and probing sectors that are promising areas of new physics.

2.1.1 Brief History of Flavour

Throughout the 1950s and early 1960s, the initial theoretical building blocks of the Standard Model
were taking shape, and by the end of 1962, four fundamental particles, namely two generations of
leptons, had already been discovered: the electron and electron neutrino, and the muon and muon
neutrino [4]. In this sense, unbeknownst to particle physicists at the time, avour was already part of the
Standard Model. However, the idea of avour was only formally introduced with the advent of the quark
model, which was independently built by Murray Gell-Mann and George Zweig in 1964 [4][17]. This
model was primarily made to explain the observed patterns and symmetries when organising the “zoo”
of newly discovered hadrons using certain quantum numbers according to the Eightfold Way developed
by Gell-Mann and Yuval Ne'eman in 1961 [18] [19]. The quark model described three new particles
— theup, downandstrangequarks — with the intention that all observed hadrons were in fact bound

3
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states of various combinations of these quarks, and not fundamental in nature as originally thought.
Initially, the quark model was met with skepticism, and it was questioned if quarks are real particles, or
whether the model was just a mathematical abstraction to help explain an array of unanswered questions.
But in 1968, con rmation of the existence ap anddownquarks came from deep inelastic scattering
experiments conducted at the Standard Linear Accelerator Centre (SLAC) which showed point-like
objects inside of protons as predicted by the quark model [20][21]. By extension, the existence of the
strangequark was also implied, and in 1969, Gell-Mann won the Nobel prize for this model.

The fourth quark — theharmquark — was rst theorised in 1970 by Sheldon Glashow, John
Iliopoulos and Luciano Maiani as part of the Glashow-lliopoulos-Maiani (GIM) mechanism theory
[22]. Their proposed mechanism introduced a fourth quark to describe the observed suppression
of decays involving avour changes of tterangequark mediated by neutral currents, and helped
explain why decays such & !
fraction [4]. Thecharmquark “fascinated and pleased” Glashow, lliopoulos and Maiani as it created

*  were unobserved at the time despite its expected branching

symmetry in the number of quarks and leptons known at the time, hence its name [4]. Four years after
the GIM mechanism was proposed, the existence otllaemquark was experimentally veri ed by

two independent experiments at SLAC and Brookhaven National Laboratory (BNL), both of whom
discovered the rst boundharmquark system, labelled as tde meson [23][24]. Following this, the

GIM mechanism was accepted as part of the Standard Model frameworld=Thdiscovery, announced

in November of 1974, sparked the November Revolution, a period in particle physics which yielded
new particle discoveries and the exploration of additional quarks which would eventually lead to a
completion of the Standard Model [4].

By the time of the November Revolution, two additional quarks were postulated to exist — the
bottomandtop quarks. This was a result of the theory proposed by Makoto Kobayashi and Toshihide
Maskawa [25] in order to explain CP violation in the kaon system which was observed by James Cronin,
Val Fitch, and colleagues in 1964 [26]. The Kobayashi-Maskawa (KM) theory involved extending an
existing 2x2 matrix devised by Nicola Cabibbo that described the strength of transitions befyeen
downandstrangequarks [27]. The extension of the Cabbibo matrix into a 3x3 matrix allowed for a
parametrisation involving a complex phase which Kobayashi and Maskawa realised can explain the
observed CP violation. Their theory grew in popularity after the discovery of the tau lepton (and its
presumed neutrino) in 1975 by experimentalists at SLAC [28]. The discovery broke the symmetry in
the number of quarks and leptons, a symmetry that could be restored should two additional quarks be
discovered. In 1977, four years after Kobayashi and Maskawa published their theory, proton-nucleus
collisions at Fermilab observed anmeson resonance which is a bowrattomquark state [4]. The
discovery of thebottomquark led to an urgency to nd thep quark, and a race between experiments
at CERN and Fermilab began. However, due to its large mass, it took 18 years top tipgark to
be discovered, with Fermilab winning the race and announcing the discovery in 1995 [29]. With this
discovery, the avour sector of the Standard Model was made complete.
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Experiments studying avour physics largely shifted focuBtanesons following the discovery of
thebottomquark, in part to test the KM theory prediction that a certain amount of CP violation should
exist in theB meson system. In the 1990s, two new detectors were built, the Belle detector located at
the KEKB collider in Japan, and the BaBar detector located at the PEP-I1I collider at SLAC. Both of
these experiments were speci cally designed to allow for the measurement of CP violatiorBin the
meson system [14]. In 2001, both the Belle and BaBar collaborations published results that not only
con rmed the existence of CP violation in tlile meson system, but that the amount of CP violation
measured was within the constraints of the KM theory [30][31]. Kobayashi and Maskawa received the
Nobel prize in 2008 in recognition of the instrumental role played by the KM theory in helping to shape
the modern day Standard Model. Today, the legacy of past avour physics experiments continues, with
current experiments such as Belle I, BES-IIl and LHCb providing measurements frdmttioenand
charmquark sectors with unprecedented precision, and performing searches for any hint of physics
beyond the Standard Model.

2.1.2 The Standard Model

The Standard Model (SM) theory is an example of a quantum eld theory, with the SM Lagrangian
density consisting of terms comprised of quantum elds which are operator-valued mathematical objects
de ned at every point in space-time. Particles in the SM are described using their own quantum eld,
with physical particles conceptualised as excitations of their respective eld. Each eld (or particle)
is described using mass and energy terms in the SM Lagrangian, with all possible eld interactions
described using products of various elds. Figure 2.1 shows all the fundamental particles described by
the SM Lagrangian. The fundamental forces are mediated by vector (spin-1) bosons which are otherwise
known as gauge bosons as they stem from the SM Lagrangian being invariant under gauge (local phase)
transformations. The two massless gauge bosons, the giyand photon (), mediate the strong and
electromagnetic force respectively. As a result, the range of these forces is in nite, though in practice the
strong force does not act over such a large range due to its con ning nature. This arises from quantum
chromodynamics (QCD) which is the theory describing the strong force [32]. The massive gauge bosons
in the SM are th&v andZ° bosons which together mediate the weak force. In the SM theory, the
electromagnetic and weak forces are uni ed and described by electroweak theory [33][34][35]. The
remaining boson in the SM is the scalar (spin-0) Higgs boson which is responsible for giving mass to
the massive fundamental particles. This is achieved through the Higgs mechanism [36][37] in the case
oftheWw andz° bosons, while for the fermions, mass is achieved through the Yukawa couplings [32].
The fundamental constituents of all visible matter are fermions (%nn'articles). All fermions interact
with the weak force, though only certain subsets interact with the strong and electromagnetic forces.
The fermions that interact with the strong force are called quapkand there exists six quark avours:
up ), down @), charm €), strange $), top ¢), bottom @). All quarks have fractional electric charge,
with the up, charm and top quarks having a charge g)fvvhile the down, strange and bottom quarks
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have % charge. As quarks are electrically charged, they also interact with the electromagnetic force.
Quarks carry a strong charge called colour of which there are ttegdylue andgreen which enables

their coupling to the strong force. As no free quarks have ever been observed, it is implied, though
never proven by QCD theory, that all free particles are required to be colour neutral. Quarks form bound
systems which are collectively called hadrons, of which there are two types: meggaysiems) and
baryons gqgor qqg systems). Exotic kinds of mesons and baryons also exist in the form of tetraquarks
(qong systems) and pentaquarkgyqq systems) respectively. Leptons refer to the fermions that do not
interact with the strong force. The leptons consist of six avours, hamely the eledromon ()

and tau () along with their neutrino counterparts, the electron neutrigiy (huon neutrino ( ) and

tau neutrino ( ). The charged leptons have an electric charge band therefore interact with the
electromagnetic force, while the neutrinos are electrically neutral and only couple to the weak force,
hence why they are incredibly dif cult to detect. For example, the inclusive cross-section for neutrinos
at energies of 1 GeV is 10 38 cn? [38]. For this reason, neutrinos produced in particle colliders

go undetected and are often labelledrdssing energyNeutrinos are massless in the canonical SM
theory, however experiments have since demonstrated this to be false, as discussed in Section 2.2. For
all fermions, their antimatter counterparts (denajédr antiquarks and for antineutrinos) are identical

aside from their quantum numbers (such as electric charge) which are oppositely signed. As depicted
in Figure 2.1, the fermions are organised into three generations, with the rst generation containing
the lightest and most stable fermions, and the primary constituents of all visible matter in the universe.
Conversely, the second and third generations are increasingly heavier and therefore less stable. Most
notably, the top quark is the heaviebt (= 172:69 GeV) and has the shortest mean lifetime (0.5

10 2*s), making it the only quark that is unable to hadronise and form a bound state before it decays
[39].

In the canonical SM theory, where neutrinos are massless, avour violation only occurs in the quark
sector and is mediated by the electroweak force, in contrast to the strong force which conserves avour.
Following spontaneous symmetry breaking through the Higgs mechanism [36][3¥}, theosons
only couple to the fermions with negative chirality (left-handed fermions) which form the following
doublets of the&sU(2) symmetry group

61 o1 01 01 O0 1 0 1

@'aA @°A @'A @°A @ A @ A

0 0
dLSLbOL € L L L

Though positive chirality (right-handed) charged fermions exist, they form singlets &fli2) group

and do not appear in the relevant interaction terms in the SM Lagrangian, while massless right-handed
neutrinos do not exist in the SM theory [32]. In the doublets above, it should be noted tdaithe
typequark for each doublet contains their weak eigenstatesq b) which is different to their mass
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FIGURE 2.1. The fundamental particles in the Standard Model. The mass, charge
and spin of each patrticle is provided. Note that the masses of the quarks are only
approximate as none have ever been experimentally observed in isolation. [40]

eigenstates, that is their physical statgss( b). The different bases are related through the CKM
quark-mixing matrix Vckm ) given in Equation 2.1 where each element of the mat;ix2 C relates to

the amplitude of the avour transition between quarkmdj (the probability of the transition would be
dependent oV j%). The SM theory offers no prediction of what each individual CKM element should

be so they must be experimentally measured, with the current experimental values provided in Equation
2.2. It should be noted that elements for transitions amgntypeanddown-typequarks (for example

¢! utransitions) do not exist in the CKM matrix.

01 101

%50& %)Vcd Vcs VcbX %Sg (2.1)
Vias Vis Vi b
0 1
0:97435 022500 000369
JVekm | = %0:22486 097349 004182 (2.2)
0:00857 004110 0999118

From KM theory, the CKM matrix can be parameterised using three mixing angles, and a complex
phase that is responsible for CP violati:r)lg processes in thePSM [25]. The SM requires the CKM matrix
to be unitary, from which the constraints; V; V,, = jk and J- Vij ij = i can be derived. Here,
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i;j,k are avours of quarks, andy ; ik are the Kronecker-Delta functions. From these summations,
six null combinations are obtained, each de ning a unitarity triangle in the complex plane. The most
commonly referred to equation is given in Equation 2.3, which corresponds to the unitarity triangle
shown in Figure 2.2.

VudVip + VedVep + ViaVip = 0 (2.3)

The SM predicts the CKM matrix to be unitarity, with current experimental results agreeing with
the prediction within uncertainties [41]. Precise measurements of each CKM matrix element remains a
key aspect of avour physics experiments, as it allows for the amount of CP violation predicted by the
SM to be veri ed.

FIGURE 2.2. The unitarity triangle in the complex;( ) plane drawn according to
Equation 2.3. The parameterand arise from a parametrisation of the CKM matrix
which can be found in detail in [41].

Mixing in the quark sector allows for additional tests of the SM based on lepton avour universality.
This idea stems from the couplings between the weak force and each of the left-handed lepton doublets
of SU(2). The SM predicts equal couplings among all the doublets, and this is commonly tested by
measuring ratios such &D) andR(D ) which are both de ned according to Equation 2.4 where
" = e; . Currently, measurements of these two ratios yield a combined tension é&@undith the
SM [42].

R(D())y= == — (2.4)

On the other hand, other anomalies involving different ratios sudh(Ks), which is de ned using
Equation 2.4 but withK mesons instead dd () mesons, have since been resolved as a result of
improved analysis strategies [43]. Despite this, lepton avour universality remains an area of immense
interest in the community.
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2.2 Lepton Flavour Violation

As mentioned in Section 2.1.2, the SM allows for quark avour violation, with the avour mixing of
quarks described by the CKM matrix. Conversely, in the lepton sector, the SM conserves individual
lepton number& e, L andL , thereby forbidding all lepton avour violation (LFV) processes. This
conservation follows from the assumption that neutrinos are massless. However, this is now shown to be
false, with a series of experimental results observing neutrino mixing which demonstrates a non-zero
mass difference between different pairs of neutrinos. It proves that neutral lepton avour violating
(NLFV) processes are in fact allowed. Such knowledge implies the existence of charged lepton avour
violating processes (CLFV), however CLFV has yet to be observed.

Neutrino mixing was rst hinted at by the initial results of the Homestake experiment in 1968 which
showed an unexpected de cit in solar neutrinos [44]. This became known as the solar neutrino problem.
For the next 30 years, further results from the Homestake experiment in addition to the results of other
experiments built to investigate this problem continued to show a solar neutrino de cit. It was not until
1998 that real-time solar neutrino measurements from the Super Kamiokande experiment provided the

rst evidence of neutrino mixing by measuring a de cit in the expected number of muon neutrinos from
the atmosphere [45]. The de cit was consistent with theoretical predictions for mixing between the
muon and tau neutrino avours. Shortly after, in 2001, the SNO experiment veri ed the ndings of Super
Kamiokande, and provided evidence of mixing involving the electron neutrino avour as well, thereby
solving the solar neutrino problem [46]. In 1962, before any such experimental evidence, neutrino
mixing was theorised to exist by Bruno Pontecorvo [47]. His idea was later revived by Ziro Maki,
Masami Nakagawa, and Shoichi Sakata who made a mixing matrix for neutrinos analogous to the CKM
matrix called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [48]. The matrix relates the mass
eigenstate$ 1; »; 3) of the neutrino with its avour eigenstatése; ; ) as shown in Equation 2.5.

0O 1 O 10 1
e2Ue3

e Uz U 1
?@g=?@U1 U Usg?@zg (2.5)

U, U, Ug 3

Each componerit; inthe PMNS matrix represents the amplitude of each mass eigenstdtg2; 3

that is used to de ne a given avour eigenstate= e; ; . The PMNS matrix can be used to derive
the probability of a neutrino oscillating from one avour to another, with the equation for two-neutrino
oscillation given in Equation 2.6 [32].

mZ2L

P, . =sin?(2 )sin?
I 6 in“(2 )si =

(2.6)

Here, and each denote one of the neutrino avours, whiles the mixing angle between the two
neutrino avoursL is the oscillation distance arl is the neutrino energy. Present in the equation is
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the m? term which is the mass difference between thend  avour states. Therefore, by measuring
neutrino oscillations between each pair of avours, the mass differences between each generation can be
deduced.

Neutrino oscillations violate lepton avour as individual lepton numbers are not conserved. An
example demonstrating this is the ! oscillation wherd. =1 andL =0 prior to the oscillation,
but afterL =0 andL = 1. There are two different types of neutrinos that would account for neutrino
masses in the SM: Dirac neutrinos or Majorana neutrinos. Although the exact theory behind each is not
pertinent to discussions here, it is relevant to note that processes involving Dirac neutrinos conserve the
total lepton numbet. = L+ L + L , while Majorana neutrinos do not, and such neutrinos would
therefore yield different NLFV processes than their Dirac counterparts. Though it is not yet known if
neutrinos are of the Dirac or Majorana type, there is hope that studying processes such as neutrino-less
double decay can help elucidate the answer.

NLFV in the form of neutrino mixing implies that avour violation in the charged lepton sector must
also be present. This is due to the electroweak coupling between neutral and charged leptons. However,
due to the incredibly small masses of neutrinos, the resulting Yukawa coupling@§Ee’?) which
leads to SM branching fractions for CLFV processes that are beyond any current or future experimental
sensitivity (an example would be ! e which has a predicted branching fractionidf >* in
the SM). Therefore, any observation of CLFV is clear and unambiguous evidence of new physics
contributions.

2.3 TheB?! ° Decay

The decayg® ! ° (C = e; )is an example of a CLFV decay as it does not conserve the
individual lepton numberk- (" = e; ) andL . Itis worth noting that despite this, the total lepton
number is conserved, and so the decay can proceed with both Dirac and Majorana neutrino types. In
principle,B% 1 ° can occur through neutrino mixing as depicted in the Feynman diagram in
Figure 2.3. However, as discussed in Section 2.2, the expected branching fraction is suppressed as it is
dominated by the scale of the neutrino-mass differenae® (see the Equation 2.6). Contributions to
the branching fraction from physics beyond the SM allow the decay rate to reach potentially measurable
rates aB -factories such as SuperKEKB, hence the interest in this mode. The situation is improved with
the presence of a tau lepton in the nal state as opposed to a lighter lepton (an example of this would
beBY! e* )asitnaturally leads to higher branching fractions. This is because the decay rates for
such processes are proportionahtd ( = e; ; ), even in the context of new physics (see Equation
2.7 and 2.8). Therefor&®! ° presents as a useful opportunity to search for new physics, with
its sensitivity to new physics discussed in Section 2.3.1. Searchefbr ° have been ongoing
at various particle collider experiments since 1994. With advancements in collider technologies, and
increased data, the upper limit on the branching fractiomfot ° has been made increasingly
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stringent with each experiment. An overview of the past experimental searches is given in Section 2.3.2
and is needed to provide context for the Belle 1l search presented in this thesis.

+

FIGURE 2.3. Feynman diagram forB° ! e decay proceeding through a neutrino
oscillation. The cross indicates the oscillation of neutrino avour. The internal fermion
line on the left of the box represents any of the up-type quarks.

2.3.1 Sensitivity For New Physics

Some beyond the SM theories that lead to enhanced branching fractid®$ for’ include
multi-Higgs models [49], generic supersymmetric models [Z8models [6] and models involving
leptoquarks [51] to name a few [6]. As not all models have been studied in regadsito” , what
follows is a discussion of two studies that speci cally discuss the role of leptoquarks and supersymmetry
intheBO! ° decay.

In a 2018 paper by Alexander Smirnov, enhancemenB’td ° by models involving vector
leptoquarks were studied [52]. Leptoquarks are hypothetical bosons that couple to both leptons and
guarks, and can thus mediate lepton-quark transitions. As such, they carry both baryon and lepton
numbers, and are assigned a fermion number equral#8B B + L whereB is the baryon number ard
is the lepton number of the leptoquark [51]. Given the small amount of existing quark and lepton elds
in the SM, the possible types of leptoquarks needed to explain all the couplings can be organised and
classi ed. Such a classi cation is the Buchmiuiller-Ruckl-Wyler classi cation which lists 10 leptoquarks
divided into 5 scalar leptoquarks (spin-0) and 5 vector leptoquarks (spin-1) [53]. The study from Smirnov
looks at the role of vector leptoquarks that originate from the Pati-Salam quark-lepton uni cation theory
[54], which treats lepton number as a fourth colour charge for quarks [55]. Vector leptoquarks lead to
enhanced branching fractions B8P ! ° as their coupling to both quark and lepton elds allow the
decay to proceed by tree-level processes (see Figure 2.4). Furthermore, if composite leptoquarks from
the Pati-Salan®U(4) group are considered, an additional increase in the branching fraction is expected
as such leptoquarks predominantly couple to tau leptons compared to electrons and muons [52]. Direct
searches for leptoquark production are carried out by the ATLAS and CMS experiments at the Large
Hadron Collider, with results of their most recent searches found in [56] and [57]. The equation for the
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branching fraction oB° ! in the context of a vector leptoquark model as described in [52] is
given in Equation 2.7.

m 2(Mo)f 2m3 (RY)? m2 2

0 N -
T T mg

In the equationmy is the mass of the vector leptoquark, is the tau massng is the mass of the

B® meson whilem3 = m3=(mq + mp) wheremy andmy, are the masses of thibandb quarks
respectively. ©t is the total width of theB® meson whilef 2 is the standar®® form factor that
accounts for the matrix elements of the quark currents. The téftM ) is the strong coupling constant

at the mass scaM ;. where symmetry breaking of the Pati-Sal&td(4) group occurs. The terrﬂ\é
accounts for corrections due to the strong interaction between the vector leptoquarkrattiquark
currents, while éf is the mixing factor which is related to the mixing matrices that appear in the
interaction term between theandd quarks, and vector leptoquarks, in the Lagrangian for this new
physics model. The vector leptoquark model discussed in [52] predicts the branching fractions to be
B(B°! e )=1:6 10 °andB(B°! y=4:4 10 °.

FIGURE 2.4. Feynman diagram faB®! e*  based on a vector leptoquark model.
The dotted propagator, labelledla®, indicates the vector leptoquark.

Enhancements in the branching fraction is also achievable by supersymmetric seesaw models as
shown in a 2002 paper by Athanasios Dedes, John Ellis and Martti Raidal [58]. Supersymmetric models
introduce new particlesparticleg that act as partners to the existing SM patrticles, with SM fermions
acquiring a SUSY boson partndrdsino$, and SM bosons partnered with SUSY fermiosfe(mion.

A popular SUSY framework is the minimal supersymmetric SM (MSSM) theory which seeks to consider
only the minimal amount of SUSY patrticles required to maintain phenomenological consistency [59].
A notable aspect of SUSY models is the introduction of additional Higgs boson particles to make two
Higgs doublets. These new Higgs particles can act as mediators for CLFV processes in double-penguin
processes as shown in Figure 2.5, thereby increasing their branching fractions, particularly for nal states
involving third generation fermions which have larger Yukawa couplings. In general, SUSY has the
advantage of allowing CLFV to occur within tiseptonsector, making them no longer suppressed by

the neutrino mass scale [58]. The Dedes, Ellis and Raidal paper derives the branching fraction equation
forB?! ° in the context of a MSSM theory. The equation is given in Equation 2.8.
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GiM{ m 2
0 ~ V= ZFVw; i2n1 55 2 b
B(B™! )= Tlvtbvtsl Mgfs 8 mp+ Mg
S
(m+m )2 (m m )2
1 —mZz 1 Mz
B B
m+m)? .. m m)% ..
1 (I\/IZ) jesj?+ 1 (I\/IZ) jcp j? (2.8)
B B

In this equationGr is the Fermi coupling constant) is the mass of th&V boson,V; are the
elements of the CKM matrix whil® g, fg and g are the mass, decay constant and lifetime o&Re
meson respectively. The mass of thendd quarks are given bgn, andmg respectively whilem is

the mass of the tau am: is the mass of the lepton corresponding to the decay ch&thel °

(C = e; ). The form factors that contain the new physics contributions aieﬁsih andjc;j j- An
important parameter for SUSY seesaw modetalis which is the ratio of the values for the vacuum
expectation value of the two Higgs doublets [59]. The study in [58]ts@ts set to 60, which is the
maximum value that allows for electroweak symmetry breaking. Based on this, the maximum allowable
branching fraction foB°! ° was calculated to b& (10 1°).

FIGURE 2.5. Feynman diagram f@°! e * withina MSSM theory. Théa® H?°
andA? indicate the new Higgs particles that are part of the two Higgs doublets in SUSY
theories such as the MSSM.

2.3.2 Past Experimental Searches

Four prior searches f@°! ° were conducted at various particle colliders, three of which
were performed a¢* e colliders, while the other was performed at the Large Hadron Collider. As no
signi cant signal was observed for all searches, upper limits on the branching fractigs!of
were calculated. A comparison of the upper limits calculated from each study is provided in Table 2.1.
Currently, the best branching fraction upper limitsB? ! e andBO! were achieved by
the Belle and LHCb searches respectively.

Searching foB° ! ° is experimentally challenging as the decay of theroduces at least
one missing neutrino, making it dif cult to impose kinematic constraints that help isolate signal events.
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searches. The
are all calculated at the 90%

TABLE 2.1. Summary of experimental results for p&st !
upper limits on the branching fractions 8 !

con dence level. NoNggz number is quoted for LHCb as they do not prodice
mesons in pairs, and the cross sectionBomeson production is not stated to allow for

Ng to be quoted.

CLEO (2004) | BaBar (2007) | LHCb (2019) | Belle (2021)
[60] [61] [15] [16]
Sample Size 9.2fb 1 342 ! 3fb ! 711fb 1
Ngg 96 1¢° 378 10° -~ 772 1P
B(B°! e ) <11 104 |<28 10° - <16 10°
B(BO! ) <38 10°|<22 10°|<12 10°| <15 10°

Although the situation is particularly problematic for leptonidecays, which are three-body decays
producing two neutrinos, the presence of an additional energetic lepton in the nal state is useful for
identifying signal and suppressing backgrounds. Alternatively, hadrod&cays produce only one
neutrino thereby providing more kinematic information, but suffer from signi cant backgrounds from
otherB decays that generate hadrons. A list of the leptonic and hadratecay modes that were used

in three of the prior searches is provided in Table 2.2.

TABLE 2.2. Table of decay modes considered by past experimental searches for

BO! , along with their branching fractions [41].

Decay Branching Fraction (%)

Leptonic e e 17.82 0.04

17.39 0.04

10.82 0.05

0

Hadronic 25.49 0.09

00 9.26 0.10

* 9.31 0.05

To combat the lack of kinematic constraints, studies performed'lgy collider experiments
utilised the method of hadronic tag reconstruction. At such colliders, a pBirmnésons were produced
at the interaction point from an(4S) meson. While onB is reconstructed in the decay mode(s) of
interest (called the sign@ or Bsig), the companior8 (referred to as the talg or Biag) is reconstructed
in various hadronic decay modes which produce no neutrinos. The advantage of this is a complete
reconstruction of th8,g kinematics given the clean environmentsbg colliders, and the hermetic
detectors they use. From the reconstrudeg 4-vector, theB ;g 4-vector can be easily inferred, given
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that the initial state is known f@" e collisions. A diagram depicting this hadronic tagging method is
given in Figure 2.6. In the context &° ! studies, wher@ g is reconstructed B0 ,
hadronic tagging is extremely bene cial as it allows for gy rest frame to be recovered. TBe
daughter lepton can be boosted into By, frame, producing a sharply peaked distribution for signal
events around the nominal momentum value of 2.34 GeV which can then be used for signal extraction
(see Figure 2.7). Furthermore, the combined 4-vector of the missing neutrinos can also be inferred,

~

and selections on the missing energy and direction of missing momentum can be used as background
suppression tools. A disadvantage of the hadronic tagging method is the low reconstruction ef ciency
which is aroundD(0:1%). The impact of this can be mitigated through larger data samples, or to some
extent, by using quantities that can achieve good signal-background discrimination with loose selection
criteria.

FIGURE 2.6. Diagram ofB B production in are" e collider. Decays on the signal
side produce neutrinos which are labelled as the missing energy. The green and blue
arrows represent the possible hadrons and leptons produced frédndbeays [14].

The CLEO experiment which was at the CEBRe  collider rst published a search f@° !
in 1994 before redoing the search with their full dataset of 9.2 {8:6 10° BB pairs) and

publishing the result in 2004 [60]. The CLEO study reconstructedtig using the hadronic tag
method, and considered only the leptonidecay modes to achieve a purer sample. The analysis strategy
consisted of implementing various signal selections based on the momentunBoéatite daughter
leptons in theBsjg frame, the energy of the missing neutrinos, and the quality of the reconstructed
Btag. The suppression of background from otBedecays an@" e ! qq(q= u;d;s;c) processes
were achieved by two separate neural nets. The expected number of background events was estimated
from simulated events, and following the application of the selection cuts on data, CLEO observed
39 events, with a total of 49.4 events expected from background. The published upper limits on the
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branching fractions, calculated at a 90% con dence level, vB§&°! e )< 1:1 10 *and
B(BO! )< 38 10 °.
In 2007, a search was performed using data collected by the BaBar detector which was at the

asymmetrie* e PEP-II collider [61]. The search used 342 fhof collected data, which corresponded
to 378 10° BB pairs, more than 40 times greater than the data sample collected by CLEO. All the

decay modes presented in Table 2.2 were utilised, with the speci ¢ hadronic decay modes used for
the Bag reconstruction listed in [61]. For the BaBar study, the signal was extracted using maximum
likelihood ts to the momentum of th&jy daughter lepton boosted into tBgjy frame. The tted
distributions of this quantity from the study are provided in Figure 2.7.

FIGURE 2.7. From the BaBaB® ! ° study, distributions of th@& sy daugh-

ter lepton momentum boosted into tBgjy frame following an unbinned maximum
likelihood t to the data (represented with black dots) [61]. The green distribution
shows the expected signal shape from simulation, while the blue curve are the simulated
background events.

To suppress the background, in addition to requirements oB ¢igequality, mode-dependent
selections were imposed on the direction and magnitude of missing momentum, and the number
of particles detected. Additionally, selections were placed on the residual energy measured by the
electromagnetic calorimet&eya, and E which is the difference between the reconstructed and
nominal energy inthe rest frame (this frame was determined by usingBhgaughter lepton 4-vector
intheBgjg frame). The E quantity is calculated using Equation 2.9, where the sum is over the pion
daughters of the, the momentum of the neutrino is estimategasj i pjintheBsjg frame, and
1.777 is the nominal mass.

X
E= E,+p L777GeV (2.9)

i
BothEexra and E provided substantial signal-background separation, and as such, these quant-
ities are extensively used in the analysis presented in this thesis. From the t, the BaBar search
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found no evidence of any signal, and set 90% con dence level branching fraction upper limits of
B(B°! e )< 28 10 %andB(B?! )< 22 10 °.

The best branching fraction upper limit f&° ! e comes from a 2021 study using data
collected by the Belle detector which was at &i&@ KEKB collider [16]. In total, 703 fb ! of data
was used, which equals around 772.0° BB pairs, twice the size of the data used by BaBar. In order
to combat the decreased reconstruction ef ciency due to dif cultiestiaconstruction, this analysis
omitted the reconstruction, thereby effectively performing an inclusiveconstruction. Th8sg was
reconstructed hadronically using\eeuroBayes -based algorithm designed for Belle [62]. The signal
was extracted using a maximum likelihood t to tMeniss distribution which is de ned according to
Equation 2.10 wher€Eg, ; fs,) and(E-; p) are the 4-momenta of tHesjg andB -daughter lepton
respectively calculated in the centre of mass frame.

q
Mmiss = (EBsig E‘)Z (ﬂ?»sig 13)2 (210)

The mpmiss quantity is expected to peak around thenass. Figure 2.8 below provides the tted
M nmiss distribution from the Belle study.

(A) Distribution forB? ! e events (B) Distribution forB° ! events

FIGURE 2.8. Fitted missing mass distributions from the Be#&€ ! ° study. The

data is indicated using black dots, while the green dashed line shows the signal shape
from simulation. The dashed red line shows the combinatorial background shape, while
the peaking background component B} ! D * is shown in dotted brown. The
overall tresultis shown in blue. The subplots underneath each distribution show the
residuals divided by the errors.

As can be seen, although the inclusivapproach yields a higher ef ciency, larger backgrounds
are observed in the signal extraction region. In particularBr! , peaking backgrounds
fromB°! D * andB®! D * events caused by the mis-identi cation of pions as muons
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are present. Such peaking contributions were studied using a control sample, and were included as
additional components in the likelihood t. The branching fraction upper limits at a 90% con dence
level set by the Belle study weB(B°! e )< 1:6 10 ®andB(B°! )< 1:5 10 5.

The 2019 result by published by the LHCb experiment at the LHC provides the best upper limit
for theBO ! mode [15]. As the LHC is a proton-proton collider, the initial state is unknown,
and the simultaneous overlay of multiple proton-proton collisions means a full reconstruction of events
is unfeasible. As a result, a different analysis strategy was required compareceteetheollider
searches. To avoid the loss of kinematic information in leptoniecays, the was reconstructed
hadronically. In particular, only the ! mode was reconstructed so that thdecay vertex could
be constrained and determined with high precision. Using this information, and the reconstructed signal
B daughter lepton 4-vector, the invariant mass of the siBnaleson could be determined. The invariant
mass distribution was used to extract the signal, and as no signal was found, an upper limit on the
branching fraction at both 90% and 95% con dence levelE8n were setak 1:2 10 °
and< 1:4 10 ° respectively.



CHAPTER 3

The Belle Il Experiment

The Belle Il detector is located in the SuperKEKB collider at the High Energy Accelerator Research
Organisation facility (also known as KEK) in Tsukuba, Japan. The Belle Il detector is an upgrade of
its predecessor Belle which operated between 1999 and 2010 at the KEKB collider. Both KEKB and
SuperKEKB were designed to mass produce tens and hundreds of milliBnsesons, respectively,
hence why they are referred to Rsfactories. Belle Il is planning on collecting 50 times the amount
of data recorded by Belle, thus improving upon the prior statistical limitations of the Belle experiment
[63]. With such data, the Belle Il experiment will aim to provide leading measurements of key CKM
parametergVypj andjVepj, accurately measure the amount of CP asymmetry iBtheeson system, and
precisely determine the CP violation unitarity angles » and 3. Tests of lepton avour universality
and searches for lepton avour violating decays are also a key component of the Belle Il physics program,
and will require studies into semileptonic, leptonic and radidBiveecays [64]. In most cases, tBe
decay of interest is rare or forbidden in the Standard Model, with expected branching frax(hs’)
or smaller, thus the motivation for buildingBa-factory [14][41]. In addition to the copious production
of B mesons, the design of the SuperKEKB collider further allows the mass production of charm
hadrons and leptons, which extends the diversity of the physics program by allowing for studies into
cc spectroscopy, CP violation in th& meson system, and lepton avour violation in theector, to
name a few examples. In addition, the Belle 1l experiment conducts dark sector studies such as those
involving dark photons, axions, or long-lived particles that could be dark matter candidates [64].

Operations at SuperKEKB began in 2016, with th% rst collisions occurring in 2018. Since then, the
Belle Il detector has recorded an integrated luminosity afdt = 504 fb 1 of data which is more than
half the total data recorded by Belle (988 ), and similar to the total data recorded by BaBar (513
fb 1) [14]. Of this subset, 365 fb' of data was recorded on thg(4S) resonance [65]. From July 2022,
Belle Il and SuperKEKB entered a long shutdown to undergo a variety of upgrades, the most notable
being the upgrade of the pixel detector [66], with an additional two long shutdowns planned during
the expected lifetime of the experiment. The goal of these shutdowns is to progressively implement
upgrades that will allow Belle 1l and SuperKEKB to achieve their design performances. Just before the
long shutdown commenced, SuperKEKB was able to reach an instantaneous lumindsity dfo>*
cm 2's 1 which is a world record. Since January 2024, collisions have recommenced at SuperKEKB

19



20 3 THE BELLE Il EXPERIMENT

and Belle Il has resumed data-taking, with SuperKEKB reaching a peak instantaneous luminaosity of
4:08 10* cm 2inits rstrun period since the long shutdown.

As a collaboration, the Belle Il experiment is composed of over 1100 physicists and technical staff
originating from 124 institutions from 26 countries, making it among the largest scienti ¢ collaborations
in the world [64].

3.1 The SuperKEKB Collider

The SuperKEKB collider complex consists of an electron and positron ring, both 3 km in circumfer-
ence, a positron damping ring, and an electron-positron injector linac. Figure 3.1 shows a schematic
diagram of the complex and the location of the Belle Il detector which surrounds the interaction point
located in the Tsukuba experiment hall.

FIGURE 3.1. Schematic diagram of the SuperKEKB collider complex. The four
experimental halls, Tsukuba, Nikko, Fuji, and Oho, are also labeled [67].

3.1.1 Linac and Damping Ring

Originally built for use at the Photon Factory at KEK in 1982, the 600 m long electron-positron
injector linac has undergone multiple signi cant upgrades in the past to deal with the requirements
of KEKB and SuperKEKB. In order to maximise the instantaneous luminosity of SuperKEKB (see
Equation 3.2), the layout of the linac is designed to achieve electron and positron beams that have a high
current and minimal transverse beam emittance. In addition, the linac is also capable of performing
top-up injections in four storage rings and the positron damping ring simultaneously. Within the linac, a



3.1 THE SUPERKEKB COLLIDER 21

photo-cathode radio frequency (RF) gun is used to source high current and low emittance electron beams.
A separate thermionic gun generates high-charge electron bunches that are used to irradiate a tungsten
target and produce Bremsstrahlung interactions that result in positron production. Flux concentrators
and large-aperture accelerating machinery are placed around the tungsten target to enhance the positron
yield. Following production, the positron beams are then sent through the damping ring in order to
reduce the beam emittance by a factor of 130.

3.1.2 Beam Energies

SuperKEKB is an asymmetric collider: the positron and electron beam energies are different,
speci cally 4 and 7 GeV respectively. This difference requires each beam to be circulated around the
collider in separate rings, with the ring containing the positrons referred to as the low energy ring or
LER, and the electron beam ring labelled as the high energy ring or HER. The LER energy was increased
compared to its design for KEKB in order to combat instabilities that arise from high beam emittances
from intra-beam scatterings. Smaller beam emittances also motivated the decrease in the HER energy
for SuperKEKB. The LER and HER rings are kept separate until they are made to cross over at the
interaction point to produce electron-positron collisions. The available energy at the interaction point
in the centre of mass frame arising from these beam energies is dengtéchasl is calculated using
Equation 3.1

Pe=" & vE. 2 @ E.7 (3.1)

=10:583 GeV

which assumes negligible masses for the electrons and positrons, andByheaedE. are the
energies of the positron and electron beams. The beam energies are tuned to correspond to the rest
mass of the (4S) meson which decays into a pairbfmesonsBB) over 96% of the time. In the

rest frame of the (4S), eactB meson is produced almost at rest as the mass of (4&) is 21

MeV higher than the combined mass of Bieneson pair, resulting in a small energy release. Due to

the asymmetric beam energies, Bieénesons produced experience a Lorentz boost of 0:287in

the positivez direction with respect to the laboratory frame. Such boosting allows the decay length of
eachB meson in the laboratory frame to be adequately long enough so that their decay vertices can be
suf ciently separated, and the time difference between theBwaecays t can be measured. This
quantity is important for CP violation studies as CP asymmetry arises-thependent distributions,

and so the asymmetry is measured as a functiontofAs the time-integrated CP asymmetry is zero,

for a symmetric collider where only the total decay time for bBtmesonst; + t,) can be measured,

no asymmetry can be measurable. The cross-sections of processes that occur from the electron-positron
collisions at the interaction point are dependent on the beam energies. For the energies at SuperKEKB,
the cross-sections of the most relevant processes that occur are provided in Table 3.1. Continuum events,
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which refers to the annihilation processes that produce quark jgaies (  qqwhereq = u;d;s;c)
present the largest background contributioBtphysics as their total cross-section is approximately
3.3 times as large as thg4S) cross-section. However, the most dominant process is that of Bhabha
scattering which occurs roughly 300 times more frequently th&t) production, and which the trigger
system of Belle Il (see Section 3.2.6) plays a vital role in suppressing. Note that the cross-section for
Bhabha scattering in Table 3.1 is calculated under an angular &t of 170, where is the
polar angle with respect to the beam pipe, such that the cross-section represents the visible fraction of
Bhabha events that lie inside the Belle |l detector acceptance.

It should also be noted that the value for th@lS) cross-section is only an approximation. Due
to the broadness of the(4S) resonance, small shifts in tﬁé can lead to large differences in the
production cross-section. The result of this is that the numbBrBpairs produced ) must be
measured from data instead of calculated usithgdt.

TABLE 3.1. Table comparing cross-sections for the most relevant processes that are
produced from collision events at the interaction point of the SuperKEKB collider. [6].
The process highlighted in red is the only one that prodBcesesons.

Process Cross-section (nb)
ee | (49) 1.10
ee ! uu() 1.61
ete ! dd() 0.40
e'e ! ss() 0.38
ee ! cc() 1.30
ete ! T () 0.92
ee ! ee () 300
ete ! T () 1.15
ee ! () 4.99
ete | e'ee'e 39.7
e'e ! ee * 18.9

3.1.3 Collider Luminosity

The instantaneous luminosity of SuperKEKB can be represented using Equation 3.2 which assumes
that the electron and positron beams are approximately at, and have equal beam sizes in both directions
perpendicular to the beam direction, thatjs = , and y, = y, [63].

L = — 3.2
2ere y R (3-2)
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In this equation, the subscript refers to the electron () or positron ¢) beam, while is the
Lorentz factory ¢ is the electron radius from classical physics, amglthe elementary electric charge.
The instantaneous luminosity achievable is dominated by the total beam durtbatvertical beta
function y, and the vertical beam-beam parametgr This is due to the fraction containing the
reduction factors for the luminosifg, and vertical beam-beam parameey, approximately equalling
unity. The design value for the vertical beam-beam paramgtavhich represents the tune shift arising
from linear beam-beam interactions, is set to 0.09 which equals the value for KEKB [63]. Therefore,
maximising the instantaneous luminosity for SuperKEKB involves increasing the beam currents and
minimising the  function. The y function depends on the distaneérom the interaction point as
shown in Equation 3.3 [68].

!
s 2
y(8)= y 1+ —y (3.3)

From this equation, it can be seen that theunction achieves a minimum value o; at the interaction

point, wheres = 0. At distances away from the interaction point, thefunction increases. The beam
sizes are related to thg function through y = =~ (s) , where  is the vertical beam emittance

[68]. Therefore, the beam sizes increase approximately linearly away from the interaction point due to
growing y values. This increase in the beam size is known as the hourglass effect. Examples of the

evolving shape of function is illustrated in Figure 3.2.

FIGURE 3.2. Visualisation of the (s) function for two different values [68].
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Thus, according to the hourglass effect, collisions should only occur at the interaction point as that
is where y takes the minimum value of,, and collisions that take place away from the interaction
point lead to a reduced luminosity due to larggrvalues.

To ensure that collisions occur as close to the interaction point as possible, the longitudinal overlap
of the beams should be minimised. This would result in a smaller spread of collisions around the

interaction point, and instead concentrate them around the point where . The longitudinal

y
overlapd can be approximated using Equation 3.4, whers the horizontal half crossing angle, and
is the horizontal beam width at the interaction point [63]. Visual representatiahammd are provided
in Figure 3.3a. Differences in the spread of collisions around the interaction point with changing values

of the beam width and crossing angle is demonstrated in the examples shown in Figure 3.3b.

d =X (3.4)
(a) Diagram showing the crossing andle and size of (8) lllustrations of the overlap region for two
the longitudinal overlap regiod for the electron and general beams in blue. Each example changes
positron beams as they cross at the interaction point [63]. either the overall beam widthor the crossing

angle, symbolised here ag[68].

FIGURE 3.3. Diagrams of example beam crossings. Note that in the last two diagrams
of (B), the value ofd is the same though the visual representation depicts them to be
different.

SuperKEKB minimisesl by increasing the crossing angle compared to the angle used at KEKB (83
mrad compared to 22 mrad for KEKB) [6], and reducing the beam-width using the novel Nano-Beam
scheme [69]. The impact of the Nano-Beam scheme is also a redycedue that is around 20 times
smaller than the value for KEKB [63].
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To ensure the beams stay focused at the interaction point, a new magnet system was installed near
the interaction point called the QCS system. It consists of 8 quadrupole magnets, 5 of which are super-
conducting while the other 3 are permanent, in addition to 43 corrector magnets and 4 compensation
solenoids that cancel out the magnetic eld from the Belle Il solenoid. The result of this eld cancellation
helps minimise the vertical beam emittance near the interaction point. To achieve the design luminosity
ofL =8 10 3*cm 2s !for SuperKEKB, the required values for the beam curréntsvere chosen
given the design value for, and the value of , achievable through the Nano-Beam scheme and
QCS system. Table 3.2 details the requiredvalues in addition to the other aforementioned design

parameters, and provides a comparison to the KEKB values. A full table of all the design parameters
used for both KEKB and SuperKEKB can be found in [63].

TABLE 3.2. Table of values for some fundamental parameters that was achieved by
KEKB, compared against the SuperKEKB design values for the same parameters. [63].

KEKB SuperKEKB
Parameter
LER HER LER HER
y 0.129 0.090 0.090 0.088
y (mm) 5.9 5.9 0.27 0.41
I (A) 1.64 1.19 3.60 2.62
Beam energy (GeV) 3.5 8.0 4.0 7.0
L (10®cm 2s 1) 0.211 8

3.1.4 Beam-Induced Backgrounds

The four main sources of beam-induced backgrounds that impact the performance of the SuperKEKB
collider are the following:

(1) Touschek Scattering

This type of scattering is also known as intra-bunch scattering. Following intra-bunch scattering,
changes in the momenta of the scattered particles leads to collisions with the beam pipe that
create particle showers. The inverse of the beam energy, and the bunch current density, impact
the rate of Touschek scattering. Therefore, such background predominantly impacts the LER
as it is both a lower energy and higher current than the HER.

(2) Radiative Bhabha Scattering

Bhabha scattering events at the interaction point that radiate photons primarily do so along
the z axis which can collide with the magnet system and produce neutrons. These neutrons
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present as the dominant source of background for the outermost sub-detector of Belle 1l which
is responsible foKl‘_’ and muon detection (described in Section 3.2.5).

(3) Synchrotron Radiation
This type of radiation occurs when charged particles travel along curved paths. Therefore, as
the beam particles accelerate around the main ring, they emit synchrotron radiation that can
cause severe damage to the inner-most sub-detectors in Belle Il. As the radiation power is
proportional to the square of the beam energy, the majority of damaging synchrotron radiation

comes from the electron beam.

(4) Beam-Gas Scattering

This refers to scattering processes that occur between the beam particles and residual gas
particles in the beam pipe, and such processes manifest as either Coulomb scattering or
Bremsstrahlung. This results in particle showers being produced within the beam pipe.

To mitigate the impact of beam-induced backgrounds that occur from processes (1), (2) and (4),
collimators, metal shielding, and specially-designed magnet systems are relied upon. For synchrotron
radiation, a gold coating has been placed on the inner wall of the beam pipe near the interaction point to
minimise damage to the Belle Il detector.

3.2 The Belle Il Detector

The Belle Il detector hermetically surrounds the interaction point and is composed of a magnetic
spectrometer, electromagnetic calorimeter, and muon detector, all of which are built cylindrically around
the interaction point. Surrounding the magnetic spectrometer and electromagnetic calorimeter is a
superconducting solenoid that generates a 1.5 T magnetic eld parallel to the beam axis. Composed of
a niobium and titanium alloy, the superconducting solenoid is cooled using a liquid helium cryogenic
system. The detector is not centered around the interaction point, but rather it is asymmetrically
positioned so as to re ect the boosted centre of mass system which favours the distribution of nal-state-
particles towards the forward endcap. The interaction point setsth@ position for the coordinate
system used for the detector. The axis of the solenoid is used to de rzestkie which by extension
lies approximately parallel to the electron ring. Bhandy axis lie respectively in the horizontal and
vertical planes perpendicular to thexis, with the positivex axis pointing outwards from the collider
centre, and the positiveaxis pointing upwards. In spherical coordinatesgpresents the polar angle
while represents the azimuthal angle. An introduction to each sub-detector that comprises Belle Il
is provided below, with more details given in [63] and the references therein. Figure 3.4 provides a
schematic of the detector from the top that shows the positioning of each sub-detector. All raw data from
the Belle Il detector is handled and analysed bytihsf2 software framework [1].
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FIGURE 3.4. Schematic showing a top-view cross-section of the Belle Il detector and
its sub-detectors [6].

3.2.1 VXD

The vertex detector (VXD) performs precise tracking and vertex measuremei®s Ebiand
decays. In its current setup, the VXD is able to provide resolutions on impact-parametdds and
meson decay-times of around 1&h and 65 fs respectively [70], and has a polar coverage of around
17 < < 150 [63].

The VXD is comprised of 6 sensor layers which are divided among two devices: the pixel detector
(PXD) which contains 2 layers of pixel sensors, and the silicon vertex detector (SVD) which contains 4
layers of silicon strip sensors. While the Belle detector used a vertex detector made solely of silicon
strips, the higher beam background levels arising from increased beam currents as well as a smaller
beam pipe, which is 10 mm in radius for Belle II, will cause dif culty for the silicon strip sensors due
to their high occupancy. Instead, pixel sensors offer a lower occupancy and are thus used in the layers
closest to the beam pipe [63].

The PXD [71] utilises two layers of DEPFET (DEPleted Field Effect Transistor) sensors that are
located at radii of 14 mm and 22 mm from the beam axis [63]. Detailed explanations of how DEPFET
sensors work are provided in [72]. The inner layer is composed of 8 planar sensor modules while the
second layer consists of 12 modules split into two halves (see Figure 3.5a). Currently, two modules
are installed in the second layer of the PXD as shown in Figure 3.5b. The active area of each module
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contains 250 x 768 DEPFET pixels, with the pixel size varying from 50 x %5 in the inner layer to

50 x 85 m? in the outer layer. The modules are mounted on an integrated support unit that is attached
to the beam pipe. In order to adapt to thermal expansions of the beam pipe, the supporting frame
is designed with a gliding mechanism to prevent the bending of any modules. Application Specic
Integrated Circuits (ASICs) are used for the PXD readout system, which reads the current from the
DEPFET pixels and digitises it through Drain Current Digitiser (DCD) chips. Data Handling Processor
(DHP) chips process, compress and buffer the data before performing fast serialisation and sending the
data off to the Data Handling Concatenator (DHC) [63].

(A) Geometric arrangement of the module layers, with (B) Current installation setup of the PXD
the light grey areas indicating the DEPFET pixels [63]. along thez axis [73].

FIGURE 3.5. Schematics of the PXD from different angles.

The SVD [74] consists of four layers of silicon strip sensors which are mounted at radii 38 — 140
mm from the beam axis. A total of 187 sensors comprise the SVD, each of which vary from 123 x
38 mn? to 123 x 58 mm in area. They are mounted in a tilted origami structure similar to the PXD
modules (see Figure 3.5b). The shape of the sensors vary, with nearly all sensors being rectangular apart
from those in the three outermost layers towards the forward endcap that are trapezoidal in shape. This
helps with the limited material space in that region, and also the optimisation of the incident angle of the
track. A schematic of the silicon strip sensors are provided in Figure 3.6. As can be sgenidbe
consists of long strips that lie parallel to the beam axis withntlsede containing short strips that lie
alongr . As charged particles traverse the SVD and ionise, electron-hole pairs are created with the
(p) side collecting the electrons (holes). Figure 3.6 also demonstrates the effect of tilting the sensors.
The electrons and holes created by a particle are de ected by the magnetic eld of the solenoid, with
the de ection higher for electrons due to their increased mobility. By tilting the sensors, the spread
of the electron charge can be reduced, albeit at the cost of increase the spread of the holes. The read
out system of the SVD primarily involves APV25 chips that read out data from the sensors, and Flash
Analog-to-Digital Converter and Processing (FADC + PROC) modules that perform digitisation [63].
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FIGURE 3.6. Diagram of the SVD silicon strip sensors in relation to solenoid eld.
The blue strip indicates the side while the red strips indicate tpeside. Comparing

the two diagrams shows the change in the electron and hole charge spread after the
sensors are tilted [63].

3.2.2 CDC

The central drift chamber (CDC) [75] is the main sub-detector responsible for tracking and particle
momentum measurements. In addition to this role, it assists with particle identi cation by measuring
energy losses through ionisatiatH=dx), and reliable triggering for charged particles. The CDC has a
drift distance resolution of 120m [76], a maximum drift time of 350 ns, and the same polar coverage
as the VXD [6]. Consisting of a gas chamber with a 50:50 Hetmixture, the CDC has a radius of
160 — 1130 mm from the beam axis and contains a total of 14366 sensor wires that amen80e. The
voltage of the wires is tuned to create a strong electric eld so that when a charged particle traverses the
gas chamber, electrons produced from ionisation drift towards the sensor wires. An avalanche is created
by accelerating the electrons just before they reach the wire, so as to obtain a better measurement. A total
of 56 wire layers are installed, with the wires grouped into superlayers depending on their orientation.
Wires that are in an axial arrangement (parallel to the solenoid eld) are grouped to form a total of 5
axial superlayers. Stereo superlayers, of which there are 4, are arranged at an angle with respect to
the axial superlayers in order to provide spatial information inxthey plane. A diagram of these
orientations is provided in Figure 3.7. Together, the axial and stereo orientations allow for a complete
reconstruction of 3-dimensional track helices [63]. The read out system incorporates front-end digitiser
boards that are attached to the signal and power distributors for the CDC as well as the CDC endplates.
The motivation for using such locations is to reduce cross-talk between the CDC channels and other
sub-detectors, and to minimise the amount of readout cables [63].

3.2.3 TOP and ARICH

The primary particle identi cation system at Belle Il consists of the Time of Propagation (TOP)
counter and Aerogel Ring-Imaging Cherenkov (ARICH) sub-detectors which are located in the barrel
and forward endcap respectively. Both sub-detectors detect Cherenkov radiation produced by charged
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FIGURE 3.7. The left diagram shows a quadrant of the CDC wire layers irxthey
plane. The axial (top) and stereo (bottom) arrangement of the wires is shown on the
right [76].

particles, and measure light properties such as the Cherenkov anglem the Cherenkov angle, the
velocity of the charged particle can be calculated using Equation 3.5 whsthe refractive index of

the sub-detector material. By combining this information with the measured momentum of the track, the
mass of the particle can be determined.

COS ¢ = % (3.5)

Both the TOP and ARICH are capable of providing good kaon-pion separation over most of the
kinematic range, and can identify pions, electrons and muons with momenta below 1 GeV/c. With their
current hardware and reconstruction software, the TOP counter is capable of providing a 85% kaon
identi cation ef ciency with a 10% pion mis-identi cation rate [77], while the ARICH achieves a 93%
separation rate between kaons and pions with a 10% pion mis-identi cation rate [78].

The TOP counter [79] consists of 16 quartz bar modules that surround the outer wall of the CDC 1.2
m from the beam axis. Figure 3.8a shows a diagram of the modules which are 2.6 %id.4mea and
2 cm thick. A photon detector consisting of a micro-channel plate photomultiplier tube is attached to
one end of the quartz bar. Cherenkov light undergoes total internal re ection (see Figure 3.8b) before
reaching the photon detector which measures timing and positional information. From this information,
a partial reconstruction of the Cherenkov ring can be achieved [63]. Each module contains 4 boardstacks
which each contain 16 custom-built 8 channel ASICs that perform waveform sampling readout. From
this, timing information is extracted using Standard Control Read-out Data boards (SCRODSs) [80].

The ARICH sub-detector [81] consists of 248 silica aerogel Cherenkov radiators arranged in an
annular shape with an inner radius of 42 cm and an outer radius of 114.5 cm [63]. The radiators are 2
cm thick and arranged in two layers, with the rst (second) layer radiators having a refractive index of
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