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Abstract

We report the result of a search for the rare decay B° — ~v using a combined
dataset of 753 x 10% BB pairs collected by the Belle experiment and 387 x 10°
BB pairs collected by the Belle II experiment at the Y(4S) resonance produced in
electron-positron collisions. A simultaneous fit to the Belle and Belle 1T data sets
yields 11.0752 signal events. We determine the branching fraction B(B® — vv) =
(3.7732(stat) & 0.5(syst)) x 10~® with a signal significance of 2.50 and set a 90%
confidence level upper limit of B(B® — 4v) < 6.4 x 1078, This result improves on
the previously published 90% confidence level upper limit by BABAR by a factor of
about five and provides the most stringent limit to date.
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Preface

The exploration of rare decays has been a captivating subject in the realm of particle
physics for decades. These decays, characterized by their low occurrence rates, pro-
vide a unique window into the fundamental building blocks of our universe and offer
valuable insights into the underlying theories that govern the behaviour of particles.
Among these rare processes, the decay B° — v+ has emerged as a particularly in-
triguing phenomenon. Investigating this decay is of utmost importance as it serves
as a testing ground for our understanding of the Standard Model of particle physics
and potentially opens the door to discovering new physics beyond its boundaries.

This thesis focuses on the search for the rare decay B° — v+, conducted at both
the Belle and Belle II experiments. The Belle experiment at the KEKB electron-
positron collider in Japan has been at the forefront of precision measurements and
groundbreaking discoveries in particle physics. Its successor, Belle II, with enhanced
capabilities and higher luminosity, promises even greater sensitivity in the explo-
ration of rare decays. In the Standard Model, the decay of B — v~ occurs through
a flavor-changing neutral current (FCNC) transition involving electroweak loop dia-
grams. The theoretical prediction of branching fraction is 1.4155 x 1078, The present
experimental upper limit (UL) on the branching fraction at 90% confidence limit
(CL) < 3.2 x 1077 set by the BABAR experiment with an integrated luminosity of
426 fb~!. This analysis will be the first attempt to search for this decay using the
combined dataset from the Belle and Belle II experiment, expecting to reach the
SM sensitivity.

This thesis presents the results of the search for the decay B — v at high en-
ergy ete™ collisions. The search uses a combined dataset comprising an integrated
luminosity of 694 fb~! from the Belle and 362 fb~! from the Belle II detector at
Y (4S) energy. No significant signal yield is observed for the decay B® — vy and in
the absence of any significant signal yield, we set the 90% CL UL on its branching
fraction to be < 6.4 x 1078, This is an improvement by a factor of 5 compared to the
previous measurement of UL by the BABAR experiment. With a dedicated run at
Y (4S) resonance to collect more statistics, the Belle IT experiment has the potential
to discover the B® — ~v decay.

13
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Chapter 1 introduces the theoretical foundations of the Standard Model, cover-
ing the dynamics of electroweak and strong interactions, along with their associated
gauge transformations. We formulate the most comprehensive renormalizable La-
grangian, with a particular emphasis on its kinetic and Yukawa components. These
components involve gauge interactions and the flavor-changing aspects of quarks
and leptons. It then provides a brief overview of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix, responsible for the flavor physics in the quark sector, and its most
convenient Wolfenstein parameterization. We extend our discussions on the uni-
tarity of the CKM matrix and the angles and sides of the unitarity triangle. This
chapter also highlights the motivations behind the search for BY — v and the po-
tential implications of its observation.

Chapter 2 offers an overview of the experimental setups and techniques em-
ployed at both the Belle and Belle 11 experiments. It covers the accelerator complex,
the Belle and Belle IT detectors, and the data acquisition and trigger system. This
chapter also addresses the improvements and upgrades implemented in the transi-
tion from Belle to Belle II, enabling higher luminosity and enhanced sensitivity for
rare decay searches. It includes the Belle II analysis software framework and B2BII,
suitable for studying Belle IT and Belle data simultaneously and the strategies em-
ployed for this analysis.

Chapter 3 focuses on the methodology used to search for the B® — v decay
at Belle and Belle II. It details the process of event generation and simulation to
perform MC studies. The data samples and the various skim were used for both
analyses are covered in this chapter. The chapter also discusses the selection cri-
teria for BY mesons, identifying photons, and estimating and reducing background
sources. This chapter also presents a detailed study of the suppression of dominant
backgrounds using multivariate analysis.

Chapter 4 briefly discusses the unbinned extended maximum likelihood proce-
dure used to extract the signal yields. We present the PDF parametrization of the
signal and background for both analysis. This chapter also describes the ensemble
test performed to test the stability of the fitters and their linearity among the fitting
variables.

Chapter 5 provides a comprehensive study performed to validate the analysis
strategy using the control mode. The decay channel, B® — K*v used as a control
sample for this purpose. The calibration of the BDT and 7°/n veto is performed.
Furthermore, a section is devoted to looking for the data-MC differences for the
fitting variables of the control sample and sideband regions for the target mode, and
in data off-resonance to cross-check the MC simulation of the continuum background.

Finally, Chapter 6 concludes the thesis by summarizing the final results of
both analysis utilizing a combined dataset comprising an integrated luminosity of

14
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694 fb~! from Belle and 362 fb~! from Belle II. Several sources of systematic uncer-
tainties and their estimation procedure are discussed in detail in this chapter. The
estimation of 90% CL upper limit for B® — v analysis is explained in detail in
this chapter. This chapter also suggests avenues for future research and explores
potential directions for further investigation.

In conclusion, this thesis aims to contribute to the ongoing search for rare decays
and the exploration of physics beyond the Standard Model. By focusing on the
search for the B® — v+ decay at both the Belle and Belle II experiments, we strive
to provide valuable insights into the behaviour of particles and potentially uncover
new physics phenomena. The results presented in this thesis serve as a foundation for
further investigations and pave the way for future advancements in particle physics.

15
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Chapter 1

Theoretical Framework and the
Motivation

1.0 Introduction

This chapter introduces the theoretical foundations of the Standard Model (SM),
covering the dynamics of electroweak and strong interactions, along with their as-
sociated gauge transformations. We formulate the most comprehensive renormaliz-
able Lagrangian, with a particular emphasis on its kinetic and Yukawa components.
These components involve gauge interactions and the flavor-changing aspects of
quarks and leptons. It then provides a brief overview of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, responsible for the flavor physics in the quark sector, and
its most convenient Wolfenstein parameterization. We extend our discussions on
the unitarity of the CKM matrix and the angles and sides of the unitarity triangle.
This chapter also highlights the motivations behind the search for B® — v+ and the
potential implications of its observation.

2.0 The Standard Model

The SM of particle physics stands as one of the most successful theories in modern
physics, providing a comprehensive framework for understanding the fundamental
building blocks of matter and the forces that govern their interactions. Developed
over several decades through experimental observations and theoretical advance-
ments, the SM encapsulates our current understanding of the fundamental particles
and their interactions. The SM depicts nature as comprised of two distinct types of
particles: fermions and bosons. Fermions possess half-integer spin and follow Fermi-
Dirac statistics [1, 2], while bosons exhibit integer spin and follow Bose-Einstein
statistics [3]. Fundamental fermions, which are Spin—% particles, are further catego-
rized into quarks and leptons, each with six types, also called the flavors. These
categories are organized into three ‘generations’ based on particle masses. Each
generation comprises two flavors, each possessing a distinct electrical charge: up (u)
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and down (d) for the first generation, charm (¢) and strange (s) for the second, and
top (t) and bottom (b) for the third. The electric charge of up, charm, and top
quarks is —l—%, while down, strange, and bottom quarks carry an electric charge of
—%. Similarly, lepton generations also consist of three flavors: electron (e) for the
first generation, muon (u) for the second, and tau (7) for the third. Each of these
particles corresponds to a neutrino: the electron neutrino (7,), the muon neutrino
(v,), and the tau neutrino (v,). Unlike quarks, electrons, muons, and tau leptons
possess an electric charge of -1, while neutrinos are electrically neutral. Within the
framework, there are four spin-1 gauge bosons and one scalar boson. These gauge
bosons serve as the mediators of the fundamental forces that govern interactions
among particles. Meanwhile, the only scalar boson is the Higgs boson (H), which
arises as an excitation of the Higgs field. This Higgs field plays a crucial role in the
SM, as it is responsible for generating mass for the fundamental particles. The three
fundamental forces are each mediated by their own set of gauge bosons. The strong
force is mediated by eight types of gluons (g), the electromagnetic force is mediated
by the photon (), and the weak force is mediated by two charged W bosons (W¥)
and one neutral Z boson (Z). The processes involving flavour changes are governed
by the W= bosons. Additionally, the Z boson is a weak force carrier due to its sig-
nificant mass but does not change the flavor. The fundamental particles of the SM,
including the fermions (quarks and leptons) and the gauge bosons, are summarized
in Figure 1.1.

].st 2nd 3rd generation Goldstone outside
standard matter unstable matter force carriers bosons standard model

'® B\

(ssrenb-ryue 9+)
syrenb g

) oo

(o5xe1p) 9010,
¥

suojday 9
e

(suoydor-1yue 9+)

12 fermions 5 bosons
(+12 anti-fermions) (+1 opposite charge W)
increasing mass —

Figure 1.1: Scheme of particles and interactions in the SM. Their masses, charges,
spin, weak isospin and colours are listed. Credit: Ref. [4]

The SM mathematical description is the Quantum Field Theory (QFT), com-
posed of Quantum Mechanics, Field theory and Special relativity. It is a gauge
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theory based on the group SU(3)c x SU(2), x U(1)y. The strong interaction is de-
scribed by the symmetry group SU(3)¢, where SU stands for Special Unitary group
and C' represents color. This group defines Quantum Chromodynamics (QCD) the-
ory, illustrating the strong interaction between quarks mediated by gluons. The
group’s generators are the eight gluons which mediate the strong force among the
quarks. Quarks can combine to form composite hadrons such as the proton (uud),
neutron (udd), or pions (e.g. ud). The weak interaction is best described by the
symmetry group SU(2), where L denotes left-handedness. Together with the U(1)y
group, where Y represents hypercharge, they form the Electroweak theory with the
combined symmetry group SU(2); x U(1l)y, which after spontaneous symmetry
breaking (SSB), give rise to the mediating gauge bosons for the weak and electro-
magnetic interactions, ie. W=, Z, and photons, respectively. The unitary group,
U(1)y, represents the electromagnetic interactions upon SSB and characterizes how
electrically charged particles interact by means of the exchange of photons. The
weak interaction is unique in its ability to change the flavor of leptons through the
exchange of W bosons [5, 6].

3.0 Theoretical Framework

The SM with its associated particles in gauge theory can be defined by the following
ingredients [7]:

e The symmetry is local

e There exist three fermion generations, each comprising five representations.
Qiz(sv 2)4—%’ UI{Z'L(37 1)4—%7 Déz<37 1)—%7 Liz(:l? 2)—%’ El{%l(L 1)—1 (12)

where, the left-handed quarks, denoted by Q1.(3,2) +1s form triplets under

SU(3)c, doublets under SU(2) ., and possess a hypercharge Y = +¢. The su-
perscript I indicates gauge interaction eigenstates, while the subscript i=1,2,3
represents the flavor (or generation) index. The notations used to represent
the quark and lepton fields can be similarly extended to the other particle
representations within the SM framework. For quarks, the right-handed up-
type (u,c,t) and down-type (d, s,b) quark fields are denoted as Ur and Dg,
respectively. These right-handed quark fields transform as triplets under the
SU(3) group for strong interactions and as singlets under the SU(2) group.

In contrast, left-handed lepton fields, including both charged leptons (e, p, 7)
and neutrinos (v, v,,v,), are represented as Ly, while right-handed lepton
fields, corresponding to charged leptons, are denoted as Eg. These left-handed
(right-handed) lepton fields transform as singlets under the SU(3) group and
as doublets (singlets) under the SU(2) group.
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e There is a single scalar field, ¢(1,2); which acquires a vacuum expectation
value, v after SSB as

(0) = 0ls10) = = (7). (1.3

The Lagrangian of the SM can be written as the sum of three main components:
LSM - LKinetic 7= 'C’Higgs + LYukawaa (14)

where, Lkinetic, LHiges ad Lyuiawa denotes the kinetic, Higgs and Yukawa compo-
nent of the SM Lagrangian.

The kinetic part of the Lagrangian in the equation 1.4 describes the dynamics
of the gauge fields and the matter fields. It can be written as:

Liinetic = Lx(QLs) + Lx(UL;) + Lx(Dgy) + Lk (L1;) + Lx(ERy), (1.5)

In this thesis, the focus is on exploring quark flavor dynamics within the SM. There-
fore, we will concentrate on the quark sector and their associated Yukawa interac-
tions, rather than the full SM Lagrangian. The expansion of the left-handed quark
doublet Q! is as follows

.~ 1 1 1
Ek(Qé) = ZQLL'% (aﬂ + §gSG5A(I + §9Wb“7'b s 69,3“) Qiiv (1.6)
Here, G! represents the eight gluon fields, 2¢ are the generators of SU(3)¢, g and ¢’
are the coupling constants for weak and electroweak interactions respectively, W}’
Tb

denotes the three weak interaction bosons, % represents the generators of SU(2)y,

and B* stands for the single hypercharge boson.

The second term of the equation 1.4 describes the dynamics of the Higgs field
and its interactions with the gauge fields, which can be written as

Luiges = (Du0)' (D) — 12610 — M9 9), (1.7)

n
¢0) , which is a complex scalar field and D¢ = (0" + 2 gWi'n,+39'B")
is the covariant derivative. The covariant derivative includes the interactions of the
Higgs field with the gauge bosons.

When the Higgs field acquires a non-zero vacuum expectation value v after spon-
taneous symmetry breaking, this Higgs potential term gives rise to the masses of
the W* and Z bosons, as well as the masses of the fundamental fermions through
the Yukawa interactions.

where, ¢ = (¢

The third term of the equation 1.4, which describes the Yukawa interactions, is
written as

_EYukawa - Y;?Q£1¢DRJ + YZ;Q£1¢/UII%]7 (18)
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where, YZ? and Y3 are the Yukawa coupling constants for up-type quarks and down-
type quarks, respectively. ¢ is the Higgs field, and ¢ is its conjugate, given by
¢’ = iTy¢* in terms of the Pauli matrix 7. This term is the crucial part where
the masses of the quarks and the phenomenon of quark flavor arise within the SM
framework.

In the subsequent sections, we will delve deeper into the discussion of the CKM
matrix, which serves as the origin of the quark flavor physics program within the
SM.

3.1 The CKM Matrix

The CKM matrix is the matrix that connects the quark mass eigenstate basis to the
weak interaction eigenstate basis. There are two important bases - the mass basis,
where the quark masses are diagonal, and the interaction basis, where the W#*
interactions are diagonal. The disparity between these bases gives rise to flavor-
changing interactions. Since most measurements are performed in the mass basis,
the interactions are typically expressed in that basis using the CKM matrix.

Upon the SSB, the scalar field ¢ in equation 1.8 is chosen to acquire the following

form,
1 0

where, h serves the purpose of the Higgs boson. We decompose the SU(2);, quark
doublets into their components:

I U,
Qri = (dﬂ) : (1.10)
Li
and then the Yukawa interactions, equation 1.8, give rise to mass terms [7]:

v e
—Lyuawa = —= |Yidh db . + Y4ah uk ] + other terms + h.c.
J2 j j g (1.11)

= Mgﬂidﬁj + MZ&LU% + other terms + h.c.

where considering
v

V2
v
V2
The interaction terms of the fermion fields to the Higgs field are omitted. To obtain

the correct mass terms, the diagonalization of the matrices M? and M" is essential,
a process accomplished through the principles of biunitary transformation.

d 1 d
M = v (1.12)

M= —=Y! (1.13)

Mg,y = LdM;;ng (1.14)
Mo, = VL“M;;-Vj{T (1.15)
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where, Vi, V& Vi and V¥ are unitary matrices.
Using the requirement that the matrices V are unitary (V4V¢ = 1) the Lagrangian
can now be expressed as follows:

_EYukawa = CzizngVgMZVIgTngé]
+ ﬂiinTVL”M;}VﬁTVﬁuéj + other terms + h.c. (1.16)
= CZLi(M%)diangj + Ui (M;}) diagUr; + other terms + h.c.

1,

where the matrices V are absorbed in the quark states, resulting in the following
quark mass eigenstates:

dri = (V)iidi, dri = (Vi)ijdp;
urs = (VE)ijuL, uri = (V§)ijuk, (1.17)
Thus, the Yukawa Lagrangian, Lyuamwa, ¢an now be represented in the mass eigen
basis. Using this transformation, the kinetic part of the Lagrangian from equation
1.6 becomes g
Liinetic = —EWWJF“ﬂiidij + otherterms. (1.18)

Now, to transform !, into the mass eigenbasis, we utilize equation 1.17, resulting
in the transformation equation

apdi; = un (Vi V) ydey, (1.19)

where, u;, and d; are in mass eigenbasis. Now, the equation 1.18 takes the form in
mass basis: .
Lkinetic = —§’YﬂﬂLi(VL7JTVg)ijdLjW+u = otherterms. (120)

where V =V TVLd is a 3 x 3 unitary matrix in the generation space called the CKM
matrix. The interaction eigenstates of the down-type quarks relate to the mass
eigenstates via the CKM matrix:

d, d Vud Vus Vub d
s =Vokm | s| = Vea Vs Ve s |, (1.21)
v b Via Vis Vi b

Each element in the matrix (Vj;) represents the transition strength between corre-
sponding quarks. This matrix is constructed to be unitary, denoted by VIV =1 =
VVT. A 3x3 complex matrix typically possesses 9 real and 9 imaginary parameters.
However, the unitarity constraints eliminate 9 parameters, leaving three mixing an-
gles and 6 complex phases. Of the 6 phases, 5 can be absorbed by rephasing the
quark fields. As a result, the CKM matrix can be entirely described by four inde-
pendent parameters: three Euler angles (612, 0a3, 052) and one complex phase () [8].
Utilizing these four parameters, one can parametrize the CKM matrix, expressed

as:

—is

C12C13 512€13 513€
_ 19 0
Vekm = | —S12C23 — c12523513€" C12C23 — C12523513€ 523C13 ) (1.22)
” "
512823 — C12523513€" —C12523 — S12C23513€" C23C13
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where, s;; = sin;;, ¢;; = cos;; with (4,5 € [1,3] and i # j), and 0 is the only phase
in the CKM matrix which is responsible for the Charge-Parity (CP) violation within
the SM. The CKM matrix best known from the experimental measurements is [9]

’Vud’ ’VUS| ‘Vub‘
Verm = | [Vedl  [Ves| |Vl
Vial  [Vis|  [Vis|

0.97446 £ 0.00010 0.22452 + 0.00044  0.00365 4 0.00012
= [ 0.22438 0.00044  0.9735910 00010 0.04214 4 0.00076 | . (1.23)
0.00896 1000053 0.04133 4+ 0.00074 0.999105 4= 0.000032

As shown in Equation 1.23, the experimental values of the CKM elements |V,4l,
|Ves|, and | V| are close to 1, while the off-diagonal elements are significantly smaller,
following a hierarchical pattern, for example, |V, 4| >> |Vis| >> |Vis|. Hence, the
CKM matrix is expanded around the identity matrix in terms of the relatively small
parameter A = sinf. = 0.225, where 6. = 6,5 represents the Cabibbo angle. The
CKM matrix with unitarity condition to the order of O(\*) is given as

1—X2%/2 A AX3(p — in)
Vorm = - 1—22/2 AN? + O\, (1.24)
AN (1 —p—in) —AN 1

where p, 17, and A are the real parameters. This matrix is known as the Wolfenstein
parameterization of the CKM matrix [10]. The Wolfenstein parameters are defined

as [9, 10, 11],
N qu8| — o= __ VudVJb 2 Vcb
MU P vy N g o O

In terms of the standard parametrization of the CKM matrix given in equation 1.22,

512 = A, So3 = AN, s13” = AN (p + i)
i i
S13€ S13€
= cosd n=——siné. (1.26)
512523 512523

3.2 The Unitarity Triangle
The unitarity condition of the CKM matrix follows that

D ViV =0 and Y ViV = (1.27)
i J

One of the six non-diagonal equations, most relevant to the flavor physics in B-
mesons, is

VuadViy + VeaViy + ViaViy = 0,
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which can be written as

VudViy ViaVip
—+1+——>=0 1.28
VaVi | VaVy 129
by dividing each term by V,4V;. Defining the [11]
o VuaViy o ViV
- ud ub d 1-— = 1.29

the unitarity condition in equation 1.28 can be expressed as a triangle with vertices
at (0,0), (1,0), and (p,7) in the 5—77 complex plane, known as the unitarity triangle
(UT). The UT corresponding to the above equation is shown in Figure 1.2. The
parameters p and 7 are related to the original parameters as

V1— A2\ (p +im)

+in = . 1.30
O TR = AN+ i) (130
The angles of the UT are
[ Vch;é}
or =arg |————|,
p o g TV
o Vi
a or ¢y =arg VeaV |
v or ¢3=arg = “//ZZ%} . (1.31)

(0,0) (1,0)

Figure 1.2: The unitarity triangle [9].

Accurate measurement of the angles and sides of the UTs through flavor-changing
processes serves as a test for the unitarity of the CKM matrix. Moreover, precise
measurements of UT parameters are crucial for constraining various physics models
beyond the SM. The combined results of numerous independent studies in flavor
physics yield the Wolfenstein parameters, as reported in [9],

A = 0.22650 4+ 0.00048 A = 0.79070017
p=0.14170018 7= 0.357+0.011. (1.32)
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Despite the tremendous successes of the SM in explaining a wide range of ex-
perimental data, it is regarded as an effective theory that may be part of a more
comprehensive framework at higher energy scales. This is evident from its inability
to address certain phenomena, such as the non-zero masses of neutrinos revealed by
neutrino oscillations and the matter-antimatter asymmetry observed in the universe,
which cannot be fully explained by the CP-violating phase § alone. Additionally,
the existence of dark matter and its interactions with ordinary matter remains un-
accounted for within the SM.

Historically, the discovery of the ¢ and ¢ quarks was driven by investigations in
flavor physics. Therefore, exploring new fundamental particles or interactions at
high energy scales can be indirectly probed through flavor physics studies at lower
energy scales, which are currently accessible in high luminosity experiments such as
Belle, Belle II, LHCb, and others.

4.0 Significance of the Decay B’ — v

The rare decay B — ~v provides an exceptionally clean probe of the SM and physics
beyond it. In the SM, BY — v+ proceeds through a flavor-changing neutral current
(FCNC) transition involving electroweak loop diagrams. Such decays, forbidden at
the tree level, are highly sensitive to contributions beyond the SM (see Sec 9.1 in
[12]). In B® — 7, there is no direct interaction between the b quark and the d
quark. Instead, an effective FCNC is induced by a one-loop or penguin diagram,
where a quark emits and reabsorbs a W~ gauge boson, leading to a flavor change.
Possible Feynman diagrams contributing to this channel are shown in Fig 1.3. The

b ——» y bt VAVAVAVAR
L q d
B’ ! B :
W™ Yq B yd
1
1 e -
_ | q _ & d
d R y d VAN Y

Figure 1.3: Box (left) and penguin (right) diagrams contributing to B — ~v at
leading order in the SM. The symbol ¢ represents a u, ¢ or t quark.

decay BY — vy & B, — ~v are closely related, with the b — dvyy transition
being suppressed with respect to b — syy by CKM factors (|Vig|?/|Vis|?) ~ 0.04.
Hadron dynamics introduces uncertainties in predicting the branching fraction for
these decays and may modify the ratio away from the CKM implied value [13].
The presence of charged current mediated by W~ gauge boson can be a valuable
area to search for new physics as the presence of more mediators of a different
kind can eventually affect the branching fractions. A precise measurement of the
Branching fraction (B) is thus essential to validate other models associated with
such a process. The charge-conjugation and parity-averaged branching fraction for
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— Ay

Figure 1.4: Example of possible diagram responsible for the decay B° — ~vv. In
these diagrams ¢ = u, c,or t, and H is a hypothetical charged non-standard-model
Higgs boson.

the decay B® — v is predicted in the SM to be (1.475¢) x 1078 [14], including next-
to-leading logarithmic and next-to-leading power (NLP) corrections. The inclusion
of NLP corrections can change these leading-order branching fraction results by
15% or more. compared to just the leading power contributions. These NLP effects
are systematically calculated using QCD factorization and soft-collinear effective
theory (SCET). Long-distance penguin contribution is expected to be negligible.
However, it can noticeably impact the CP-violating observables by approximately
an amount of O(30%) [15]. This mode is sensitive to new physics that could lead
to an enhancement of the branching fraction due to possible contributions of non-
SM heavy particles occurring in the loop of the leading-order Feynman diagrams
[16, 17, 18]. This will allow the replacement of the W boson in Figure 1.4 with
another charged particle, such as a charged Higgs boson. Despite their relatively
small branching fractions within the SM and the challenges associated with detecting
such exclusive reactions with two photons in the final states at the LHCb experiment,
the radiative penguin decays B, — 77y have been identified as prominent channels
for the Belle IT program [12]. This is particularly due to the straightforward event
reconstruction facilitated by the electromagnetic calorimeter.

The upper limit set by L3 collaboration on the branching fraction of this mode is
3.9x107° at 90% confidence level (CL) using 73 pb~! of data [19]. The best previous
experimental upper limit on the branching fraction of this mode is 3.2x10~7 at 90%
CL set by BaBar[13] using 426 fb~! of data. This decay process was also studied
previously by the Belle collaboration, [20] and an upper limit was set at 6.2x10~" at
90% CL using 104 fb=! of data, corresponding to 111x10° BB pairs. The combined
dataset from Belle and Belle IT experiments so far provides a unique opportunity to
reach the SM sensitivity.

5.0 Summary

In this chapter, we introduce SM, including electroweak and strong interactions and
their gauge transformations. It emphasizes the renormalizable Lagrangian, focusing
on kinetic and Yukawa components involving gauge interactions and flavor-changing
properties of quarks and leptons. It highlights the CKM matrix, essential for quark
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flavor physics, and its unitarity aspects. Additionally, it discusses motivations be-
hind the search for B® — v+ and its potential implications.
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Chapter 2

The Belle and Belle 11 Experiment

This chapter gives an overview of the Belle and Belle IT experiments. The study
of B® — ~v is carried out using the data collected by two experiments, Belle and
Belle II. An overview of both the Belle and Belle II detector and their associated
accelerators, KEKB and SuperKEKB, data acquisition and trigger systems are de-
scribed in the following subsections. It also includes the software framework for
physics analysis, physics of BY mesons at T(4S), and the strategy adopted for both
analysis.

1.0 The T resonances and B meson factories

The T mesons are bound states of bb quarks with spin, parity and charge conjugation
quantum numbers J¥¢ = 177, After the first observation of the T(1S) in proton-
nucleon collisions by the CEFS (Columbia-Fermilab-Stony Brook) E288 collaboration
at Fermilab [21], the existence of the T meson was confirmed by experiments at
CESR [22] and DORIS [23, 24]. Figure 2.1 shows the total ete™ annihilation cross
section as a function of the CM energy in the region of the T resonances.

The masses of the first three Upsilon resonances (Y(1S), T(2S), and T(3S) are
less than the sum of the mass of a B and B meson (5.279 GeV each), and therefore,
they cannot decay to B mesons. Rather they can produce light hadrons (or lepton
pairs) as shown in Figure 2.2.

The mass of the T(4S) resonance is ~ 20 MeV /c? above the mass of two B or B°
mesons; therefore, it is the lightest T resonance to be able to decay into a BB meson
pair. In fact, it decays almost exclusively, > 96% according to [26], to BT B~ and
BB pairs. The Y(4S) decay rate to B* B~ is measured to be very consistent with
the rate to B°B0 [27]. The Y (4S) mass is too small to produce excited B* mesons or
to create an extra particle. The bb production cross-section at the Y(4S) resonance
is about 1.1 nb and ete™ storage rings operating at the T(4S) resonance are called
B-factories. A majority of ete™ collisions result in lighter ¢g states such as v, dd,
ss and cc. These events are generally known as continuum events. At the Y(4S)
resonance, the continuum production cross-section is about 3.7 nb, more than three
times larger than the BB cross-section. Therefore, although KEKB (SuperKEKB)
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Figure 2.1: The hadronic cross-section for Y(nS) resonances as a function of ete”
CM energy in nb and inset normalized to theoretical muon-pair cross-section.
Results of CUSB Collaboration. [25]

Figure 2.2: Decay processes of T(nS) system at first 3 resonance states, Y(1S),
T(2S) and T(3S)

is operating at the Y(4S) resonance to produce BB pairs, it produces three times
more ¢q events that constitute a major source of background to B physics. In order
to study the ¢g contribution cleanly, KEKB (SuperKEKB) is sometimes operated
at 60 MeV below the Y (4S) resonance. The data taken at the T(4S) resonance and
60 MeV below are referred to as “on-resonance” and “off-resonance” respectively.
The energy of the Y(4S) resonance is sufficient for generating a pair of bb quarks
while concurrently producing the lighter v or d quarks. Consequently, this process
leads to the formation of pairs of BB mesons at the Y (4S) resonance, as illustrated
in Figure 2.3.

The ratio of the branching fraction of Y(4S) to BYBY and BT B~ has also been
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Y

A

b b

Figure 2.3: Feynman diagram for the production of BB at T(4S) resonance

measured by Belle [28] and is:
B(Y(4S) - BTB™)

—— = 1.065 + 0.012 £ 0.019 £ 0.047
B(T(4S) — B°BY)

which is consistent with equal production rates for charged and neutral BB pairs.
The discovery of T(5S) resonance (in 1985) [29] and the production of B? mesons
at this resonance (in 2005) [30] was established by the CLEO collaboration. The
T(5S) mass is substantially larger than the B?B? production threshold. Unlike the
Y (4S) resonance, the Y (5S) resonance does not stand just above a BB threshold. B
mesons are mostly produced through excited states B* with subsequent low-energy
photon de-excitation. The bb production at the Y(5S) resonance is about 0.3 nb,
hence more than three times smaller than at the T (4S) resonance.

The first generation of B-factories, DORIS II at DESY in Germany with the
ARGUS experiment and CESR in Cornell, USA, with the CLEO detector, were
symmetric colliders, where the electron and positron beams have the same energy,
corresponding to one-half of the T (4S) mass. The second generation of B-factories,
KEKB and SuperKEKB at KEK in Tsukuba, Japan, with the Belle and Belle 11
experiment and PEP-II at SLAC in Stanford, USA, with the BABAR experiment,
are asymmetric colliders. The physics of B mesons is also investigated at hadron
colliders, such as the Tevatron, a pp collider with /s = 1.96 TeV, located at Fermilab
near Chicago (USA), with the D@ and CDF experiments. The ATLAS and CMS
experiments, along with the b-devoted LHCb experiment, also investigate B mesons
as the Large Hadron Collider (LHC), a proton-proton collider with /s = 14 TeV,
situated at CERN near Geneva, Switzerland.

2.0 KEKB Accelerator

The KEKB accelerator is an asymmetric-energy collider of 8 GeV electrons and
3.5 GeV positrons. It comprises two storage rings: the High Energy Ring (HER)
for the electrons and the Low Energy Ring (LER) for the positrons. Due to the
beam asymmetry, the T (4S) particle is produced with a boost, with respect to the
laboratory frame,

By = Epgpr — Ergr

— — 0.425 2.1
y Fonr (2.1)
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along the electron beam direction (z-axis), where Egpr = 8.0 GeV, Erpr = 3.5
GeV and Ecy = VEugr X Eppr = 10.58 GeV. Since the B mesons from the T (4S)
decay have very little kinetic energy in the centre of mass, they have approximately
the same boost 57 in the laboratory. This boost provides the opportunity to perform
time-dependent analyses. B mesons generally fly 0.2 mm before decaying and the
decay-length difference between the two B mesons along the z-axis (Az) can be
measured with a vertex detector. The B mesons decay-time difference (At) can
then be estimated as A

z

Brye

A schematic of the KEKB accelerator complex is given in Figure 2.4. The two
rings are approximately three kilometres in circumference, 11 metres below ground
level, and built side-by-side in the TRISTRAN tunnel *. The electrons are produced
from an electron gun and are accelerated through a LINAC to produce the beam.
The positron beam is created with the help of a tungsten target in the path of the
electron beam and is separated using a magnetic field. Then, these two beams are
fed into the storage rings and injected into KEKB in the Fuji area. The LER and
HER can store currents up to 2.6 A and 1.1 A, respectively; they use an RF of
508.9 MHz to accelerate the beams [31]. With the aid of dipole, quadrupole, and

At (2.2)

KEKB

Positrons

e 1.7 GeV

Figure 2.4: Schematic of the KEKB accelerator complex [32].

sextupole magnets, the beams are made to circulate in trajectories that maximise the
instantaneous luminosity. In order to compensate for the energy loss of the beams

LA symmetric electron-positron particle accelerator at KEK, Japan. This was built in 1981-1986
to search for tt.
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due to radiation as they circulate in KEKB, two kinds of RF cavities are installed:
normal conductive cavities, which are accelerator resonantly coupled with energy
storage, and superconducting cavities. The two beams cross at the interaction point
(IP) in the Tsukuba experimental hall at the center of the Belle detector. At the IP,
the two beams collide with a finite horizontal crossing angle of £11 mrad [33]. This
angle eliminates the need for separation-bend magnets, substantially lowering the
beam-related background level. Two superconducting crab cavities are employed
to kick the bunches into the horizontal plane in order to achieve the maximum
luminosity [34, 35]. The crab cavities have a transverse RF that allows the bunches
to spin and collide with the most overlap at the IP, as shown in Figure 2.5.

electron bunch positron bunch

cross angle crossing crab crossing

Figure 2.5: A schematic of cross-angle and crab crossings.

Data type Vs (GeV) Luminosity (o)
T (4S) resonance 10.58 711
T(4S) off-resonance 10.52 89
T(5S) resonance 10.86 121
T(5S) scan 10.58 < Ecpr < 11.02 7
T(3S) resonance & off-resonance 10.35 & 10.32 2
T(2S) resonance & off-resonance 10.02 & 9.99 28
T(1S) resonance & off-resonance 9.46 & 9.43 8
Total 966

Table 2.1: Data collected at or near T resonances and their corresponding luminosities.

The data samples were collected at or near centre-of-mass (c.m.) energies (1/s)
corresponding to different T resonances, as shown in Table 2.1. The data sample
used in our analysis corresponds to the sample collected at the Y(4S) resonance,
which is just above the threshold for decay into BB meson pairs. The highest
instantaneous luminosity achieved by KEKB was 2.11 x 103 cm~2 s, which was a
world record until 2020 [36]. Figure 2.6 shows the integrated luminosity collected by
the Belle and BaBar experiments over various resonances during its lifetime. After
completing the physics runs in 2010, the overall integrated luminosity was around 1

ab™l.
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Figure 2.6: Data sets accumulated at the Belle experiment over various resonances
during its lifetime. [36]

3.0 Belle Detector

The Belle detector [37, 38] is situated at the interaction region of the KEKB ac-
celerator. As shown in Figures 2.7 and 2.8, it is a layered general-purpose detector
consisting of different sub-detector systems dedicated to various aspects of event
reconstruction. The innermost sub-detector system is a Silicon Vertex Detector

(SVD), which precisely measures the decay vertices of B-mesons. Outside the SVD,
we have a Central Drift Chamber (CDC), the main tracking system, and SVD. It
also helps to distinguish the various particles using dF /dx measurements. Due to a
large number of production of kaons and pions at Belle from the decay of primary
particles, they behave identically at higher momentum. We have a particle identi-
fication system consisting of CDC, Aerogel Cherenkov counter (ACC) and Time of
Flight (TOF) counter. It aims to separate the particle species efficiently. Outside
the PID, we have an electromagnetic calorimeter (ECL) to detect electrons and pho-
tons produced in the electromagnetic interactions. The whole detector is placed in
a magnetic field of 1.5 T produced by a superconducting solenoid. The outermost
part is the K and muons detection system (KLM).

Belle follows a right-handed coordinate system; the origin is the nominal IP po-
sition, the z-axis is horizontally aligned, pointing outward from the centre of the
KEKB ring, the y-axis is along the vertical direction (upward) and the z-axis is
aligned opposite to the positron beam direction. The polar angle 6 is measured
relative to the positive z-axis and the azimuthal angle ¢ with respect to the z-axis.
Due to the boost of the T(4S) resonances, the components of Belle are asymmetric
in z. All sub-detector systems of the Belle experiment are discussed in detail in the
following subsections.
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Electromagnetic
Calorimeter (ECL)

Silicon Vertex Detector (SVD) K; and muon Detector

Figure 2.7: Cut away view of the Belle detector

1 2 3m)

Figure 2.8: Side view of the Belle detector [37]

3.1 Beam Pipe

The beam pipe is the innermost part of the detector and closest to the IP region.
The double-walled beryllium (Be) cylinder is used as the beam pipe to avoid coulomb
scattering, which affects the resolution of the SVD. The beam pipe is 0.5 mm thick
and the separation between both walls is 2.5 mm, through which helium gas is
used as a coolant. To absorb X-rays from synchrotron radiation, the beam pipe is
enveloped with a gold foil with a thickness of 20 ym. At the interaction region, the
cross-section of the beam pipe is shown in Figure 2.9.

3.2 Silicon Vertex Detector (SVD)

The SVD helps in measuring the B and D meson vertices, which is essential in
studying the time-dependent CP asymmetry as the averaged separation between the
two B meson vertices is around ~ 200 pm. Most of the particles produced in the
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Inner Be (20.0mm<R<20.5mm!

Outer Be @3.0mm<R<23.5mm

Figure 2.9: The cross-section of the beryllium beam pipe at the interaction point [37].

Belle experiment have momenta less than or equal to 1 GeV /c and multiple-coulomb
scattering worsens vertex resolution. To minimize the effect of such scattering, the
vertex detector should be placed close to the IP. Also, the electronics must be kept
outside the tracking volume and the supporting structure should be low in mass.
The SVD is also used to measure the trajectory of charged particles. In the presence
of a uniform magnetic field, the shape of the particle’s path is helical. Some of the
charged particles are probably unable to reach the CDC, and their path becomes
curved in the SVD detector. Belle has two types of SVD: a three-layer SVD1,
operated till the summer of 2003, and a four-layer SVD2, operated till 2010. As
displayed in Figure 2.10, SVD includes the three concentric cylindrical layers having
radii of 30.0, 45.5, and 60.5 mm. These layers are made up of different ladders, each
comprising a double-sided silicon-strip detector (DSSD). It is supported by boron-
nitride ribs. Each DSSD has 1280 sense strips and 640 readout pads on either side.
A total of 102 DSSDs are used, where each sensor has a size of 57.5 x 33.5 mm?.
The ¢-strip pitch is 25 mm and the z-strip pitch is 42 mm. The readout system of
SVD is based on the VA1 integrated circuit [39, 40].

SVD2 was placed in 2003 due to the damage in SVD1 by synchrotron radiation [42].

SVD sideview

SVD endview | coc |
N — =
\ .
\ ‘
)

139° 23°

; Bebeam pipe P

BN ribs with CFRP </

Figure 2.10: View SVD1 detector [41].
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As shown in Figure 2.11, SVD2 covers 92% of the 47 solid angle and has four layers.
SVD2 has an extra layer of DSSDs, which covers more area than SVD1. Therefore,
SVD2 performance is obtained better than SVD1. When reconstructing K2, it’s
typically done from the paths of its two daughter pions, which have flight lengths
under 6 cm. Most K particles decay within the SVD region into two oppositely
charged pions. The hits from these pions on the SVD layers are used to reconstruct
K2, help in tracking low-momentum particles and reduce the multiplicity. The

Side View

oy DSSD ]addcr—\ 17°< 0 <150

Interaction Point 5

Figure 2.11: Schematic view of the SVD2 subsystem of Belle [42]

performance assessment of the SVDs was conducted using cosmic rays. The primary
criterion for evaluating their performance was the resolution of the impact parameter
(the closest approach distance of charged tracks to the IP) in the R-¢ and z planes.
Figure 2.12 presents the comparison of performance between SVD1 and SVD2. It
was observed that SVD2 exhibited superior performance to SVD1 following the
upgrades.

3.3 Central Drift Chamber (CDC)

The CDC, as a gaseous detector [44], serves as both the tracking device and SVD in
the Belle experiment. It covers a wide range of polar angles, from 17° to 150°. The
inner radius of the CDC is 103.5 mm, while the outer radius extends to 874.0 mm. To
minimize multiple scattering and enhance momentum resolution, the CDC is filled
with equal parts of helium and CyHg. As charged particles traverse the gaseous
medium, they interact with gas molecules, causing ionization. Then, a tracking al-
gorithm is used to reconstruct the path of charged particles from their hits in the
CDC. Figure 2.13 provides a schematic representation of the CDC, comprising 50
cylindrical layers with a spatial resolution of approximately 130 pm. Within the
CDC, there are 8400 drift cells, each containing a sense wire surrounded by eight
parallel field wires. It is used to measure the energy loss (dF/dx) of a charged
particle using the Bethe Bloch formula [45, 46]. The dE/dz measurement for iden-
tification of various charged particle types versus particle’s momentum in CDC is
shown in Figure 2.14. It provides a clear separation between charged particles like
electrons, pions, and protons.
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Figure 2.12: Comparision of performances between SVD1 and SVD2 in terms of
impact parameter resolutions. [43]

BELLE Central Drift Chamber

Figure 2.13: Overview of the BELLE CDC structure. The lengths in the figure are
in units of mm. [44]

3.4 Aerogel Cherenkov Counter (ACC)

ACC [33] is implemented just after the CDC detector for the identification of par-
ticles such as kaons/pions within the momentum region of 1.2-3.5 GeV/c. Particle
identification plays a vital role in studying CP violation in B physics. ACC working
is based on the principle of Cherenkov radiation. When a particle moves in a medium
greater than the velocity of light ¢ in that medium, it emits the Cherenkov radiation.
The relation between the refractive index (n) and g (velocity of the particle) is given
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Figure 2.14: Particle identification performance for pions, kaons, protons and elec-
trons based on the dE/dx measurement as a function of the momentum (p in

GeV/c).

as:

n > % 3 (1 + (%)j " (2.3)

where p represents the momentum, m is the mass of the moving particle and g =
v/c. We understood from the above relation that two different particles (kaon and
pion) with the same momentum emit the Cherenkov light at different times. Here, n
is selected so only pions emit the Cherenkov light, not kaons. Figure 2.15 illustrates
the configuration of the ACC detector, consisting of 228 modules arranged in 5
concentric layers in the forward endcap part, and 960 counters segmented into 60
cells in the barrel part. The single ACC cell comprises silica aerogel tiles (12x 12 x 12
cm?) boxed in an aluminium box of around 0.2 mm. Photomultiplier tubes are
installed within a 1.5 T magnetic field. The refractive index n of the aerogel blocks,
selected between 1.01 to 1.028 for improved particle identification, is correlated
with the polar angle. The ACC’s angular acceptance ranges from 17° to 127° and
is positioned in both the forward and barrel endcap regions.

3.5 Time of Flight counter (TOF)

The TOF [47] is the third component of the particle identification system within the
Belle experiment, employing plastic scintillator counters. Its angular coverage spans
from 34° to 120°, distinguishing between different particles with momenta below
1.2 GeV/c. Only particles with a minimum transverse momentum of 0.28 GeV /c
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Figure 2.15: The arrangement of ACC at the central part of the Belle detector. [37]

are able to reach the TOF. Offering a rapid signal with a resolution of 100 ps, it
comprises 64 trigger scintillator counters (T'SC) and 128 TOF counters. A TOF
module, depicted in Figure 2.16, comprises two trapezoidal-shaped TOF counters
and one TSC counter, spaced 1.5 cm apart. This gap ensures protection for the
TOF counters against any electrons or positrons generated in the TSC layer. The
system includes 64 such modules. In the TOF, scintillator counters excite molecules,
producing photons that are then detected by photomultiplier tubes. The desired
time resolution in TOF is achieved with the following design:

e A fast scintillator with an attenuation length greater than 2 m is used.

e The time dispersion of scintillation photos is minimized by eliminating the
light guide.

e Photo tubes have a large area of photo cathode to maximize the photon col-
lection efficiency.

Backward 1P Z=0) Forward
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Figure 2.16: TOF detector [37]

TOF detector counts the time of the particle from IP to TOF detector, and the
average time is measured around 3 ns. The measured time is expressed as:

L m\2\"
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where t provides the information about the particle species, the mass distribution
obtained for various particle types is displayed in Figure 2.17. An overall likelihood
is performed using the combined measurements of the CDC, ACC, and TOF subsys-
tem, and this information is used to identify the particle type at the reconstruction
level.
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Figure 2.17: Hadron mass distributions calculated from TOF measurements for
particles with momentum below 1.2 GeV/c. The black points represent data, and
the shaded histogram represents the simulation sample.

3.6 Electromagnetic Calorimeter (ECL)

The Electromagnetic Calorimeter (ECL) is a critical component of Belle’s particle
detection system. Its primary role is to measure the energy of electromagnetic
showers produced when electrons, positrons, and photons interact with the detector
material. The ECL is highly regarded for its exceptional efficiency and remarkable
energy resolution, making it well-equipped to handle particles across a wide range
of energy levels. When an electron or photon strikes a dense absorbing material
within the detector, it loses its energy through a process called bremsstrahlung (for
electrons) or through the creation of ete™ pairs (for photons). The ECL’s design is
optimized to deliver top-notch performance and high resolution, enabling accurate
measurements of both low and high-energy photons. Distinguishing between photons
and e* involves combining the energy measurements of the showers with information
from the tracking detectors. An energy cluster that is not associated with any
charged particle track is likely a photon candidate, while a cluster that is linked
to a track is more likely related to an electron or positron candidate. Figure 2.18
shows the overall configuration of ECL. The Electromagnetic Calorimeter (ECL) is
composed of an array of scintillating crystals made of Thallium-doped Cesium Iodide
(CsI(T1)). These crystals are read out by silicon photodiodes and are installed within
a superconducting solenoid magnet that generates a magnetic field of 1.5 Tesla. CsI
crystals were chosen for their moderate cost, mechanical stability, and high photon
yield. The ECL crystals are divided into three sections: a cylindrical barrel region
with a length of 3.0 meters and an inner radius of 1.25 meters, an annular forward
section located at z = 2 m from the interaction point (IP), and an annular backward
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Figure 2.18: Schematic view of the ECL subsystem of Belle. [37]

section at z = -1 m from the IP. Each crystal has a tower-like shape and is arranged
to point nearly towards the interaction point. In the barrel section, the crystals
are tilted by a small angle of ~ 1.3° in both the 6 and ¢ directions to prevent
photons from escaping through the gaps between crystals. The end-cap crystals
in the forward and backward sections are tilted by angles of ~ 1.5° and ~ 4°,
respectively, in the 6 direction. The number of crystals and the angular coverage of
each section are shown in Figure 2.18. The angular acceptance of ECL is also in the
range between 17° < # < 150°, corresponding to a total solid-angle coverage of 91%
of 4. The geometrical parameters of the ECL are provided in Table 2.2. In total,
the ECL detector comprises 8,736 crystals and weighs 43 tons.

0 coverage (°) ‘ No of crystals | position (cm)

Forward endcap 124 <0< 314 1152 z = 196
Barrel 32.2 < 0 < 128.7 6624 T,=]25
Backward endcap | 130.7 < 6 < 155.1 960 z = 196

Table 2.2: The geometrical configuration of the ECL of Belle.

The ECL was designed with trigger cells to generate trigger logic decisions and
capture timing information. Each trigger cell was formed by combining a group of
(4 x 4) ECL cells or clusters. Within each trigger cell, there was a more intricate
arrangement called trigger sub-cells, each composed of (4 x 2) ECL cells. Thus, each
trigger cell contained two sub-cells. These trigger cells operated above a predefined
energy threshold set by the crystals, allowing them to produce trigger logic decisions
and timing details. Additionally, each trigger cell had the capability to provide
three sets of time-to-digital converter (TDC) counts, corresponding to both the
rising and falling edges of the signal. To distinguish between signals originating
from the sub-cells within a trigger cell, the TDC count of one of the sub-cells was
offset by 1046 counts, and the widths for the rising and falling edges were adjusted

o4
TH-3478_186121024



Chapter2: The Belle and Belle II Experiment 55

differently. This deliberate alteration allowed the extraction of timing information
from each of the sub-cells. The timing information was crucial in removing off-time
(radiative) Bhabha and ete™ — 7y events, which are background processes. A
detailed description of the implementation of the timing criteria to remove these
off-time QED backgrounds can be found in Ref. [48, 49].

The energy resolution of the ECL with a threshold energy of 0.5 MeV was cal-
culated using the formula:

op _ 0.0066 1.53
- E PEina

& 1.18(%), (2.5)

where the terms in the quadratic sum are contributions from the electronic noise,
fluctuations due to shower leakage from the crystals and uncertainty in crystal cal-
ibrations. A detailed description of the ECL sub-detector is described elsewhere.

3.7 Extreme Forward Calorimeter

The Extreme Forward Calorimeter (EFC) is a specialized detector component de-
signed to detect and measure electromagnetic showers produced in the extreme for-
ward and backward directions. The polar angle coverage of EFC, 17° < 6 < 150°,
is extended in the forward and backward regions. It covers the angular range from
6.4° < 6 < 11.5° in the forward region and 163.3° < # < 171.2° in the backward
region. Figure 2.19 shows the schematic view of the EFC. The region around the
beam pipe near the interaction point is subject to extremely high levels of radiation.
As the EFC is positioned in close proximity to the interaction point, it must possess
the property of radiation hardness. To meet this requirement, the EFC employs
Bismuth Germanate BiysGezOq2 (BGO) crystals, which exhibit the necessary radi-
ation resistance. The EFC serves an additional function as a beam mask, reducing
background levels for the Central Drift Chamber (CDC). To provide better position
resolutions, the EFC is segmented into 5 and 32 sections in the # and ¢ directions,
respectively, for both the forward and backward end-caps. A detailed description of
the EFC can be found in section 4 of Ref. [37].

3.8 KY and Muon detector (KLM)

Neutral kaons (KY) and muons are particles that deposit only small amounts of
energy in the subdetectors located closer to the interaction point. These particles
have sufficiently long lifetimes, allowing them to decay outside the main detector
volume. A specialized subdetector called the KL and Muon detector (KLM) is
employed to detect and identify these long-lived particles. The KLM is a dense and
massive detector composed of alternating layers of iron plates and charged particle
detectors known as glass resistive-plate chambers (RPCs). When K? and muons
interact with the iron plates, they create ionizing particles that can be detected
by the RPCs. The KLM consists of a cylindrical barrel section and two endcap
sections. The barrel section covers the polar angle range from 45° < 6 < 125°
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Figure 2.19: A 3D view of EFC sub-detector. [37]

and is constructed with 15 layers of RPCs interleaved with 14 c¢m thick iron plates.
The forward and backward endcaps extend the angular coverage to the range of
20° < # < 155°. Each endcap contains 14 layers of RPCs and 4.7 cm thick iron
plates. The KLM layers are organized into “super-layers,” as illustrated in Figure
2.20. A super-layer consists of # and ¢ cathode strips surrounding two RPCs. RPCs
are gaseous detectors with two parallel plate electrodes separated by a gas-filled
gap. When an ionizing particle passes through the gap, it initiates a gas streamer,
resulting in a local discharge. This discharge creates a signal on the external cathode
strips, allowing the location and time of the ionization to be recorded.

The iron plates in the KLM provide approximately 3.9 interaction lengths of
material. When a (K?) interacts with the iron, it induces a shower of particles. By
assuming that the K9 originated from the interaction point, the direction of the K?
can be determined from the observed shower, although no energy information can
be extracted. Muons are identified as clusters in the KLM that can be associated
with a charged particle track. The muon identification relies on the length and
dispersion of the shower induced by the muon. Muons typically travel much farther
and experience smaller deflections within the KLM than other charged particles, such
as pions and kaons. For muons with momenta above 1.5 GeV/c, the identification
efficiency is typically around ~ 90% with a fake rate of ~ 3%. A more detailed
description of the KLM detector can be found in Ref. [37].
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Figure 2.20: Cross-section of a super-layer of the KLM detector. [37]

3.9 Trigger system

The purpose of the trigger system in the Belle detector is to determine when the
various subsystems should record and store the data from a particle collision event.
When a specific particle interaction meets the predetermined trigger conditions,
data from all subsystems is retrieved and saved for later analysis. The term “event”
is used interchangeably to refer to either the physical particle collision itself or the
recorded data representing that interaction. The decision to read out and store an
event is based on carefully designed criteria aimed at eliminating background events
while efficiently preserving events of interest. The major sources of background
events include undesirable interactions between the electron and positron beams,
collisions of a beam particle with residual gas molecules or the beam pipe, and
synchrotron radiation from the beams. Events of interest primarily include hadronic
events containing B mesons, photon-induced events like Bhabha scattering (eTe™ —
ete) and p pairs events (ete™ — ptp™), which are used for luminosity monitoring
and detector calibration. At the Belle experiment, various physics processes were
produced. Table 2.3 provides an example of such processes at the Y(4S) resonance,
including their cross-sections and the expected rates at which the trigger system was

designed to operate at an instantaneous luminosity of L, = 103* cm™2s71.
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Table 2.3: Total cross-section and trigger rates with £ = 10** cm~2s~! from various
physics processes at T(4S).

Physics Process Cross-section (nb) Rate (Hz) ‘

Y(4S) — BB 1.2 12
Hadron Production from continuum 2.8 28
pwrp= + 77" 1.6 16

Bhabha (6, > 17°) 44 .47

Yy (Glab > 170) 2.4 0.24*

27 process (O > 17°, p; >0.1 GeV /c) ~ 15 ~ 177

Total ~ 67 ~ 96

*Indicates the values pre-scaled by a factor 1/100
fndicates the restricted condition of p; > 0.3 GeV/c

At the design luminosity of 10** em=2s7!, both physics events of interest and

background events occur at a rate of roughly 100 Hz each. However, to accommodate
the possibility of higher luminosities and increased beam backgrounds, the trigger
system is designed to operate at a rate of 500 Hz.

The Belle trigger data flow is depicted in Figure 2.21. It consists of three main
levels: a Level-1 (L1) hardware trigger, a Level-3 (L3) software trigger implemented
by an online computer farm, and a Level-4 (L4) trigger that operates on the Belle
computing system offline and performs more complex background reduction based
on full event reconstruction.

The L1 trigger comprises sub-trigger systems and a central trigger system called
the global decision logic (GDL). All sub-trigger signals are designed to arrive at the
GDL within 1.85 us of the event occurring. The final L1 trigger signal is issued
2.2 ps after the event crossing. The L1 trigger receives track information from the
CDC, ACC, and TOF subsystems. The energy trigger is obtained from the ECL
based on the energy deposition in the CsI(T1) crystals. These triggers are evaluated
in parallel before being sent to the GDL. The timing of the trigger signals must be
accurate since the trigger signal determines the readout timing. The timing of the
final trigger is determined by the TOF trigger or, in its absence, by the ECL trigger.
For hadronic events, the L1 trigger logic has a 98% efficiency; a schematic of the L1
trigger is shown in Figure 2.22.

The L3 trigger aims to minimize the number of events to be stored. It first verifies
the L1 trigger information but passes certain categories of events, such as Bhabha
events and random trigger events. If an event does not belong to these categories,
the L3 trigger performs a quick reconstruction and rejects the event if it has no track
with |z| <5 cm from the IP. This procedure eliminates a substantial fraction of the
beam background events. The L4 trigger filters events just before the full event
reconstruction takes place. The basic strategy of this trigger is to reject tracks that
originate away from the IP. Events rejected by the L4 trigger remain in the raw
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Figure 2.21: An overview of the Belle trigger system. [37]
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Figure 2.22: Belle level-1 (L1) trigger schematic. [50]

data. Thus, the L3 trigger (together with the L1 trigger) reduces the data size to
be recorded, while the L4 trigger reduces only the CPU time for data summary
tape (DST) production. The L4 trigger rejects about 78% of triggered events while
keeping nearly 100% of B meson events.
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3.10 Data Acquisition system (DAQ)

The DAQ system is configured to handle data at a rate of up to 500 Hz. The typical
data size for a hadronic event is around 30 kB, and the maximum data transfer rate
is 15 MB/s. Figure 2.23 provides an overview of the Data Acquisition system. It
reads data from all subdetectors.
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Figure 2.23: A schematic of the Belle DAQ system. [37]

In most subdetectors, the signals are directly related to the energy deposited
in the individual detector components. These analogue signals are converted into
digital form using time-to-digital converters (TDCs). The SVD is an exception, as it
uses flash analog-to-digital converters (FADCs). When the GDL receives a trigger
signal, the event builder combines the data from each subdetector into a single
event, converting the “detector-by-detector” parallel data streams into “event-by-
event” data. The output data from the event builder is then passed to the online
computer farm, which comes from the L3 trigger system. Finally, the information
is transferred to the mass storage system at the KEK computing facility, where it
is saved on tape for further analysis.

4.0 SuperKEKB accelerator

The new generation of B-Factory is represented by the SuperKEKB accelerator,
which is an upgrade of the KEKB. The improvement program began in 2010 with the
major objective of increasing the machine’s instantaneous luminosity from 2.1 x 1034
ecm~?s7! (achieved by KEKB) to 8 x 10% cm™2s~!. This luminosity enhancement

aims to meet the physics goals of the Belle II experiment. The luminosity increase
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is achieved by employing a higher beam current and a smaller beam dimension at
the IP, while keeping the beam emittance as low as possible, using the nano-beam
scheme [51]. SuperKEKB is an ete™ asymmetric collider, with an energy of 7 GeV
(4 GeV) for the electron (positron) beam. The resulting centre-of-mass energy in the
relativistic limit is /s = V4Fet Ee~ = 10.58 GeV. The beam asymmetry generates
a Lorentz boost of 8y = 0.28 for the B mesons in the laboratory frame, resulting
in their average flight distance of 130 pum. The electron and positron beams are
produced in the same manner as in KEKB.

To achieve the factor of 40 increase in luminosity, the nano-beam scheme, further
elaborated in [[52], sec. 2], is employed. In this scheme, the colliding beams are
focused by additional final focusing quadrupoles near the IP, obtaining a beam size
of o, = 0.08 pm. Compared to KEKB, this reduces the vertical beta function at the
IP ;. for both beams by a factor of almost 20. Table 2.4 provides an overview of the
important machine parameters of SuperKEKB, with a comparison to the parameters
of KEKB. Figure 2.24 is a representation of the beam collisions, where d represents
the size of the region of overlap. Reducing the value of d, which represents the size of
the overlap region between the colliding electron and positron beams, allows for the
squeezing of the vertical beta functions (6;) of each beam at the interaction point.
This squeezing of the vertical beta functions has a significant impact on increasing
the resultant instantaneous luminosity £. The effect of this reduction in the vertical
beta functions can be estimated using equation 6.1, where the assumption of flat
beams and equal horizontal and vertical beam sizes for both the et and the e~ beam
at the IP is made [[52], sec. 2].

Y+ o\ 1+&+ Ry
L= 14+ —= — 2.6
2er, ( + o*) B Re,’ (2:6)

x

Table 2.4: Comparison of achieved KEKB machine parameters and design values of
SuperKEKB [[52], sec. 2].

Machine Parameter KEKB SuperKEKB
HER LER HER LER

Beam current (A) 1.64 1.19 3.60 2.61
Energy (GeV) 8.0 3.5 7.0 4.0
B2 (mm) 5.9 5.9 0.27 0.47
Crossing angle (mrad) 22 83
Beam emittance (um) 300 1200 20 10
Beam lifetime (min) 200 150 10 10
Luminosity (103 cm=2s7!) 2.11 80

The luminosity is indirectly proportional to the vertical beta functions, so re-
ducing these functions leads to an enhancement in luminosity. Additionally, the
luminosity depends on several factors, including the relativistic Lorentz factor v4 of
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the beam, the absolute value of the electron charge (e), the classical radius of the
electron (r), the widths of the beam bunch at the IP in the transverse plane o} and
oy, the beam current (I), the vertical betatron function at the IP 3y, the vertical
beam-beam parameter §,, and reduction factors due to the non-vanishing crossing
angle Ry and R¢,. Moreover, an increase in the beam currents by a factor of about
two results in an overall 40 times higher instantaneous luminosity than KEKB.

To accomplish these ambitious design goals, extensive hardware modifications were

d
g __—

20

Figure 2.24: A depiction of the interaction between an electron and positron beam
at SuperKEKB. The grey areas represent the bunches of colliding particles, with the
size of the beam overlap d and the crossing angle ¢ minimised with the Nano-Beam
design [52].

required, including a redesign of the IP region. One crucial change was increasing
the crossing angle to 83 milliradians to accommodate the final focusing quadrupoles,
which are vital in achieving the desired beam characteristics. To generate the low-
emittance electrons and positrons necessary for the nano-beam scheme, the injector
complex underwent significant upgrades. A new radio frequency gun was installed
for the production of low-emittance electrons, and a new tungsten positron target
was implemented. However, the positrons produced from e~ collisions with this tar-
get initially had high emittance. To dramatically reduce their emittance compared
to the previous KEKB accelerator (see Table 2.4), the addition of a positron damp-
ing ring, shown in Figure 2.25, was essential.

One side effect of the small vertical beta function at the IP and the higher beam
current is an increased rate of intra-bunch scattering, known as the Touschek effect
[54] This effect leads to a lower beam lifetime. Furthermore, the amount of beam-
induced background significantly increases due to the Touschek effect and other
sources, such as beam-gas scattering and synchrotron radiation. To mitigate the
impact of the Touschek effect, its proportionality to the inverse cube of the beam
energy E52 — was exploited, and the energies of the LER and HER were adjusted
to 4.0 and 7.0 GeV, respectively. The Belle II detector also undergoes significant
upgrades to manage the anticipated rise in beam background and to accommodate
technological advancements. However, certain components of the original detec-
tor remain largely unchanged. For instance, the superconducting solenoid and its
iron return yoke are retained. Only minor enhancements are made to the KLM
instrumentation on the yoke, such as replacing resistive plate counters with plastic
scintillator strips in the endcaps and the inner two layers of the barrel, to counter-
act increased background rates in these areas [[52], sec. 10][55]. Similarly, most of
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Figure 2.25: Sketch of the SuperKEKB collider with its high energy electron ring
(HER, blue) and low energy positron ring (LER, red), as well as the added positron
damping ring and the Belle II detector [53].

the ECL crystals are reused, with the possibility of replacing crystals in the endcap
regions with pure Csl crystals offering a shorter scintillation time [56]. This change
is particularly important for regions experiencing higher beam background. Addi-
tionally, the ECL’s electronics will be upgraded to a faster readout with waveform
sampling, further enhancing the performance of the entire ECL system under the
new conditions.

Figure 2.26 presents a comparison between the Belle and Belle II detectors, high-
lighting significant innovations in colour. Alongside the new beryllium beam pipe
with a 12 mm radius, the quadrupoles, and the potential ECL upgrade mentioned
earlier, the tracking detectors and PIDs see notable changes due to the upgrade.
Figure 2.27 shows an overview of the Belle II detector, along with its coordinate
system. The z-axis roughly aligns with the electron beam’s direction, the y-axis
points upward, and the z-axis extends radially from the centre of the storage ring.
At the IP, where particle collisions occur, is the origin. The xy-plane, known as
the transverse plane, plays a crucial role in particle detection. Spherical coordinates
measure the azimuthal angle ¢ from the z-axis and the polar angle 6 from the z-
axis. Like its predecessor Belle, Belle II maintains symmetry around the z-axis and
features an asymmetric acceptance range, covering polar angles from 17° to 150° to
accommodate for the particle boost. The sub-detectors are discussed slightly more
thoroughly in the following subsections.

4.1 Vertex Detector (VXD)

The Vertex Detectors (VXD), comprising the two-layered PiXel Detector (PXD)
and the four-layered Silicon Vertex Detector (SVD), play a crucial role in measuring
vertices and tracking charged particles with low momenta. They replace the SVD2
and are positioned closest to the IP — the innermost PXD sensor layer, with a ra-
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Figure 2.26: Comparison of Belle (lower half) and Belle II (upper half); the most
significant changes are marked in colour [52].

dius of 14 mm, sits right on the beam line. With the second layer having a radius
of 22 mm, the PXD boasts over eight million depleted field effect transistor pixels
(DEPFET), ensuring a low occupancy of the detector despite the higher background
rate. Furthermore, the DEPFET technology enables a thin design of the sensor ele-
ments, reducing multiple scattering in these detector regions. Figure 2.28 illustrates
the structure of the Belle II VXD.

The PiXel Detector (PXD) is accompanied by the Silicon Vertex Detector (SVD),
which surrounds it with radii ranging from 38 to 140 mm. To ensure coverage
within the same acceptance range of 17° to 150° in 6 as the rest of the PXD, the
three outermost layers of the SVD are tilted towards the beamline in the forward
region, with an angle of approximately 15 degrees [[52], p. 142]. This tilt reduces
the amount of material needed for the double-sided-readout silicon strip detector
elements. The readout strips on both sides of the elements are arranged nearly
perpendicular to each other, providing complete positional information about the
hits made by charged tracks. These elements also have a faster readout time than
the PXD, making them less susceptible to beam background. The SVD serves as a
link between the PXD and CDC, helping extrapolate reconstructed tracks to their
respective vertex. Moreover, it provides only the tracking information for charged
particles that don’t reach the CDC due to low momentum and assists the CDC in
other scenarios.
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Figure 2.27: Overview of the Belle II detector with the vertex detector (VXD), the
central drift chamber (CDC), the time of propagation counter (TOP), the Aerogel
RICH detector (ARICH), the electromagnetic calorimeter (ECL), the solenoid, the
K? and pu detector (KLM) and a schematic of the Belle IT coordinate system. The
origin corresponds to the interaction point (IP) [52].

Figure 2.28: Belle II Vertex Detector: the beam pipe, PXD, SVD, and the shield
material are assembled in a single structure [52].

4.2 Central Drift Chamber (CDC)

The CDC serves as the main tracking tool in the Belle II detector. The CDC
reconstructs the paths of charged particles to determine their momentums precisely,
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and it relies on the energy they lose within their volume to identify particles in
the low-momentum range. It also helps identify particles with low momentum by
measuring how much energy they lose as they pass through the CDC. Additionally,
it gives us reliable signals to trigger when charged particles are detected. The CDC
is built on the same design as its predecessor, using the same materials and gas
combination. The most significant changes concern:

e Upgrading the readout electronics to handle increased trigger rates;

e Adjusting the innermost cylinder radii to accommodate the larger SVD and
modifying the outermost radius for the compact barrel detector required for
PID. This results in radii of 160 mm and 1130 mm, respectively, with corre-
sponding adjustments to the wiring arrangement. The polar angular coverage
spans from 17° to 150°;

The CDC consists of 56 layers grouped into nine super-layers. The cells within these
layers are square-shaped, varying in length from 10 mm for the innermost super-layer
to 18.2 mm for the outermost one. Inside, there are a total of 14,336 tungsten sensing
wires, each with a diameter of 30 um, immersed in a gas mixture of 50% helium and
50% ethane. To create the necessary electric field gradient, aluminium wires with
a diameter of 126 ym are used. The CDC achieves a spatial resolution of around
100 pm, with a relative accuracy of approximately 12% on dE/dx measurements for
particles approaching a 90° angle.

4.3 Particle Identification system

Belle II features two particle identification systems: the TOP counter in the bar-
rel region and the ARICH counter in the endcap. While both subsystems rely on
the Cherenkov effect to identify charged particles passing through the spectrometer,
their operational principles differ. The Ring-Imaging Cherenkov detectors deter-
mine particle velocities by measuring the angle 6+ of photons created when charged
particles travel through a radiator material at high speed. This velocity (3) is then
calculated using the equation cosfc = 1/nf, where n is the refractive index of the
material. To find out the mass of the particle, data from the PID detector is com-
bined with the momentum measured by the tracking devices and the energy loss
data measured by the CDC.

The TOP counter estimates how long it takes for Cherenkov photons to travel
through a quartz bar and be reflected internally, as illustrated in Figure 2.29. By
combining the arrival time of these photons with the position they arrive at, along
with the z coordinate of the quartz bar (as shown in Figure 2.29), the TOP counter
can figure out the Cherenkov angle 6. This angle helps determine the speed of
the particle and allows for the calculation of probabilities for different mass pos-
sibilities. While the main goal of the TOP detector is to improve the separation
between K and 7 particles, it also provides useful information about other charged
particles. The TOP counter accepts angles within the range of 31° < 6 < 128°.
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Figure 2.30: The principle of K /7 identification for the ARICH counter. The solid
line and dotted line cones illustrate the emitted Cherenkov light for a pion and a

kaon, respectively.

In the forward endcap of the detector, the ARICH plays a crucial role in provid-
ing information for PID. Figure 2.30 illustrates how ARICH operates. Unlike the
TOP detector, which utilizes a quartz radiator, ARICH employs an aerogel radiator.
ARICH functions as a more traditional Cherenkov detector, utilizing ring-imaging
of the Cherenkov cone to identify particles. In contrast, the TOP detector operates
based on time-of-propagation (although this time-of-propagation is related to the
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Cherenkov angle). The reason for the different PID systems in different regions
of the detector is primarily due to geometric limitations. Furthermore, there isn’t
a dedicated PID system in the backward endcap. This absence is mainly because
decays in Belle II are forward-boosted due to the asymmetric beam energies. Con-
sequently, the lack of a dedicated PID system in the backward endcap is expected to
minimise the detector’s capabilities. Overall, only about 10% of the CDC angular
coverage falls outside the coverage provided by TOP and ARICH. The ARICH has
an angular acceptance range of 14° < 6 < 30°.

4.4 Electromagnetic Calorimeter (ECL)

In Belle II, the ECL plays several crucial roles. Firstly, it efficiently detects photons
and provides information about their energy and angle across a wide range, from
20 MeV to 4 GeV. Secondly, it identifies electrons and aids in the detection of K?
particles. Thirdly, it generates a photon trigger both in hardware and software.
Additionally, the ECL monitors the luminosity of SuperKEKB, both in real-time
and offline. While the Belle I ECL utilizes the same crystals and configuration as
Belle’s calorimeter, the readout electronics had to be entirely upgraded to handle
the increased luminosity of SuperKEKB. The geometrical setup remains unchanged
from Belle’s configuration, as detailed in Table 2.2. The energy resolution achieved
with this calorimeter at Belle is discussed in Section 3.6.

A similar performance is also expected at Belle IT in the absence of background.
However, the increased background levels are expected to result in overlapping pulses
from neighbouring background events due to the prolonged decay time of CsI(T1)
scintillations. To address this issue of pile-up noise, photodetectors are fitted with
waveform-sampling readout electronics. These electronics store ADC samples in
Field Programmable Gate Array (FPGA) internal buffers and facilitate waveform
fitting to differentiate signals from hits that occur off-timing.

For electron identification, the ECL was utilized to create a likelihood ratio. t
helped align the position of the track with the energy cluster, calculated the E/p
ratio? and the information on the transverse shower shapes. The variable used for
electron identification is defined as

I, L8

D= -
T ML TLLT

where all the discriminant variables mentioned earlier contribute to the products.
The most recent performance measurements, with an elD greater than 0.9 selection
in Belle II data, are depicted in Figure 2.31. These measurements are computed
using many different channels, as listed in the legend. The efficiency and fake rate
closely resemble those observed in Belle.

2An electron is expected to release all its energy in the calorimeter, yielding E/p ~ 1.
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Figure 2.31: Electron identification and hadron-electron misidentification rates as
a function of momentum in the ECL barrel region, with eID > 0.9 selection. The
misidentification rate is multiplied by a factor of 10 for illustration purposes. Taken
from Ref. [58].

4.5 K?-muon detector (KLM)

Electrons, unlike muons, release all their energy in the calorimeter, while muons
tend to travel farther without undergoing bremsstrahlung radiation. To capture both
muons and K mesons, Belle II experiments incorporate a specialized detector in the
outermost layer beyond the solenoid. Muons must possess a minimum momentum to
reach this detector, with identification efficiency notably high above 600 MeV /c. The
detector consists of two primary regions: a barrel-shaped section covering an angular
range from 45° to 125°, and end-caps extending from 20° to 155°. Charged particles
pass through the KLM in a straight trajectory due to the lack of a magnetic field,
either escaping (with p > 1.5 GeV/c) or losing energy. Comprising 4.7 cm thick iron
plates and active detectors, it resides outside the superconducting solenoid and aims
to determine the momentum of long-lived particles. The iron serves as the magnetic
flux return for the solenoid and allows K particles to shower within it, owing to a
material budget of 3.9 interaction lengths. In regions with anticipated higher neutron
backgrounds, such as the end-caps and innermost layers of the barrel region, RPCs
have been replaced by layers of scintillator strips with wavelength-shifting fibres.
This upgrade is tolerant to higher rates and addresses the prolonged dead time of the
RPCs due to electric field recovery after discharge, which impacts detection efficiency
at high rates. For muon identification, CDC tracks are extrapolated to the KLM
and compared against reconstructed hits using AR (difference between measured
and expected track range) and x? statistics (constructed from transverse deviations
of associated hits normalized by the number of hits). Likelihoods for muon, pion,
and kaon hypotheses are established based on probability density functions (PDFs)
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in AR and x2. The normalized ratio:

L,

ID =
M L+ Lo + Lk

was then used as a discriminating variable. To identify muons with momentum below
600 MeV /¢, which do not reach the KLM, machine learning methods are trained
using data from the inner detectors. This means that muon identification efficiency
remains nonzero even at low momenta but exhibits significantly lower purity, with
a pion fake rate of approximately 7%, as depicted in Figure 2.32.
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Figure 2.32: Muon identification and hadron-muon misidentification rates as a func-
tion of momentum, with pID > 0.9 selection. The misidentification rate is multiplied
by a factor of 3 for illustration purposes. Taken from Ref. [58].

4.6 Trigger System

The Belle II trigger system consists of a hardware-based Level 1 trigger (L1) [59]
and a software-based High-Level Trigger (HLT) [60]. Its main goal is to ensure
efficient capture of hadronic events originating from Y (4S) — BB decays and con-
tinuum processes. With the higher instantaneous luminosity in Belle II compared
to Belle, we expect more backgrounds. Thus, an effective and advanced trigger
system is crucial to mitigate the high L1 trigger rate. The Belle II trigger system
follows the Belle triggering scheme [37] but incorporates new technologies. Outdated
components have been replaced with newer ones, additional trigger lines have been
introduced, and each component now features a FPGA, allowing for configurable
trigger logic rather than being hard-wired. Sub-triggers from various sub-detectors
provide input to the global decision logic, which makes the final determination. The
HLT trigger primarily filters out physically uninteresting decays online to primarily
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Figure 2.33: Schematic overview of the L1 trigger system. The output from the sub-
trigger systems goes to the Global Decision Logic (GDL). The final trigger decision
is made in the GDL. The red lines are newly added information paths relative to
Belle. Taken from [52].

address storage concerns. Figure 2.33 illustrates the schematic overview of the Belle
IT trigger system. The CDC sub-trigger utilizes the Track Segment Finding method
to provide detailed information about 2D and 3D charged tracks. ECL-based trig-
gers are designed for neutral and charged track-oriented physics events, selecting
events based on energy-deposited information from total or isolated ECL clusters.
The Barrel PID (BPID) and Endcap PID (EPID) sub-triggers provide precise timing
and hit topology information. The KLM sub-trigger supplies data concerning muon
tracks. The Global Decision Logic (GDL) gather information from all sub-triggers
and makes the final decision, ensuring the correct trigger signal is sent.

5.0 Belle II Program

The commissioning and operation of Belle II and SuperKEKB were divided into
three phases.

e In 2016, Phase 1 was undertaken to commission SuperKEKB. This involved
conducting tests on the accelerator ring, performing vacuum scrubbing, and
conducting hardware checks. However, no collisions were generated during
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this phase. Instead of installing the Belle II detector, a system of detectors to
measure the beam background was positioned in the interaction region [61].

e In 2018, Phase 2 commenced, during which the Belle IT detector, equipped with
only an octant of the vertex detector, was relocated to its operational position.
The first collision events were captured on April 26, 2018. Throughout this
phase, comprehensive background studies were conducted, and a data sample
corresponding to an integrated luminosity of 500 pb~! was accumulated for
early physics analysis.

e Phase 3 commenced in 2019 and is ongoing until the end of summer 2022.
Throughout this period, the PXD and SVD were installed and the full data-
taking operations of Belle II started. As of June 2022, the total recorded
integrated luminosity stands at 428 fb~!, with a record peak luminosity of
3.81 x 10** em™2 s!. Figure 2.34 provides a summary of the data collected
during Phase 3.
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Figure 2.34: Integrated luminosity per week in Phase 3 until June 2022. The current
total integrated luminosity corresponds to 428 fb=!. Credit: Belle IT Collaboration.

In the near future, the aim is to boost the instantaneous luminosity to 2 x
10% ecm~2 s7! using the existing accelerator setup while enhancing the Belle II
detector. Luminosity projections until 2026 are shown in Figure 2.35. Additionally,
an upgrade program is in progress to achieve the target peak luminosity of 6.5 X
10% ¢cm~2 s~!'. This schedule spans the next decade and is outlined in Ref. [62]. Tt
is organised in three major time scales:
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e 2022: Long Shutdown 1, commencing in July 2022, will extend for roughly 15
months. During this period, the full installation of PXD, along with new TOP
PMTs, will be completed.

e 2026-27: During Long Shutdown 2, the detector will undergo an update to
improve its interaction region and various subdetectors. This is aimed at
making the detector more robust against higher backgrounds.

e > 2032: Upgrades are being evaluated to enable beam polarization and achieve

ultra-high peak luminosity exceeding 1 x 10%6 cm=2s7!.
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Figure 2.35: Projections of integrated luminosity until 2026, when Long Shutdown
2 is scheduled, are shown. The target scenario (red) is based on extrapolations,
including expected Belle IT and SuperKEKB improvements, while the base scenario
(magenta) is a more conservative extrapolation. (Credit: Belle II Collaboration)

5.1 The Belle II analysis software framework

The Belle IT Analysis Software Framework (BASF2) [63, 64], developed by the Belle
collaboration, serves as the software for data-taking and offline analyses. It is de-
signed to fulfil various tasks within the experiment, including data-taking, offline
reprocessing, reconstruction, and data analysis. BASF2 relies on independent pro-
cessing blocks known as modules, which can be written in either C++ or Python.
These modules are organized within a Python steering script and executed linearly
along a defined path. They interact with a common object store called DataStore,
which manages relationships between objects in each event, such as particle objects
with tracks or vertex information. The data are stored in a reduced format based
on ROOT TTree [65], containing a collection of BASF2 objects intended for analysis
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and their fundamental relationships. Figure 2.36 provides a schematic illustration
of the typical data processing workflow in BASF2.
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Figure 2.36: Schematic illustration of the data processing flow in BASF2.

5.2 The Belle-to-Belle IT Conversion (b2bii)

Enabling the utilization of Belle data within the Belle II software facilitates con-
ducting Belle analysis using new tools and validating the framework. Conversion
of Belle’s data stored in PANTHER table format [66] into the ROOT format accessible
by BASF2 benefits users unfamiliar with the Belle software. This conversion enables
Belle IT users unfamiliar with the BASF (Belle AnalysiS Framework) software to con-
duct physics analyses using data collected with the Belle detector. Moreover, it
ensures the preservation of Belle data in a format independent of the Belle software,
which may become outdated and incompatible with modern computer systems over
time. The B2BII conversion and analysis workflow are depicted in Figure 2.37.
B2BII conversion contains three BASF2 modules which are as follows:

e B2BIIMdstInput module opens the PANTHER-based Belle mDST(mini-data sum-
mary tapes) files and reads the data event-by-event into the main memory.

e B2BIIFixMdst module applies various calibration factors to the PANTHER ta-
bles, including those related to beam energy, track momenta and error ma-
trices, energy deposition in the ECL, and particle identification information
from the CDC and TOF. Additionally, it implements a general filter called
HadronB(J) [67, 68], which includes cuts imposed on recorded Belle data to
discard unwanted QED background and contaminations from processes such
as 7t77, 7, and beam gas. This filter must also be applied to MC data to
ensure conditions similar to those of recorded data.

e B2BIIConvertMdst module converts the information stored in the Belle PANTHER
tables and writes it to the Belle II DataStore. It also extracts beam energy
and IP profile information, storing them in the Belle Il BeamParameters object
and condition database.

The BeamParameters, including the run-dependent beam energies of the high- and
low-energy ring, the resulting centre-of-mass energy, and the beam angle, are ob-
tained from a Belle database server or retrieved directly from the Belle mDST file in
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Figure 2.37: Workflow of the conversion process of Belle to Belle IT mDST files using
the BASF2 modules provided by the b2bii package.

the case of privately produced MC data. Further technical information about the
B2BII conversion process can be found in Ref. [69].

6.0 Analysis Strategy

We are using two different frameworks, BASF2 and B2BII, which are suitable for
studying Belle II and Belle data simultaneously. In this way, we can compute the
efficiency from both Belle and Belle II, allowing a unified analysis of the Belle and
Belle IT data sets. The steps that we follow in these analysis can be summarized as
follows:

We perform a blind analysis by optimizing the signal selection criteria and
parameterizing the signal and background shapes using Monte-Carlo (MC)
samples of signal and background processes.

Generate signal MC samples to optimize the signal selection and to study the
signal shape. Study the dedicated background MC samples for parameterizing
the background.

Optimize the selection criteria to discard the random combination of the back-
ground.

We employ multivariate analysis to reduce continuum backgrounds (ete™ —
qq,q = u,d, s, c) by leveraging the differences in event topology between these
backgrounds and the signal.

Perform an unbinned extended multi-dimensional maximum likelihood fit to
extract the signal and background yields.

After confirming our analysis strategy in the target sample (B — ~7), we
perform a GSIM (Generation and simulation) test. GSIM involves the random
extraction of signal events following their generation and simulation using MC
data. This test is conducted to validate the fitting procedure and assess any
potential bias in the signal extraction process.
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Use BY — K%~ as a control sample to calibrate the MC for the analysis
and study associated systematic uncertainties. Further, Data-MC comparison
studies are performed to account for discrepancies among fitting variables.

Estimate the statistical and systematic uncertainties.

We extract the signal yield from the data and estimate the B and Upper Limit
(UL) based on the significance of the observed signals.

e Combine the results obtained from the two studies.

A detailed description of the steps are discussed in the subsequent chapters.

Summary

This chapter discussed the physics of the T resonances produced at the various
CM energies, particularly looking at the Y (4S) resonance. We briefly discussed the
Belle and Belle II experiments, the KEKB and SuperKEKB collider, and the Belle
and Belle IT detector. We explored the trigger, the data acquisition system and anal-
ysis software framework in both experiments. In the end, we concluded the chapter
by outlining the strategy adopted for this analysis. The next chapter introduces
event generation and simulation studies to perform the analysis.
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Chapter 3

Event Generation and Monte
Carlo studies

In this chapter, we will outline the procedures for event generation and simulation,
essential for conducting Monte Carlo studies. The preliminary event selection crite-
ria will be explained, outlining the process of choosing the appropriate event type for
analysis. Additionally, we will delve into the reconstruction of our B signal candi-
dates from neutral photons, implementing optimized selection criteria to distinguish
them from the background. Further, we will perform the background analysis using
Monte Carlo samples and formulate strategies for their suppression.

1.0 Blind Analysis

A blind analysis is employed in our analysis to prevent bias in the analysis process.
This approach is particularly crucial when researchers are searching for rare signals
within a dataset.

The key idea is to conceal certain aspects of the data or analysis details from the
researchers until after the analysis strategy has been defined, the criteria for signal
extraction have been established, and potential sources of bias have been considered.
Researchers might “blind” the analysis by withholding certain information, such as
specific data ranges until the analysis plan is finalized.

2.0 Monte Carlo Event Generation

Before the analysis can be performed using the real data, the reconstruction, the
other analysis tools, and techniques must be tested on the simulated MC data. MC
simulated data is necessary to ensure proper reconstruction of the kinematical vari-
ables, such as the mass of the final state particles, beam-constrained mass (M),
and the energy difference between the center-of-mass (CM) energy and the beam en-
ergy, etc. MC production process involves two steps: event generation and modeling
of detector response. Events are generated according to various physics processes
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using a decay table, which specifies the decay models, modes, branching fractions,
etc., for all possible particles involved in the decay chain. The event generation is
done using the EvtGen [70] event generator package, designed for B-meson decays
based on particle properties such as mass, width, lifetime, charge, etc. The gen-
erated particles are then passed through GEANT4 [71] for Belle II and GEANT3 [72]
for Belle to simulate the detector response after adding the background. MC data
files generated through these processes match the real data formats. A schematic
representation of the steps involved in the event generation and detector simulation
at Belle (Belle II) is shown in Figure 3.1.

Background File —l
GEANT
. Simulation Signal MC
Decay File EvtGen Generator File —> and — %{OOT
Reconstruction

Figure 3.1: Schematic diagram of steps followed in event generation and simulation

The initial stage of event generation involves generating a decay file that outlines
the signal decay chain, along with generic decay chains (other than the signal) based
on the physics model. These decay models are fed to the EvtGen to generate the
signal events for B® — «+ which can be summarized as below:

e Vector to Scalar and Scalar using B°B0-like coherent mixing (VSS_BMIX dm) to
generate Y (45)— B°BO0. The two possible daughter particles must be charge
conjugates with the same lifetime. Their mass difference is supplied as an
argument to the model, in units of i/s.

e N-Body Phase Space (PHSP) to generate B® — vy
e N-Body Phase Space (PHSP) to generate B9 — v

Table 3.1 provides a summary of the decay models utilized to generate the decay
B — 7.

Decay Table
\ Decay Mode \ Decay Model \

T (4S)— BB | VSS_BMIX dm
BY — vy PHSP
BO — vy PHSP

Table 3.1: Decay Table for the B® — vy mode

The decay models used to generate the signal MC events for the control sample
(B® — K%~) are summarised in Table 3.2 as follows:
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Decay Table
‘ Decay Mode ‘ Decay Model

T(4S)— B°BY VSS BMIX dm
BY — K%~ SVP_HELAMP 1.0 0.0 1.0 0.0
BY — K%~ SVP_HELAMP 1.0 0.0 1.0 0.0

Table 3.2: Decay Table for the control sample (B? — K%~)

SVP_HELAMP model is used to describe b — s transitions. It describes the decay
of a scalar to a vector and a photon, which is parameterized by the helicity ampli-
tudes. The parameters used in the model ‘1.0 0.0 1.0 0.0’ are the magnitudes
and phases of the complex amplitudes of the particles, which are specified in pairs.
The amplitudes are ordered, starting with the highest allowed helicity of the first
particle.

For Belle, the background events for ete™ — g are referred as continuum back-
ground, where ¢ = u, d, s, ¢, are generated by PYTHIA [73]. For Belle II, the efe™ —
qq sample is generated using the KKMC [74] generator interfaced with PYTHIA. The
EvtGen package also simulates the decay of short-lived particles. A sample of
ete” — 777 events is generated with TAUOLA [75]. Background samples corre-
sponding to 1 ab™! or more, are used. Belle simulation includes the effect of beam
background by overlaying data taken that is unrelated to eTe™ collisions (random
triggers). QED background processes, like eTe™ — eTe™(y) and ee™ — yvy(v) are
simulated by BABAYAGA.NLO [76, 77]. Belle II simulation samples include the effect of
simulated beam-induced background caused by the Touschek effect (scattering and
loss of beam particles) and by beam-gas scattering, as well as luminosity-dependent
backgrounds caused by Bhabha scattering and two-photon quantum electrodynamic
processes [61]. Cross-sections of the main physics processes related to the analysis
used for the MC generation are given in Table 3.3.

Physics Process Cross-section (nb)

Y(4S) 111
un 1.61
dd 0.40
sS 0.38
cc 1.30
TT 0.92

Table 3.3: Total production cross-section of various physics processes from collisions
at /s = 10.58 GeV.
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3.0 Data Samples

e Data: Target data is the same as LS1; Procl3 + Buckets 26 to 36, which
corresponds to about 362 fb~!. Here, the Procl3 is the processing number
used for the official production of the data. The Bucket label is used for
”prompt” productions, and these are a group of runs to be processed together.
We also study off-resonance data from experiments 8 and 12 processed under
the Proc13 (9.5 fb™!) processing campaign and Bucket 20, 24 and 34 (32.8
fb~!) from experiment 18 and 25 to check the agreement between data and
background MC. We use good runs only(as defined by the data production

group).

« For the Belle study, the target sample consists of the T(4S) CaseB dataset
collected by the Belle detector during its more than 10 years of running. It
consists of 694 fb~! of integrated luminosity which corresponds to (753 +
10) x 10% BB pairs. The number of BB events is smaller than the one
corresponding to the entire Belle dataset (772 & 11) x 105, as we only
use the data containing timing information. We have studied the off-
resonance data from experiments 7-65, consisting of 89.50 fb~*.

« For the control sample study, we have processed full data sample (362
fb~!) of on-resonance data for Belle II. For Belle, we have used the data
from experiments 7-65 with the integrated luminosity of 694 fb~!. The
permission is given to use the full dataset for DATA-MC comparison and
the calibration of BDT and 7°/n selection to assign systematic uncer-
tainty.

In this analysis, we have used the MC samples from the 15th official Belle II MC
campaign (MC15ri_b) located on the Belle IT grid computing system. The two types
of MC samples are used in our analysis - signal, and background.

e Signal MC: We have processed officially generated 100,000 signal events using
the decay file illustrated in Table 3.1. For the Belle study, we have generated
100,000 signal MC events using the same decay file illustrated in Table 3.1.

e Background MC: The dominant background in this analysis arises from light
quark continuum events (u, dd, s5 and c¢ ). There are also contributions from
generic (mixed and charged), QED events, gqy events, 7 pairs and “two-
photon” processes resulting from the 7° and 1 decays. MC samples for these
processes are taken from MC15ri_b campaign generated by the MC produc-
tion team with BtoXgamma skim. We have processed 400 fb~! equivalent of
ete™ — vy samples, 90 fb~! of eTe™ — efe™ and 1 ab™! of continuum, generic
and 7 pairs samples for the background study.

For the Belle, we have used the background MC datasets which are centrally
generated and stored in KEKCC (Computing Centre at KEK, Japan). We
have used the six streams of the generic MC simulation sample, having lu-
minosity in 711 fb~! of each stream. Samples called “generic MC” consist of
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continuum and BB events. Multiple streams of these samples are available,
which is very useful to make more in-depth studies of the background nature
but also to have independent samples of the same size to validate Machine
Learning techniques.

We have also investigated the BB rare MC, comprising of both charged and
mixed rare backgrounds, employing a dataset that is 50 times larger than real
data. BB rare decay means one B meson decays via some rare processes
(electroweak and radiative penguins, charmless).

e Control sample MC: We have also generated 100,000 signal MC events for
B% — K%~ for the control sample study. The decay models used to generate
the signal MC events for B® — K%~ are summarised in Table 3.2 in Sec. 2.0.
We have processed 1 ab™! of generic MC for the background study.

For the Belle study, we used the 1 stream of background MC samples for ex-
periments 7-65 corresponding to 711 fb=1.

3.1 Software Version

The MC samples are produced with release-06-00-08 in the fifteen official MC
campaign (MC15ri_b). The reconstruction of BY (discussed in Sec. 6.0) and the
background study (discussed in Sec. 7.0) uses 1ight-2303-iriomote release.
Proc13 uses release-06-00-12 with the global tag data_reprocessing proc13 for
the reconstruction of particles and the calibration. Bucket 26 to 36 uses release
-06-00-05 and later release with the global tag data_reprocessing prompt.

For Belle analysis, we are using the recommended CaseB data which is reprocessed
with the latest Belle library 1b200901247_0910.

4.0 Skim Selection

Skims refers to a set of loose selection criteria applied to the raw data or Monte
Carlo (MC) samples to retain only the events of interest for a specific analysis.
These criteria are designed to enhance the signal-to-background ratio, reduce the
volume of data to be processed, and focus on events relevant to the particular physics
process under investigation. Skims are a crucial step in data preprocessing before
detailed analysis and interpretation. The BtoXgamma skimmed samples are used
for this analysis. The following selection criteria are used:

e Energy of v in the CM frame 1.4 < E,(CM) < 3.4 GeV;

e Ratio of the energy deposited in the array of the central 3 x 3 calorimeter
cells to that of 5 x 5 cells crystals around the central crystal without corners.
(Eg/gl) > 0.9.

e Reject the events with less than 3 good tracks. niracks >= 3; and
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e The ratio of the 2 to 0* order Fox Wolfram moment R2 < 0.7.

These selection criteria are summarised in Table 3.4.

Cuts Variables Selection Criteria
Photon(v) cuts | E,(CM) 14 < E,(CM) < 34 GeV
Eg/21 > 0.9
Events cuts Niracks >=3

foxwolframR2 < 0.7

Table 3.4: BtoXgamma Skim Selection Criteria

For Belle analysis, we select only those events which pass the HadronB skim' and
rad_b selection criteria shown in Table 3.5. In fact, at the same time of the b2bii
conversion, the HadronB skim is applied which is prior to the full event reconstruction
algorithm to make the necessary corrections.

‘ Variables ‘ Selection Criteria
E,(CM) | 14< E,(CM) < 3.4 GeV
E9/25 > 0.9

Table 3.5: rad_b selection criteria.

The B2BIIFixMdst module (discussed in Sec. 5.2) in b2bii corrects the difference
between the MC and Data and rejects events which do not pass the L4 trigger
(discussed in Sec. 3.9) and HadronB selection criteria. The signal efficiency due to the
HadronB skim is 70%. The drop in the signal efficiency is due to the B2BIIFixMdst
module which includes the HadronB requirement. This skim selection is used to select
the BB events; however, since the data processing was already completed, the loss
could not be recovered. Events are discarded based on track multiplicity and visible
energy: the event must have at least three charged tracks with pr > 0.1 GeV/c and
the visible energy (sum of the energy of charged tracks and reconstructed photons)
must be greater than 20% of 1/s. Further selection criteria remove the majority of the
beam-gas background and two-photon events; the first being reduced by requiring
that the primary vertex position of the event be close to the IP. Background events
from QED and tau-pairs are suppressed by cutting on the total energy measured
in the ECL and on the HJM variable?. Such combined cuts do not remove light
quark pair production events (ete” — ¢g with ¢ = w,d, s,c) but are not very
efficient for inclusive ¢ events. Therefore, the events with J/« and 1(2S) candidates

!The detailed selection criteria are explicitly listed in Appendix (A).
2The Heavy Jet Mass is the invariant mass of particles found in hemispheres perpendicular to
the event thrust axis.
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are explicitly added to HadronB(J). In summary, by using the pre-selection, or
skim, described above we expect our MC data samples to be almost free from low-
multiplicity processes (QED and 7777). Even though the exclusive reconstruction of
hadronic B-decays would naturally discard those events, the skim prevents us from
running the reconstruction on them which would have increased the processing time.
A detailed description of skims is available at Ref. [67]

5.0 Event Selection

5.1 Photon Selection

The B° — ~v event gives two back-to-back highly energetic photons in the CM
frame. These events are reconstructed using four-momentum conservation by iden-
tifying the v candidates which are detected in the ECL of the detector. The selection
variables used in the Belle Study are the same except those specific to Belle II. The
requirements for the selection cuts are different because both detectors have differ-
ent performances with varying efficiency. The first step of this analysis is to select
true candidate photons.

The final signal states only consist of photons, so it is essential to accept as many
true photons while rejecting false photons as possible. Two highly energetic photons
are selected by using a selection on their energy at the center of the mass frame.
We use a selection cut, E,(CM) > 1.4 GeV, to select the photons. This cut is quite
effective in removing all the low-energy photons, making the B meson reconstruction
easier without worrying about the ordering of the photon candidates. The energy
distribution of the two photons for signal and background MC in the CM frame is
shown in Figure (3.2a) for Belle and (3.2b) for Belle II. The two-photon candidates
are mostly back-to-back kinematically, it isn’t very likely to have one gamma in the
barrel region and another in the one end cap. Since the end-cap region has a large
amount of gamma from the beam background, we require “clusterReg’ to be 2 to
exclude gamma candidates in end-cap. Here, clusterReg describes the ECL region
of a cluster: 1 for forward, 2 for barrel, and 3 for backward.

The ClusterReg distributions of two candidate photons for signal and background
MC are shown in Figure 3.3 for Belle and Figure 3.4 for Belle II.

Photons are identified as energy depositions in the ECL that are not matched
to a charged track. To discriminate electromagnetic showers and hadron showers in
ECL, we have “Eg/ps” variable in the b2bii package, which is the ratio of the energy
deposited in 3 x 3 Csl crystals and in 5 x 5 crystals. Photons are detected in the
ECL sub-detector by the amount of energy deposited in ECL cells. To separate
these showers from hadronic showers produced by a hadron, the ratio (Eg/2s) should
be near about 1 since electromagnetic showers are narrower than hadronic ones. We
use a selection of Eg /55 > 0.95. Figure 3.5 shows the distribution of the ratio (Eg2s)
for «v candidates for the signal and background MC.
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Figure 3.2: (a) Energy of two - at the CM frame for Belle and (b) for Belle II
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Figure 3.3: ClusterReg distribution of two 7 candidates for signal and background MC
for Belle.

For Belle II, we have three cluster variables: “Eg/o;” which is the ratio of the
energy deposited in 3 x 3 Csl crystals and in 5 x 5 crystals around the central
crystal without corners, clusterZernikeMVA [78] which is the MVA output trained
on Zernike moments [79] to separate photon and K? showers, and the number of
crystals in the cluster (clusterNHits).

To separate electromagnetic showers from hadronic showers produced by a hadron,
we use a selection of Eg/p; > 0.95. Figure 3.6 shows the distribution of the ra-
tio (Eg /21) should be near about 1 since electromagnetic showers are narrower than
hadronic ones. To select gammas from the radiative B decay, we require clusterNHits
> 15. Figure 3.7 and 3.8 show the distribution of clusterNHits and clusterZernikeMVA
for v candidates from both signal and background MC. The value of clusterZernikeMVA
is close to 1 for showers coming from a photon and 0 for a K. We apply a selec-
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Figure 3.4: ClusterReg distribution of two candidate photons(y; and ~y2) for signal and
background for Belle II.
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Figure 3.5: Eg /95 ratio of vy candidate for signal and background MC in Belle study

tion clusterZernikeMVA > 0.75 to suppress contamination from K? clusters. The
normalized distribution of clusterZernikeMVA coming from the photon and K9
clusters is shown in Figure 3.9. We optimize the selection cuts by using the punzi
figure of merit [80], which is defined as, FOM = %, where eg, is the efficiency
of the signal selection and B are the expected background events. To find the best
value of the selection cut, we have used the selection variable one at a time, fixed
each to an optimal value and repeated for another selection variable. The vertical
arrow lines show the optimized cut values in Figures 3.5 and 3.6. The FOM plots

for selection variables can be found in Appendix (B).

The Timing information of ECL clusters is also used, which is abs (clusterTiming)
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Figure 3.6: Eg/5; ratio of v candidate for signal and background MC in Belle II study.
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Figure 3.7: ClusterNHits of v candidate for signal and background MC in Belle IT study.

< 200 ns and abs(clusterTiming/clusterErrorTiming) < 2.0. Here, cluster-

Timing is defined as the difference between photon time and event time, and cluster-
ErrorTiming is the error on clusterTiming variable. For photons coming from an

ete™ collision event, the value of clusterTiming variable is consistent with zero.

These selections are optimized to reject out-of-time beam backgrounds while main-

taining good DATA /MC agreement.

To suppress gammas coming from 7° and 1 decays, we use the “7%/n veto” tool
[81]. Rejection of 7 and 1 meson is of primary importance in a search for a pure
radiative rare decay of the B® meson. Photons coming from asymmetric decays of 7°
or 1 meson to di-gamma final states constitute a significant background for the anal-
ysis. A photon emitted along the flight direction of 7%(n) can be mis-reconstructed
as a signal side hard photon candidate. The signal side hard photon is paired with
all the photon candidates in the event to create a 7°(r) meson. The tool then assigns
a weight (pi0_prob or eta_prob) on the signal side photon candidate. For photons
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Figure 3.9: The normalised plot for ClusterZernikeMVA distribution obtained for K9
and photons

coming from the decay of 7°(n) the weight is close to 1, whereas, for other scenarios,
it’s close to 0. We require 7° probability and n probability to be less than 0.71 and
0.62, respectively, as shown in Figure 3.10 and 3.11. In order to find the optimal
cuts, firstly, we applied ¢g suppression (see Sec. 7.4 for detail), Cgpr > 0.45, to
reduce the obvious ¢g backgrounds. Then, the cut values of the 7°/n veto are op-
timized by Punzi FOM. Various selection cuts for candidate photons are listed in
Table 3.6 for Belle IT analysis.

For the Belle data set, another FastBDT is similarly trained using Belle MC
samples. Note that some variables used in [81] are not included in Belle due to the
different format of the dataset. The photons coming from 7°/n decays are rejected
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Figure 3.10: 7¥ probability for signal and background MC in Belle II study.
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Figure 3.11: n probability for signal and background MC in Belle IT study.

Particle Variables Selection Criteria
E,(CM) 1.4 < E,(CM) < 3.4 GeV
Eg/n > 0.95
clusterTiming abs(clusterTiming) < 200 ns
abs(clusterTiming/clusterErrorTiming) < 2.0
0y clusterReg == 2
Photon(y) C(lu)sterNHits > 15 :
ClusterZernikeM VA > 0.75
7% Prob < 0.71
n Prob < 0.62

Table 3.6: Selection Cuts for candidate photon for Belle II

based on likelihood information Pro(7) and P,(7y) obtained by using the energy and
polar angle of photons, di-photon invariant mass, Fy/s5, clusterNHits and cosine of
helicity angle of 7°/n. Pro(y) and P,(y) denotes the maximum probability that a
candidate photon can be combined with another photon in the event to form a 7°
and 7 particle, respectively. We require 7% and 7 probability to be less than 0.50
and 0.65, respectively as shown in Figure 3.12. Similar to Belle II, we applied qg
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suppression (see Sec. 7.3 in detail), Cgpr > 0.55, to reduce the ¢g background, and
then the cut values of 7°/n veto are optimized. Various selection cuts for candidate
photons are listed in Table 3.7 for the Belle analysis.
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Figure 3.12: (a) 7#° and (b) n Probability Distribution of v candidate for signal and
background MC in Belle study.

Particle Variables Selection Criteria
E,(CM) 14 < E,(CM) < 34 GeV
E9/25 > 0.95

Photon(y) | 6(v) cluster Reg == 2
Provy < 0.50
Py < 0.65

Table 3.7: Selection Cuts for candidate photon for Belle analysis.
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6.0 Event Reconstruction

Reconstruction of events is carried out through variables like beam-constrained mass
My, and energy difference (AFE), which are essentially based on the energy conser-
vation principle. B® meson candidates are formed by combining two photons candi-
dates selected based on the beam-constrained mass M, and energy difference AFE,

defined as:
M = (B, — (32
AE = E'gé\/l - El?el\;[m
where, ESM s the beam energy, Ego and pgo are the energy and momentum of

the B° candidate, all evaluated in the eTe~ CM frame. B candidates are produced
almost at rest in the CM frame, carrying half the total energy. For correctly recon-
structed B candidates A F should be close to zero. This variable is especially helpful
in discriminating backgrounds arising due to particle misidentification since it is sen-
sitive to the respective mass hypothesis employed while reconstructing daughters of
B candidates. Second, is the beam-energy-constrained mass, a fairly independent
kinematic variable related to the vector sum of momenta of B daughters. Here the
B-meson energy is replaced with beam energy as the latter has a better resolution.

For correctly reconstructed B candidates, the M, distribution peaks at the nominal
B mass. For B® — v~ events, the My, distribution will peak at the B-meson mass,
5.279 GeV/c%. Figures 3.13 show the M, and AFE distributions after applying the
selection criteria to the signal MC. The selection criteria are summarized in Table
3.8 for B® — 4y mode. The AE distribution is asymmetric, and the peak near zero
with the tail to the negative AF side due to photon energy loss outside the active
volume of ECL is shown by Figure 3.13 for signal MC. We also checked the number
of BY candidates per event, which is given by multiplicity as shown in Figure 3.14.
Only one candidate BY per event exists.

Variables Selection Criteria
Mbc 5.24 < Mbc < 5.29 GGV/02
AE -0.6< AE < 0.2 GeV

Table 3.8: Table for Selection Criteria

For Belle II analysis, we used the same selection criteria summarized in Table
3.8 for the B® — ~+v mode. Figure 3.15 shows the M}, and AFE distributions after
applying the selection criteria to the signal MC. The multiplicity of B° per event is
also found to be 1.
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Figure 3.13: M, and AE distribution of reconstructed B for Belle.
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Figure 3.15: M. and AE distribution of reconstructed B° for Belle II.

6.1 K=* and 7* selection for Contol Sample (B° — K%7)

Charged tracks with impact parameters |dr| < 0.5 cm and |dz| < 3 cm is considered

to be a kaon candidate if it satisfies:

Lk

L(K = >
(K/m) Tt L
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Rest of the tracks are considered to be coming from pions. Here, Lx and L, are the
likelihood of the track to be coming from a kaon and pion, respectively.

6.2 K" reconstruction

The K candidate is reconstructed by combining a kaon with a pion. We retain K*
candidates inside the invariant-mass window Mg« € (0.817,0.968) GeV/c?, which
corresponds to about +2¢ around the nominal mass of K* meson. To remove the
multiple K% candidates, K/ vertex fit is performed, and the events with the least
x? value are chosen as the best K% candidate.

6.3 B — K%y Reconstruction

K% candidates are combined with the photons candidates to form the B° candidates
by applying the selection mentioned in Table 3.8 for the B® — K%~. After applying
all the selection criteria, we are often left with more than one reconstructed B
candidate per event. The candidate multiplicity is 1.08 after all selection cuts. Out
of the multiple reconstructed B candidates, we retain the candidate having the
highest value of FastBDT output.

7.0 Background Study

7.1 Backgrounds in the Belle analysis

The backgrounds for the analysis can be classified into the following two categories:

e Continuum background: The dominant source of background is et e™ — ¢g
continuum events with ¢ € (u,d, s, c). These quarks have a mass significantly
lower than B mesons, hence in the CM frame, they are produced with high
momenta. The daughters from such ¢q events exhibit a jetlike event shape.

e Generic BB background: The decay of BB events, where the daughters
of decaying B candidates pass our allowed kinematic constraints, can fake
signal events. These fake signal events can mimic our signal and hinder the
calculation of signal yield via the fit model. These are called the peaking
backgrounds or the higher resonance backgrounds.

The dominant background in this analysis arises from light quark continuum events
(efe” — wii,dd, s5 and c¢ ). Continuum and generic MC samples are processed,
and candidate events are selected using the selection criteria discussed in Tables 3.7
and 3.8 earlier.

Due to the long decay time of the Csl crystals, QED processes like Bhabha scat-
tering or ete” — v events can leave two perfectly back-to-back clusters in the
ECL (due to pile-up) and can very well mimic the B® — v events. These off-time
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events act as the beam background in MC. It gives an unusual peaking component
in the signal region of M, distribution. This off-time QED background observed for
the first time in B® — v analysis [49], are removed with 100% efficiency by using
the timing information of the Tigger Cells associated to the ECL cluster. And, as
timing information is not simulated, a selection based on MC truth information is
used to remove such background from the simulated samples with equal efficiency.
In the B2BII framework, we have used photonID cut mcPDG!=nan, genMotherID
and genMotherPDG!=0 to reject all the peaking structures from the MC samples
and corresponding to that we have used the clusterTiming in the real data. The
peaking effect of the off-time QED background is completely removed after applying
the cuts requiring that the photons hit the ECL cluster within 9 to 11 microsec-
onds [82] of the collision, and the remaining distributions are smooth, as one would
expect from generic continuum background. In Fig 3.16(a), the peak at 0 should
correspond to the beam background, and the events around 10,000 ns should cor-
respond to clusters produced at the interaction point in time with the event, and
the rest are off-time. Fig 3.16(b) shows the distribution after applying the selection
criteria having only in-time events.
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Figure 3.16: (a) ECL timing of all the events in real data. (b) ECL timing after the
application of selection cuts
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Figure 3.17a shows the My, distributions before and after applying the MC truth
information to the background MC. In Figure 3.17a, one can clearly distinguish two
peaks. The first one, centered roughly at 5.28 GeV/c?, is due to Bhabha events,
while the second one, centered at the beam energy (=~ 5.29 GeV/c?), is due to
ete” — v events. The two types of events are separated by looking at their ¢
acollinearity, defined as A¢ = |p1 — ¢o| — 7, where ¢; and ¢, are the two photons
(or misidentified electrons) azimuthal angles. In Figure 3.17b, |A¢| is plotted for
off-time events; a cut at |A¢| < 0.05 selects ete™ — v+ events, as shown by the
(blue) solid histogram.

Figures 3.18 show the M,,. distributions before and after applying the MC truth
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Figure 3.17: (a) My, distribution of reconstructed B° before and after photon ID cut.
The shaded histograms (blue) show the off-time events with A¢ < 0.05, which correspond
to eTe™ — vy events.

(b) Distribution of acollinearity |A¢| between the two photons for the off-time events. The
peak at |A¢| = 0 is due to ete™ — v events, while the one at |Ag¢| ~ 0.13 is formed by
mis-reconstructed Bhabha events.

information and timing criteria to background MC and real data.
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Figure 3.18: My, distributions before and after applying the (a) MC truth information
to background MC and (b) timing criteria to real data.
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Figures 3.19 shows the My, and AFE distributions for the background MC.
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Figure 3.19: My, and AE distribution for udsc background for Belle study

The background contribution from charged and mixed processes is significantly
less. Almost all the events were rejected after applying the candidate region cut.
Now, after applying all the selection criteria, the normalized plots of AE and M,
distribution for signal and background MC are shown in Figure 3.20.
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Figure 3.20: Normalized AE and My, distribution for signal and background MC for
Belle study.

7.2 Backgrounds in Belle II analysis

Continuum and generic MC samples are processed, and candidate events are selected
using the same selection criteria as discussed in Table 3.6 and 3.8 earlier. Figures
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3.21 show the My, and AFE distributions for the background MC. For the background
events, we expect M, to have a continuous distribution of randomly combined final
state particles and AF to peak towards the negative values.
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Figure 3.21: M, and AE distribution for udsc background MC for Belle II study.

The background contribution from charged and mixed processes is much less.
Figures 3.22 and 3.23 show the M. and AE distributions for the charged and
mixed background MC, respectively.
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Figure 3.22: M. and AE distribution for Charged Background MC for Belle IT study.

Now, after applying all the selection criteria, the normalized plots of AE and
M, distribution for signal and background MC are shown in Figure 3.24.
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Figure 3.23: My, and AE distribution for Mixed Background MC for Belle II study.
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Figure 3.24: Normalized My, and AE distribution for signal and background MC for
Belle II study.

Also, we have thoroughly examined the low multiplicity gamma-gamma and
T pairs contributions and evaluated the impact of selection cuts in rejecting these
events. We observed minimal contribution from these processes once all the selection
cuts are applied. We processed 400 fb~! equivalent of e*e~ — v+ samples, 90 fb~!
of ete™ — efe” and 1 ab™! of ete™ — 77 samples, which resulted in the rejection
of 99%, 100% and 100% of these processes, respectively, confirming the effectiveness
of the selection cuts. In the upcoming sections, we shall describe the strategies
deployed to suppress the aforementioned backgrounds.
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7.3 Continuum Suppression Using Multivariate Analysis

Continuum background events can be suppressed over signal B events using their
production mechanism at Y (4S) resonance. In a BB event, both B mesons are
produced almost at rest in Y(4S) frame, as T(4S) mass is barely above the BB
production threshold. As a result, the B decay products are distributed isotropically
in the efe™ — Y(4S) — BB rest frame. Since spin-0 BB comes from spin-1 T (4S),
the angular distribution is sin? 85, where 05 is the angle between B meson and beam
axis. On the other hand, for continuum events, the light quarks are produced with
large initial momentum, resulting in a back-to-back fragmentation into two jets of
light hadrons. Spin—% fermions resembling jet-like ¢ pairs are produced from ete~
collisions, with their distribution following 1 + cos? f, as illustrated in Figure 3.25.

Figure 3.25: Event shapes for BB(Left) and ¢g(Right) events

Continuum events can thus be distinguished from B decays by their event topol-
ogy. We train a single multivariate analyzer [83] to suppress background coming
from continuum and BB events. We use FastBDT [84], the default method from
the MVA package of the BASF2 framework, as the MVA method. This Multivariate
Analysis can be much more powerful than applying the individual cut on variable
separately and can be a much more efficient way to keep signal events while reducing
continuum backgrounds. In general, the task of a multivariate method is to map an
n-dimensional input variable space into a single scalar that contains all the informa-
tion, including correlations between the input variables. The single variable can be
used separately as a discriminant instead of all input variables. To use a multivariate
classifier, it has to be trained first. For such training, one needs a large set of data
for which truth is known. Using a dataset of signal and background events where
the truth for every entry is known, the parameters of the classifier are determined in
such a way that the classifier output is as close to the known truth as possible. The
performance of a classifier is characterized by its efficiency E and purity P, defined as:

E— N, selected
Ns
P = N, selected
N, total

where Ngeectea 18 the number of selected signal events, Ng is the total number of sig-
nal events, and Ny is the total number of selected signal and background events.
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Any classifier should ideally have high efficiency as well as high purity. To suppress
continuum background, we add the following event-shape variables to the Multivari-
ate Analysis(MVA). Those variables are loosely or uncorrelated with My, and AE
and kinematic-fit quality.

¢ Kakuno-Super-Fox-Wolfram(KSFW) moments: We use modified Fox-
Wolfram [85] (KSFW) moments H2 and HP°. These moments are designed to
capture the principal geometric features of the spatial distributions of the final
state particles. The particles are divided into two categories: reconstructed B
candidate daughters denoted as ‘s’, and those from the rest-of-event (ROE)
denoted as ‘o’. HZ? is further decomposed into three categories: charged (z =
¢), neutral (z = n), and missing (z = m), where the missing momentum is
treated as a particle. The KSFW moments are then defined using the relation:

=33 [Pl Pi(cosb; .)

i jx

where ¢ runs over the B daughters; j, z runs over the ROE in the category z;
|Pj.| is the three-momentum of particle jz; and P(cos; ,) is the {*" order
Legendre polynomial of the cosine of the angle between particles ¢ and jzx.

H* =30 3" (B[ Pel Pu(cos ) (1 = even)
ik

H? = > QQu|P|[Pe| P(cos 0,) (I = odd)
ik

Here j,k run over the ROE and Q;, Q) are charges of j™ and k™ particles,
respectively. Thus, we have a total of 16 modified moments. In addition to
these 16 moments, we have,

Ntrk
ZpT or et : the sum of transverse momentum of all visible particles

n
and ‘the apparent mass that is missing from the event’ defined as:

Nt'rk Nt'rk

mm? = (Erus) — Z E,)? — Z [pal?,

where Ey(sg) is the energy of T(4S) corresponding to CM energy and E, and
pn are the energy and momentum of n, respectively. The final state particles
that ‘n’ iterates over are generally the 7%, K*, p*, e*, u* and v. We use in
total 18 KSFW moments as follows: hso00, hso02, hso01, hso03, hso04,
hso10, hsol2, hsol4, hso20, hso22, hso24, hooO, hool, hoo2, hoo3,
hoo4, et and mm?.
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e cosTBTO: Cosine of the angle between the thrust axis of the signal B candidate
and the thrust axis of the rest of the event. The thrust axis is defined as the
direction which maximizes the sum of the longitudinal momenta of the particles
in the decay. In BB events, the particles are almost at rest, so the thrust
vectors are uniformly distributed. Therefore, cosTBTO will also be uniformly
distributed between 0 and 1. In gq events, the particles are collimated, and the
thrust axes point back-to-back, leading to a peak at high values of cosTBTO.

e cosfpg: cosine of the angle fg between the reconstructed momentum of the B
candidate in the Y (4S) reference frame and the beam axis.

e cosTBz: cosine of the angle between the thrust axis of B-meson and z-axis.

e grOutput (FBDT): The flavour tagger output, which determines the flavour of
the tag side B meson. Here q = +1(-1) is defined as b-flavor of tag side B°
(BY). The dilution factor for flavor determination, denoted as r, ranges from 0
to 1, with r = 0 indicating no information available to determine the tag side b-
flavor, and r = 1 indicating a perfectly tagged b-flavor. In events involving BB,
a pronounced peak at 1 is observed when tag side B information is available,
whereas events involving ¢g tend to peak at 0.

e n'Tracks: The total number of tracks in the event.

The performance of classifier was first checked with 23 input variables(18 KSFW
moments, cosTBTO, cosfp, cosTBz, qrOutput (FBDT) and nTracks). We removed
the variables with zero weight in training, hence the least contribution towards the
separation of background and signal. KSFW(hso01) and KSFW (hso03) are identi-
cally zero for our case. A total of 21(16 KSFW + 3 cosine angle + qrOutput (FBDT)
+ nTracks) variables are then fed into the MVA for discrimination. Figures 3.26
show three of them, and as expected, they have discriminating power to separate
the signal and background-like events. Refer to Appendix (C) for the rest of the
plots of event shape variables. The importance of MVA input variables is tabulated
in Appendix (D).

7.3.1 Validation and Overtraining Check

To create the training and testing samples, we take signal and continuum back-
ground MC samples after applying all the selection criteria listed in Table 3.7 and
3.8 discussed in Sec. 5.1 and 6.0, respectively. The FBDT is trained to classify
signal from the background using 50% of sample. The performance is tested on the
remaining 50% of the sample. At the end of the training, we can print out analysis
information such as linear correlation matrix of the input variables, evaluation plots,
purity vs. efficiency plots, ROC plots, and overtraining plot for the training sample.
The correlations between input variables in the signal and background are shown
in Figure 3.27. We check the correlation between the input training variables in a
sample set and weed out the variables having a high degree of correlation amongst
themselves.
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Figure 3.26: Continuum suppression variables for signal and background

As a check for possible overfitting, Figure 3.28 shows the Receiver-Over-Operator
(ROC) curve of the classifiers’ outputs for the training samples. Since the curves
for the training and validation data looks very similar and have less gap, it can
be concluded that the BDTs generalize well to unobserved data. Also, for a well-
trained network, the purity as a function of Classifier output should be on the
diagonal shown in Figure 3.29.

To ensure that the MVA output distributions of the training and test samples
exhibit similar shapes, we conducted a Kolmogorov-Smirnov test [86] between the
distributions. In Figure 3.30, we present a comparison of the MVA output distri-
butions between the training and test samples. Additionally, the figures display the
corresponding Kolmogorov-Smirnov probabilities. If the distributions follow differ-
ent shapes, these probabilities would be less than 0.05. However, in our case, all
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Figure 3.27: (a) Correlation plot for the (a) signal and (b) background for Belle.
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Figure 3.28: ROC curves of the continuum suppression classifier for the datasets of decay
mode. The number in parentheses corresponds to the area under the curve (AUC) of the
curve. The closer it is to one, the better the performance of the classifier.

probabilities (both for signal and background distributions) are greater than 0.05,
indicating no bias between the training and test samples. We find acceptable con-
sistency between the training and validation samples, which signifies no significant
overtraining.

7.4 Optimizing the BDT Output selection

The trained classifier, as discussed in the previous section, is applied to the remaining
dataset statistically independent from training. The value of the classifier output
(BDT output) is recorded for each event. Rather than using a figure of merit
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Figure 3.29: Purity vs. Classifier output for Belle.
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Figure 3.30: Superimposed plot of FastBDT output for training and validation samples

to determine the optimal BDT Output selection, we perform ToyMC studies for
different selections varying from 0.40 to 1.00 and select the cut that minimises the
signal yield error. The ToyMC contains the signal, continuum and BB components
with expected yields in 694 fb~! depending on BDT output selection cut as shown
in Figure 3.31. We find that a selection of 0.55 with a lower signal yield error, rejects
93% of the continuum and retains 86% of the signal events. We obtain a signal MC
purity of approximately 93% with this choice of BDT selection criterion. We applied
a selection cut on the BDT output. Then we used the transformed BDT Output
(Chpr) as a third variable to perform the unbinned extended maximum likelihood
fit to extract the signal yield for B® — v+ channel.
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Signal Yield Uncertainty vs. Continuum Suppression Selection
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Figure 3.31: The mean signal yield uncertainty (blue) from ToyMCs as a function of
continuum suppression output for Belle study.

7.4.1 Transformation of BDT Output

The output obtained from the FastBDT classifier (Cgpr) tends to peak at 1 for
signal-like events and 0 for background-like events, as shown in Figure 3.30 in sub-
section 7.3.1. It is difficult to model the FastBDT output distribution with a simple
analytic function. Thus to improve the modeling, we apply the cut on the BDT
output(Cppr)> 0.55 and then transform it using the p — transformation (proba-
bility integral transformation) [87], where the signal shape is flat and the background
shape is exponential, as shown in Figure 3.32.
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Figure 3.32: Transformed FBDT output for signal and background in log scale for Belle
study.
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The p — trans formation R(y) of a classifier y is given by the integral [88]

y
Rw) = [ vty
where 3 is the original signal distribution normalized to unity and it is defined
such that R,,) for signal events is uniformly distributed between 0 and 1, while
background events cluster towards 0. There are several advantages of using this
transformation compared with the usual Gaussian transformation; the signal and
background shapes are easily distinguishable and can be described by the analytic
PDFs with less parameters in the fit. In comparison, the Gaussian transformation
can be difficult to describe and depends on the maximum value of the output.

7.5 Continnum Suppression for Belle II analysis

Continuum suppression was performed using the same variables in Sec 7.3. For train-
ing and testing the MVA, we used two independent datasets with an equal number of
correctly reconstructed signals and misrecontructed continuum background events.
The performance of the classifier was first checked with 23 input variables (18 KSFW
moments, cosy,, cosTBTO, cosTBz, nTracks and qrOutput (FBDT) ). The correlations
between input training variables in signal and background are shown in Figure 3.33.
Refer to Appendix (C) for the plots of event shape variables. The importance of
MVA input variables is tabulated in Appendix (D).
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Figure 3.33: The correlation matrix of input variables for Belle II.

As a check for possible overfitting, Figure 3.34a shows the Receiver-Over-Operator
(ROC) curve of the classifiers” outputs for the training samples. Also, for a well-
trained network, the purity as a function of classifier output should be on the diag-
onal, as shown in Figure 3.34b.
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Figure 3.34: (a) ROC curves of the continuum suppression classifier. (b) Purity vs.
Classifier output

To ensure that the MVA output distributions of the training and test sam-
ples exhibit similar shapes, we conducted a Kolmogorov-Smirnov test between the
distributions. We find acceptable consistency between the training and validation
samples, as shown in Figures 3.35, which signifies no significant overtraining.

Training Output:FastBDT |
s
KS test probability Signal (Background) : 0.7(0.3) £ L his1 — signal |
% 9 = 5000~ | = his2 — background

o .22 «  Signal (Train) F
0.2 r
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F F
0161 Y] signal (Test b
0.14 7 &\ onel (7e=h 3000

0128 R\ Background (Test) F ‘
0183 F

2000
0.08 H ‘

0 N e o SN 0 ———
0 01 02 03 04 05 06 07 08 09 1 0 o1 02 03 04 05 06 07 08 09
BDToutput FastBDT response
(a) (b)

Figure 3.35: (a) Superimposed plot of FastBDT output for training and validation sam-
ples and (b) Distribution of FastBDT output on simulated validation sample.

A large continuum background is rejected by applying a cut on the FastBDT
output. The selection could be chosen from the ToyMCs studies defined in Sec 7.4.
The ToyMC contains the signal, continuum and BB components with expected
yields in 362 fb~! depending on the BDT Output selection as shown in Figure
3.36. The different selections are varied from 0.40 to 0.87, and we select the cut
that minimises the signal yield error. We found the cut at 0.45 with lower signal
yield error rejects 87% of the background and retains 89% of signal events. We
obtain a signal MC purity of approximately 92% with this choice of BDT selection
criterion. We would take Transformed Network Output(Cphpr) as a third variable
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to perform an unbinned extended maximum likelihood fit to extract the signal yield
for BY — v channel.

Signal Yield Uncertainty vs. Continuum Suppression Selection

6.0 1 Signal Yield Uncertainty

5.5 1
5.0 1
4.5 1

4.0 1

Signal Yield Uncertainty

3.51

0.40 0.45 0.50 0.60 0.70 0.87
Continuum Suppression Selection

Figure 3.36: The mean signal yield uncertainty (blue) from ToyMCs as a function of
continuum suppression output

Figure 3.37 shows the Cfpp distributions for signal and background MC for Belle II.
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Figure 3.37: Transformed FBDT output for signal and background in log scale.

7.6 Peaking Background from Belle Study

Decay modes similar to B — vy may arise from rare B (i.e., mixed and charged)
decay backgrounds and can get misidentified as a signal candidate. This background
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peaks at similar values of M. but has AFE shifted to the negative values due to
energy losses from the lost particle. We investigate rare backgrounds employing a
dataset that is 50 times larger than the real data. To know the sources of peaking
backgrounds, we have used TopoAna tool [89] to print all the decay trees and some
specific information in pdf/tex/root file. TopoAna is a generic tool for the topology
analysis of the inclusive MC samples. We can quickly get the decay trees or tables
of all the MC sample events. Applying the identical selection criteria discussed
earlier, we find that a few events still pass these criteria, as outlined in Table 3.9.
Figures 3.38 and 3.39 show the M, and AFE distribution of charged and mixed rare
backgrounds after applying all the selection cuts mentioned in Table 3.9.

H Variable ‘ Requirement ‘ charged Rare MC ‘ mixed Rare MC H
Precut + HardronB cut + Photon ID | 1.4 < E,(CM) < 3.4 GeV 12587 10909
M. 5.24 < My, < 5.29 GeV/c? 8192 7383
AFE —0.6 < AE < 0.2 GeV 975 1364
0(v) Barrel region cluster Reg == 786 1093
FastBDT output > 0.55 331 520
Proy < 0.50 45 53
By < 0.65 21 30

Table 3.9: Table for cut-flow for charged and mixed Rare MC samples. The table
is not scaled to integrated luminosity.
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Figure 3.38: My, (left) and AE (right) distributions for mixed rare background.

The selection criteria outlined in Table 3.9, along with the signal region cuts,
are applied to rare MC files to investigate potential exclusive backgrounds. We
found only three channels give a contribution after the final selection, B® — m°7°,
B® — nn and B® — nr® as shown in Figure 3.40. For these three channels, large
(IM) samples are explicitly generated and simulated to get a more precise estimate
of their effect. Assuming the measured B® — 797% branching fraction [90] and
the existing limit on the B® — n7® [91] and B® — nn [92] branching fraction, an

estimate of the expected level of these backgrounds can be obtained. Based on it, in
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Figure 3.39: My, (left) and AE (right) distributions for charged rare background.

the signal region 0.049 events for B® — 7%7%, 0.007 events for B® — nn and 0.007
events for B — nr¥ are expected. The expected number of events at 694 fb~! are
obtained using the following formula,

Newp = B x Ngg x 2 x f x &

where B is the branching fraction, the total number of BB, Nzz = 753 x 10°,
% = (48.4 £ 0.6)% indicates the ratio of Y(4S) decaying into B°B° and & is
the efficiency of events which have survived the selection criteria. The results are
summarised in Table 3.10.

H BB decay ‘ Branching Ratio ‘ Efficiency ‘ Expected events (694 fb~!) ‘H
BY — 7070 | 1.83 & 0.21(stat.)=0.13(syst.)] x 10-° [90] | (0.004 & 0.003)% 0.049
BY — nn® 414+1.7x 1077 [91] (0.003 £ 0.003)% 0.007
BY — < 1.0 x 1079 at 90% CL[92] (0.001 £ 0.002)% 0.007

Table 3.10: Estimation of number of events in 694 fb=! for B® — 7%7% B° — nx°
and B° — nn from efficiency determined from MC.

As the expected number of B® — 7979 B? — na® and BY — nn background
events is 0.049, 0.007 and 0.007, which is approximately 50 times, 342 times and
342 times less than the expected number of signal (2.4) by SM in Belle, we do not
expect these backgrounds processes to contribute significantly.

7.7 Peaking Background from Belle II Study

We investigate the rare backgrounds, comprising both charged and mixed MC back-
grounds. After applying all the selection cuts, we have only two events from the
mixed MC samples and zero events from the charged MC samples in the Belle 11
study. The two B decay modes were identified as potential background sources.
These peaking backgrounds are coming mainly from decay of B° — 7% and
B® — nr®. We have also checked the B® — nn decay mode as it could also be
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Figure 3.40: M,. and AFE distribution for (a) B® — 7% channel (b) B® — #%#°

and (c) B° — nn channel for Belle analysis

a source of peaking background. We perform a study on generic mixed samples
to check these peaking contributions and generate 1M MC events of these peaking
backgrounds. The optimized event selection is applied to each of these samples is
shown in Figure 3.41, and the estimated number of background events expected in
on-resonance data is determined from the latest branching fractions. After scaling
the yields of these modes to the luminosity of the on-resonance data, it is estimated
that they contribute a 0.021 for B® — 797% 0.003 events for B® — nn and 0.004
events for B — n7¥ in the signal region. The results are summarised in Table 3.11.

H BB decay ‘ Branching Ratio ‘ Efficiency ‘ Expected events (362 fb™!) ‘H
BY — 7%7% | 1.83 & 0.21(stat.)£0.13(syst.)] x 1075 [90] | (0.003 £ 0.004)% 0.021
BY — nr® 41+£1.7x1077 [91] (0.002 £ 0.003)% 0.003
BY = < 1.0 x 1079 [92] (0.001 + 0.002)% 0.004

Table 3.11: Estimation of number of events in 362 fb~! for B® — 7%7% B® — nx°
and B° — nn from efficiency determined from MC.

0

As the expected number of B® — 79%7% BY — nn and B° — nr° background
events is 0.021, 0.004 and 0.003, which is approximately 80 times, 425 times and 533
times less than the expected number of signal (1.6) by the SM, we do not expect
these background processes to contribute significantly.
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Figure 3.41: M. and AFE distribution for (a) B® — n’y channel (b) B® — #%#°
and (¢) B® — nn channel for Belle analysis for Belle II

8.0 Selection Summary

8.1 Selection Summary for Belle Study

The cut flow table for the signal and backgrounds at each selection step are shown
in Table 3.12 for the Belle study.

Variable Requirement Signal Events uds charm charged | mixed
Precut + HardronB cut + Photon ID | 1.4 < E,(CM) < 3.4 GeV 47912 1423000 196067 305 303
Ey25 > 0.95 43443(91%) 1146513(25%) | 154766(25%) | 244(20%) | 249(18%)
M, 5.24 < My, < 5.29 GeV/c? 42929(99%) 640027(45%) | 80511(48%) | 206(16%) | 210(16%)
AE —0.6 < AE < 0.2 GeV 42198(98%) 220817(66%) | 24391(70%) 0(0%) 2(99%)
0() Barrel region clusterReg == 2 33494(79%) 149012(33%) | 17397(29%) 0 1(50%)
FastBDT output > 0.55 28937(86%) 12901(93%) 1860(90%) 0 1(0%)
Proy <0.50 24599(85%) 2957(78%) 530(73%) 0 0(100%)
Py <065 23308(95%) 2812(5%) 507(5%) 0 0

Table 3.12: The figures in the parenthesis indicates the survival(blue) and loss(red)
percentage in signal and background MC samples, respectively. The table is not

scaled to 694 fb~!

Assuming B(B® — 7v) = 1.4 x 107® and overall signal efficiency 23.3%, we can
expect about 2.4 signal and 553 total background events in 694 fb~! of data in the

candidate region.
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8.2 Selection Summary for Belle IT Study

The cut flow table for the signal and backgrounds at each selection step are shown
in Table 3.13 for the Belle II study.

H Variable ‘ Requirement ‘ Signal Events ‘ uds charm ‘ charged ‘ mixed H
Precut+skim 1.4 < E,(CM) < 3.4 GeV 72016 1173443 128608 1597 1667
[clustertiming| <200 s 68677(95.3%) | 1004631(7%) | 119960(7%) | 1543(3%) | 1589(5%)
|clusterTiming/clusterErrorTiming| <2

Fom =095 67111(97.7%) | 1018305(8%) | 110648(8%) | 1565(5%) | 1589(5%)

0(v) Barrel region cluster Reg == : 56824(84.6%) 778932(23%) | 85739(23%) | 1245(15%) | 1307(14%)

M 5.04 < My, < 5.29 GoV/® | 56392(99.2%) | 434045(14.7%) | 45665(47%) | 957(23%) | 1012(23%)

AE 06 <AE <02 GeV | 55651(98.0%) | 166266(62%) | 14624(63%) | 9L1(90%) | 151(85%)

clusterNHits clusterNHits>= 15 47135(84.6%) 83666(50% ) 9060(38%) | 73(20%) 128(15%)
ClusterZernikeM VA ClusterZernikeMVA> 0.75 | 42273(89.7%) 22103(74%) 3397(63%) | 53(27%) 86(33%)
FastBDT Output > 045 37305(39%) 2810(7%) | 556(84%) | 46(14%) | 68(21%)

Py <071 32117(31.6%) T14(75%) 220(50%) | 12(74%) | 23(66%)
Py <062 30829(96%) 567(20%) 176(27%) | 11090%) | 22(5%)

Table 3.13: The figures in the parenthesis indicate the survival(blue) and loss(red)
percentage in signal and background MC samples, respectively. The table is not
scaled to 362 fb~!

Assuming B(B° — ) = 1.4 x 1078 and overall signal reconstruction efficiency
30.8%, we can expects about 1.6 signal and 286 total background events in 362 fb~1
of data in the candidate region.

8.3 Comparison between Belle and Belle II performances

In this section, we have compared the performances between Belle and Belle II in
terms of efficiency. We have processed 100,000 signal MC for both Belle and Belle
IT. The comparison of the performances of the selection criteria for Belle and Belle
IT is shown in Table 3.14. At the precut level (skim), there is a difference in the
efficiency of Belle and Belle II, which is 47.9% and 72%, respectively. The lower
efficiency of Belle is due to the HadronB skim cuts applied in the B2BIIfixMdst and
B2BIIConvertMdst modules, which perform correction to Belle mdst data and Belle
mdst to Belle II mdst conversion. There is not much difference in the performance
of cuts in Belle and Belle 11, as shown in the parenthesis, except for the clusterReg
cut, which retains 79% (84.6%) of signal events in Belle (Belle II).

We have also compared the signal efficiency with the previous Belle results, which
are shown in the table 3.15. The efficiency improvement in our Belle analysis is
twice as compared to the previous Belle analysis. This is mostly due to the usage of
advanced data analysis techniques such as the FastBDT MVA method, likelihood-
based analysis and a new set of optimized selection criteria which improve the overall
reconstruction efficiency.
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Cuts Belle 11 Cuts Belle

skim 72016 skim 47912

Timing cuts 68677(95.3%) Photon ID 47910(99%)

Eg/01 > 0.95 67111(97.7%) Eg/25 > 0.95 43443(91%)
clusterReg==2 56824(84.6%) clusterReg==2 34379(79%)

5.24 < M. < 5.29 GeV/02 56392(99.2%) | 5.24 < M. < 5.29 GeV/02 34011(99%)
( ) )
( )
)

—0.6 < AF < 0.2 GeV 55651(98.6% —0.6 < AE < 0.2 GeV 33494(98%
clusterNHits>=15 47135(84.6% - -
clusterZernikeMVA>0.75 | 42273(89.7%

FastBDT output>0.45 37117(89%) FastBDT output>0.55 | 28937(86%)
Pi0_Prob<0.71 32117(81.6%) Pi0_Prob<0.50 24599(85%)
Eta_Prob<0.62 30829(96%) Eta_Prob<0.65 23308(95%)

Table 3.14: The figure in the parenthesis indicates the survival percentage in the
signal MC sample.

Belle | Belle II | Previous Belle

Luminosity 694 tb=t | 362 fb~! 104 fb~!
Signal Efficiency | 23.3% 30.8% 11.7% [20]

Table 3.15: Performance comparison with previous Belle result.

Summary

In this chapter, we explored the steps involved in event generation and simulation.
We examined the initial event selection requirements utilized to identify the specific
event type for our analysis. Furthermore, we delved into the selection criteria em-
ployed to distinguish signals from background events. Through background Monte
Carlo studies, we observed the prevalence of the continuum background over other
types. To mitigate the impact of the continuum background, we utilized multivariate
analysis, specifically employing the FastBDT method. Additionally, we conducted
studies on peaking and rare backgrounds, determining that their contributions were
not significantly influential. Finally, we presented our expectations regarding the
number of signals and background events from the complete dataset, showcasing a
performance comparison between Belle and Belle 1I.
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Chapter 4

PDF Parametrization and Fit
Validation

1.0 Introduction

This chapter details the procedure of parametrizing both the signal and background
MC using the variables M., AE, and Cgpp. We aim to create a model that can
effectively extract signal yields from real data. We also conduct ensemble studies to
understand any potential biases associated with the fit model.

2.0 Maximum Likelihood Method

The Maximum Likelihood (ML) fit is a technique for estimating the values of the
unknown parameters of a probability distribution function (PDF) that best describes
the observed data. Consider an experiment where the outcome is a continuous
random variable x, whose possible values form the sample space €. The probability
that the measurement x falls in the range [x,z + dz| is given by f(z;a)dz, where
f(z;a) is the PDF and « are the parameters characterizing the PDF.

If the experiment is repeated N times, measuring a vector of n continuous vari-

ables x = (x1,...,z,) each time, the total sample can be represented as (1, ..., z)),

Ty
oy (@) 2Y). Assuming the measurements are independent and distributed ac-

cording to the PDF f(z1,...,z,;a), the probability of observing this entire sample
is the product of the individual probabilities:

N
L@',....2"a) = [[ fla}.....ahs ). (4.1)
=1

The function L is called the likelihood function. The ML estimators of the
unknown parameters « are the values that maximize this likelihood function, or
equivalently, the logarithm of the likelihood function:

N
1nL(a:1,...,azN;a)zsz(xil,...,a:;;a). (4.2)
i=1
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The solutions to the Equation 4.3 give the maximum likelihood (ML) estimators of

unknown parameters,
oL(z', ..., zV; )

=0, 4.3

aOéi ( )

where the estimators are represented with hats & = {a,...,d&,} to distinguish
them from the actual values («q, ..., a,). The error (0(&)) on the estimator distri-

bution is given by:

N
:/.../(aj - ij)QHf(xi, b a)dal L dat (4.4)
i=1

where «; is the true value of the j*™ parameter. The covariance of the different
parameter estimators is defined as,

N

ol = / / ) (g —ak)Hf(xﬁ,...,xfl;a)d:c’i...d:cil. (4.5)

i=1

In general, ML estimators exhibit are consistent, unbiased and efficient for large
samples. An estimator is one where the deviation between the estimated value and
the true value vanishes as the sample size increases, i.e.,

]\}1_1?;0 & = q;j (4.6)
An estimator is said to be unbiased if its expectation value is equal to the true
value i.e.,
() = i (4.7)
An estimator is efficient if its variance is equal to or less than the Cramér-Rao
bound [93, 94] on the variance. Further detail on the ML method can be found in
the references [95, 96].

2.1 Extended Maximum Likelihood

The standard maximum likelihood method can be extended to incorporate the total
number of observed events N as an additional parameter to be estimated.

In an experiment repeated N times, the number of observed events IV itself can
be considered a random variable, typically following a Poisson distribution with
mean p, representing the expected total number of events.

The extended likelihood function then becomes:

L(x1,...,xn,N; o, 1) = —e ”Hf X;; (4.8)

Here, the first term accounts for the Poisson dlstrlbutlon of the total number of
events NV, while the second term represents the likelihood of observing the measure-
ment values xy,...,xy given the PDF parameters a.
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In general, the total mean u can be expressed as the sum of signal and background
event yields, u = ps + pp, where pg and p, are the unknown parameters to be
estimated along with the PDF parameters .

The log-likelihood function, after dropping the term for NV (since it is independent
of the PDF parameters), becomes:

N
In L(e, pray ) = —pa — i+ Y (g fo(55 @) + o fo (35 @) (4.9)
=1

This extended maximum likelihood formulation allows for the simultaneous es-
timation of the signal and background event yields (us and py;) along with the
parameters « that characterize the signal and background PDFs (fs and f).

The analysis in this thesis uses this unbinned extended maximum likelihood
method to estimate the unknown parameters, taking advantage of the RooF'it pack-
age [97] within the ROOT framework [98]. The values of parameters, along with their
statistical uncertainties, are determined using the MINUIT package [99, 100]. This
package utilizes the MIGRAD algorithm to identify parameter values that minimize
the negative log-likelihood function. Additionally, it employs the MINOS algorithm
to calculate the uncertainties associated with these parameters. This unbinned ex-
tended maximum likelihood approach is used to estimate the unknown parameters
of the signal and background PDFs, as the limited statistics of the dataset make the
use of binned data less desirable.

In the following sections, we discuss the PDF parameterization of the signal and
background distributions of My, AE, and Cgpy.

We will perform a 3D unbinned extended ML fit with M., AFE, and Chpy
to extract the signal yield. The variables used in the fit should not have a high
correlation among themselves. Before performing the fit, we need to ensure that
the fit variables My., AE, and Cfpp are not correlated significantly. Otherwise,
the correlation will reduce the signal identification capability of the fit variables.
Table 4.1 summarizes the correlation factors between different variables, and the
correlation plots are shown as 4.1 and 4.2 for the Belle.

H Fit Variables | M. vs AE | My, vs Cipr | AE and Chpyp ‘H

Signal MC 0.26438 -0.00401 0.00683
Continuum 0.01449 0.00317 0.03473

Table 4.1: Linear correlation factors between the fit variables in B° — ~+ mode for
Belle study.

For Belle II, the correlation plots between My., AE and Cppp are shown in
Figure 4.3 and 4.4. Table 4.2 summarizes the correlation factors between different
variables.

116
TH-3478_186121024



Chaptery: PDF parametrization and Fit Validation 117

(b)

Figure 4.1: Correlation between (a) My, and AE (b) My and Chpp (¢) AE and Chpp
for the signal BY — ~v for Belle.
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Figure 4.2: Correlation between (a) My, and AE (b) My and Chpr (b) AE and Chpp
for the background B® — ~v for Belle.
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Figure 4.3: Correlation between (a) My, and AE (b) My and Chpyp (b) AE and Chpp
for the signal B® — v for Belle II.

2.2 PDF Modelling for Belle Study
Initially, the 3-dimensional PDF's are modeled as the product of 1-dimensional PDFs:

P(Mye, AE, CI/BDT) = P(My) x P(AE) x P(CI/BDT)
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H Fit Variables ‘ My, vs AE ‘ Mye vs Chpr ‘ AFE and Cfpp H‘

Signal MC 0.1723 -0.0179 -0.0085
Continuum -0.0170 -0.0251 0.0232

Table 4.2: Linear correlation factors between the fit variables in B — v+ mode for
Belle II.

However, significant correlations were found between M. and AFE in the signal
component, with 26% and 17% correlations for Belle and Belle II, respectively. This
invalidates the factorized form for the signal component. Hence, the 3-dimensional
PDF for the signal component was adjusted using a 2-dimensional joint PDF for the
correlated variables and a separate 1-dimensional PDF for the remaining variable:

P(Mye, AE, Cppr) = P(Mye, AE) x P(Cgpr)

This modified approach accommodates the observed correlation between M,. and
AFE while maintaining the independence assumption for Cjzpp. For the signal, the
correlation between My, and AF is taken into account with a 2D Kernel Density
Estimation (KDE) PDF [101].

The PDFs used to parameterize the signal are tabulated in Table 4.3 for Belle
and Belle II.

H Fit Variables Signal Parameter H
M, 2D KDE -
AFE 2D KDE -
Chpr 0™ Polynomial -

Table 4.3: PDFs for signal MC for Belle and Belle 11

Continuum Background PDF
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The 1D PDFs used to fit the background (¢g) MC are summarized in Table 4.4,
for Belle. These function is briefly described in Appendix (G).

o M, is fitted with an Argus function [102] with an endpoint fixed to 5.289
GeV/c2.

e AF is fitted with 1% order Chebychev polynomial.

o (L is fitted with 2 exponential function.

H Fit Variables ‘ Background Parameter H

My, (GeV/c?) Argus Curvature(argpar)
Endpoint fixed
AE (GeV) 15¢ Order Chebyshev polynomial |  Coefficient(al)
Chpr 2 exponential lamda(A;)
lamda2(\s)

Table 4.4: PDFs for continuum background for Belle. Parameter \; and A\, repre-
sents the slopes of the exponential PDF.

2.3 Fixed and Floated parameters for 3D Fit model

To extract the signal and background yields from the three-dimensional fit model,
we fix the Chpr background exponential parameters (A; and A2) and the endpoint
of the ARGUS function and float all the other background parameters in the final
fit model. The signal PDFs have no parameters. In addition, we float the signal
and the background yields. Table 4.5 summarizes the signal and background PDF
parameters used in the 3D Fit model.

H Variable ‘ ‘ Function ‘ Parameter ‘ MC Value ‘ Comment H
Signal 2D KDE - - No parameter
My (GeV/c?) | Background Argus Endpoint 5.289 Fixed
Curvature(argpar) —33.06 +3.5 Floated
Signal 2D KDE - - No parameter
AFE (GeV) | Background | 15 Order Chebyshev polynomial | Coefficient(al) —0.6373 £ 0.025 Floated
Signal 0™ order Polynomial - - No parameter
Copr Background Exponential AL -5.434 Fixed
Ao -55.80 Fixed
frac 0.827 £ 0.019 Floated

Table 4.5: PDF used in the 3D Fit of Belle B — v~ sample and parameter infor-
mation. Parameter A\; and A\, represents the slopes of the exponential PDF.

Fitted signal and background MC distributions are shown in Figure 4.5 and 4.6,
respectively, for Belle.
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2.4 PDF Modelling for Belle II Study

The PDF's used to parameterize the signal are tabulated in Table 4.3, which is the
same as Belle.

Continuum Background PDF

The 1D PDF's used to fit the background (¢g) MC are given in Table 4.6.
o M, is fitted with an Argus function with an endpoint fixed to 5.29 GeV/c?.
e AL is fitted with 15 order Chebychev polynomial.

o Cfpr is fitted with two exponential function.

2.5 Fixed and Floated parameters for 3D Fit model
To extract the signal and background yields from the three-dimensional fit model,

we fix the Chpp background exponential parameters (A; and A2) and the endpoint
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H Fit Variables ‘ Background Parameter H
M. (GeV/c?) Argus Curvature(argpar)
Endpoint fixed
AFE (GeV) 1°* Order Chebyshev polynomial |  Coefficient(al)
Chpr 2 exponential lamda(\)
lamda2(\s)
fraction(frac_bkg)

Table 4.6: PDF's for continuum background for Belle II. Parameter A\; and A\ rep-
resents the slopes of the exponential PDF.

of the ARGUS function and float all the other background parameters in the final
fit model. The signal PDFs have no parameters. Table 4.7 summarizes the signal
and background PDF parameters used in the 3D Fit model.

H Variable ‘ ‘ Function ‘ Parameter ‘ MC Value ‘ Comment H
Signal 2D KDE - - No parameter
My (GeV/c?) | Background Argus Endpoint 5.29 Fixed
Curvature(argpar) | —34.56 + 7.1 Floated
Signal 2D KDE - - No parameter
AFE (GeV) | Background | 1% Order Chebyshev polynomial | Coefficient(al) —0.3338 + 0.058 Floated
Signal 0™ order Polynomial - - No parameter
Cuor Background Exponential A1 -4.434 Fixed
Ao -22.21 Fixed
frac 0.585 £ 0.097 Floated

Table 4.7: PDF used in the 3D Fit of Belle II B° — ~v sample and parameter
information. Parameter A\; and A, represents the slopes of the exponential PDF.

Fitted signal and background MC distributions are shown in Figure 4.7 and 4.8,
respectively, for Belle II.
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3.0 Fit Validation

3.1 Gsim Study for Belle

We perform the GSim (Generation and simulation) study to validate the fit pro-
cedure and test the bias in signal yield extraction. It is the process of random
extraction of signal events after its generation and simulation. In order to get a
realistic estimation of these biases, each pseudo-experiment must be statistically
equivalent to the real data sample. For this, a set of 1000 samples is generated for
the different pseudo-experiments having Ngs(i%l = (0, 2, 4, 6, 8, 10, 12, 14, 16, 18 and
20) events for Belle and Belle II. We generate and simulate the signal MC using Evt-
Gen and pick the signal events randomly using Poisson’s distribution. In contrast,
the background events are extracted randomly from the 3D PDFs corresponding
to the My., AE and Cgpy by incorporating Poissonian fluctuations. For different
values of signal yield, we then run our fit function over these pseudo experiments to
extract pulls and yields. Pull in the signal yield is calculated as follows:

sig Nsig

Signal Pull = —Y94___&%
( N
where Nysifld refers to the signal yield from the fit function, Ng‘ie% is the input signal

to the fit function and NS& refers to the uncertainty of the signal yields. If the
parameter is unbiased, the corresponding pull distribution is a Gaussian of zero
mean and unity width. Otherwise, the pull distribution gives the bias in units of
the statistical error. For the yield distribution, we expect the yield from the fit to
match with the input signal events within MC statistical uncertainty.

For the GSIM study in both analysis, we fix the Cjyr background exponential
parameters (A; and A\y) and the endpoint of the ARGUS function and float all the
other background parameters in the final fit model. We expect to observe at most 2

signal events in real data for our Belle MC study. Figure 4.9 shows the pull, signal
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yield and background yield from the fit model for N3 = 2, where N3 is the input
number of signal events given to the fit.

F [ pull_mean = 0.021+0.034
E | pull_width = 1.069 +0.024)

pull_mean = 553.22 + 1.09
pull_width = 24.75 +0.55

pull_mean = 2.11 +0.21]
pull_width = 6.66 + 0.1

Gsim Study 0

Gsim Study 100

sig
Ngen = 2 Njer =2

Events/(0.16)
Events/(6)

500 550

20 30 600 6 .
Signal Yield Background Yield

(a) (b) (c)

Figure 4.9: (a) Signal Pull, (b) Signal yield and (c) background yield distributions for
Naen=2.

The mean of the pull distribution, shown in Figure 4.9 shows that the fitter is
stable. Here mean of the pull distribution agrees with a standard normal distribu-
tion, whereas the output yield of the signal and background agrees with the input
yield. The pull and signal yield distributions for NgSie%l =0, 2,4, 6,8, 10, 12, 14, 16,
18 and 20 are shown in Appendix (H).

Figures 4.10a show the average pull distributions for Ng@g =0, 2, 4,6, 8, 10, 12,
14, 16, 18 and 20. We plan to assign the deviation of the average pull distribution
from the 0'" order polynomial as a source of systematic uncertainty on the fit model.
We obtain a fit bias of 1.90% (0.05 event) from the fitted signal pull, which will be
included as an additive systematic uncertainty.

Figure 4.10b shows the linearity of the fit model. The fitted signal yield demon-
strates a linear behaviour with a slope of one and an intercept of 0, as expected.
Based on this test, the fit bias is expected to be not more than 0.13 event, which
will be assigned as a source of additive systematic uncertainty:.

We have assigned the combined systematic of +0.14 event from the fit bias and
linearity test.

3.1.1 Quality of fit in simulated data for Belle

To check the performance of fit in the realistic background conditions, we also use
the simulated data. We have performed the 3D fit using the simulated dataset for a
size expected in the real data set and a larger sample than the expected one in data.
The background sample is from ¢q events, which is the dominating background. We
found the quality of fits is good in both configurations. The fit plots shown Figures
4.11 and 4.12 are for similar and larger datasets, respectively.
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Figure 4.11: (a) M., (b) AE and (c) Chpp distributions for B — 4y mode in MC

where the signal and background data is similar to the expected ones

frac_nn is the fraction of two exponential functions.

in the real data.
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3.2 Gsim Study for Belle II analysis

The pull and signal yield distributions for Ngsfe%l =0, 2, 4, 6, 8, 10, 12, 14, 16, 18,
and 20 are shown in Appendix (H).

For our MC Study, we do not expect to observe more than 2 signal events in the
real data. Figure 4.13 shows the pull, signal MC yields and background yields from
the fit model for N3 = 2. Figure 4.14a shows the average pull distribution for N3
= (0, 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20). We obtain a fit bias of 1.64% (0.03
event) from the average pull distribution in Figure 4.14a, which will be included as
an additive systematic uncertainty. To check for linearity, which is shown in Figure
4.14b. We find the fit model to be linear. The fitted signal yield demonstrates a
linear behaviour with a slope of one and an intercept of 0, as expected. Based on
this test, the fit bias is expected to be not more than 0.10 event, which will assigned
as a source of additive systematic uncertainty. We have assigned the quadrature
sum of uncertainty from the fit bias and linearity test, which is a 40.10 event.

F[ pull_mean =0.013 + 0.045
pull_width = 1.043 + 0.036

E| pull_mean =1.95 +0.17
E7 pull_width =4.42 +0.15

pull_mean = 286.31  0.56 Gsim Study
I Il_width = 17.57 £ 0.40
Gsim Study 80 pullwi * Input Signal = 2

Gsim Study

Input Bkg = 286

sig E
Ngen = 2 70F sig
'gen E Njen =2

bl S R L L L A R

260 280 300

4 320
pull_sig Background Yield

(a) (b) (c)

Figure 4.13: (a) Signal Pull, (b) Signal yield and (c) background yield distributions for
Nglg;n:2 for Belle II.
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Signal Generated vs Signal Yield
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Figure 4.14: (a) Average pull distribution from Belle IT MC ensemble study: input
signal yield versus pull mean fitted with a straight line (red solid line). The data
points are the Signal Pull mean for the input signal (Ngsé% =0,2,4....20), and the
error bars are the uncertainty on the Pull mean. The (blue) dashed line shows the
behaviour of pull means in the ideal case. (b) Results of the linearity test for signal
extraction: input versus output signal yield fitted with first-order polynomial (Blue
solid line)

3.2.1 Quality of fit in simulated data for Belle II

We have performed the 3D fit in a similar way as in the case of Belle using the
simulated dataset for a size expected in the real data set and a larger sample than
the expected one in data. We found the quality of fits is good in both configurations.
The fit plots shown in Figures 4.15 and 4.16 are for similar and larger datasets,
respectively.
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Figure 4.15: (a) My (b) AE and (c) Chpy distributions for B — 4+ mode in Belle 11
MC where the signal and background data is similar to the expected ones in the real data.
frac_nn is the fraction of two exponential functions.
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Figure 4.16: (a) My (b) AE and (c) Chpy distributions for B — 4+ mode in Belle 11
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functions.

4.0 Summary

In this chapter, we have discussed the maximum likelihood fit method to estimate
the PDF parameters and the PDF modeling of signal and background distributions.
Further, we have investigated the large MC toy ensembles to estimate the bias from
the fitted PDF model. We also checked the performance of the fit using the simulated
dataset for the size expected in the real data and a larger sample than the expected
one in the data. We found the quality of fit is good in both configurations.
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Chapter 5

Analysis Validation

1.0 Introduction

This chapter provides a comprehensive study performed to validate the analysis
strategy using the control mode. The decay channel, B° — K*v is used as a control
sample for this purpose. Using the control sample, the calibration of the BDT
and 7°/n veto is performed. Furthermore, a section is devoted to looking for the
data-MC differences for the fitting variables of the control sample and side-band
regions for the target mode. Moreover, off-resonance data is used to cross-check the
MC simulation of the continuum background. We refer BY — ~v throughout this
chapter as a “target” mode to differentiate from the control channel.

2.0 Control Sample Study

We perform a control sample study using a decay channel with the closest decay
topology and final state particles to calibrate the BDT and the 7° /5 selection crite-
ria. For this purpose, we use B® — K*v. We apply photon selection criteria similar
to the target analysis (B® — 47) mentioned in the section 5.1. The selection criteria
for the B® — K*v mode are summarized in Table 5.1 for Belle and Table 5.2 for
Belle II, respectively. For Belle, we use the dataset corresponding to 694 fb!, while
for Belle II, we use 362 fb ! of data for the control sample study.

3.0 Fitting

3.1 Belle data sample

The PDFs used to model M., AE, and Cypp for the control sample are similar
to the ones used in the target mode. The control sample had a 36% correlation
between My, and AE, which is taken care of with a 2D KDE, while the Cyp PDF is
modelled with the 0" order polynomial function. The continuum component in My,
distribution is modelled by ARGUS function with endpoint fixed at 5.289 GeV/c?,
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Particle Selection Criteria
Photons 9 psec < (AT) oL hit—colision < 11 pisec
14 < E,(CM) < 3.4 GeV
E9/21 > 0.95
cluster Reg(0()) ==
Poo(7) < 0.50
P,(y) < 0.65
dr < 0.5 cm
|dz| < 2 cm
% L(K/7) > 0.6 for selecting kaons, rest
s . .
considered pions
817 < Mo. < 967 MeV /c?
Best K% chosen based on minimum y?
of K vertex fit
BY 5.24 < My < 5.29 GeV/c?
—0.6 < AE < 0.2 GeV

Table 5.1: Table for Selection Criteria for B — K*~ Belle analysis.

Particle Selection Criteria
Photons 1.4 < E,(CM) < 3.4 GeV
Eg/21 > 0.95

clusterReg(6()) ==

cluster N Hits > 15

|clusterTiming| < 200 ns

|clusterTiming/cluster ErrorTiming|< 2.0
ClusterZernikeMVA> 0.75

Py <0.71

P,y <0.62

dr < 0.5 cm

|dz| < 2 cm

K/m L(K/7) > 0.6 for selecting kaons, rest considered pions
817 < Mo < 967 MeV/c2

Best K% chosen based on minimum x? of K vertex fit
BY 5.24 < My, < 5.29 GeV/c?

—0.6 < AE < 0.2 GeV

Table 5.2: Table for Selection Criteria for B® — K*v Belle II analysis.

AF uses a 1% order Chebychev function and Cgpp with two exponential functions.
Table 5.3 shows the PDF models used to parametrize signal and background MC.
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H Fit Variables Signal Background H
M. 2D KDE Argus
AFE 2D KDE 15% Order Chebyshev polynomial
Chpr 0™ Polynomial 2 exponential

Table 5.3: List of PDFs used for parametrizing the signal and background for both
Belle and Belle II control samples.

Figure 5.1 and 5.2 shows 1D PDF parametrizations of the fit variables, M., AE,
C’]IBDT for signal and background MC respectively.
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Figure 5.1: Signal PDFs for (a) My (b) AE (c) Cppy for Belle control mode.
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Figure 5.2: Background PDFs for (a) M. (b) AE (c) and Cjpy for Belle control
mode.

3.1.1 Real data results

To extract the signal and background yields from the three-dimensional fit model,
we fix the Cjp background exponential parameters (A; and A2) and the endpoint
of the ARGUS function and float all the other background parameters in the final
fit model. The signal PDFs have no parameters. In addition, we float the signal
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and the background yields. Table 5.4 summarizes the signal and background PDF
parameters used in the 3D fit model.

H Variable Function Parameter ‘ MC Value ‘ Comment H
Signal 2D KDE - - No parameter
My (GeV/c?) | Background Argus Endpoint 5.289 Fixed
Curvature(argpar) | —25.73£4.0 Floated
Signal 2D KDE - - No parameter
AFE (GeV) | Background | 1% Order Chebyshev polynomial | Coefficient(al) —0.4424 4+ 0.052 Floated
Signal 0™ order Polynomial - - No parameter
Cepr Background Exponential A -5.277 Fixed
Ao -29.57 Fixed
frac 0.780 + 0.036 Floated

Table 5.4: PDF used in the 3D Fit of Belle B® — K*y sample and parameter
information. Parameter \; and Ay represents the slopes of the exponential PDF.

The fit results shown in figure 5.3 give a signal yield of 4600 & 75 from the Belle
real data. We calculate the branching fraction using this signal yield as,
N, sig
B(K* — K+t1=) X N X €rec X 2 x f00

B(B® — K*v)

where, N, = 4600 + 75 is the signal yield from the fit, Nz = (753 £ 10) x 10°
is the number of BB pairs at Y(4S) resonance, f%° = (48.4 + 1.2)% the ratio of
T(4S) going to BB, B(K* — K*7~) is the branching fraction K* — K*7~ and
€rec = 16.6% is the signal reconstruction efficiency. The branching fraction for the
decay BY — K*v is found to be (3.81£0.09) x 107°. This result is within the 1.620
range of the previous result by Belle ((3.9640.074+1.4) x 107°) [103] and it is 1.440
deviated from the world average value, which is (4.18 £ 0.25) x 107°.
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Figure 5.3: Fit results of Belle real data for B® — K*v control mode.
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3.2 Belle II data sample

The various PDF models used for parametrizing the signal and background MC
are summarized in Table 5.3, consistent with Belle. The control sample had a 44%

131
TH-3478_186121024



Chapters: Analysis Validation 132

correlation between My, and AFE, which is taken care of with a 2D Kernel Density
Estimation. Figure 5.4 shows 1D PDF parametrizations of the fit variables, M.,
AFE and Cypy for the signal MC. Figure 5.5 shows 1D PDF parametrizations of the
fit variables, My, AE and Cgpp for the background MC.
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Figure 5.4: Signal 1D PDFs for Belle II (a) M. (b) AE (¢) Chpy for B? — K*y

control mode.
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Figure 5.5: Background 1D PDFs for Belle I (a) M. (b) AE (c) and Chpy for
B® — K*v control mode.

3.2.1 Real data results

To extract the signal and background yields from the three-dimensional fit model,
we fix the Chpr background exponential parameters (A, and A\y) and the endpoint
of the ARGUS function and float all the other background parameters in the final
fit model. The signal PDFs have no parameters. In addition, we float the signal
and the background yields. Table 5.5 summarizes the signal and background PDF
parameters used in the 3D fit model.

The fit results shown in figure 5.6 give a signal yield of 2790 4+ 59 from the real
Belle IT data. We calculate the branching fraction using this signal yield as,

Nsig

B(B" — K*y) =
( ) B(K* — K+7~) X Ngp X €rec X 2 x f00
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H Variable ‘ ‘ Function Parameter ‘ MC Value Comment H
Signal 2D KDE

No parameter

My (GeV/c?) | Background Argus Endpoint 5.29 Fixed
Curvature(argpar) | —27.67£2.0 Floated
Signal 2D KDE - - No parameter
AFE (GeV) | Background | 1** Order Chebyshev polynomial | Coefficient(al) —0.4296 = 0.016 Floated
Signal 0" order Polynomial - - No parameter
Copr Background Exponential A -3.145 Fixed
A2 -29.42 Fixed
frac 0.815 £ 0.020 Floated

Table 5.5: PDF used in the 3D Fit of Belle II B° — K*v sample and parameter
information. Parameter \; and A, represents the slopes of the exponential PDF.

where, Ng, = 2790 £ 59 is the signal yield from the fit, Npz = (387 & 6) x 10° is
the number of BB pairs at T(4S) resonance, f% = (48.4 £1.2)% the ratio of T (4S)
going to BYBO [104], B(K* — K*7~) is the branching fraction of K* — K*7~ and
€rec = 18.4% is the signal reconstruction efficiency. The branching fraction for the
decay B — K*v is found to be (4.05 £ 0.09)x10~°. This result is within the 0.79c
range of the previous result by Belle ((3.96+0.07+1.4) x 107°) [103] and it is within
0.490 of the world average value, which is (4.18 + 0.25) x 107°.
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Figure 5.6: Fit results of Belle II real data for BY — K*v control mode.

3.3 BDT Calibration

The MVA outputs are calculated using the same training weight files obtained in
the B® — ~~ analysis. Then, 2D M, and AFE distributions are fitted above and
below the same cut as in B® — v analysis to obtain efficiency. Here, the number of
events selected by the cut is Ngpr~ and rejected by the cut is Ngpr~, where BDT
is the MVA output for the control mode. The efficiency of the BDT cut can be
calculated as € = ]\HV% Finally, the efficiency ratio between data and MC
BDT<+/VBDT>
is used to estimate the calibration factor, which is defined as Rpaga/vc = €pata/€McC5

where ep.ia and ey are the efficiency of the cut for Data and MC, respectively.

The selection criteria are summarized in Table 5.1 and 5.2 for B® — K*v control
sample Belle and Belle II, respectively. M, and AE distributions above and below
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the BDT cuts are fitted by the 2D KDE, where background distributions are fitted
by the Argus and 1% Order Chebyshev Polynomial functions.

Figures 5.7 and 5.8 show the My, and AF fitting results where MC is not scaled
to DATA luminosity for Belle and Belle II, respectively.
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Figure 5.7: 2D M, and AF fits for Belle B — K% control sample remove and selected
by BDT cut. [a], [b], [c], and [d] are MC, while [e], [f], [g] and [h] are Data samples. Here
MC events are not scaled to Data luminosity.

Tables 5.6 and 5.7 summarize the efficiencies and DATA /MC ratio of cut effi-
ciency for Belle and Belle I1, respectively. The calibration will be applied to correct
the BDT signal efficiency in the analysis, and the uncertainty of the calibration will
be taken as systematics.

Neprs Nppr< | Nepr> | NBDT< €DATA EMC Rparamc
(MC) (MC) (Data) | (Data)

[ 19007140 | 2870+57 | 4093%67 | 49825 | 0.892-£0.004 | 0.8690.002 | 1.026+0.004 |

Table 5.6: Efficiency ratio of the control sample between DATA and MC for Belle.

Nppr> Nppr< Nppr> Nppr< €DATA EMC RDATA/MC
(MC) (MC) (Data) | (Data)

| 210864150 | 465072 | 225048 | 479422 | 0.82440.007 | 0.819£0.003 | 1.00640.009 |

Table 5.7: Efficiency ratio of the control sample between DATA and MC for Belle II.
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Figure 5.8: 2D My, and AE fits for Belle II B® — K% control sample remove and
selected by BDT cut. [a], [b], [c], and [d] are MC, while [¢], [f], [g], and [h] are Data
samples. Here MC events are not scaled to Data luminosity.

3.4 7%/n veto Calibration

7°/n veto calibration is performed using B® — K*y decay mode where M, and
AFE distributions before and after the 7°/n veto cuts are fitted by the 2D KDE,
where background distributions are fitted by the Argus and 1% Order Chebyshev
Polynomial functions, respectively. We calculate the relative selection efficiency and
the efficiency disparity between MC and data to estimate the uncertainty. The
uncertainties of the calibration factors are taken into account as systematics for the
Belle and Belle II study. Here, the number of events selected by the cut is Nyo/, <
and rejected by the cut is Nyo,,~. Then, the efficiency of the n°/n cut can be

calculated as € = NO/N"+<O/ Figures 5.9 and 5.10 show the My, and AFE fitting
o /n< ™ /n>

results for Belle and Belle II, respectively. The calibration factors of the 7¥/n veto
are summarized in Table 5.8 and 5.9 for Belle and Belle II, respectively.

Nro < Nyoms | Npopye | Nyosys EDATA €MC Rpata/mc
(MC) (MC) (Data) | (Data)

[ 16690135 [ 205422 | 2512%53 | 40£9 [ 0.9842£0.003 | 0.983%0.001 [ 1.001=£0.003 |

Table 5.8: Efficiency ratio of the control sample between DATA and MC for Belle.

Nrojne Niojms | Neoppe | Nyosys €DATA eMc Rpara/mc
(MC) (MC) (Data) | (Data)

[ 18406140 | 275421 | 2150450 | 3549 | 0.984+0.004 [ 0.98540.001 | 1.002+£0.004 |

Table 5.9: Efficiency ratio of the control sample between DATA and MC for Belle II.
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Here MC events are not scaled to Data luminosity.
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3.5 DATA-MC Agreement
3.5.1 DATA-MC Agreement with Off-resonance sample

This subsection describes off-resonance data studies using the entire dataset with
an integrated luminosity of 42.3 fb~!. Data recorded below the Y(4S) energy is
often referred to as off-resonance data. It consists of light quark events(uw, dd, s,
cc). Apart from that, QED events, gqy events, and two-photon processes are also
present. The off-resonance data can be used to check the modeling of the input
variables of the BDT for the continuum background suppression, as well as photon
selection variables. The photon energy bias correction has been applied for the
comparison. We normalize the MC to the number of events in the data. Figure
5.11 shows the DATA-MC comparison plots for the BDT output and cosTBTO. The
remaining DATA-MC comparison plots can be found in Appendix (F).

For Belle, we compared the data samples for experiments 7-65, consisting of
89.50 tb~! integrated luminosity and continuum background sample corresponding
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Figure 5.11: DATA-MC Comparison for Belle II BDT response, and Event shape
variable.

to one stream of MC sample. We observe a good data-MC agreement for all the
distributions. The plots can be found in Appendix (E).

3.5.2 DATA-MC Agreement for Control Sample

A Data-MC agreement check was performed for M., AE and BDT output distri-
butions using the control sample. We have applied the MVA training of the target
mode to the control mode and then compared the BDT output distributions of the
control mode. The data-MC comparison plots for M., AE, and BDT output distri-
butions are shown in Figure 5.12 and 5.13 for Belle and Belle II, respectively. After
examining the shapes of the distributions, we will apply a systematic uncertainty to
account for their discrepancy, which is described in sec 2.2.3.

Entries
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—+ Data
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Figure 5.12: DATA-MC comparison for (a) M. (b) AE (c¢) and Cgpr for Belle
B® — K*v control mode.
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Figure 5.13: DATA-MC comparison for (a) M. (b) AE (c¢) and Cppr for Belle 1T
B°® — K*v control mode.

4.0 Data-MC difference in the side-bands for B" — v
in data

We have also looked at the full data sample in the sideband region for further data-
MC checks. Table 5.10 defines the data sideband region, determined using M,,. and

AFE.
Sideband region
Fit Variable Belle Belle II
My, (GeV/c?) 5.24 < My < 5.27 5.24 < My, < 5.27

AE (GeV) —019> AE||AE >014 —0.19 > AE||AE > 0.15

Table 5.10: Data-sideband for Belle and Belle II.

Figures 5.14a, 5.14b and 5.14c refer to the data-MC comparison for M., AE and
Cgpr for the Belle full dataset, respectively. Figures 5.15a, 5.15b and 5.15¢ refer
to the data-MC comparison for M., AE and Cgpr for the Belle II full dataset,
respectively. From the data-MC comparison distributions, we do not observe any
serious differences, though the results are limited by the statistics.
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Figure 5.14: Data-MC difference plots for M., AE and Cgpr variable when Belle
MC is considered for £ = 711 fb~! and Data for £ = 694 fb=!. The red and black
(filled with circular) points with error bars represent MC and Data, respectively.
The MC histogram is scaled down to the number of events in the data histogram.
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Figure 5.15: Data-MC difference plots for M., AE and Cgpr variable when Belle
IT MC is considered for £ = 1 ab™! and Data for £ = 362 fb~!. The red and black
(filled with circular) points with error bars represent MC and Data, respectively.
The MC histogram is scaled down to the number of events in the data histogram.

5.0 Summary

In this chapter, we have discussed the validation methods adopted to crosscheck the
analysis procedure and PDF parametrization. In the validation method, the control
sample study is performed using B — K*v to calibrate the BDT and 7°/n veto.
The measured branching fraction for B® — K*y was found to be within 1.62¢ and
1.440 of the previous Belle result and PDG value, respectively. Furthermore, the
data-MC comparison was performed for the fitting variable of the control sample,
off-resonance data sample and side-band regions for the target mode and good data-
MC agreement were observed.
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Chapter 6

Result and Conclusion

1.0 Introduction

This chapter presents the final results for the decay B° — ~v using the collision
data at T(4S) resonance from the Belle and Belle II experiments. It provides a
brief introduction to the systematic uncertainties and their impact on the results of
the analysis. The estimation of signal significance, branching fraction calculation
and the estimation of Bayesian upper limit (UL) at 90% confidence level (CL) for
B — ~~ analysis are explained in detail. Finally, we conclude with a brief discussion
of the possible implications of the results of this analysis and the possibility of
observing this decay with a larger dataset at Belle II.

2.0 Sources of the Systematic Uncertainty

Systematic errors consistently affect all measurements in the same way, leading
to correlated results across repeated trials. Consequently, these errors cannot be
corrected by any number of measurements. Such systematic uncertainties in exper-
iments are due to imperfections associated with instrument calibration, incomplete
knowledge of experimental configurations, acceptance and sensitivity of detector
components, as well as uncertainties in the theoretical and experimental parameters
utilized in the experiments, etc.

The systematic uncertainties can be classified into two types: additive and mul-
tiplicative. The multiplicative uncertainties do not affect the signal yield and signal
significance of the decay channel but affect its B. These uncertainties arise due
to the uncertainty in signal reconstruction efficiency, the number of B mesons and
the fraction fpogo. The additive uncertainties reduce the signal significance of the
observed peak and change the B of the decay. The additive systematics arise due to
the fit procedure, which includes the uncertainty due to PDF parametrization and
fit bias, respectively. All the sources of uncertainty are added in the quadrature to
calculate the final uncertainty.

All the possible sources of the systematic uncertainties are discussed below:
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2.1 Uncertainty on the Signal Reconstruction Efficiency

The systematic uncertainty attributed to signal reconstruction efficiency (€e.) is
considered multiplicative. It is determined by summing the systematic uncertain-
ties associated with photon reconstruction, 7°/n veto, BDT cut, number of BB
pairs, timing cut and MC statistics in quadrature. Detailed descriptions of these
uncertainties are provided in the subsequent subsections.

2.1.1 Photon Reconstruction Efficiency

Data-MC correction of photon efficiency for Belle II is studied in [105]. The data-
MC selection efficiency is calculated using dedicated weight tables. The data-MC
correction factor for the 1% and 2" v comes out to be epara MC(y) = 1.004 £0.013
and epata/Mo(y) = 1.005 £ 0.014, respectively. This uncertainty is correlated for
the two vs. A total systematic uncertainty of 2.7% is assigned.

For Belle, the uncertainty on the photon reconstruction efficiency is computed
to be 2.0% per photon by comparing the detection efficiency of the real data and
MC samples of radiative Bhabha events [106]. This uncertainty is correlated for the
two s a total systematic uncertainty of 4.0% is assigned.

2.1.2 Uncertainty due to 7°/n Veto

Efficiency due to the 7°/n veto is calibrated by B® — K*y control samples. We
calculate the relative selection efficiency and the efficiency disparity between MC
and data. The uncertainties of the calibration factors are taken into account as
systematics for the Belle and Belle II study. Table 5.8 and 5.9 summarize the
efficiencies and DATA /MC ratio for Belle and Belle II, respectively. We assign a
systematic uncertainty of 0.4% and 0.6% for two photons for Belle and Belle II,
respectively.

2.1.3 Uncertainty due to FastBDT cut

The systematic uncertainty due to MVA criteria are studied using the control sample
BY — K*vy. We compare the selection efficiency of MVA for the control sample
using data and MC to assign a systematic. The selection efficiency is calculated
using the number of control sample events in data/MC before and after applying
the FastBDT cut. The error on the data-MC ratio (€pata/mc) for selection rejection
efficiency is considered a systematic uncertainty for the MVA selection. Table 5.6
and 5.7 summarize the efficiencies and DATA/MC ratio of cut efficiency for Belle
and Belle II, respectively. We assign systematic uncertainty of 0.4% and 0.9% for
Belle and Belle II, respectively.
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2.1.4 Uncertainty due to MC Statistics

The uncertainty on € is calculated from the signal MC sample using the following
formula, which obeys a binomial distribution,

ex (1—¢)

Ae =
¢ N

where N is the total number of signal MC events at the generator level. In our
case for Belle II, ¢ = 30.8% and N= 100,000. The signal efficiency is computed as
e = (30.8 £0.1)%. Thus the uncertainty due to MC statistics (£€) is computed to
be 0.3%.

Similarly, for Belle, ¢ = 23.3% and N= 100,000. The signal efficiency is computed
as € = (23.3 £0.1)%. Thus the uncertainty due to MC statistics is computed to be
0.4%.

2.1.5 Uncertainty on the Number of BB pairs

The number of BB pairs corresponding to the LS1 dataset as provided by the
performance group is Nz = (387 & 6) x 10° + 1.45%. The number of neutral B
meson pairs is define as Ngogo = f%° x Npp, where f% is the fraction of bb events
that hadronize to B°B°. f% have a relative uncertainty of around 2.5% [104]. We
have assigned the combined systematic uncertainty of 2.9% for Belle II.

For Belle, the number of BB was measured to be (753 & 10) x 10° BB pairs in
real data (exp.7-65), and the systematic error is 1.3% [107]. f% have a relative un-
certainty of around 2.5%. The two errors are combined in quadrature and computed
to be 2.8%.

2.1.6 Timing Cut for Belle analysis

We calculate the efficiency of data when selection criteria on timing cut are ap-
plied using the control sample B® — K*y in Belle analysis. 2D M. and AFE
distribution is fitted with and without the timing cuts to obtain the signal yields.

NPl (With timing cut)
1

» and
N%';;A(Without timing cut)

The efficiency of Data and MC is defined as epara =

_ NYied(With PhotonID cut)
o Nf\',[igld(without PhotonID cut)

EMC , respectively.

DATA/MC Selection Yield €

DATA Without Timing cut | 4325+ 68 | 0.9669 £ 0.0201
With Timing cut 4182 + 66
MC Without ID cut 28700 £ 150 | 0.9998 + 0.0001
With ID cut 28695 + 165

Table 6.1: Table to estimate systematic uncertainty due to Timing cut in Belle
analysis.
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Table 6.1 shows the efficiency value obtained using this procedure. There is a
disparity between the efficiency of a timing cut observed in real data, which is 97%
and the efficiency reported by a MC simulation, which is nearly 100%. We use a
more conservative estimate for the cut’s efficiency based on the real data rather than
an artificial 100% efficiency for the MC simulation. The efficiency and uncertainty
for two photons is 0.935+0.026. We will use the central value to calibrate the signal
efficiency from the data and will assign 2.8% systematic uncertainty for the timing
cut.

2.2 Uncertainty due to fit Procedure

Uncertainty due to the fit procedure affects the signal yield. It includes the uncer-
tainty due to PDF parametrization and fit bias and is estimated using the quadratic
sum of these uncertainties. This uncertainty is additive in nature.

2.2.1 Uncertainty due to PDF Parametrization

We assign systematic uncertainty to the signal yield by varying all the fixed pa-
rameters by +1 standard deviation about the fixed values obtained from the MC
study. The difference in the new and nominal yield is considered as a systematic
uncertainty. We have used an analytical PDF shape Crystal Ball function for M,
and AFE to obtain systematics due to the signal component of fit, which uses Kernel
Density PDF. For signal O component is changed from a 0" order polynomial
to 1% order polynomial. Table 6.2 and 6.3 list the signal yields by varying the fixed
MC values by £o for Belle and Belle II, respectively. We add the yield deviations in
quadrature to evaluate the total uncertainty associated with PDF parameterization

of T09% and 039 events for Belle and Belle II, respectively.

H Variable ‘ ‘ Function ‘ Parameter ‘ MC Value ‘ Yield(+o0) ‘ Yield(-0) ‘ AYield H

CB i 5.279679 +£0.000038 | 9.4+£5.0 | 9.4+£5.0 oo

M, Signal o 0.003439 £ 0.000033 | 94+50 | 94+50 | ‘oo

a 1.201 + 0.036 94+50 | 94£50 | *o%

n 3.18£0.21 93+50 | 95%5.1 10

Background Argus Endpoint | 5.289355 £ 0.000045 | 9.4 £5.0 9.4 £5.0 000

CB I —0.02376 £0.0013 | 9.4£50 | 94£50 | oo

AE Signal o 0.05621 £0.00086 | 94+50 | 94+50 | ‘oo

a 0.4254 % 0.0093 93+50 | 95%5.1 10

n 54+ 34 95+51 | 93£5.0 o

Signal 15 order Polynomial a0 2.0+2.5 9.6+£52 | 92+49 R

Cppr | Background Exponential At —5.454 £0.22 99+52 | 9.1+49 o

A —55.80 £ 7.7 94+50 | 94+50 | o5

Total systematic due to the fixed PDF parameters (events) o

Table 6.2: List of the parameters fixed to MC values to extract the signals from the
real data for Belle.
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H Variable ‘ ‘ Function ‘ Parameter MC Value ‘ Yield(+o0) ‘ Yield(-0) ‘ AYield H
CB I 5.279348 + 0.000028 | 2.0+34 | 20+34 | o0
M, Signal o 0.003382 £0.000024 | 2.0£3.4 | 20+34 | 9%
a 1.283 £ 0.031 19434 | 20£34 000
n 3.80£0.23 1.9+£34 | 20£34 | 70
Background Argus Endpoint 5.28987 & 0.00029 20+34 | 20£34 | oo
CB I —0.021776 £0.00089 | 2.0£3.4 | 20+34 | o0
AE Signal o 0.05658 + 0.00059 | 2.0£34 | 20+34 | 9%
a 0.579 £0.016 1.9+34 | 20+34 | 0%
0 3313 21+34 | 20+34 | o
Signal 1% order Polynomial a0 1439+ 6.7 20+£34 | 1.9+34 Foo
Copr Background Exponential A1 —4.434 £ 0.55 1.8+3.3 23+£34 o
P —2221+6.6 20+£34 | 20+£34 2000
Total systematic due to the fixed PDF parameters (events) 5

Table 6.3: List of the parameters fixed to MC values to extract the signals from the
real data for Belle II.

2.2.2 Fit Bias

For Belle, as mentioned in section 3.1, we have obtained an average fit bias of 0.10
events, which is assigned as the systematic uncertainty due to fit bias. From the
linearity test, we have added a conservative systematic uncertainty of 0.13 event.
We have assigned the combined systematic of +0.16 event.

Similarly, as mentioned in section 3.2, we have obtained an average fit bias of
0.03 events, which is assigned as the systematic uncertainty due to fit bias. From the
linearity test, we have added a conservative systematic uncertainty of 0.1 event. We
have assigned the combined systematic of 40.10 event from the fit bias and linearity
test.

2.2.3 Uncertainty due to Shape Modeling

The systematic due to shape modeling between Data and MC is studied using a
control sample BY — K*v. in section 3.5.2. The Figures 6.1 show the M. and
AF distribution after applying all selections, including the BDT cut for M. >
5.27 GeV/c* and —0.19 < AE < 0.15 GeV region. The deviation from unity in
the data/MC ratio with uncertainty will be considered as a source of systematic
uncertainty, which is 1.2% for M. and 1.5% for AE. The quadrature sum of
systematic uncertainty is determined to be 2% (0.04 event) and will be incorporated
as a systematic uncertainty in the analysis.

For Belle, The Figures 6.2 show the M. and AFE distribution after applying all
selections, including the BDT cut. The deviation from unity in the data/MC ratio
with uncertainty will be considered as a source of systematic uncertainty, which is
0.32% for M, and 0.65% for AE. The quadrature sum of systematic uncertainty is
determined to be 0.72% (0.06) and will be incorporated as a systematic uncertainty
in the analysis.
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Figure 6.1: DATA-MC comparison for (a) M. (b) AE for B® — K*v control mode
for Belle II.
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Figure 6.2: DATA-MC comparison for (a) M. (b) AE for B® — K*v control mode
for Belle.

Table 6.4 and 6.5 summarizes all the multiplicative and additive systematic un-
certainties associated with Belle analysis.

Systematic uncertainties | Fractional uncertainties(%)
Photon Efficiency 4.0
70/ veto 0.4
FastBDT cut 0.4
Reconstruction Efficiency 0.4
Number of BB pairs 2.8
Timing Cut 2.8
Sum in quadrature 5.7

Table 6.4: Summary of multiplicative systematic uncertainties for Belle
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Systematic uncertainties | uncertainties(events)

Pdf parameterization

+0.56
—0.48

Fit Bias

+0.14

Shape Modeling

—+0.06

Sum in quadrature

‘ +0.5
—0.48

Table 6.5: Summary of additive systematic uncertainties for Belle

Table 6.6 and 6.7 summarize all the multiplicative and additive systematic un-
certainties associated with Belle IT analysis.

Systematic uncertainties | Fractional uncertainties(%)
Photon Efficiency 2.7
70 /n veto 0.6
FastBDT cut 0.9
Reconstruction Efficiency 0.5
Number of BB pairs 2.9
Sum in quadrature 4.1

Table 6.6: Summary of multiplicative systematic uncertainties for Belle II

Systematic uncertainties | uncertainties(events)

Pdf parameterization

+0.2
—0.32

Fit Bias

+0.10

Shape discrepancy

+0.04

Sum in quadrature

+0.30
—0.32

Table 6.7: Summary of additive systematic uncertainties for Belle II

3.0 Data results for B — Yy

In this section, we report the results obtained from the real data for Belle and Belle
IT experiments at Y (4S), corresponding to integrated luminosities of 694 fb=! and
362 fb~1, respectively.

To combine the results from the Belle and Belle II datasets, we perform a simul-
taneous unbinned maximum likelihood fit to the M., AE, and Cjpp distributions.
To extract the signal and background yields from the simultaneous fit model, we
fix the Chpp background exponential parameters (A; and A2) and the endpoint of
the ARGUS function and float all the other background parameters in the final fit
model. The signal PDFs have no parameters. In addition, we float the signal and
background yields. The PDFs and parameter information used in the simultaneous
fit are given in Table 6.8. The fixed parameters obtained from the MC are mentioned
in section 2.3 and 2.5 for Belle and Belle II, respectively. We have parameterized
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the Belle and Belle II yields as:
Np1 =2 X B X Npp,, X ep1 x f%

and
Nb2:2 x B x NBBb2 X €py X fOO

where f% = (48.4 + 1.2)% and B parameters are shared between Belle and Belle
IT datasets while performing the fit. Ngp  and Npp , are the number of of BB
pairs at the T (4S) resonance and €,; and €y are efficiencies of Belle and Belle 11,
respectively.

H Variable ‘ ‘ Function ‘ Parameter ‘ Comment H
Signal 2D KDE - No parameter
My Background Argus Endpoint Fixed
Curvature(argpar) Floated
Signal 2D KDE - No parameter
AFE Background | 1% Order Chebyshev polynomial Coefficient(al) Floated
Signal 0% order Polynomial - No parameter
QrpT Background Exponential A Fixed
Ao Fixed
frac Floated

Table 6.8: PDF used in the Fit model of B® — v+ sample and parameter informa-
tion. Parameter \; and A\, represents the slopes of the exponential PDF.

The fit projections obtained from a simultaneous fit in the signal regions are
shown in Figure 6.3 for the fit variables, M., AE and Chpp. We determine the
total signal (background) yield to be 111%2 (931431) events, where the uncertainties
are statistical only. From the fits to the two independent datasets, we obtain 9.1136
(1.9752) signal events and 615 4 25 (317 & 18) background events for Belle (Belle
IT), respectively. The data-MC comparison of yields is shown in Table 6.9.

Belle Belle II
Type MC Data MC  Data
Signal 24733 91758 | 1739 1.9%32
Background | 553+£24  615£25 | 28617 317+18

Table 6.9: Comparing the signal and background yield from the MC and Data.

3.1 Branching Fraction and significance level

We calculate the branching fraction using the formula,

0 N
B(B” = vyy) =

6.1
]\'TBB><2><foo><€rcc7 ( )
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Figure 6.3: Signal enhanced projections of My, (left), AE (middle), and Chipy
(right) for the B® — 4~ analysis using combined Belle (top) and Belle IT (bottom)
dataset. Each plot is generated by applying the signal region selection criteria on the
variables other than the plotted variable. The signal regions for the two variables
are as follows, 5.27 GeV/c¢* < My, < 5.29 GeV /c® and -0.19 GeV < AE < 0.14 GeV
for Belle and 5.27 GeV/c* < My, < 5.29 GeV/c® and -0.19 GeV < AE < 0.15 GeV
for Belle II. The cyan (dashed), red (dashed), and blue (solid) color distributions
represent the signal, continuum background, and total fit function, respectively.
Points with error bars represent data.

where Nsﬁ‘g represents the signal yield obtained from the fit, Ngz = (753 4 10) x 10°
((387 £6) x 10°%) denotes the number of BB pairs at the Y(4S) resonance for Belle
(Belle II), f°° = (48.4+1.2)% indicates the ratio of Y(4S) decaying into B°B°, and
€rec = 23.3% (30.8%) represents the signal reconstruction efficiency for Belle (Belle
I1).

The statistical uncertainty associated with the B is calculated using the formula,

ANt
AB = —t x B, (6.2)

sig

where, AN = +3-4 (£33) and Nt = 9.1 (1.9), is the uncertainty associated with
the signal yield obtained from the fit for Belle (Belle II), respectively. From equation
6.2, the statistical uncertainty on the branching fraction is found to be *53x10~8
(*37x107%) for Belle (Belle II). The systematic uncertainty is the quadratic sum
of multiplicative and additive systematics reported in Table 6.4 (6.6) and 6.5 (6.7)
for Belle (Belle II), respectively. This corresponds to a systematic uncertainty of
0.5 x 1078 (0.3 x 1078) on the branching fraction for Belle (Belle II).

We have measured the BF for Belle and Belle II to be (5.475% £0.5) x 1078 and
(17737 4+ 0.3) x 1078, respectively. The combined study yields a measured BF of
(3.773240.5) x 1078, The first uncertainty is statistical while the second is system-
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atic.

The signal significance is calculated as Z = v/—2In A, where A = fo ; Lo is
the plain likelihood corresponding to background only hypothesis and Er;:; is the
maximum value of plain likelihood value of nominal fit. The observed significance
using the combined dataset is 2.50, which is less than 3o. Therefore, we calculate
the UL considering the Bayesian approach.

Figure 6.4 shows the profile likelihood as a function of signal yield for Belle, Belle

IT, and combined datasets, respectively.

(a) (b)

Figure 6.4: Profile Likelihood as a function of signal yield (a) Belle, (b) Belle II,
and (c) Combined datasets.

3.2 Upper Limit on the branching fraction

The process of obtaining the UL for Belle, Belle II, and the combined datasets is
enumerated below:

1. Construct the profile likelihood, (—2&) where £; is the plain likelihood
with a hypothesis of 7 signal yield and L., is is the maximum value of plain
likelihood value of nominal fit.

2. The profile likelihood ratio, A(x) is convoluted with a Gaussian function of
zero mean and width equal to the total systematic uncertainties which can be
expressed as follows:

1 (w—u)?
e 2w? du

f(@) = [ Au)

2mw

Here, w = represents the width of the Gaussian function, which incorporates
the total systematic uncertainty for Belle, Belle 11, and the combined dataset.

3. Integrate the convoluted plain likelihood up to 90% of its area to estimate the
upper limit(zypper) at 90% CL:

/ g(x)dx =0.9
0
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Figure 6.5 shows the comparison between unconvoluted and convoluted plain
likelihood ratios as a function of signal yield obtained from the real data for
(a) Belle, (b) Belle II, and (¢) Combined datasets.

i =
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With systematics o8 \ With systematics oo

L 08— ool

o4l oaf

35
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Figure 6.5: Comparison between unconvoluted and convoluted plain likelihood ratios
as a function of signal yield obtained from the real data for (a) Belle, (b) Belle II,
and (c) Combined datasets. The violet line represents the 90% CL.

To estimate the UL on B the following formula is used:

Nft(@90% CL)
B° = e .
BB = 1) Npp X 2 X f0 X €0 (6:3)

where, NE! is the signal yield at 90% CL = 19.2 (with systematics), Npp =
(1.1 £ 12) x 10° is the number of BB pairs at Y(4S) resonance for the combined
datasets, % = (48.4 £ 1.2)% the ratio of T(4S) going to B°B° and ¢, = 28% is
the signal reconstruction efficiency.

We obtain a UL on the BF of less than 6.3x1078 at 90% CL (without systemat-
ics) and less than 6.4x107% at 90% CL (with systematics). This is an improvement
by a factor of five from the previous upper limit set by Babar (< 3.2 x 1077) [13].

The measured BF and the resulting upper limits on B(B° — ~7) at a 90% CL,
with the systematic uncertainties, are summarized in Table 6.10.

B(B® = ) B(B" = v7)

(at 90% CL)

Belle (5.4755 +£0.5) x 1078 <9.9x1078
Belle 11 (177574 0.3) x 1078 <74x1078
Combined  (3.7772£0.5) x 1078 <6.4x1078

Table 6.10: Summary of results on B(B® — 47) measurement and UL at 90% CL.
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3.3 Summary and Conclusion

In summary, we present the results for the first Belle and Belle II measurement using
the combined dataset of 753 x 10° BB pairs collected by the Belle experiment and
387 x 10 BB pairs collected by the Belle II experiment. The combined study yields
a measured BF of

B(B" — vy) = (3.7t12 £0.5) x 10°®

where the first uncertainty is statistical and the second is systematic. Since the
significance is 2.50, we set 90% C.L. upper limit of B(B® — yv) < 6.4 x 107® using
the Bayesian approach. This is the most stringent UL estimated for this decay
representing an improvement by a factor of five compared to the previous limit
(3.2 x 1077) set by the BaBar experiment [13]. The measured branching fraction
is in good agreement within 0.90 of theoretical expectations [14]. The observation
of this decay process is imminent at the Belle II experiment with larger datasets,
which started the Run2 operation in February 2024 after the long shutdown (LS1).

3.4 Outlook

During the LS1, Belle II received detector upgrades that improved photon energy
resolution and vertex resolution for better background suppression and tracking ca-
pabilities. We can also enhance our analysis techniques by developing advanced
machine-learning algorithms for signal /background separation and refining calibra-
tion and alignment procedures. The current measurement benefits from more data
and improved detector understanding, resulting in greater precision. We plan to
collect about 4 ab™! in Run2 [108]. With a signal significance of 2.50, we expect to
observe the decay with an integrated luminosity of 6 ab~! and hope to find evidence
of the decay in the Run2 sample. After the observation, the direct CP violation can
be measured using the flavor tagger. With the entire Belle II dataset of 50 ab™!
it should be possible to measure Agp(B® — ) (direct CP asymmetries) with the
precision of about 10%.
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Appendix A

HadronB skimming

Collision of eTe™ at the interaction point (IP) leads to the production of many
physics processes such as hadronic events, continuum events, Bhabha events, two-
photon processes, 7 pairs, and beam backgrounds. HadronB skims BB pairs at
about 99% and continuum events with high efficiencies from the two-photons, 7-
pairs, and radiative and non-radiative Bhabha events. The following variables are
constructed to skim the events:

Good tracks: An event must have nTrk > 3 good charged tracks. Charged tracks
with the closest approach near the IP; |dr| < 2 ecm, |dz| < 4 cm, and transverse
momentum P; > 100 MeV/c.

Good cluster: Clusters produced due to Bhabha events have shallow angles. To
remove these events, two-photon events, and beam-gas events, we require the ECL
to be greater than 1 within the fiducial volume 17° < 6 < 150°.

Momentum balance (P,): Sum of the z-components of the track and cluster
momentum. We require Y [p.| < 0.5/s.

Visible energy (E,;): The visible energy (FE,;) is the sum of the ‘good track
momenta’ and ‘good photon’ energies in an event, where a ‘good photon’ refers to
energy depositions in the ECL that do not match with charged tracks in the CDC.
E,is > 0.24/s condition is used to reject the two-photon events.

Energy sum (Fg,,): The calorimeter energy sum (Eg,;,), i.e., the sum of en-
ergies of ‘good clusters’ in the ECL is required to satisfy 0.18 < Fyumy/s < 0.8.
‘Good clusters’ have energy deposit > 100 MeV in the ECL. This requirement sup-
presses the Bhabha, two-photon, beam-gas, and 7 events. These selection criteria
are highly efficient (~ 99%) in selecting the hadronic events but at the same time
serve to be too strict for the continuum events, ee™ — ¢g, ¢ = u,d, s and c¢).

Heavy Jet Mass (HJM): To increase some efficiency of the continuum events,

the Heavy Jet Mass (H.JM) variable, which is an invariant mass of the 7 particles,
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is introduced as a conditional criterion. However, a study on the HJM variable
revealed that its shift is deeply correlated to the shift in the visible energy, E,;s. So
to cancel the correlations, their ratio H JM/E,;s along with the conditional selection
criteria on HJM, is used to retrieve some of the lost continuum events which are
not coming from 7-pair events. These conditions are as follows: HJM/E,;s > 0.25
or HIM > 1.8 GeV/c?.

Calorimeter cluster multiplicity (nECL): Number of ECL clusters. The con-
dition is nECL > 1.

Average energy per cluster (E,,,/nECL): If one of the electrons in a Bhabha
event passes through a gap in the ECL, then the remaining detected energy will
pass the selection criteria on F,,,, described earlier. However, these events can still
be removed by applying a condition on the average cluster energy (Fgym,/nECL).
We require that Fg,,/nECL <1 GeV.
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Appendix B

Figure of Merit Plots

In this appendix, we present the plots of the figure of merit for the selection variables

used in the BY — v~ analyses.
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Appendix C

Event Shape Variables

Belle Analysis

In this appendix, we present the plots of the event shape variables used in the
event classifier (FastBDT) for Belle analysis are shown in Figures C.1 and C.2.
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Figure C.1: FastBDT input variables(KSFW) for Belle analysis
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Belle IT Analysis

The plots of the event shape variables used in the event classifier (FastBDT) for
B® — ~~ analyses, as shown in Figure C.3, C.4 and C.5.
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Appendix D

Variable Importance

In Table D.1-D.2, we have tabulated the MVA variables in decreasing order of their

importance.

Rank Variable Importance
1 cosTBTO 0.396918565
2 KSFW Variables(hso12) 0.187304541
3 KSFWVariables(hso02) 0.131246164
4 KSFW Variables(hso14) 0.125659809
5 qrOutput(FBDT) 0.0565899014
6 KSFW Variables(hso04) 0.0305726454
7 useCMSFrame(cosTheta) | 0.0235724282
8 KSFW Variables(mm?2) | 0.00982598681
9 KSFW Variables(hoo0) 0.00867537409
10 KSFW Variables(hoo2) | 0.00620997557
11 KSFW Variables(hso10) 0.0053381715
12 KSFW Variables(hso22) 0.00458427286
13 cosTBz 0.00438240683
14 KSFWVariables(hso20) | 0.00195238844
15 KSFWVariables(hso00) | 0.00174377381
16 KSFW Variables(hool) 0.00153717073
17 KSFW Variables(hoo4) | 0.00129995553
18 KSFWVariables(et) 0.00122002978
19 KSFW Variables(hso24) 0.0010119814
20 n'Tracks 0.000225382595
21 KSFW Variables(hoo3) | 0.000129074193

TH-3478_186121024

Table D.1: Importance of variables in Belle.
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Rank Variable Importance
1 cosTBTO 0.46256277
2 KSFW Variables(hso12) 0.202244401
3 KSFW Variables(hso02) 0.115411982
4 KSFWVariables(hsol4) | 0.062394172
5 qrOutput(FBDT) 0.0498660319
6 useCMSFrame(cosTheta) | 0.0241517834
7 KSFW Variables(hoo0) 0.0185289998
8 KSFW Variables(hoo2) | 0.01609636628
9 cosTBz 0.0124249654
10 KSFWVariables(hso20) | 0.0112800198
11 KSFW Variables(hso04) | 0.0087535847
12 KSFW Variables(hso10) | 0.00464894017
13 KSFWVariables(hso24) | 0.00323372707
14 n'Tracks 0.00311524188
15 KSFW Variables(et) 0.00172015326
16 KSFW Variables(mm2) | 0.00138313556
17 KSEFW Variables(hoo3) | 0.00126467319
18 KSFW Variables(hso00) | 0.00124954036
19 KSFW Variables(hool) | 0.00069062499
20 KSFW Variables(hoo4) | 0.00044673820
21 KSFW Variables(hso22) | 0.00036201856

Table D.2: Importance of variables in Belle I1
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Appendix E

Data-MC Comparison for Belle
Analysis
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Appendix F

Data-MC Comparison for Belle II
Analysis
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Appendix G

Probability Distribution Functions

1.0 ARGUS function

The ARGUS function for a continuous random variable m is defined as

s — {1 () e (1= @) )] dtm<m

0, otherwise

where my is the upper bound on the distribution of m and ¢ is the curvature of
the PDF. This function is defined only for m < mg, beyond which it becomes zero.
The function was first introduced by the ARGUS collaboration [102]. The ARGUS
function is used significantly in the physics of B mesons to fit the invariant mass or
M, distribution of the combinatorial background.

2.0 Chebychev Polynomial

The Chebychev polynomials [109] of the first kind (7, (x)) are the solutions of the
Chebychev differential equation given by

dy  dy
(1-— 1:2)@ —To +n*y =0, (G.2)
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Appendix G: Probability Distribution Functions 176

where n = 0,1,2,... are the integer numbers. The first few polynomials are as
follows
To(x) = 1. (G.3)
Ti(x) = x. (G.4)
Ty(x) = 22° — 1 (G.5)
Ts(z) = 42° — 3. (G.6)
Ty(z) = 8a* — 82* + 1 (G.7)

All the polynomials can be determined recursively by
Toi1(z) = 22T, (x) — T (), (G.8)

if any two consecutive polynomials are known. The Chebychev polynomials are
orthogonal in the interval z € [—1,1] and normalized that for all n, T,,(1) = 1.
Any arbitrary polynomial of degree m can be written in terms of the Chebychev
polynomials as

flzsaq, ... a,) :% ; (G.9)

To(z) + Z a;T;(z)

where Tj(z) is the i*" order Chebychev polynomial and a; is the corresponding coef-
ficient. Chebychev polynomials have better stability than ordinary polynomials due
to the lower correlation between the coefficients [97]. Alternatively, the Chebyshev
polynomials of the first kind can also be defined using the trigonometric function
cosine. Specifically, they can be expressed using the following formula:

T.(z) = cos(ncos™ (z)) (G.10)

Chebyshev polynomials have several important properties, including orthogonal-
ity, recurrence relations, and explicit formulas. They are particularly useful for
approximating functions, solving differential equations, and performing numerical
computations due to their advantageous properties and numerical stability.

3.0 Kernal Density Estimation

In this study, we incorporate the correlation between My, and AE by employing a
two-dimensional kernel density estimation (KDE). KDE models the distribution of a
given dataset by superimposing density functions, or kernels, at each data point. It is
a non-parametric approach used to estimate the probability density function (PDF)
of a random variable. When provided with independent and identically distributed
samples 1, ..., x, drawn from a distribution with an unknown density f. Given a
kernel function K, the KDE estimator of the PDF f at a point x is defined as:

fla) = n—lhzj;K(x —hX) (G.11)
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Figure G.1: Comparison of the histogram (left) and kernel density estimate (right)
created using the same six data points, represented as lines on the horizontal axis.
The kernels corresponding to each data point are the red dashed curves, and the
kernel density estimate is the blue curves. Plots taken from [110].

Here, K represents the kernel, and h is the bandwidth parameter, which deter-
mines the "smoothness” of the PDF. A scaled kernel with subscript h is defined as
Ky(z) = 1/hK(z/h). Typically, the kernel is a symmetric, non-negative function
that integrates to one. It assigns weights to z; based on their distance from x. As
illustrated in Figure G.1, the goal is to calculate the contribution of each data point
to the estimated density at any given point in the feature space. A lower bandwidth
implies that only points very close to the current position receive significant weight,
leading to high sensitivity to the input data. Conversely, a higher bandwidth results
in a wider kernel where distant points can contribute, yielding a smoother density
estimate.

The two-dimensional M), and AE KDE generated by ROOT cannot be stored
and exported for use in a fit due to the technical limitations of the software package.
To overcome this challenge, we employ the following method to store the data:

e 2D kernel density estimation PDFs are generated from MC.

e Kernel density estimation PDFs are then converted to TH2 histograms with
a very large number of bins (300 x 300) to preserve as much data as possible
and save in a ROOT file.

e The fitting code reads in this ROOT file, the TH2 is loaded and converted
into a RooDataHist, then a RooHistPdf, which is a format that the RooFit
can use based fitter

This technique allows the benefits of kernel density estimation PDFs with the
speed and convenience of storage as a ROOT histogram.
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Appendix H

Ensemble Study: Signal Pull and
Fitted Yield Distributions

1.0 Gsim Study: Belle

Figures H.10 shows the distributions of signal pull and fitted signal yield extracted
from the toy ensembles for N5& = (0, 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20)
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Figure H.10: Pull and yield distributions for N;é% =0, 2, 4,6,8, 10, 12, 14, 16, 18
and 20 in Belle.
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2.0 Gsim Study: Belle I1

Figures H.18 shows the distributions of signal pull and fitted signal yield extracted
from the toy ensembles for N8 = (0, 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20).
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