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Abstract

We report on the progress made at Belle II in probing lepton universality violation through
rare B meson decays mediated by b — s{*{" transitions. Key measurements include branch-
ing fractions for B* — K*{*{~ decays, with ¢ representing an electron or a muon. Lepton
universality, quantified by the observable R, is investigated across a broad range of the dilep-
ton invariant-mass squared excluding charmonium resonance regions. Validation of lepton
universality studies is performed through the measurement of absolute branching fractions for
B — KJ/y(£*¢") decays, the lepton universality observable Rg(J/y), and isospin asymmetries.
The rediscovery of other decays involving b — s€*{~ transitions is also discussed, particularly
the branching fraction for B — K*{*{~ decays. Lastly, we discuss the performance of the

silicon-strip vertex detector of Belle II during its commissioning phase.
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Chapter 1

Introduction

Studying beyond the Standard Model (BSM) is imperative for the advancement of our under-
standing of the fundamental constituents of the universe and the forces that govern their interac-
tions. As such, the Standard Model (SM) of particle physics has been an incredibly successful
theoretical framework for describing the behaviour of subatomic particles, incorporating the
electromagnetic, weak, and strong nuclear forces. It has predicted the existence of various par-
ticles, such as the W and Z bosons, and culminated in the discovery of the Higgs boson in 2012,
which confirmed the existence of an all-pervading Higgs field responsible for imparting mass
to particles. However, this model is far from complete and leaves several profound questions

unanswered.

One such question that motivates the study of BSM physics is the presence of dark matter and
dark energy. These enigmatic substances constitute the majority of the universe’s mass-energy
content, yet they do not fit within the framework of the SM. Researchers seek to identify new
particles or interactions that could explain the nature of dark matter and understand why dark
energy causes the universe to expand at an accelerating rate. These discoveries could not only
revolutionize our understanding of the cosmos but also have profound implications for our

understanding of the universe’s fate.

In addition to the fundamental issue mentioned earlier, there are two significant conceptual
challenges within the SM that serve as compelling drivers for BSM research, particularly in the

context of the Belle II experiment.

First, the SM grapples with the problem of mass hierarchy, which refers to the vast disparities
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in the masses of fundamental particles. This hierarchy is particularly evident in the masses
of neutrinos compared to other particles, such as the top quark. While the SM successfully
explains the masses of quarks and charged leptons through their Yukawa interactions with the
Higgs field, it fails to account for the tiny masses of neutrinos. This intriguing discrepancy
raises questions about the underlying mechanisms responsible for generating particle masses
and hints at BSM physics. Some BSM theories, like the seesaw mechanism [[10]], suggest new
particles and interactions that might help explain where neutrino masses come from and give

us a better picture of the mass hierarchy as a whole.

Second, lepton universality, a fundamental tenet of the SM, postulates that the weak interactions
for all three generations of charged leptons (electrons, muons, and taus) should be identical.
But previous findings, mostly from the LHCb experiment, suggest that some rare decays of B
mesons may not follow lepton universality. These observations challenge the integrity of the
SM’s predictions and underscore the need for further exploration into BSM theories. BSM
models, like those with additional gauge bosons or leptoquarks, might be able to explain these
findings, giving us new information about the symmetry and interactions that govern particle

physics.

In the specific context of the Belle II experiment, the pursuit of BSM physics is intertwined
with the aim of shedding light on these conceptual challenges. Belle II's precise measurements
of rare decays and properties of B mesons provide fertile ground for probing BSM theories
that address the mass hierarchy problem and lepton universality violations. By conducting
meticulous experiments and analyzing the collected data, Belle II contributes significantly to
the quest for new physics that extends beyond the limits of the SM, ultimately deepening our

understanding of the universe’s fundamental principles and phenomena.

This thesis is organized as follows: Chapter [2] introduces the motivation behind the lepton
universality measurement within the SM framework. Chapter 3| provides an overview of the
experimental setup, offering insights into the SuperKEKB accelerator and the Belle II detec-
tor. Chapters [ to [6] detail the event reconstruction and background suppression techniques,
including a step-by-step approach and the application of multivariate classifiers. In Chapter (/]
the signal extraction procedure is elucidated, employing unbinned maximum-likelihood fitting.
Chapter 8| presents a comprehensive study of control samples and the corresponding results.

Chapter 0] focuses on the analysis of B — K¢ events with a relatively smaller dataset. Chap-



4 INTRODUCGTION

ter [I0]delves into the intricate process of estimating systematic uncertainties. Chapter [I3|offers
the results and a discussion of the lepton universality measurement. Chapter [T] shifts the fo-
cus to the measurement of the branching fraction of B — K*{{, another rare decay process.
Finally, Chapter [12] provides an in-depth examination of the SVD’s performance during the

commissioning phase.



Chapter 2

Standard Model and lepton universality

In this chapter, we delve into the intricacies of the SM, the bedrock of particle physics, and
explore the theoretical motivations that drive the quest for precise measurements of lepton
universality. We commence by discussing the core principles of the SM, shedding light on the

fundamental forces and particles that constitute our universe.

As we venture deeper into our exploration, we introduce an essential theoretical tool known
as the Operator Product Expansion (OPE). This mathematical framework plays a pivotal role
in our approach to understand flavor physics and Effective Field Theory, enabling us to dissect

complex phenomena in the realm of particle physics.

Furthermore, we review and analyse earlier measurements that have laid the foundation for our
pursuit of lepton universality measurements. By studying the history of these measurements,

we gain valuable insights into the progress and challenges of this scientific endeavour.

2.1 The Standard Model

2.1.1 Gauge symmetries and fields

The SM is a quantum field theory characterized by the invariance of its Lagrangian under a
collection of local and global symmetries. The equations of motion are determined by the prin-
ciple of least action. In this theoretical framework, fundamental particles are described as fields,
each with a unique representation under the Lorentz symmetry, dictating their spin, as well as
under various global symmetries defined by specific groups. These fields also transform consis-

tently across spacetime, known as local or gauge symmetry. Gauge symmetry is of paramount
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importance, as it underpins the description of the fundamental forces and interactions among
particles within the SM. Additionally, the Higgs field plays a crucial role in providing mass to

particles through spontaneous symmetry breaking, completing the SM’s theoretical structure.

In the SM, discrete symmetries, including parity (P), charge conjugation (C), and time reversal
(T), play a fundamental role in understanding the behaviour of particles and their interactions.
While P and C are not always conserved, their combination with T (CPT) is expected to be
exact, providing essential constraints on the laws of physics. The study of discrete symmetries
and their violations has led to crucial insights into the universe’s matter-antimatter asymmetry

and the behaviour of fundamental particles.

The gauge symmetry group of the SM is represented as
Gsm = SUB)e xSUR), x U(1)y.

These three groups correspond to the three fundamental forces in the SM. The strong force
is described by SU(3)¢, while specific combinations of SU(2), and U(1)y represent the weak
and electromagnetic forces. The force carriers of these interactions are spin-one particles with
adjoint representations under the respective gauge groups. For example, gluons mediate the
strong interaction and are represented as octets under SU(3)¢, while being invariant under the

other two gauge groups.

Matter particles in the SM have Lorentz group representations like (0, 3) or (3,0), signifying
their spin properties. These spin-half fields make up three fermion generations, with each

generation comprising five representations under Ggsy. These representations include

03, 2)+%, Uri(3, 1)+§, Dgi(3, 1)_%, Lp(1, 2)_%, Eri(1,1)_4,

where ‘L/R’ denotes left- or right-handed states, ‘i’ represents the three generations, and the
numbers indicate their transformation properties under the gauge groups. As an example,
01:(3,2), 1 are triplets under SU(3)¢, doublets under SU(2),, and carry the hypercharge ¥ = +%

There is a single scalar field, known as the Higgs field, which has representation

6(1,2),.
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As mentioned previously, the Lagrangian is invariant under all group transformations of the
fields. The terms formed by these fields, which are also invariant under group transformations,

contribute to the Lagrangian. We can categorize these terms in the Lagrangian into three parts:

L= LKin + ‘LHiggs + LYukawaw

The kinetic term Lx;, includes terms with derivatives. To maintain gauge invariance, the deriva-

tives are replaced by their covariant counterparts

D' =0 +ig, G*" L +ig W T® + ig’ B" Y,

here G*“ is octet gluon fields, W*? is triplet weak boson fields, and B* is singlet hypercharge
boson field. L%’s are SU(3) generators, T?’s are SU(2) generators, Y are U(1)y hypercharges and
g’s are the interaction strength. The terms containing only the derivatives of boson fields G, =
3,G4 — 8,G4 — g,f* GG, are not relevant for the current discussion. The terms containing

covariant derivatives of fields are shown below:

LinD> ), W7D, + (DH) (DH).
p=0Li,Uri,Dri,LLi-ELi

The Higgs term contains self interaction :

Litiges = ¢ + A9 9)". 2.1)

Finally, the Yukawa terms contain interaction between the Higgs field and fermions

—Lyikawa = Y,EL_L,- ¢ Egj+ ij] Oui é Ug i+ Yl? O ¢ Dg; + hermitian conjugate terms, (2.2)

here Y, YV and Y? are three 3 X 3 matrices. So for any of the fields, be they matter fermions
or gauge bosons, there are no mass terms given the symmetry structure. That’s why the SM is

called a chiral theory to begin with.
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2.1.2 Spontaneous Symmetry Breaking (SSB)

In the SM Higgs potential, as expressed in Eq. u? < 0, indicating that ¢ = 0 is not the
minimum of the potential. Instead, the vacuum state is degenerate, and choosing the physical
vacuum state spontaneously breaks the symmetry. The scalar assumes the vacuum expectation
value (VEV)

(¢) = ,
v/ V2

where v = ,/_7“2 is a constant with a value of 246 GeV. This VEV leads to the spontaneous

breaking of the gauge group, Gspy — SU(3)c X U(1)en-

When introducing the Higgs VEV into the Lagrangian, the mass term appears for the three
gauge bosons. Specifically, within the kinetic term Lxi, D (D, H )T(D,lH ), three out of the four
bosons from the SU(2)y x U(1)y gauge group acquire mass, while the fourth one remains

massless.

The field |D,H ” can be expressed as

, 2
\D,HP = % ((Wg)2 +(w2) + (%Bﬂ - Wﬁ) ]

1 1
= Sy WiW, + Sm;2'Z,

This leads to the generation of mass terms for the W= and Z, bosons, with my = %gv and

. W3— ’'B
mz = 3v+/g> + g’*. The fields are redefined as follows: W* = W) +iW2, Z, = %
8 t8
g'B;,+gW3

\/2_;‘. While the Lagrangian contains mass terms for the W* and Z, fields, there is no
g+g

mass term for the A, field. The associated conserved quantities for the corresponding gauge

, and

A, =

groups are referred to as charges. In this context, the remaining gauge symmetry, other than
color, is the electromagnetic field, and the charge for this symmetry is known as electric charge,
defined as Q = T° + Y, where T3 represents the third generator of S U(2). As a result, the final
gauge group becomes S U(3)¢c X U(1)em, leading to the existence of two distinct charges: color

and electromagnetic charge.

Let’s decompose S U(2)y doublet before SSB of Q;; and L;; as
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U Li VLi
QLi = s LLi = .
D Li E Li

When we plug in the expression of Higgs VEV into Lyyxawa, We get

Lyuawa = (My)i;D1iDg; + (M,);;ULiUgj + (M,);;ELiEg;,

where M, = ‘/LZYX with x € {U, D, E}. It is important to note that there are no mass terms
corresponding to v;;, which is made by construction to keep neutrinos massless. There are
several ways to introduce mass and one possibility is introducing a vg; spinor, but this is beyond
the scope of this thesis. Here the M, are not necessarily diagonal, and we can change the basis

to make them diagonal by a biunitary transformation. For any matrix, there exist two unitary

matrices such that it can be diagonalised by

T diag
VxLMxVxR - Mx )

diag _ 4. 2 2 2 diag _ 3. 2 2 2 diag _ 3. 2 2 2
where M, = diag(m,, m;,m;), M,™ = diag(my, mg,my), M= = diag(mg, my,, m;). So we

have recognized a few SM parameters as masses of all the fundamental fermions in the SM.

We can transform the flavor basis of fields of quarks and charged leptons to the mass eigenstates

basis by transforming,

X1 = (VxL)iijj XRi = (VxR)iijj’ with x € {U, D, E}.

After transitioning to the mass basis, the charged current interactions take on the following

form:

8 (7 g (—
~Lee O == \UiY(Verm)ijDriWyy ) + —= (VY EL;W,; ) + h.c. (2.3)
\/Q( JEL u) \/5( J u)
Here, Vexm = VMLV;L represents the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix for
quarks. Notably, this matrix is non-diagonal, causing the W* bosons to couple with different
quark generations. Another noteworthy observation is that the weak current breaks parity,

primarily because ¥g does not contribute to the current.
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The CKM matrix, denoted by Vckm, defines the relative coupling strengths for charged cur-
rent interactions among different combinations of up- and down-type quarks. Its elements are

arranged as follows

Vud Vus Vub
Verm = | Veg Ves Ve |- 2.4)
Via Vis Vu

The strength of these matrix elements can be easily visualized using the Wolfenstein parametriza-
tion, which is an expansion in terms of a small parameter A = |V,,| ~ 0.22. Up to O(1%), the

CKM matrix in this parametrization can be expressed as:

2 .
1-% 1 Al -in
Vekm = -1 'V CR B (2.5)
AX(1—-p—inp) -AL 1

The Wolfenstein parametrization illustrates that transitions within the same generation, such
asu — d,c — s, and t — b, experience no CKM suppression. Conversely, transitions
between the first and second, second and third, and first and third generations are subject to
CKM suppressions of order A, 4>, and A°, respectively. These suppressions arise from the

mixing between different quark generations.

Exploiting the unitarity of the CKM matrix, we get six equations, out of which Eq. is
relevant for the b — s€*¢~ diagrams (Fig/2.1]).

VubV;S + VCbV:S + thv;; =0 (26)

The electromagnetic current, mediated by the photon (A,), is responsible for electromagnetic
interactions. Since the neutrino is electrically neutral, it does not contribute to the correspond-
ing electromagnetic Lagrangian (L.,). In electromagnetic interactions, both right- and left-
handed spinors contribute, leading to the conservation of parity, in contrast to the weak inter-

action described earlier.

The electromagnetic Lagrangian can be expressed as follows:
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’

88 — -—
~Lem = ————A,0; WY i + Yriy"Yri) + hc. (2.7)
Ve +g? wewz,:‘),m
= eA, M, (2.8)

94

Finally, the neutral current mediated by the Z boson is given by

where e = Q represents the elementary charge, and JEM is the electromagnetic current.

2
~Lnc = NE 82| Y. Uap T - 55— ™|+ he. (2.9)
weU.D,E 8 +8

The neutral current in the SM does not connect to different generations, unlike the charged
current, because of the non-diagonal nature of Vcky. This is a very important feature of the

SM, which is exploited to probe BSM physics.

2.1.3 Accidental Symmetries

Accidental symmetries in the SM are symmetries that arise as approximate or unintended out-
comes of the model’s structure, despite not being exact symmetries of the underlying theory.
Unlike gauge invariance, which is the outcome of a fundamental symmetry of the theory, the
accidental symmetries emerge as byproducts of gauge invariance and renormalizability con-
straints. These symmetries often manifest as global symmetries, particularly in situations where
non-renormalizable terms are neglected, and they are aptly named ‘accidental symmetries’.

They play a role in simplifying the SM and making it easier to study.

The SM has an accidental symmetry:

UMpx U(D)e x U(l)y x U(1)-,

where the U(1)p is the baryon number and other three U(1) are lepton family numbers. To
ensure proper normalization, a common practice is to set the proton’s baryon number (B) to 1.
Consequently, each quark within the proton is attributed one-third of a unit of baryon number.
In the SM, it is essential to note that each lepton family carries its own distinct lepton number:

L, for electrons, L, for muons, and L, for taus.

One more approximate accidental global symmetry is lepton universality. The fundamental

interaction for three charged leptons in the SM is the same except for the Yukawa interaction
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they have with the Higgs boson, which is responsible for the difference in their masses. Since
leptons are colorless and possess unit electric charge, lepton universality boils down to the
principle that weak interactions, mediated by the W* and Z° bosons, treat all three generations

of charged leptons (electron, muon, and tau) in an identical manner.

Importantly, this symmetry does not derive from any fundamental axioms of the theory, such
as gauge symmetries. Consequently, the prediction of lepton universality requires empirical
verification, and it remains a subject of rigorous testing in the field of particle physics. Devi-
ations from lepton universality in experimental measurements could provide valuable insights

into potential extensions of the SM.

2.14 FCNCs

In the context of the SM, flavor-changing phenomena predominantly manifest in charged-
current weak interactions mediated by W= bosons. These interactions enable transitions be-
tween different generations of elementary particles. However, in the case of neutral-current
weak interactions, which involve the exchange of Z° bosons, as well as interactions mediated
by gluons (carriers of strong force) and photons (representing electromagnetic force), the SM
does not allow a change in flavor at tree level. Consequently, the occurrence of flavor-changing

neutral current (FCNC) processes is not allowed at tree level within the SM.

The b — s quark-level FCNC transition is possible via quantum loops, and the Feynman dia-
gram of the lowest order loop that allows this process is shown in Fig. The loop corrections
introduce an additional constraint, approximately the order of coupling®/(167%), compared to
tree-level diagrams for the same process. While loop corrections typically have minimal impact
on tree-level processes, decays solely arising from loop-level transitions can exhibit significant
deviations from the SM expectation. In such cases, even minor deviations from the SM can
result in noticeable effects due to the absence of tree-level contributions. Consequently, mea-
surements of b — s{*{~ transitions, despite being suppressed, have high sensitivity. This em-
phasizes the significance of FCNC processes in providing valuable insights into the potential

existence of BSM physics.

In the Feynman diagram shown in Fig. all three up-type quark propagators are permitted,

and their dependence on the CKM matrix elements is expressed as follows:

Mo > Vy Vi, (2.10)

i=u,c,t
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However, Eq. [2.6] dictates that any part of the diagram that relies solely on flavor through the
term », V;V} will vanish. The only factor that prevents this vanishing is the mass of the

i=u,c,t

quark itself, and the dependency is given by:

Mec 3" Vi Vifmy).

i=u,c,t

The function f is known as the Inami-Lim function [11]], which can be expanded in a power
2

series. For m; < my, particularly when i = u or ¢, we have f(m; < my) o ;"7 Conversely,
w

for i = ¢, the assumption m; < my doesn’t hold, and it remains constant. In the context of this

specific diagram, the contribution from the top quark dominates.

Nevertheless, the FCNC contribution in the loop is very small, and the process mediated by
such quark-level transition, like B — K®¢*¢~ where ¢ stands for an electron or a muon, are

very rare. The decay branching fractions (8B) are of the order of 107°.

2.1.5 Lepton universality
As discussed earlier, lepton flavor universality (LFU) implies that the coupling of gauge bosons
is the same for all lepton generations. A lepton universality ratio, defined as

Grax. dT(B* —K*u* ) dd?
qu dqz f]
min

Rk = Ri(s Toax) = 2.11)

2 b
dmax dI'(B*—K*ete™) 2
qu dq

Tnin
is introduced to test this unique but accidental symmetry of the SM in B* — K*¢*¢~ decays.
Here T is the partial decay width for the channel within parentheses and g is the dilepton
invariant-mass squared. The expected value of Rk is unity, up to a small phase-space difference
between the electron and muon channels. The effects of Yukawa couplings on rare B meson
decays are predicted to be negligible, except near the kinematic threshold 4m§ [12]. The SM
predicts Rg = 1 + O(107%) £ O(1072) [13]], where uncertainties account for phase-space effects

and electroweak radiative corrections (soft-collinear photon emission [14] from the leptons),

respectively. Deviations from unity in the LFU ratio would indicate BSM physics.

2.2 Challenges of the Standard Model

The SM has proven to be an incredibly successful framework for comprehending fundamental
constituents of the universe and their interactions. Despite its remarkable predictive capabil-
ities, the SM has several limitations and it cannot explain a number of phenomena, which

provide motivation for the exploration of BSM physics.
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€+

y/2° a

Figure 2.1: Feynman diagrams representing the b — s£*{~ process, showcasing the box dia-

gram on the left and the penguin diagram on the right.

e Dark Matter: One of the most profound mysteries in contemporary physics is the enigma
of dark matter. Observations at various scales, from galactic rotation curves to the cosmic
microwave background radiation, provide compelling evidence for the existence of an in-
visible, non-luminous form of matter that vastly surpasses ordinary matter in the universe.
The SM does not provide a viable candidate for dark matter, leaving the identification of
dark matter particles a central challenge. BSM theories, such as supersymmetry or axion
models, offer potential solutions to this puzzle by introducing new particles that could be

candidate for dark matter [15]].

e Matter-Antimatter Asymmetry: The predominance of matter over antimatter in the uni-
verse [0(10‘9)] is a fundamental question in cosmology and particle physics. The SM
predicts the presence of CP violation, a phenomenon necessary to explain the matter-
antimatter asymmetry, but the observed level of CP violation [0(10‘20)] is insufficient to
account for the matter we observe. BSM theories, such as those incorporating additional
sources of CP violation or new physics in the early universe, offer insights into the origin

of this asymmetry [16]].

e Neutrino Oscillations: Neutrino oscillations, the phenomenon where neutrinos change
between different flavor eigenstates as they propagate through the matter, are an estab-
lished experimental fact. This phenomenon implies that neutrinos possess nonzero mass,
which contradicts the assumption of their masslessness in the SM. The existence of neu-
trino masses suggests the need for BSM physics to explain their origin and the underlying

neutrino mixing [17, [18]].

e Hierarchy Problem: The hierarchy problem relates to the significant difference between

the strength of gravitational and weak forces, as well as the apparent fine-tuning re-
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quired for the Higgs boson mass. The SM predicts the Higgs boson’s mass to be much
larger than that observed in nature, necessitating precise adjustments to account for the
observed Higgs mass. BSM theories, including supersymmetry and extra dimensions,
offer potential resolutions to the hierarchy problem by introducing new symmetries and

particles that stabilize the Higgs boson mass [19].

Though the SM has been remarkably successful in describing the behavior of subatomic par-
ticles and their interactions, its unresolved challenges and limitations, such as dark matter,
matter-antimatter asymmetry, inclusion of gravity, neutrino oscillations, and hierarchy prob-
lem, drive the need for BSM physics. The pursuit of latter represents a compelling and essen-
tial avenue for expanding our understanding of fundamental constituents of the universe and

underlying principles that govern their behavior.

2.3 The issue with FCNCs

In the SM, flavor-changing charged currents are mediated by the W* bosons, whether involving
quarks or leptons. On the other hand, FCNC refers to processes in which a quark undergoes a

flavor transition without altering its electric charge, as discussed in Section [2.1.4]

While FCNC processes are experimentally observed, they are inherently very rare, which is
theoretically explained by the unitarity of the CKM matrix. A priori, there is no reason for the
absence of FCNC processes at tree level. In fact, one intriguing possibility is that the CKM ma-
trix could be a component of a larger matrix, incorporating quark-lepton interactions, thereby
introducing additional sources of FCNCs. This extension could offer insights into the rarity of
FCNC processes while potentially providing a framework to explain why the electric charges
of protons and electrons are equal. Moreover, the observation of neutrino oscillations demon-
strates that flavor is not conserved, suggesting a BSM flavor structure. It’s worth noting that
the values of the CKM matrix are input parameters in the SM, measured through experiments,
rather than being derived from fundamental principles. These challenges motivate the search

for flavor symmetries and deeper motivations for flavor conservation.

2.4 The Effective Hamiltonian approach
The rare B decay is governed by the exchange of a weak boson whose mass is significantly
higher than that of the B meson. This property allows us to construct an effective field theory

that distinguishes between low- and high-frequency modes. Since our primary interest lies in



16 THe EFFeCTIVE HAMILTONIAN APPROAGH

the low-energy regime (u ~ m;), which is considerably smaller than the electroweak scale
(u < My, My), the high-energy modes become negligible, and our focus remains solely on the

low-energy or long-distance operators.

The weak decay amplitude can be separated into two distinct components: the “short-distance”
and “long-distance” contributions, with a threshold scale (u) serving as the demarcation point.
The “short-distance” effects account for perturbative contributions for energies above u > mp

and are characterized by Wilson coefficients.

On the other hand, the “long-distance” effects involve non-perturbative contributions, often
associated with low-energy interactions and hadronic physics. This approach allows us to sys-
tematically address both the short- and long-distance effects in rare B decays, facilitating a
separation of calculable perturbative contributions from the more intricate non-perturbative as-

pects of these processes.

The effective Hamiltonian for the b — s€*¢~ process is given by [20]:

HMb — st707) = —ﬁv,,,v,* C:(w)Oi(w). (2.12)

S

\/E i=7,9,10

Here, the OPE allows us to distinguish “long-distance” effects from “short-distance” contribu-
tions. The C;’s are scale-dependent couplings, namely Wilson coefficients (WCs), associated
with the four-leg vertices described by local operators O;’s that govern the interactions. The
complete basis consists of ten operators O; with i = 1,2,...,10. Among them, O, , represent
tree-level W operators, O;_gg involve penguin diagrams mediated by gluons, and O;9 ¢ are
the relevant operators for the b — sf*¢~ process. Specifically, the SM-relevant operators for

b — st*¢ are as follows:

=1 4;)2mb (5070 Prb) F* (2.13)
Oy = (4L;T)m,, (57.P.b) (Ev'¢) (2.14)
O = émb (57.Pb) (By"s¢). 2.15)

Here, 07, = 5 [y#, yy], e represents the QED coupling constant, and Py g = %
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To ensure an accurate description of SM processes, the effective theory is harmonized with the
SM by requiring each term in the effective theory to match the corresponding term in the full
theoretical calculation at a specific matching scale, typically set at the electroweak scale (uy).
Subsequently, leveraging the scale independence of the effective Hamiltonian, a renormaliza-
tion group equation for the WC is derived [21]. By considering only SM contributions and

setting pyw = my, specific values for the WCs are obtained [22]:

C; =-0.304 Cy=4.211 Cio = —-4.103.

The decay rate for b — s¢*{~ can be then expressed as:

G2 Mz m? f2 4m? 4m?
I'b— st )= Mw,bv;‘;ﬁ 2[ 1- 2‘) |C9,10|2+higher-0rder corrections. (2.16)
m my

5
8 %

In this equation, fp represents the B decay constant. A typical spectrum of b — s£*¢~ decays

is depicted in Fig. The variable ¢* spans a range from 4mj to (mg — mg)*.

2 1
L L l L L 1 1
|
|
<4— narrow ¢cc —»

/ 07 - 09 resonances

interference

1 L 1 1 | L 1 | L | I 1 1 1 b 1 1 1 L |
0 5 10 15 20

q? [GeV?/c’]
Figure 2.2: A typical ¢* spectrum of b — s¢*{~ process. The figure is taken from Ref. [1].

In the lowest ¢° region, namely ¢> < 1 GeV?/c?, the process involves the emission of a slightly
off-shell photon decaying into two charged leptons, with the primary contributing operator

being the QED one, denoted as O;.
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Within the ¢ range of [1, 6] GeV?/c*, the dominant contribution arises from the interference
between 07 and Oy. Notably, this region is susceptible to the influence of new physics effects

through the Wilson coefficients C; and C.

As we move into the ¢ range of [7, 14] GeV?/c*, the energy scale of hadrons involved in the
process becomes comparable to the typical energy scale of quantum chromodynamics (Aqcp),
which is approximately 1 GeV. The theoretical calculations for this region are carried out by
approximating the bottom quark mass (m,) as infinite and employing the Heavy Quark Effective

Theory (HQET) [23]], as a useful tool for simplifying the heavy quark dynamics.

2.4.1 New physics contributions
To address the earlier Rx anomaly and incorporate BSM physics, new operators are introduced
alongside the SM ones. These new operators allow for minimal flavor violation, introducing

chirality-flipped operators as follows:

0, = @%)zm,, (507 PLb) F* (2.17)
0, = ém,, (57.Pxb) (60) (2.18)
0, = &mb (57.Pxb) (6yyst). (2.19)

Additionally, scalar and pseudoscalar operators are introduced:

0 = (%T)mb (57.Prab) (7¢) (2.20)
0 = (;;ﬂ)mb (57.Prasb) (yst). 2.21)

The effective Hamiltonian incorporating both SM and BSM contributions is given by:

Halb - 560 = —22Ly,ve 3 [CwoG +Com].  222)
V2 i=1.9.10.5.P

In this context, the WCs are allowed to have imaginary components, unlike the SM case (H. Sé\/[
where WCs are real. Also, C” = C + C"™" to incorporate new physics contributions[24].

The Wfflf“ is a special case of H.g where only C7, Co, and C/ are nonzero.
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Furthermore, in contrast to the SM, the LFU constraints on C7 9 ;o may not hold in BSM scenar-
ios. Therefore, the corresponding C |, coeflicients are labeled with the specific lepton flavor,

7 re
denoted as C;, |, and C7 .

The Rk observables in terms of these new parameters can be approximated as

2

> 1230,

2
SM HUNP I
+|cM + Y +

2
SM eNP re
+|CSM + NP+

SM NP .
- |C10 +C10 +C10

SM eNP re
|C10 +Cly +C

Previous tensions [26l 27] of LHCb measurements with SM predictions have motivated the
proposal of BSM scenarios, such as leptoquarks and Z’ bosons (Feynman diagram shown in
Fig.[2.3). The additional parameters, or the WCs that are zero in the SM, provide extra flexi-
bility for phenomenological analyses of these new models and yield theoretical constraints on

these WCs.

The leptoquark model postulates the existence of new particles, leptoquarks [28], which carry
both lepton and quark quantum numbers, allowing them to mediate interactions between quarks
and leptons. These models are discussed in Refs. [25, 29| [30]. The Z’ model, an extension of
the SM, introduces an additional neutral gauge boson, offering a theoretical avenue to explain
BSM phenomena [31},31},132],[33]134) 135, 136]]. The latest result on Rk [37] agrees with the SM,
still further cross-validation is an essential motivating factor for our measurements at Belle II.

hb—»———»—— ¢ b K
Y LQ 4

" .
-
Figure 2.3: Examples of Feynman diagrams for the b — s¢*{~ process in the BSM domain.

The left diagram shows the contribution from a leptoquark, while the right one represents the

contribution from a Z’ boson.

2.5 Experimental status of B — K{*{~ observables
Observables are the measured quantities that play a crucial role in the verification and validation
of theoretical models in particle physics. In this section, we present earlier measurements of

the branching fraction and LFU ratio of B — K¢{ decay.
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We also discuss observables that can be measured in the B — J/y[¢£]K decay, which is a tree-
level process with a branching fraction approximately two orders of magnitude larger than that
of B — K{*¢~ and has the same final state as the latter. Therefore, we expect a highly precise
result for the LFU ratio in B — J/y¥K. Lepton universality hasn’t been found to be violated in
any reported tree-level processes [38], so we can check the LFU ratio in B — J/y[£(]K to make
sure it is consistent with one. This would be a significant step toward our goal of measuring

Rg.

2.5.1 Branching fraction

The branching fraction of a B meson decay channel is the fraction of the time it decays to that

particular channel. Mathematically, the branching fraction can be expressed as

_ Nsig
N X2X f*X€

(2.23)
where:

e N, is the number of reconstructed signal, generally estimated from a fit to the distribu-

tion of some variable.
e N,z Number of BB events; for the pre-LS1 dataset we have Nz = (387 + 6) x 10°

e Signal efficiency (e€) refers to the fraction of generated signal events accurately recon-
structed within a simulated sample, corrected for differences stemming from various
sources, such as lepton and kaon identification, tracking, etc. These corrections account

for imperfections in our simulation process.
o f*=B(Y4S) > B*'B)/B(T(4S) — all) = 0.519 + 0.029 (described in Section|[7.6))

The branching fraction of B — K¢ has been reported by both Belle and BaBar experiments,
with Belle’s result obtained from a sample of N,z = 772 x 10° events [39], and BaBar’s result
obtained from a sample of N,z = 471 x 10° events, where the measurement is lepton-flavor

inclusive [40]]. The BaBar measurement is as follows:
e B[B* - K*(*("] = [4.7 + 0.6 (stat.) + 0.2 (syst.)] X 1077,

Belle measured lepton-flavor and charge exclusive branching fractions and these measurements



EXPERIMENTAL STATUS OF B — K{*{~ OBSERVABLES 21

have an uncertainty comparable with that of BaBar. The Belle measurement is as follows:

B[B" — K'e*e™] = [5.75%05 (stat.) = 0.15 (syst.)| x 1077

BIB" — K*u*p] = [6.247)% (stat.) + 0.16 (syst)| x 107,

The dominant source of uncertainty in the aforementioned results is statistical, with the associ-
ated systematic uncertainty being comparatively small. This analysis focuses on measuring the

branching fraction over the full-g* bin, for B* — K*e*e™ and B* — K*u*u~ decays.

The B[B — J/YK] value has been reported by BaBar (Ngz = 124 x 10%) [41]], Belle (Nggp =
772 x 10°) [39] and Belle IT (N3 = 198 x 10°) [42]. Among the three, the Belle measurement
is the most precise one. The BaBar measurement is B[B* — J/¢yK*] = [1.061 + 0.015 (stat.)
+0.048 (syst.)] x 1073, Belle reported a branching fraction of B[B* — J/yK*] = [1.032+0.007
(stat.)+0.024 (syst.)] x 1073. The uncertainties on the latter are dominated by systematics, with
the most dominant sources being the number of BB events (1.4%) and f* (1.2%). Belle II has
measured the branching fraction of B* — J/y(£*¢~)K* where the uncertainties are dominated

by the number of BB events (1.5%) and f* (2.6%). The results are as follows,

B[B" — J/y(e*e )K'] = [6.00 £ 0.10 (stat.) + 0.19 (syst.)] x 1077,

B[B" — J/y(u* " )K*] = [6.06 + 0.09 (stat.) + 0.19 (syst.)] x 107,

2.5.2 Rg
Ry refers to the ratio of the branching fractions of B — K*¢*{~ decay channels, where { =
muon or electron. We use the following relation to calculate R in a specific ¢* € (q(z), q%) bin:

ai 2111"(1(+ )
f d M £ NK*;ﬁ,u’ NK*e*e’ NK*/J*/[ EK*e*e’

Relgo. a1 = fql 5 dT(K* e*e) T K / Ko | NKee X K’ (2.24)
7% dq?

where N and € represent the fitted signal yield and reconstruction efficiency for each channel.

The latter is the product of the simulated signal efficiency and correction factors due to imper-

fect simulation, which are discussed in Section [2.5.1] The correction factors that are common

between the muon and electron channels (such as kaon detection or tracking efficiency) cancel,

making the observable more precise.

Previous measurements of this observable by the LHCb Collaboration [26] hinted at possible

LFU violation, but the latest measurement [37] rules out any such possibilities in the decay
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rates. Belle and BaBar also carried out measurements of Rg in various g bins, and their
results, albeit with larger uncertainties, are consistent with LFU conservation. A summary of
these results is presented in Fig.[2.4] The uncertainties in the Belle and LHCb measurements of
Ry are dominated by the statistical uncertainty. In this analysis, we measure R for the lower

(g% € [1.1,6.01GeV?/c*), higher (¢> > 14.18 GeV?/c*), and full-¢> bins.

2.0 T T T T T T
# BaBar [PRD 86, 032012 (2012)]
# Belle [JHEP 03, 105(2021)]
18r 4 LHCb [Nat. Phys. 18, 277(2022)] ]
LHCb [PRD 108, 032002 (2023)]
1.6 .
1.4} — | 1
12} 1
o
10 ~ o : —<
08} ! 1
|
0.6 | .
0.4t 1
0.2 L L L L L L
5 0 5 10 15 20 25 30

g2 [GeVZ/c?]

Figure 2.4: Summary of the Rx measurements for different ¢* bins.

253 Rx(J/v)

The relation we use is:

BIKT/y(ut )] NEKIWw 1) NKIg(ete) NEKIWw ™) eKIptere)
BIKJ/y(ete )]  ekIwwn) / eKI(ere) — NKI/iterer) X K

Rx(J/y) = (2.25)

where N and e are the fitted signal yield and reconstruction efficiency for the respective channel.
Till date, Belle provides the most precise measurement on these observables, which is Rg+(J/y) =

0.994 + 0.011 £ 0.010. As we can see, statistical and systematic uncertainty are almost of the

same order. The dominant systematic uncertainties are due to lepton identification; they are



EXPERIMENTAL STATUS OF B — K{*{~ OBSERVABLES 23

0.79% and 0.57% for electron and muon, respectively. These systematics are obtained from a
J/Ww — €€~ control sample, and the size of this sample decides the overall systematics. Hence,

the lepton identification systematics is expected to decrease as Belle II collects more data.

Belle II measurement [42] of Rg(J/y) is statistically limited (Ngz; = 198 X 10%, almost one
fourth of the Belle dataset) with respect to Belle, but the systematic uncertainty for lepton
identification (electron and muon are 0.6% and 0.4%, respectively) has improved. The mea-
surement is Rg+(J/¢) = 1.009 + 0.022 + 0.008. LHCb also reported the measurement of
Ri+(J/y) = 0.981 + 0.020 (stat. & syst.) [26]]. The dominant source of systematic uncertainty

in the latter measurement comes from the statistical uncertainties of signal efficiencies.



Chapter 3

Experimental Setup

Accelerator-based particle physics experiments involve the acceleration (subsequent steering /
focusing) of subatomic particles to relativistic speeds using electric (magnetic fields), followed
by the collision of these accelerated particles at extreme energies. By studying the resulting
final-state particles produced in these collisions, scientists gain insights into the fundamental
constituents of matter, the forces that govern their interactions, and the fundamental laws of
the universe, helping to answer questions about the nature of particles and the structure of the

COSImoS.

In this chapter, the experimental setup employed in the lepton universality study is discussed.
The setup consists of two main components: the SuperKEKB collider, where electrons and
positrons are accelerated to high energies and then collided, and the Belle II detector, which is

used to detect the final-state particles resulting from these collisions.

3.1 SuperKEKB accelerator

SuperKEKB [43] is a double-ring asymmetric energy electron-positron accelerator located in

Tsukuba, Japan. Its schematic view is presented in Fig.

The electron and positron ring energies are respectively E,- = 7GeV and E,+ = 4 GeV, result-

ing in a center-of-mass (c.m.) energy of E., = \/(Ee- + Eet)? = (pe- + per)* = 10.58 GeV.
This choice of c.m. energy, very close to the 1'(4S) resonance, predominantly produces two Bg

(or B;) mesons in over 99% of the cases [9, 44]].

The primary physics processes at SuperKEKB are ete™ — T(4S) — BB and ete™ — ¢g,q €
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Figure 3.1: A schematic diagram of the SuperKEKB accelarator. Adapted from Ref.[2]].

u,d, s,c. Leptonic processes such as ete™ — e*e™, efe” — efeete”, ete” - utu etc.
characterized by fewer tracks, also occur. A summary of all major processes occurring at this

energy is listed in Table[3.1]

Once a pair of By, mesons is produced, their energy in the c.m. frame is approximately
5.29 GeV, which is just 11 MeV above their mass, rendering them almost at rest. However,
due to the Lorentz boost factor By = 0.284, their average momenta are around | g, + P+ |
/2 ~ 1.5GeV in the lab frame. This boost is designed to facilitate the study of CP violation,
involving the measurement of the decay time difference between two BY mesons, determined
by the distance (Az). The typical mean lifetime difference between two decaying B mesons is

on the order of their individual decay times, resulting in Az = BycAt ~ 150 um.

SuperKEKB aims to achieve an instantaneous luminosity 30 times greater than its predecessor
KEKB, reaching 6 x 10*>cm™2s~!. This is achieved by doubling the beam current and reduc-
ing the cross-section at the collision point by a factor of 15, employing the novel nano-beam

scheme described in Refs. [5,43]]. This scheme involves squeezing the longitudinal overlap size
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Table 3.1: The production cross-section of various physics processes at the Y(4S) resonance

(v/s = 10.58 GeV)

Process Cross-section (nb)
ete” » Y(4S) 1.11
efe” — qq 3.69
efe” - T (y) 0.92
efe” > ete (y) 300
efe” > efeTete” 39.7
efe” —eteutu 18.9
ete” — yy(y) 4.99
ete” = utu(y) 1.15

between the two beams, thereby reducing the vertical overlap between them. This phenomena
is called the “Hourglass effect” [45]. For a head-on or nearly head-on collision, the overlap
region (o) is the bunch length (d). But for a narrow, longer bunch with a large crossing angle,
as shown in Fig the overlap region is d = %, where ¢ is the half-crossing angle. Compared
to KEKB, o, is reduced by a factor of 15 (150 um — 10 um), resulting in a 20-fold reduction
in vertical overlap (o) (940 um — 50 um), as illustrated in Fig.

3.2 Belle II detector

The Belle II detector is positioned precisely at the collision point of the SuperKEKB accel-
erator, where the magic of particle physics unfolds. Its location spans a remarkable range,
extending from a mere 1.4 cm to a substantial 20 m around the heart of the experiment, known
as the Interaction Point (IP). At this pivotal juncture, the beam pipe, with a minuscule radius of
1.4 cm, crafted from beryllium and boasting a 1 mm thickness, takes center stage. This choice
of material, with its atomic number of four, ensures a low-Z characteristic, significantly dimin-

ishing the likelihood of multiple Coulomb scattering. A schematic diagram of Belle II is shown
in Fig.

Now, let’s embark on an exploration of various subdetectors, each meticulously designed to
serve its unique role in unravelling the mysteries of particle interactions, beginning from the

innermost region and extending outward.

In the context of the nano-beam scheme at Belle II, the design of the beam pipe, with a mere
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Figure 3.2: Pictorial presentation of the difference between head-on collision scheme (top) vs

nano-beam scheme (bottom).

10 mm diameter, offers a remarkable opportunity to position the innermost detector in prox-
imity to the IP. This placement is instrumental in achieving superior vertexing precision, a
critical factor in our quest for accurate particle tracking and the reconstruction of primary and
secondary vertices. However, this proximity also ushers in a new challenge in the form of
intra-beam Coulomb scattering backgrounds, such as the troublesome Toucheck background.
These backgrounds, inversely correlated with the beam pipe size, are anticipated to increase
by a factor of 20 compared to the previous KEKB setup. The consequence of these enhanced
beam backgrounds is a significant rise in occupancy, denoting the fraction of detector channels
hit per triggered event. For the strip detectors, the intricate nature of these backgrounds poses
a formidable challenge. When multiple particles traverse the strip detector, there are numerous
possible hit positions, as illustrated in Fig. 3.5] To tackle this high occupancy issue arising
from the intense beam backgrounds, a strategically designed solution has been implemented
in the innermost region of the Belle II detector. Here, two pixelated detectors are placed, fol-
lowed by four layers of strip detectors. The pixelated detectors offer a unique advantage in their

ability to precisely reconstruct hit positions, a feat made possible by the discrete pixel arrange-
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Figure 3.3: The beam profile of nano-beam scheme at SuperKEKB (blue) and KEKB (black)
is portrayed. Adapted from Ref.[2]].

ment. However, this innovation comes with its own set of challenges, particularly in terms of
managing the substantial number of channels—equivalent to one channel for each pixel. This
combination of pixelated and strip detectors strikes a harmonious balance between accurate hit

reconstruction and high particle rates encountered in the nano-beam scheme.

3.2.1 PXD

The pixel detector (PXD) comprises two layers of pixelated sensors, employing the depleted p-
channel field effect transistor (DEPFET) technology [46]], positioned at distances of 14 mm and
22 mm from the IP. These sensors feature pixel areas of 50x50 um? and 50x75 um? for the inner
and outer layers, respectively. Utilizing the principle of electron-hole pair generation within
DEPFET sensors, it effectively detects the passage of charged particles. These sensors are
organized into rectangular modules referred to as “ladders” collectively forming the dual tiers
of the PXD. Specifically, the inner layer comprises 8 ladders, while the outer one is designed
with 12 ladders in total. The dataset employed in this thesis predates the 2022 long shutdown,

featuring a fully installed inner layer, while only two ladders of the outer layer had reached
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Figure 3.4: A schematic diagram of the Belle II detector. Adapted from Ref. [3]].

completion.

3.2.2 SVD

The Belle II silicon vertex detector (SVD) comprises several cylindrically arranged DSSD
(double-sided silicon strip detector) sensors placed around the IP. Each DSSD sensor is ei-
ther rectangular or trapezoidal in shape and has a thickness of 300 — 320 um. The sensor has an
n-type bulk with one side doped by acceptors and the other side by donors. The longer strips
on the acceptor-implanted side (p or U side) measure the r-¢ coordinate. Similarly, the shorter
strips on the donor-implanted side (n or V side) measure the z coordinate. In the SVD, the
readout pitch of the layer-3 sensors is 50 um in the r-¢ plane and 160 um along the z axis. On
the other hand, the layer-4, -5, and -6 sensors have a readout pitch of 75 um in the r-¢ plane

and 240 um along the z axis.

In an SVD sensor, when a charged particle traverses the reverse-biased silicon sensor material,
it imparts energy, generating electron-hole pairs. Due to the applied electric field, the electrons
move towards the p-side of the sensor, while the positively charged holes move towards the
n-side. This differential motion of charges creates a current signal, which is detected by the p

and n side strips on the sensor.
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Figure 3.5: When impacted simultaneously by two particles, a pixel sensor (left) can unequiv-
ocally distinguish between the two hits. In a double-sided microstrip sensor (right), these dual
impacts result in four potential combinations, with two representing genuine hits (crosses) and

the remaining two referred to as ’ghost hits’ (circles). Adapted from Ref. [4]].

By analyzing the current signal from these orthogonal p and n side strips, the SVD can precisely
determine the two-dimensional coordinates of the particle’s trajectory on a specific layer of the
detector. This information, when combined with data from multiple layers, allows the recon-
struction of the particle’s three-dimensional path. These reconstructed trajectories are essential
for particle tracking and identification of decay vertices, contributing to our understanding of
fundamental particle interactions in high-energy physics experiments. Figure [3.6|illustrates the
working principle of the SVD. The working principle and performance of SVD are extensively

discussed in Chapter

3.23 CDC

The central drift chamber (CDC) forms an integral part of the Belle II tracking system, working
in conjunction with the PXD and SVD sub-detectors. Beyond tracking, the CDC also aids in
particle identification for particles with momenta less than 1 GeV/c, leveraging the ionization

loss of charged particles as a distinguishing feature.

Constructed with a detection volume filled with a C,H¢ + He gas mixture, the CDC comprises
56 layers of wire detectors. These layers are strategically positioned radially around the IP,
spanning from 0.168 to 1.111 m. Within the CDC, two types of wires play pivotal roles. Axial
wires run parallel to the beam axis, providing information in the r — ¢ plane, perpendicular to
the beamline. Meanwhile, stereo wires are slightly tilted relative to the beam axis to gather
information along the z axis. This dual-wire setup enables the CDC to capture precise three-
dimensional positions as charged particles traverse the chamber. The layers of axial and stereo

wires are grouped into superlayers. The first superlayer, primarily axial, encompasses eight
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Figure 3.6: Working principle of the SVD: A reverse bias voltage is applied between the p+
and n+ strips. Conventionally, the reverse bias voltage is considered positive from the p- to n-
side. When an ionizing particle deposits energy, electron-hole pairs are created, with electrons

attracted towards the n+ strips and holes towards the p+ strips. Adapted from Ref. [4].

layers of wires, while the subsequent superlayers consist of six layers of wires each.

As charged particles traverse the gas medium, they ionize it, generating electron-ion pairs.
Guided by the electric field within the CDC, the drifting electrons are directed towards the
wire detectors. Here, their timing and position are meticulously recorded. This wealth of
information allows for the reconstruction of particle trajectories and precise determination of

their momenta in the context of high-energy collision events.

3.24 TOP

The time of propagation (TOP) subdetector, located in the barrel section, and the aerogel ring
imaging cherenkov (ARICH) subdetector in the endcap region, play a crucial role in particle
identification, particularly for distinguishing between kaons and pions. The particle identifica-
tion is fundamental in determining the particle velocity, which, when combined with the track
momentum measured by the tracking system, allows for a precise identification of particle

mass.
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The key principle underlying particle identification in these detectors is Cherenkov radiation.
When charged particles travel through a clear medium like aerogel or quartz at a velocity greater
than the speed of light in that medium, they emit Cherenkov radiation. The angle of emission
(6c) is dependent on the particle’s velocity (8) and the refractive index (n) of the material, as

described by the equation:

1
B = . 3.1
ncos ¢

The TOP subdetector is primarily constructed using an array of fused silica (quartz) bars.
Cherenkov light emitted within these bars undergoes total internal reflection and is retained
within the material. In the forward end of the detector, spherical mirrors are used to focus and
direct the emitted Cherenkov light. On the opposite end, photomultiplier tubes (PMTs) are

mounted to measure the timing of the photons.

As charged particles pass through the quartz bars, they emit Cherenkov photons that propagate
toward the array of PMTs as shown in Fig. By measuring the arrival times and positions of
these photons at the PMTs, the subdetector accurately determines the emission angle, providing

critical information for particle identification in the Belle II experiment.

3.2.5 ARICH

The ARICH subdetector, located in the forward end-cap region outside the CDC, serves the es-
sential purpose of identifying kaons and pions within a momentum range of 0.4 to 4 GeV/c, as
well as muons and electrons below 1 GeV/c. This discrimination is achieved through a meticu-
lously designed setup consisting of an aerogel radiator, where Cherenkov photons are generated
by the passage of charged particles as shown in Fig. These emitted photons subsequently
travel through an array of imaging devices, precisely measuring both their positions and arrival
times. By analyzing these data, the ARICH subdetector effectively calculates the Cherenkov

angle and, in turn, the velocity of the particles using Eq.

3.2.6 ECL

The electromagnetic calorimeter (ECL) serves a central role in our experiment, efficiently de-
tecting photons, precisely measuring their energy and angular coordinates, identifying elec-
trons, and contributing to event triggering and luminosity measurements, both in real-time and

offline data analysis.
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Figure 3.7:

Working principles of TOP and ARICH subdetectors is depicted in the top and

bottom plots respectively. Adapted from Ref. [S].

Constructed with CsI(Tl) crystals, cesium iodide doped with thallium, the ECL utilizes this

exceptional scintillating material in both the barrel and forward sections, covering a polar angle

range (12.4° < 6 < 155.1°) and providing extensive coverage, approximately 90%, across

a wide solid angle. We add Tl impurity to pure Csl crystals to enhance their scintillation

efficiency by modifying energy bands, thereby improving the emission of photons from excited

electrons. Within the ECL, the barrel section houses 6624 CsI(Tl) crystals, each taking the

form of a truncated pyramid with dimensions of approximately 6 X 6 cm? in cross-section and

30 cm in length. The endcaps add 2112 CsI(T1) crystals with various shapes, resulting in a
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total crystal count of 8736. These crystals are connected to two photodiodes each, allowing for

signal collection.

When high-energy photons or electrons traverse these crystals, they initiate electromagnetic
showers. These showers are cascades of secondary particles, primarily electrons and positrons,
generated as a high-energy photon or electron interacts with the material, emitting photons
and creating new e*e” pairs in a rapidly amplifying chain reaction. These crystals respond
to this interaction by producing scintillation light, which is then detected and quantified by
photodetectors. The length of the crystals corresponds to 16.1 times radiation length, which

ensures to absorb all the energy of high energy photons.

The energy resolution of the ECL [47]] can be expressed in an approximate form by the follow-

ing equation:

or _ 0.066% D 0.81%
- =% S (D) 1:34%. (3.2)

In this expression, the initial term represents the contribution of electronic noise, while the
second term and a portion of the third term arise from fluctuations in shower leakage. The re-
maining part of the third term is linked to systematic effects, including uncertainties in counter-
to-counter calibration. The Belle Il ECL subsetector yields a mass resolution of approximately
5MeV/c? for i — yy and relative energy resolutions of about 4% at an energy of 100 MeV
and 2% at an energy of 8 GeV [48]].

3.2.7 Solenoid magnet

Encircling the ECL, there is a superconducting solenoid that generates a magnetic field strength
of 1.5T within a cylindrical volume measuring 3.4 m in diameter and 4.4 m in length. This
solenoid relies predominantly on niobium-titanium (NbTi) for its superconducting coils and
operates in conjunction with a cryogenic system utilizing liquid helium for cooling. In the
presence of this magnetic field, charged particles follow curved trajectories, and by assessing
the curvature through data collected from the tracking detectors, their momenta are determined

using the formula:

prlGeV/c] = 0.3B[T]r[m]. (3.3)

Here, B represents the magnetic field strength, and r denotes the radius of curvature.
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3.2.8 KLM

The KLM, short form for the K Long and Muon subdetector, constitutes the outermost com-
ponent of Belle II. Its primary role is to identify and track muons and neutral long-lived kaons

(KY), particularly those that exhibit partial showering in the ECL.

The KLM is divided into two sections: barrel and end-cap, collectively covering the polar angle
range of 20° < 6 < 155°. It is composed of an alternating arrangement of 4.7 cm thick iron
plates and either glass-electrode resistive plate chambers (RPCs) in the barrel section or plastic

scintillators in the end-caps.

In the barrel section, there are a total of 15 detector layers interspersed with 14 iron plates, while
the end-caps consist of 14 detector layers combined with 14 iron plates. It is worth noting that
the choice of plastic scintillators in the end-caps, as opposed to RPCs used in KEKB, was

prompted by the higher beam background conditions expected at SuperKEKB.

The KLM employs RPCs to measure the ionization generated by charged particles, serving the
purpose of identifying muons and K) mesons. Similarly, scintillators are utilized to detect the
emitted light produced by these particles, which aids in their identification. The iron plates play
a vital role as passive absorbers, effectively diminishing the particle flux that reaches the KLM
subdetector. This passive shielding results in a more efficient and accurate muon identification

process.

3.3 Triggers
The Belle II trigger system plays a vital role by selecting the rare, high-value events worthy of
further analysis, while swiftly discarding the noise or known physics background. The trigger

system is divided in two layers:

3.3.1 Level-1or L1 trigger

The cross-section for e*e~ — BB is overshadowed by other physics processes, as listed in
Table [3.1] To efficiently select B events, a field-programmable gate array (FPGA)-based con-
figurable trigger system records events with a fixed latency of 5 us. The most critical trigger
information is derived from the CDC, which measures the number of tracks, as well as from
the ECL, which assesses clusters and energy deposition. This information enables the catego-

rization of events into high-multiplicity B/D decay, low-multiplicity, and potential dark sec-
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tor events. High-multiplicity triggers, crucial for preserving Y(4S) decay events (along with

e*e” — ¢qg) with high efficiency, typically require a minimum of three tracks or four clusters.

Even though low-multiplicity events are common in beam backgrounds, Belle II needs to retain
events that are important for 7-physics, dark sector searches, and two-photon physics studies.
We engineer L1 triggers to meet this challenge by effectively selecting such events while re-

jecting beam backgrounds.

Furthermore, approximately every 100th event of Bhabha and e*e™ — yy processes is stored
for luminosity measurements, identified by their unique characteristics of two tracks matched

with two ECL clusters or simply two ECL clusters.

3.3.2 High level trigger or HLT

It is designed to rapidly analyze and filter the immense volume of data generated by the Belle II
detector. By fully reconstructing the events, the HLT efficiently identifies events of interest that
merit further investigation. This real-time decision-making capability is essential for reducing

the data rate and allowing for selective storage of pertinent information.



Chapter 4

Event reconstruction

In this chapter, we embark on the journey of event reconstruction within the Belle II experiment,
focusing on the critical task of reconstructing B mesons from their final-state particles. Event
reconstruction is the key step that transforms raw detector-level data into a clear and meaning-
ful picture of particle interactions. As we explore the methods and techniques used to identify
and reconstruct B mesons, we also provide a succinct description of the dataset that forms the
foundation of our analysis. Understanding the dataset is paramount as we unravel the com-
plexities of lepton universality in B — K¢ decays. Throughout the thesis, charge-conjugate

processes are implicitly included.

The chapter is structured as follows: In Section 4.1] we delineate the overarching analysis
approach. Section [4.3] provides an exposition of the dataset employed in this analysis. Sec-
tions .4 and [4.3] elucidate the process of reconstructing B mesons from the selected charged

tracks.

4.1 Analysis strategy

In the context of e*e™ collisions occurring at the c.m. energy of T(4S) within a unique experi-
mental setup at SuperKEKB, pairs of By, or B mesons are produced. A schematic diagram is
shown in Fig. .1} Given the boost factor By = 0.284 at SuperKEKB, a B meson, on average,

traverses a distance of approximately 150 um before decaying into various final states.

The typical decay products from the B meson include five types of charged particles: electrons

(e*), muons (u*), pions (1), kaons (K*), and protons (p*), as well as three kinds of neutral
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Figure 4.1: Schematic representation of e*e~ collisions at T(4S ), resulting in the production of
a pair of B mesons. Subsequently, one of the B mesons undergoes a generic decay, while the

other decays into the K¢¢ final-state, forming the signal event of our interest.

particles: photons (y), long-lived neutral kaons (Kg), and neutrons (n). Importantly, these
final-state particles either are stable or exhibit sufficiently long lifetimes, ensuring that they do
not undergo decay within the detector material. Within Belle II, these particles leave distinct
signatures, enabling us to construct likelihoods for various particle hypotheses in the observed
data. On other hand, short-lived particles like Kg and 7° are reconstructed from their decay

products.

In the exclusive analyses, where the explicit reconstruction of B mesons is undertaken, potential
B meson candidates are formed by combining the four-momentum vectors of the final-state
particles. Leveraging the inherent advantage of monoenergetic fixed-energy B mesons at the
initial state, we are motivated to find out kinematic variables that exhibit high-resolution peaks,

thereby enhancing the precision of our signal detection.
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The background suppression forms a critical facet of our analysis methodology, achieved through
the application of optimized selections on various kinematic variables. These selections are ju-

diciously chosen to maximize a figure-of-merit (FOM), defined as:

S

FOM = ,
VS +B

(4.1)

where S and B represent the number of signal and background events within the signal-enriched

kinematic region.

Ultimately, the observables of interest are determined via a likelihood fit. An integral aspect of
our strategy involves maintaining the blindness of the data within the signal-enriched region, a

practice elaborated upon below.

4.1.1 Blind analysis

Blind analysis is a fundamental practice mostly implemented at B factories to safeguard the
integrity and impartiality of data analysis. In the realm of precision measurements in particle
physics, there is always a risk of unconscious bias stemming from prior expectations or hy-
potheses. To address this challenge, blind analysis entails the deliberate concealment of crucial
data details or analysis procedures from researchers until all aspects of the analysis, including
selection criteria and estimation of systematic uncertainties, are meticulously established. Only
once these components are rigorously finalized do researchers remove the blinders, granting
them access to the results without the influence of preconceived notions. This approach bol-
sters the credibility and robustness of our findings, instilling a heightened level of confidence

in the exploration of new physics phenomena.

4.2 B — J/yK control sample

A control sample is a subset of the data used for various purposes, such as validation, calibra-
tion, and systematic uncertainty estimation. In our case, we have chosen decay processes that
exhibit larger branching fractions and share similar decay kinematics with our primary signal,

B — Ktt¢.

To validate the selection criteria applied to B — K{*¢~, we employ B — J/yK events. We
use B — J/YK decays to calibrate the mean and width of M,. and AE during the signal
extraction phase of B — K¢*¢~, which will be discussed in Chapter[7.4] These charmonium B
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decays are also helpful in calibrating the MVA classifier output and correcting for any potential
data-simulation disparity. Inclusive J/y — ¢*¢~, along with a few other samples, are used to

calibrate the lepton identification selection as discussed in Section. [10.2]

4.3 Data and simulated samples

In the foundation of our analysis lie two indispensable components: the collision dataset, de-
rived from real-world observations at Belle II, and the simulated sample, a critical tool for

understanding the sources of background and validating our analysis techniques.

4.3.1 Simulated sample

To examine the properties of signal events, refine selection criteria, and calculate detection effi-
ciency, simulated events for both signal and background events are produced. These events are
often referred to as ‘Monte Carlo’ (MC) events because they utilize the Monte Carlo method, a
statistical technique that relies on random sampling to simulate complex processes or systems
in a controlled and statistically representative manner. B-meson decays are generated with the
EvrGen [49] package, where the radiation effects from final-state charged particles are incor-
porated using PHotos [S0]. Geant4 [51] simulates the interaction of generated particles with
the detector. The Belle II software package [52]] is used to process both collision data and

simulation events.

Signal MC sample

In our analysis, we draw upon an extensive dataset comprising 5 million events corresponding
to each of the signal decays and the most significant backgrounds crucial to our investiga-
tions. These events are meticulously crafted to replicate T'(4S ) events, wherein one of the two
produced B mesons decays as per the decay channel of interest, while the other B meson fol-
lows the observed branching fractions of B meson decays, as documented by the Particle Data

Group [9]. The signal decay events are listed below:
e B" - K*e*e™
e B" - K 'u*u~
e B" — K" J/Y(ete)

o B — K*J/y(ut )
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e B > atJ/Y(ete)
o B -t Jjy(ut o).

It’s important to note that the analyses were mostly conducted utilizing simulated samples
characterized by run-independent conditions. Though the precise run conditions were not
replicated, a stringent validation process was employed using run-dependent simulated sam-
ples. Nonetheless, in the absence of specific mentions, reference to the “simulated sample”

inherently alludes to the run-independent variant.

The run-dependent simulated samples, on the other hand, are carefully designed to match the
exact conditions of the detector. This includes things like masking or temporarily turning off
detector part that are malfunctioning, as well as taking into account the effect of beam-induced
backgrounds. The beam background is simulated in run-independent simulations, while the
one in run-dependent simulations consists of randomly triggered events, making the latter more

realistic.

Background MC sample

To study other background contributions, we use a simulated sample equivalent to 1ab~! of
Y(4S) — BB and e*e” — ¢g continuum events. Here, ¢ stands for a u, d, s, or ¢ quark.
Continuum events are simulated using the Kkmc [S3]] generator interfaced with PyThia [54]].
As we focus our analysis on B decays, it is important to note that low-multiplicity events
are typically excluded from consideration. The minimum requirement of three tracks from
HLT inherently vetoes these events. The production cross-sections for the ((4S) — BB and

e*e” — gg events are listed in Table

Table 4.1: Production cross-sections of various physics processes at the Y(4S ) resonance (/s =

10.58 GeV).

Process Cross-section (nb)
Y(4S) — BB 1.11
ete” > uil 1.61
ete” — dd 0.40
efe” — 5§ 0.38

ete” — cC 1.30
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4.3.2 Data sample
The data sample used in our study amounts to an integrated luminosity of 362 fb™", equivalent
to (387 + 6) x 10° BB events. The B counting technique used to calculate the number of BB

events in the data is described in Appendix

4.4 Reconstruction of final-state particle

This section focuses on the reconstruction of B decay events with the detector objects obtained
from track- and cluster-level information. The process of event reconstruction involves identi-
fying and reconstructing the primary and secondary particles in the event, as well as applying

preliminary selections to filter out unwanted background events.

4.4.1 Track selection

Using track- and cluster-level information obtained from the detector, we reconstruct the final-
state charged particles, which include K*, u*, and e¢*, as well as y as primary particles. To
ensure that the charged tracks originate from a region close to the e*e™ interaction point, we
impose requirements on their distance of closest approach in both the transverse x-y plane
(dp) and along the z axis (zp). Specifically, we require |dy| < 0.5 cm and |zy| < 2.0 cm. We then
identify tracks that meet these criteria as either u*, e*, or K* based on specific requirements. To
suppress contamination from low-multiplicity efe™ — e*e ("™, efe” — e*e "y, and eTe” —
w7y backgrounds, we require that the event contains at least five charged particles (# of clean

tracks), each with a transverse momentum greater than 100 MeV/c.

4.4.2 Particle identification

The magnetic field is responsible for curving the paths of charged tracks, a crucial element
in determining the momentum of these charged particles. To identify a specific particle, it is
imperative to ascertain its velocity, which, in conjunction with momentum, reveals its mass.

The measurement of velocity relies on the dedicated particle identification subdetectors.

Based on data recorded by the CDC, TOP, and ARICH subdetectors, likelihood calculations
serve as the main source of information for the identification of charged kaons. Furthermore,
these subdetectors play an indispensable role in distinguishing charged leptons, encompassing
electrons and muons (e, u). The ensuing sections offer a succinct overview of the methodologies

utilized to establish likelihood estimates for each of these detection systems.
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Kaon identification

The SVD and CDC measures the ionization energy loss (dE/dx) of a traversing charged parti-
cle. The dE/dx value depends universally on 3, or velocity. Hence, from dE/dx, we know By,
and using the relation 8y = p/m, we can find the mass of a particle if its momentum is known.

A likelihood function is formulated for each particle hypothesis m as follows:

) 1))

Here, i runs through all the dE/dx values associated with a given track. Below a momentum of

1 GeV/c, this helps in a very efficient manner.

The emission angle of Cherenkov light is uniquely determined by the particle velocity. The
propagation time of photons in an internal-total-reflection light guide can be calculated as a
function of the photon emission angle. This motivates us to form a likelihood function for each
of the particle hypotheses as a function of the arrival time and two-dimensional information
of a Cherenkov ring image from the TOP. The ARICH also measures the Cherenkov emission
angle of a particle traversing through the end caps. The likelihood is formed as a function of

the number of Cherenkov photons in each pixel of the ARICH subdetector.

Finally, combining all detector information by multiplying the likelihood of relevant subde-
tectors (CDC, SVD, TOP, ARICH for hadrons), we get the final likelihood for each particle

hypothesis. Using the likelihood, we form a variable, namely binary kaonID, defined by

L
P(K/ﬂ') = LK%

b

where Lg and L, represent the likelihoods for a track to be a kaon or a pion, respectively. We
select a track to be kaon satisfying P(K/m) > 0.6. We estimate a kaon identification efficiency
of 86% with a pion misidentification rate of 7%, for a momentum range of [0.5,4.5] GeV/c and
a polar-angle acceptance of [0.49,2.62] rad. The kaon candidates with a hit count in the CDC

subdetector greater than 20 are retained.

Muon identification
We identify the muons by their penetration depth and lateral scattering pattern in the KLM.
The process begins by extrapolating the track from the outermost CDC layer to the KLM sub-

detector. A search is then conducted to find a potential match in the KLM’s innermost layer.
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The degree of matching is quantified by evaluating whether a hit falls within 3.50" of the region
defined by the extrapolated track, with o representing the quadrature sum of the extrapolated

track’s uncertainty and the hit position’s uncertainty.

Two distinct likelihoods are constructed during this process. The first a likelihood is established
for the longitudinal penetration depth through the KLM. For this, we consider the hit pattern
across all KLM layers that were crossed during the extrapolation and the pattern of matched
hits in those crossed layers of the track. The second likelihood pertains to the matched track for
each particle hypothesis, which is formulated as a function of the matched y? value obtained
from the Kalman filter [S3] applied to the extrapolated track and the associated degrees of
freedom. A factor of two in the degree-of-freedom calculation accounts for the presence of two

independent coordinates (and therefore measurements) per KLM layer.

The overall likelihood for identifying muons is derived by multiplying the above two likeli-
hoods, which respectively pertain to the longitudinal penetration depth and transverse scatter-

ing. The muon identification is then normalized using the following equation:

L 4.2)

ID = P(u) = .
fmuon “ L,+L +Lg+L,+L,+Ly

In order to designate a track as a potential muon candidate, a selection criterion of muonID >
0.99 is applied. This criterion result in a muon identification efficiency of 89% with a pion
misidentification rate of 3%, calculated for a momentum range [0.4, 6.5] GeV/c and polar-angle
acceptance [0.4,2.6]rad. Furthermore, to ensure the track reaches the KLM subdetector, the

muon candidate is required to have a momentum greater than 0.7 GeV/c.

Electron identification

We employ a multivariate analysis (MVA) based identification to select electrons from the list of
charged tracks. While the ECL is the primary contributor to this identification process, the most
efficient input comes from the ratio £/p (ECL energy over momentum). In the low-momentum
regime (p < 600GeV/c), a number of other cluster shape variables provide additional infor-

mation for electron identification.

The MVA classifier utilizes likelihoods from various subdetectors and incorporates additional
ECL observables [56], such as the cluster lateral moment, the Zernike moment, and the projec-

tion of the distance between the track entry point in the ECL and the cluster centroid onto the
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extrapolated track direction. These observables are not part of the traditional likelihood-based
electron identification variable, which is defined similarly to Equation @ Instead, the addi-
tional ECL variables are combined with the likelihood-based electron identification to train a
classifier. The output of that classifier, or electronID P(e), is then utilized to select electron
candidates. To select electron candidates, a criterion of P(e) > 0.9 is applied. The resulting
electron identification efficiency is 95% and the pion misidentification rate is around 1%, esti-
mated for a momentum range [0.4,7.0] GeV/c and polar-angle acceptance [0.22,2.71]rad. In

addition, the momentum is required to be greater than 0.4 GeV/c.

The bremsstrahlung process is particularly significant in the context of electron identification.
Bremsstrahlung occurs when a charged particle undergoes radiation while being accelerated.
Synchrotron radiation, in which the magnetic field accelerates charged particles, is an example
of this process. Additionally, bremsstrahlung takes place when a charged particle traverses a
material, influenced by the electric field of the material’s nucleus. The likelihood of emitting a

photon as a result of this process is approximately proportional to
q*Z*E

P~
m2

, 4.3)

where ¢, E, and m represent the charge, energy, and mass of the particle, respectively, and Z

signifies the atomic number of the material.

Due to its 1/m? dependency, electrons, being the lightest charged particles, have a notably
higher probability of radiation compared to relatively heavier particles like muons, pions, pro-
tons, or kaons. It has been established that only electrons experience a deterioration in resolu-
tion due to bremsstrahlung. Before reaching the ECL, electrons must traverse a great deal of
materials, including the beam pipe, layers of vertex detectors, and the CDC support structure.
All of these materials are located within the first 20 cm of the detector. The radiated photons
travel tangentially to the paths of electrons, and some of them possess sufficient energy to form
clusters within the ECL. Since electrons curve due to the magnetic field, they form separate
clusters from the bremsstrahlung-radiated photons. Consequently, the correct energy estima-
tion from the ECL cluster associated with the track becomes challenging, leading to a worsened

resolution. A schematic diagram illustrating this process is presented in Fig. {.2]

The objective of bremsstrahlung recovery is to fix the energy of electron tracks by accounting
for the energy loss caused by photons that are radiated by bremsstrahlung. For a given elec-

tron depositing energy in the ECL, the four-momenta of all photons detected within a cone of
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50 mrad with respect to the initial direction of the electron and having an energy greater than
50MeV are added to that of the electron to recover the energy loss due to bremsstrahlung.

Subsequently, the momentum of the electron track becomes:

Pe = Puack + Z DPy-

Brem photon cluster

ECL inner wall lectron track cluster

Figure 4.2: Schematic diagram of an electron track emitting a photon at one of the VXD layers.

This procedure aims to enhance the accuracy of electron energy determination by considering
the influence of bremsstrahlung radiation. The selection criteria for final-state particles are

summarised in Table

Table 4.2: Summary of particle selection criteria.

Selection Cut value

Charged track o <0.5cm
|20 <2.0cm
K* P(K/m) > 0.6
# of CDC hits > 20
ur Du > 0.7GeV/c
P(u) > 0.99
er De > 0.4GeV/c
P(e) > 0.9

4.5 B candidate reconstruction
We reconstruct B mesons by combining a charged kaon with a pair of oppositely charged lepton
candidates. We then perform a vertex fit on the B candidates and retain those for which the fit

converges.
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4.5.1 AFE and M,
Two kinematic variables, the energy difference AE and the beam-energy constrained mass M,
play a key role in suppressing the combinatorial background that arises due to random combi-

nations of charged tracks. They are defined as:

AE = E; - E; (4.4)

eam?

Mbc = ’,E;;zam - p*B2 (45)

Here (E%, pp) are the energy and momentum of B the candidate, and E,  is the beam energy;
all three are calculated in the c.m. frame. For a correctly reconstructed B candidate, AE and

M, are expected to peak around zero and known B mass [9], respectively.

The resolution of AE or o ag as seen in Eq.[4.6] gets contributions from both the beam energy
and energy of final-state particles, but dictated by the latter, especially for the B candidate re-
construction involving electrons or photons where the energy measurement is solely dependent
on the ECL.

2

2 2
Opp = Op +0p: . (4.6)

beam

On the other hand, the resolution of M, can be written as

O'ﬁ,,bc = O-?fécam + (&) o “4.7)

Since the momentum of B meson in the c.m. frame is small (p,/mp ~ 0.06), the second term
can be ignored. Hence, the resolution of M, is decided by the beam energy resolution which

is around 3 MeV/c?.

Figure shows the M,. and AE distributions for correctly reconstructed B* — K u*u~
candidates in the signal MC sample. We retain the B candidates with |[AE| < 0.3 GeV and

M. € [5.20,5.29] GeV/c? for further analysis. The event selection criteria are summarised in

Table 4.3
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Figure 4.3: M. and AE distributions for correctly reconstructed B* — K*u*u~ candidates in

the signal MC sample.

Table 4.3: Summary of event selection criteria.

Variable Selection

Energy difference |AE| < 0.3 GeV
Beam-energy constrained mass 5.20 < My. < 5.29 GeV/c?
X probability of the B vertex fit P(x2.) > 0.001

# of clean tracks in the event >4

(dy<2cm,|zp|<4cm, and pr > 100 MeV/c)




Chapter 5

Backgrounds

A fundamental consideration in any experimental analysis is the meticulous examination of
background sources. In this chapter, we delve into the diverse sources of background events that
have the potential to mimic or interfere with the B — K¢¢ signal. Understanding and effectively
mitigating these backgrounds is of paramount importance in safeguarding the precision of our

lepton universality measurement.

Before delving into the main content, it is essential to establish a common nomenclature for
these backgrounds. We categorize backgrounds into two primary types: combinatorial and
peaking. Combinatorial backgrounds show up as random combinations of final-state tracks,
which makes AE and M, distributions without any clear peaks. In contrast, ‘peaking back-
grounds’ arise from decays with relatively high branching fractions (B meson decay) that bear
some resemblance to the B — K{¢ decay channel. Consequently, they can exhibit discernible

peaks in the AE and/or M, distributions.

The chapter is organized as follows: In Section we delve into the details of the back-
grounds originating from B — K decays. Section [5.2|talks about the #° Dalitz decay and the
dilepton background coming from converted photons, as well as the corresponding suppression
strategy. Sections [5.3] and [5.4] are dedicated to explaining the continuum and semileptonic B
decay backgrounds, along with their characteristics. Their suppression strategies are explored
in the subsequent chapter through multivariate analysis. Lastly, Section discusses peaking

backgrounds and outlines the strategy for their suppression.
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We find a substantial contamination arising from B* — K*y/(nS)[¢{*¢"] decays with n = 1 and
2, where the respective branching fractions are two and one order (Table of magnitude

larger than our charmless signal.

Table 5.1: Branching fractions of B — ¢(nS)K with n € 1,2 decays [9].

Main decay Sub-decay Branching fraction
BB = J/YK") = By — ete) = B(B* — J/ylete ]1K") =
(1.020 + 0.019) x 107 (5.971 £ 0.032) x 1072 (6.09 +0.12) x 107
BUNY — p'u) = BB = JYlp KT =
(5.961 +0.032) x 102 (6.08 +0.12) x 107
B(B™ = Yy(2S)K") = BW2S) - eter)=  BB" - yY2S)leTe ]KT) =
(6.24 +0.20) x 107 (793 +0.17) x 1073 (4.95+0.19) x 1076
BWQ2S) - p'u)= BB -y HIKT) =
(8.0+0.6)x 1073 (4.99 +0.41) x 1076

Since the B decay products for the above charmonium modes are exactly the same as the signal,

neither AE nor M, can help discriminate these backgrounds from the signal. As the charged

leptons are byproducts of either a J/y or a ¢/(2S) decay, the respective dilepton invariant-mass

distribution should peak around the J/i or ¥(2S) mass. The two peaks in the dilepton mass
2

squared (¢* = M3, ,.) distribution of the generic simulated sample shown in Fig. correspond

to these two charmonia. The distributions of AE and M, in the respective sample are shown in
Fig.

In order to suppress the contribution from these modes, we apply a veto on M;+,- around the

J/y and /(2S) mass region. The vetoes are
o My, (Mpp-) € [2.96(2.91),3.19] GeV/c?
o My ,-(Mp-) ¢ [3.60(3.57),3.74] GeV/c?.

For the electron mode, we apply the charmonium veto on four kinds of dilepton invariant mass

rec unrec

M grecgrec, M gunrec punree , M punrec gree, and- M prec unree, Where €™ and e are the brem-recovered and
brem-unrecovered electrons, respectively. This helps in reducing background from the events

where incorrectly brem-recovered electrons drive the invariant mass to escape the charmonium



B — y(nS)K 51
veto.
L g X100 1o X0t
— L - - T
3, 12} q 3 q
&g ] dii &g 0g | == dii
> 10l | 55_ > | 55_
8 cc 8 cc
\ny 08 mm B°B" s 061w BUB®
o mm BB~ o mm 38
= 06f Kt Z 04| mm Krete
wv wv
Q9 04r 2
I S oo02f
5o L g :
0.0 |- : 0.0 L = :
5 0 5 10 15 20 25 30 5 0 s 10 15 20 25 30
q? [GeV?/c*] q’ [GeV?/c*]
Figure 5.1: ¢* distributions for B¥ — K*e*e™ and B* — K*u*u~ in the generic simulated
sample.
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Figure 5.2: M, and AE distributions obtained from the generic MC sample of the B* —

K*u*u~ decay, with different colours representing various types of background. The signal (in

red) is hardly visible.

The impact of the veto on the distributions of AE and M, for both the electron and muon

channels can be seen in Figs. [5.3]and [5.4]

To reconstruct the control sample B — J/y¥K, we apply all selection requirements except for

the ¢* veto (and MVA classifier in Sect. @ focusing on the narrow resonance region M,, €

[2.91(2.96),3.19] GeV/c? for € = e(u).
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Figure 5.3: AE and M, distributions obtained from the generic MC sample of the B* —
K*e*e™ channel after applying the veto to remove B — ¢/(nS)K [n € 1,2], with different colours

representing various types of background.

5.2 Converted photon and n° Dalitz decay

The electron channel encounters additional sources of background from the #° Dalitz decay
n% — e*e~y and photon conversion y* — e*e” in the detector material. Although the branching
fraction of 7% — e*e~y is quite small (1.174%), since the pions are the most dominant (around
70%) particles at Belle II, the Dalitz decay can be a major background for B* — K ete™. A
kaon track may be erroneously combined with the lepton pair from either of the above two
processes, leading to a false signal. As shown in Fig. [5.5] such events exhibit a peak in the

low dielectron invariant mass, M,+.-. To mitigate this background, a criterion of M +,- >

0.15GeV/c?, just above the pion mass, is applied.

5.3 Continuum background

The cross-section for e*e™ — u*u~ can be expressed as:

4o’

3 (fic)?. (5.1

oe'e” - pu) =

Here, a is the fine-structure constant and s is the c.m. energy square. Similarly, the cross

section for hadronic events, produced in e*e™ collisions can be obtained using the relation:



CONTINUUM BACKGROUND 53

700 ‘ . ‘ . ‘ . — 200 .
i . U
= b0 Belle Il Simulation @@ < dd Belle Il Simulation (MC15_ri
% gan — % 700 —— imulation (| _ri)
500 _ -1 2o 1 _ -1
= JLdt = 362 fb — T = goot & JLdt = 362 fb
N 00} - 58 ~ 500} mmm B°B°
-~ L] E Kptus — +p—
> 300} Senn o ~ a0 =20 m‘llﬂ-.ﬁ-
g =7 n mm Kutu
. | - 2 s00f
5 200f s
T Tl et .
L w
100 100 B
] 0
~04 -03 -02 -01 00 01 02 03 04 516 518 520 522 524 526 528 530
AF [GeV] Mpe [GeV/c?]

Figure 5.4: AEFE and M, distributions obtained from the generic MC sample of the B* —
K*u*u~ channel after applying the veto to remove B — ¢(nS)K [n € 1,2], with different

colours representing various types of background.

o(e*e” — hadrons) =3 )" 2} o(e*e” = p*p). (5.2)
f

Here, z; represents the fractional charge of the quark pairs produced in e*e™ collisions, and
the summation over f encompasses the different quark flavors that can be produced given the
available +/s. Additionally, resonance states are produced depending on /s, which lead to
peaks in the cross-section. A graphical representation of the cross-section of hadronic events

in e*e” collisions as a function of the c.m. energy is shown in Fig.|5.6

The term ‘continuum’ refers to background events that exhibit a continuous distribution of
energy or momentum spectra spanning a wide range, e.g., as shown in Fig At s =
10.58 GeV, efe™ —» T(4S) — BB events are considered part of the Y’ resonance, while the rest
of the events are classified as continuum. Since Bhabha, dimuon, and other leptonic events are
filtered out by our trigger, for this analysis we consider only hadronic continuum events. This

continuity of continuum events is utilized for B-meson counting (Appendix [A]).

The dominant source of background in our analysis is hadronic continuum events, originating
from e*e™ collisions that subsequently undergo a hard scattering process, resulting in pairs of
light quarks ¢g € (u, d, s, ¢) with much lower mass compared to B mesons. The decay products
from these gg events can mimic signal, as a random combination of charged tracks from light-
quark jets may resemble the final state of our signal decay. The high rate of events originating

from this background underscores the importance of efficiently suppressing it.
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Figure 5.5: M.+~ distribution obtained from the simulated sample. The blue and red filled
histograms represent the backgrounds coming from a 7° Dalitz decay and a converted photon,
respectively. The cyan filled histogram represents the other backgrounds, primarily originating
from n, n7’, and w decays. The downward arrow shows the selection applied on the dilepton

invariant mass.

The light quarks in e*e™ — gg continuum events are produced with high momenta in the c.m.
frame, resulting in a back-to-back fragmentation of two jets of light hadrons, as shown in Fig.
[5.8] On the other hand, B mesons are produced almost at rest in the c.m. frame, resulting
in isotropically distributed decay products. Therefore, continuum events can be distinguished
from B decays by their event topology. The variables related to event topology are harnessed in
a multivariate analysis to distinguish signal from background events, as discussed in the next

chapter.

5.4 Semileptonic B decay background

The kinematic constraints of signal candidates can be satisfied by the decay products of BB
events, resulting in a generic background that mimics our signal. Semileptonic decays of both
B mesons in BB events can produce leptons that can mimic signal candidates when combined
with a kaon, making such random combinations the dominant background due to their higher
branching fraction. The branching fraction of semileptonic B decays, such as B — D™y, is

much larger (Table than that of the signal B — K{*¢~. In addition, a less significant back-
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Figure 5.6: Cross-section of e*e™ collisions resulting in hadronic events as a function of the
c.m. energy (+/s). The dashed line in the graph represents the e*e”™ — u*u~ process, while
the downward arrow points to the c.m. energy corresponding to SuperKEKB. At this energy

value, the cross-section exhibits a peak due to the presence of Y resonances. The figure is from

Ref. [6]

ground can arise from one-sided cascade semileptonic B decay, where two leptons are produced
in the decay of B and D mesons, and they can also appear as signal candidates when combined

with a kaon. A schematic diagram of the semileptonic B decay background is presented in
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Figure 5.7: Pie chart illustrating the cross-section distributions of various continuum events
and BB pairs originating from the Y'(4S) resonance(shown by bb) in e*e™ collisions at /s =

10.58 GeV. Adapted from Ref. [7].

Fig[59]

The generic B decay background mostly originates from events where both B mesons decay
semileptonically. Signal B candidate for this type of background is formed from the decay
products of both B mesons, which include at least one lepton from each decay. However, not all
charged tracks can meet the requirement that all three of them originate from a single point, in
contrast to the signal decay. This is due to the B and D mesons travelling some distance before
decaying. To leverage this observation, vertex-related variables are employed in a multivariate

classifier, aiding in the suppression of these backgrounds, as discussed in the next chapter.
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Figure 5.8: Event topology of (left) jet-like e*e™ — ¢gg and (right) spherical e*e™ — T(4S) —

BB event.
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Figure 5.9: Schematic diagram of (left) single-sided semileptonic BB decay and (right) both-

sided semileptonic BB decay events, that have potential to fake signal events.

5.5 Other peaking backgrounds

As discussed earlier, peaking backgrounds are a type of background that closely resemble the
signal, rather than being a random combination of tracks in the event. These backgrounds arise
from B-meson decays into certain final states that can be erroneously identified as the final state

of the signal. Two types of peaking backgrounds are discussed below.

5.5.1 Reducible peaking background
The types of peaking backgrounds that can be reduced by applying a veto are known as re-
ducible peaking backgrounds. Below we list the possible reducible peaking backgrounds for

different channels:



58 OTHER PEAKING BACKGROUNDS
Table 5.2: Branching fractions of some dominant B decays.
Decay Branching fraction
B* > D utv, | (5.58+022)%
B* — D u'v, (2.30 + 0.09)%
B’ —» D'y, (4.97 £0.12)%
B —» D utv, (2.24 £ 0.09)%
BY - K*utu:

e B" — 50(—> K*n™)n* with both pions being misidentified as muons. In Fig. (left)

we can see the distribution of invariant mass (Mk+,-) of the K*u~ system. We use the
pion mass hypothesis for the muon candidate while calculating Mg+,-. A peak in the
Mk-,~ distribution near the D° mass [9] can be seen, implying the contribution from
B* — 50(—> K*n~)n*. To suppress it, we apply a veto on M-, corresponding to a +30

window around the known D° mass: M k- ¢ [1.849,1.881] GeV/ 2.

B* — J/Y(— u*u )K" with the kaon being misidentified as a muon and vice versa.
This background can be removed by applying a veto on the invariant mass (M- ,-) of the
K*p~ system around the J/y mass: 3.06 < Mg+, < 3.13 GeV/c*. We change the mass
hypotheses of kaon candidate to muon mass while calculating M- ,-. Figure (right)

shows the distribution of M- ,- for such double misidentification case.

Bt —» Kfete:

e B" > l_)o(—> K*7™)n™ with both pions being misidentified as electrons. We use the pion

mass hypothesis for the electron candidate while calculating Mk+.-. A peak in the Mg+,
distribution near the D° mass can be seen, implying the contribution from B* — D (—
K*zn7)n*. To suppress it, we apply a veto on Mg+, corresponding to a +30- window

around the known D° mass: Mx+,- € [1.849, 1.881] GeV/c>.

5.5.2 Irreducible peaking backgrounds

These backgrounds arise from various sources, typically involving wide resonances (Fig[5.T1),

where implementing a veto is not practical. Instead, we count them in respective MC samples

and estimate their yields in data by applying a correction factor. The B* — K*z*n~ decays

contribute as these backgrounds due to misidentifications of 1 — e and 7 — u. To estimate
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their contributions, we generate a signal sample of 10 million events for various channels, as
listed in Table[5.3] and reconstruct them to count the number of peaking backgrounds surviving
all selection criteria. The AE and M, distributions are shown in Fig. As the mass differ-
ence between pions and muons is not significant, B* — K*n*z~ can contribute as a peaking
background. The m — u fake-rate is larger than that of 1 — e, resulting in 5.9+0.2 (0.02+0.01)
such backgrounds in the muon (electron) channel in the overall ¢g*> bin. Table summarizes
the number of B* — K*zn*z~ backgrounds in different ¢* bins for the muon channel. For the
electron channel, the number of such peaking backgrounds is consistent with zero. To estimate
the peaking background in data, we multiply the MC yield by a correction factor, which is the
square of the m — u fake-rate calculated from inclusive Kg — atn” and ete” —» (1P)T"(3P)

events in two-dimensional bins of momentum and polar angle.

40

; g_ Belle IT (Preliminary) 351 Jlp-ptu— 1
E A ™~
sF ILdt:SBZ b oI
. i % 30
iy 25|
f BB I'r‘! 20 F
°E B -» D’[K™] fr o
2 f ‘ E 15 F
- —_
1 g ) ) lJ J:_:' 10 i
» E L L L L L L L (W]
T T | i B
g es |- f + + 4 + + 0 L | L o L L I
e “I,M 1.845 1.85 1.855 1.86 1.865 1.87 1.87 1.88 1.885 é 9 285 29(} 295 3QQ 305 310 315 320 325
M-, [GeVic

My+y-[GeV/c?]

Figure 5.10: Distributions of Mk+,~ with (left) the mass hypothesis of the muon candidate
replaced by the pion mass in the data and MC sample and (right) the mass hypothesis of the

kaon candidate replaced by the muon mass in MC sample.

Table 5.3: List of various decay channels contributing to B — K*n*zx~. Their branching

fractions and uncertainties are taken from PDG [9]].

channel Branching fraction (x107°)
B* — K;(1430)°7* 39.05+8

B* - K*n*n~ 16.30 £ 8

B* — K;(1430)°x* 5.56 £ 0.1

Bt — K*(892)°n* 10.06 £ 0.8

B* — K" £,(980) 92+1.6

B — K*p(770)° 37+0.5
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Figure 5.11: Invariant-mass distributions of the K*u~ and u*u~ systems without any muonID

selection. The histograms are scaled to

arrows.

Table 5.4: Irreducible B — Knr peaking background in the B —

unit area and wide resonance peaks are shown by

K*u*u channel.

4> bin (GeV?/c*) e JUaMC (gt — ity x flaMC (= — ) nioe
€[0.1,8.12] 1.90 £ 0.09 1.09 £ 0.07
> 14.18 1.40 + 0.08 (0.77 £ 0.02) x (0.75 £ 0.02) 0.81 +£0.05
full-¢° 3.30+0.12 1.91 £0.15
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Figure 5.12: (Left) AE and (right) M, distributions for the K*n*n~ peaking background re-

constructed as B* — K*u*u~.



Chapter 6

Multivariate analysis

In this chapter, we unravel the intriguing world of multivariate analysis (MVA), a robust tool in
our toolkit at Belle II for distinguishing the signal we seek from backgrounds. Think of it as a

sophisticated filter that helps us extract meaningful information from the data.

We’ll delve into the basics of implementing MVA and its critical role in improving the precision
of our measurements. As we explore the implementation, fine-tuning, and outcomes of MVA,

we’ll gain insights into how it enhances our data analysis at Belle II.

The chapter is structured as follows: Sections and provide concise introductions to
MVA and boosted decision trees. Sections and delve into feature selection and the
training of the dataset. Moving forward, Sections [6.5 [6.6 and comprehensively explore
the concepts of bias-variance trade-oftf and tools employed to check for overtraining. Sec-
tion is dedicated to the optimization of hyperparameters, while Sections and

address the performance of MVA and the techniques applied for background suppression.

6.1 Introducing MVA

MVA is a powerful technique in the field of data analysis that involves examining the dis-
crimination power of multiple variables simultaneously. Unlike traditional univariate methods,
which consider only one variable at a time, MVA allows us to analyse complex relationships
and patterns within datasets. In the realm of particle physics, where intricate interactions occur,

MVA plays a crucial role in distinguishing signals from background events.

MVAs are particularly valuable when dealing with high-dimensional data. By exploring cor-
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relations among variables, they provide a holistic understanding of the datasets, enabling re-
searchers to make more accurate predictions and classifications. Boosted Decision Trees, an
example of MVA used in our analysis, harness the collective power of multiple variables to

enhance discrimination between the signal and background events.

6.2 Introducing Boosted Decision Tree (BDT)
For our analysis, the “Stochastic gradient-boosted decision tree” is used. The implementation
of this classifier in the Belle II software is explained in Ref. [S7]. This section will briefly

explain this multivariate classifier.

e Decision Tree: A decision tree is a fundamental machine learning algorithm used for
both classification and regression tasks. It is a graphical representation of a decision-
making process that resembles an inverted tree, where each internal node represents a
decision based on a specific feature and each leaf node represents a prediction or out-
come. Decision trees are known for their simplicity and interpretability, making them
valuable for understanding the logic behind a classification or regression model. The
tree is constructed by recursively partitioning the dataset into subsets based on the best
features, which ultimately results in a set of rules for making predictions. A schematic

diagram of the decision tree is shown in Fig.[6.1]

Layer 1 R;> 0.5

Layer 2 — - L[ ThusiB[<
PO=0% 0.95

Layer 3 - 0.4 0.3 -

Figure 6.1: Three-Layer Decision Tree: as test data points, the label of which is unknown,

move through the tree, the tree progresses from the top to the bottom. At each node within the
tree, a binary decision is made until the traversal reaches a terminal node. The probability that
the test data points belong to the signal category is determined by the signal fraction, which is
the ratio of the number of training data points (with known labels) that ultimately end up in the

same terminal node and the total number of training data points.
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e Boosted Decision Trees: Boosted decision trees are an ensemble learning method that
combines multiple decision trees to improve predictive accuracy. This technique itera-
tively builds a series of decision trees, with each subsequent tree focusing on correcting
the errors made by the previous ones. Boosted decision trees are highly effective for han-
dling complex datasets and are known for their robustness and ability to capture intricate
patterns in the data. They are widely used in various fields, including machine learning

competitions and real-world applications.

e Gradient Decision Trees: Gradient decision trees are a variant of decision trees that
leverage gradient-based optimization techniques to enhance their performance. Tradi-
tional decision tree algorithms, like CART (Classification and Regression Trees), use
a greedy approach to select the best feature to split the data at each node. Unlike tra-
ditional decision tree algorithms, gradient decision trees incorporate gradients derived
from a loss function with respect to predictions made by the current ensemble of deci-
sion trees. This allows for more informed decisions during tree construction, leading to
faster convergence and more accurate models, which is especially beneficial in handling

large datasets.

e Stochastic Gradient Decision Trees: Stochastic gradient decision trees combine the prin-
ciples of stochastic gradient descent (SGD) with decision trees. The SGD is an optimiza-
tion technique commonly used in training machine learning models. In the context of
decision trees, stochastic gradient methods introduce randomness into the tree-building
process. Instead of considering the entire dataset at each split, a random subset (mini-
batch) is used, which can lead to a faster training and improved generalization. The
SGD trees are particularly useful when dealing with massive datasets that do not fit into

memory.

6.3 Selection of features

The MVA classifier is meant to effectively reduce the large amounts of background coming
from continuum and semileptonic B decay processes. This action follows the initial selection,

which has been discussed in Chapter [5|and can be visually assessed in Figs. [5.3]and

The detailed characteristics of these backgrounds have been thoroughly explored in Chapter [5

Utilizing insights gained from the analysis of these properties, specific features have been
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meticulously chosen to train the classifier. The distributions of the three variables per channel

are shown in Figs. [6.2]and [6.3] and additional top-ranked features are detailed in Appendix

6.3.1 Features to suppress continuum background
As elaborated upon in Section distinguishing continuum events from B decays hinges on
their distinct topologies. In order to tackle the continuum background, we incorporate a set of

following 22 event-shape variables into the MVA framework as features

e KSFW moments: We use Kakuno’s Super Fox-Wolfram [58] (KSFW) moments H:7 and
H?°. All the particles in an event are divided into two categories: reconstructed signal
B decay products denoted as ‘s’ and those from the rest-of-event (ROE) denoted as ‘o’.
They are further decomposed into three categories: charged (x = 0), neutral (x = 1),
and missing (x = 2), where the missing momentum is treated as a particle. The KSFW
moments are then defined using the relation:

HY = > > |BjlPi(cos 6; ),
i jx
where i runs over the B decay products, j and x run over the ROE in the category x, j;,
is the momentum of the particle jx, and P;(cos 6; j,) is the I'™ order Legendre polynomial

of the cosine of the angle between particles i and jx. Similarly, we define

1

Z Z |Djx|Pi(cos 6; jx), [ = even
Ho={ ' "

> 0,0 IBIPcos 61,0, 1= odd
Jj k

where j and k run over the ROE, and Q; and Qy are the charges of ;™ and k™ particles,
respectively. We used 10 out of 18 KSFW moments. The remaining eight KSFW mo-
ments are not used because of their high correlation with higher ranking features. The

KSFW moments used are listed below.
- Hy;
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e CLEO cones: These variables [59], introduced by the CLEO collaboration, are based on
the sum of the magnitudes of momenta of all particles within angular regions around the
thrust axis in intervals of 10°, resulting in nine concentric cones. We skip the first two

CleoCones because of their high correlation with the kinematic variable Mj,.

e Thrust: The magnitude of thrust for the reconstructed B candidate, where the thrust is
defined as:
2 17

Here j; is the momentum of the i decay product of the B candidate and 7 is a unit vector

T = max;

along the direction that maximizes the total longitudinal projection of momenta.
® c0s0r, 1, The cosine of the angle between the thrust axis of signal B and that of ROE.

e cos 6. The cosine of the polar angle of B momentum, calculated in the c.m. frame. As the
Y(4S), a spin-1 particle, decays into BB, two spin-0 particles, cos 6% should be distributed
as sin’ 0, = 1—cos®@;. Whereas for continuum events it should be distributed flat

because of the random combination of final-state particles.

e R,: The normalized second Fox-Wolfram moment defined as:

H . I
R, = Fi’ with H) = Z \pill P jI Pr(cos 6;)),
ij
where p; (7,) is the momentum of the i (j) decay product of the reconstructed B can-

didate, 6;; is the angle between p; and p;, and P is the k"™-order Legendre polynomial.

o AZgp: The separation between the signal-side B vertex and that of the tag-side B along
the z axis. Though this is not a topological variable; rather it exploits the difference in

lifetime between prompt continuum events and BB decays containing B mesons.
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6.3.2 Features to suppress semileptonic B backgrounds
As elucidated in Section[5.4] the discrimination of semileptonic B decay events can be achieved
through the utilization of vertex-related variables. In the MVA classifier designed for this pur-

pose, we incorporate a set of following seven vertex-related features.

e p(x2..): The probability of the vertex-fit y is a good variable to discriminate fake events
from semileptonic B decays. It is also useful in separating correctly reconstructed signal

from misreconstructed background.

o AZ;: The separation between two leptons along the z axis. This is useful in suppressing
background events from semileptonic B decays, where both leptons do not necessarily

come from the reconstructed B candidate.
e dr and dz: The transverse and longitudinal distance between the B vertex and the IP.

e The following variables are used to exploit the presence of kaon candidates originating
from D° decays, specifically D° — K~n*, which predominantly arises from semileptonic
B decays. These variables also help distinguish genuine kaon candidates from other

particles that may mimic signal kaon candidates.

We define the D° candidates by combining signal kaon with pion candidates from the
remaining tracks (other than signal or ROE tracks). Subsequently, a vertex fit is exe-
cuted on the reconstructed D° candidates. These candidates are then ranked based on the
quality of their vertex fit, which provides the valuable information for identifying and

selecting the most reliable candidate. The feature list includes:
- p(x*)[D°(ROE)] : the probability of the best D° vertex-fit y? ;

— Median-p(y?)[D°(ROE)]: the median y? probability of the vertices within a specific

event,

— M[D"]: the reconstructed mass of D° — KX for the optimal D vertex, where,
the symbol X denotes the mass calculated based on the most probable particle hy-
pothesis. It is important to note that the reconstruction of the D° vertex involves
combining the signal kaon candidate with the ROE tracks assuming the most likely

particle hypothesis, rather than the default pion hypothesis.

During the feature selection process, we carefully examine the correlations among different
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variables. If this correlation exceeds 70%, we exclude the less important feature to prevent the

redundancy in our analysis.

Furthermore, we conduct a thorough comparison of the shape between the data and simulation
within the background dominated region, specifically in the ¢*> € J/y range. Any feature
that displays a poor agreement between the two is omitted from further consideration. We
correct the signal efficiency of nonresonant B¥ — K*{*{~ events for potential mismodeling of
the feature variables, using B* — K*J/y(£*¢") events. This process is discussed in detail in

Section

Additionally, we pay close attention to the correlation of each feature with M,. and AE. Fea-
tures exhibiting a correlation exceeding 10% with these two kinematic variables are not in-

cluded in the analysis, as it can potentially introduce unwanted bias.

6.4 Training dataset

For the purpose of suppressing continuum and BB backgrounds, we employ a single MVA
for each channel. The training and testing samples consist of 600 and 400 fb™' generic run-
independent MC events, respectively. We utilize MC truth information to eliminate the con-
tribution from possible peaking background while training the MVA. The primary modes that
are removed are residual charmonium events (B — J/¢X), B* — 50[K+7r‘]7r+ events, and
B* — K*n*n~ events as listed in Table The motivation for removing these peaking back-
grounds, which have similar characteristics to signal, is to reduce the probability of the MVA

erroneously classifying signal as background events.
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Figure 6.2: MC distributions of some feature variables for B* — K*e*e™. Red, green, and
blue histograms correspond to signal, continuum, and generic B background, respectively. The

histogram area are normalized to unity.
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Figure 6.3: MC distributions of some feature variables for B* — K*u*u~. Red, green, and
blue histograms correspond to signal, continuum, and generic B background, respectively. The

histogram area are normalized to unity.

6.5 Bias variance trade off

This is a fundamental phenomenon in machine learning. For a given dataset, a specific model
complexity will yield optimal performance and robust predictions for the unseen data. Let’s
illustrate this concept with a schematic diagram as shown in Fig.[6.4] In this plot, the blue and

red dots represent true signal and background points in the two-dimensional x-y feature space.

In the top plot, the decision boundary is suboptimal, leading to a significant number of mis-
classified points due to a high bias. Even increasing the training sample size won’t improve
performance because of this bias. This situation is known as undertraining, and it can be ad-

dressed by introducing more model parameters to better capture the underlying data patterns.

In the bottom-left plot of the same Fig. the black decision boundary does a reasonable
job of separating signal and background data points. It slightly increases the number of model
parameters to create a smoother boundary, though some misclassifications can be attributed to

dataset fluctuations. With more training data, the performance may further improve.

Finally, in the bottom-right plot, the decision boundary is overly complex, accurately classify-
ing each data point but with many parameters. However, this complexity makes the model less
robust when making predictions on the unseen data. It tends to overfit by overly considering

statistical fluctuations, resulting in high variance. This condition is referred to as overtraining.

The relationship between the model complexity and the bias-variance trade-off is illustrated
in Fig. A simpler model, characterized by fewer parameters, tends to exhibit a higher

bias but a lower variance. In this scenario, both the training error (the disparity between the
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model’s predictions and the actual training dataset values) and the testing error (evaluating
the model’s ability to generalize to unseen data) are relatively large. As we incrementally
increase the model complexity, the training error diminishes, potentially reaching zero with
an appropriate decision boundary that correctly classifies all training data points. Conversely,
increasing complexity reduces bias, making underfitting optimal. However, there comes a point
where testing error reaches a minimum and then begins to rise due to overfitting, even though
bias decreases. This phenomenon highlights the intricate interplay between model complexity,

training and testing errors.

6.6 ROC-AUC and optimized classifier

The Receiver Operating Characteristic Area Under the Curve (ROC AUC) is a performance
metric used to evaluate the quality of a binary classification model. It quantifies the model’s

ability to distinguish between the positive and negative classes.

The ROC curve is a graphical representation of the true positive rate (sensitivity) against the
false positive rate (1—specificity) at various threshold settings for the model’s predictions. The
ROC AUC score is a single numerical value that captures the overall performance of the model.
A perfect model would have an ROC AUC score of 1, indicating that it can perfectly distinguish
between the two classes, while an ineffective model would have an ROC AUC score of 0.5,
equivalent to random guessing. Generally, higher ROC AUC scores signify better classification

performances.

The ROC-AUC score is inversely related to the classification error. A higher ROC-AUC score
signifies a better discrimination between classes, leading to a lower classification error rate.
Conversely, a lower ROC-AUC score suggests a weaker class separation and, consequently,
a higher classification error rate. The ROC-AUC measures a model’s ability to distinguish
between positive and negative instances, with higher scores indicating reduced classification

CITOorS.

As discussed in Section [6.5] when the test error is minimized, it is equivalent to maximizing
the test ROC-AUC score, indicating the optimal point for the classifier. Beyond this optimal
point, the training ROC-AUC score begins to increase while the test ROC-AUC score decreases,
causing a gap to form between the scores of the two datasets. This understanding serves as

the basis for optimizing the classifier by tuning hyperparameters, which control the model’s
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complexity.

6.7 KS test

The Kolmogorov-Smirnov (KS) test is a commonly used statistical method to identify overfit-
ting. It is a hypothesis test that quantifies the maximum vertical distance between the empirical
cumulative distribution function (ECDF) of two distributions. If the calculated test statistic,
known as the KS statistic, exceeds a threshold value based on the chosen significance level,
it suggests that the dataset significantly deviates from the expected distribution, leading to the
rejection of the null hypothesis. Conversely, if the statistic falls below the threshold value, it
implies a good fit between the dataset and the expected distribution, resulting in the acceptance
of the null hypothesis. To see how well an MVA classifier can predict unknown datasets, we
check to see if the KS p-values for the training and testing classifier output distributions exceed

10%. This helps detect potential overtraining.

6.8 Optimization

To improve the performance of the classifier, we optimize its hyperparameters. The hyperpa-
rameters are parameters of a machine learning model that are not learned from the training data
but are set prior to the training process. They govern various aspects of the model’s behaviour
and influence how the latter learns from the data. The hyperparameters are distinct from model
parameters, which are the internal variables learned during training to make predictions. In our

study, the following hyperparameters are optimized:

e nTree (Number of Trees): This hyperparameter defines the number of decision trees that
are sequentially trained and added to the ensemble during the boosting process. A larger
value of ‘nTree’ can improve the model’s ability to fit the training data but may increase

the risk of overfitting.

e nlLevel (Maximum Depth of Trees): ‘nLevel’ represents the maximum depth or levels al-
lowed for each individual decision tree in the ensemble. Limiting the depth helps prevent
overfitting and can lead to a more robust model. However, setting it too low may result

in underfitting.

e Learning Rate (or Shrinkage Rate): The learning rate is a crucial hyperparameter that

controls the contribution of each individual tree to the final prediction. A smaller learning
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rate means that each tree’s contribution is diminished, and the training process is slower
but more stable. A larger learning rate leads to faster convergence but can make the

model overly sensitive to noise and overfitting.

We conduct a grid search to optimize the model’s hyperparameters, as depicted graphically in
Figure for the B¥ — K*u*u~ channel classifier. The grid search showcases ROC-AUC
scores and KS p-values, offering insights into the classifier’s performance on training (in red)
and testing (in blue) data, as well as signal (in green) and background (in yellow) samples

across various hyperparameter combinations.

When determining the final hyperparameters, we consider three key factors. First, the goal
is to maximize the test ROC-AUC score to minimize bias or underfitting. Second we aim at
minimizing the disparity between ROC-AUC scores for training and testing datasets to prevent
overfitting. Finally, we strive for a classifier that maintains similarity between the B — K*e"e™
and B* — K*u*u~ channels. The optimized hyperparameters employed during training are

listed in Table

Table 6.1: The hyperparameters used for the two classifiers.

Hyperparameter B* — K*e*e™ classifier B* — K*u*u~ classifier

nTree 40 50
nlLevel 3 3
Learning rate 0.08 0.10

The relationship between sample size, model flexibility, and the transition from high variance
to high bias regions influences the selection of different hyperparameters for the electron and
muon channels. With a fixed model flexibility, increasing sample size shifts scores from high
variance to high bias. Within the high variance region, the ROC-AUC score for the training
sample becomes notably higher compared to the test sample, indicating a risk of overtraining.
In this high-bias region, the train and test scores agree, but the ROC-AUC score can be further
enhanced by introducing more model complexity or increasing flexibility. Conversely, with
a constant sample size, increasing model flexibility leads to high variance. For the K*u*u~
channel, the higher muon fake rate results in nearly triple the available background events for
training compared to the electron channel. Consequently, to leverage the larger training dataset,
we optimize hyperparameters for increased complexity or flexibility, using higher nTree and

learning rate values.
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6.9 Performance of MVA

Figure shows the distribution of the MVA classifier output for the test dataset. To avoid
overtraining of classifiers, necessary checks are carried out. We ensure that the respective
ROC AUC (Figure [6.8) for the training and testing samples are the same by adjusting the
hyperparameters of the classifier. Furthermore, we perform the KS test, as shown in Figure
for the signal and background distributions between the training and testing samples to verify

consistency.

6.10 Background suppression

Figure [6.10] shows the signal retention and background rejection achieved for different selec-
tions on the classifier output. To maintain a good balance between preserving signal efficiency
and attaining substantial background rejection, we apply a selection on the classifier output to
be greater than 0.5. The corresponding distributions of My and AE can be seen in Figs. [6.11]
and This particular selection on the classifier output is chosen judiciously, as it offers
an approximately 90% background rejection while retaining around 90% of signal efficiency.
We do not optimize on the MVA output, rather apply a loose criterion and use the residual dis-
tribution to extract signal that increases the sensitivity on Rg. Loosening the criterion further,
for instance, to 0.4, leads to a smaller background rejection without significantly impacting the
expected precision on Rg. Conversely, tightening the cut, e.g., to 0.6, marginally reduces the

precision on Rg.

A significant amount of background is observed in the region AE < —0.1 GeV, primarily
originating from residual B* — J/yK* and semileptonic B decays, as elaborated in Chap-
ter[5] Figure[6.13]illustrates the contribution of residual backgrounds arising from the semilep-
tonic B — D“/{y decay process and the charmonium veto evading B* — J/yK* back-
ground in the AE distribution. To mitigate this background contribution, a selection criterion

of AE > —0.1 GeV has been imposed.

6.11 Best Candidate Selection
After applying all the selections reported till now, the average candidate multiplicity per event

is found to be 1.01. Only 1.3% of events have a candidate multiplicity greater than one. Figure

[6.14] shows the candidate multiplicity distribution on signal MC events before BCS for the

2
vitx

B* — K*u*u~ channel. We use the probability of the B-vertex fit y? or p(y2,) to suppress the
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self-crossfeed (SCF) background. In the case of multiple B candidates, we retain the one with

the highest value of p(y2, ) . The best candidate selection (BCS) efficiency is defined as,

vtx

BCS efficiency = No. of correctly reconstructed candidates selected by BCS

]

No. of events with multiple B candidates

and the SCF fraction is defined as,

No. of misreconstructed candidates selected by BCS

SCF fraction =
raction No. of total events after BCS

The BCS efficiencies and SCF fractions, as calculated in signal MC events, are given in Table

6.2]

Table 6.2: Results for best candidate selection.
Channel BCS efficiency (%) | SCF fraction (%)

B* — K*e'e™ 67.0+1.7 1.36 £ 0.02

B — Kty 68.1+ 1.7 1.40 + 0.02

After applying all the aforemention selections, the distributions of M,. and AE are shown in

Figs. and



74

Best CANDIDATE SELECTION

) . i
) . \‘ signal
n:. o @ . °
l\ *
4§ e v
[ ] L] *
! .
o1 ® * 4 %e "
L L
. 4 . e hd
. Ve o o *® .
. L] . . [
¢ e
i o °® ®
® L] l\‘ ° ° °
| .
oy .
. | background
'
TX
o ': . o | :
) ® H . i
) .. ' signal ) .. P signal
L] i [ ] ]
.‘...Jl . * . 0... l:" o [ ] *
¢ :o ° . * FJ. ° hd
L ] L] . \‘ ° L] L] . 1’ P
‘e ® . ) ® el ‘e ® . . ® e
¢ . ' c‘\ .' . . ’ * ° ‘ olly ,—\\‘ ,‘-_._\ . ,”
o P St o ° ‘% se 1e e
. L] T . . ST
e ® ° o ® []
. - . . . . * . . L ° °
. ° L] ¢
. . ¢ background . . ¢ background
X X

Figure 6.4: (top) A schematic diagram of the bias-variance trade-off. Blue dots represent true
signal points, while red dots denote background points in a two-dimensional feature space.
dashed line exhibits a suboptimal decision boundary with high bias, exemplifying undertrain-
ing. In the bottom-left, a decision boundary (black dashed curve) slightly increases model
complexity, improving the signal-background separation. The bottom-right plot, however, dis-
plays an overly complex decision boundary, achieving high accuracy but suffering from the
overfitting and excessive variance. These plots underscore that a delicate balance between the

bias and variance is a must, emphasizing the need for the right level of complexity to achieve

optimal performance and robust predictions. The figure is from Ref. [§]
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Figure 6.7: Distributions of the MVA classifier output for (left) B* — K*e*e™ and (right)
B* — K*u*u~ channels. The background samples correspond to an integrated luminosity of
362 fb~!, and an equal number of signal events are taken from the signal MC sample. For B —
K*e*e™ channel, both the training and testing ROC-AUC score is 0.94 and for B* — K u* 'y~
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Figure 6.8: Comparison of the ROC-AUC between the training and testing samples for two
channels: (top) B¥ — K'e*e™ and (bottom) B* — K u*u~. The KS test p-Values for the
B* — K*e*e™ channel are 0.14 (signal) and 0.46 (background), and for the B* — K*u*u~
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Figure 6.9: KS test results for the (left) B* — K*e*e™ and (right) B* — K*u*u~ channels. The
‘pValue’ is greater than 5%, indicating a good agreement of the shapes between the training

and testing samples.
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Figure 6.11: My, and AE distributions for the B — K*e*e™ channel after applying selection

on the MVA classifier output.
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on the MVA classifier output.
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Figure 6.13: AFE distributions of various backgrounds for the (left) B* — K*e*e™ and (right)
B* — K*u*u~ channel. The red filled histograms correspond to the residual backgrounds com-
ing from the semileptonic B — D¢y decay process and the blue filled histograms correspond

to the B* — J/yK* background that evade the charmonium veto.
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Chapter 7

Signal extraction and measurement of

observables

After putting significant effort into background suppression, the next step in our analysis is to
extract essential observables from the collected data. This chapter serves as a comprehensive
guide through the intricate process of signal extraction, where precision and accuracy hold
paramount importance. At its core lies the powerful maximum-likelihood fit method, a tool
that enables us to distil valuable insights from the intricate data landscape. Throughout this
chapter, we navigate with meticulous organization, paving the way for a refined and precise

measurement of observables that are central to our analysis.

The sections are organized as follows: Section provides an introduction to the maximum-
likelihood fit, while Section discusses the transformation of the MVA classifier output to a
new fit variable. Sections[7.3|and[7.4]elaborate on the fit methodology, and Section [7.5]focuses
on the toy study. Lastly, Section [/.6/addresses the measurement of observables in the simulated

sample.

7.1 Maximum likelihood, a brief introduction

The likelihood function is a combined probability distribution function (PDF) of all measure-
ments in the data sample. Observables are treated as parameters of the likelihood function,

which is obtained by maximizing the latter.

To delve deeper into the concept, let’s consider a dataset comprising N similar measurements,
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denoted as x = {xy, x2,..., Xy}, where each x; represents a statistically independent measure-
ment and follows the PDF f(x;; 8). Here, @ = {6,,6,,...,6,} is a set of m unknown parameters

to be estimated. The joint PDF for each of the observed values of x is the likelihood function:

N
£x,0) = [ | £0x:.0). (7.1)
i=1

The maximum-likelihood estimate of the set of parameters 6 are the values § for which the

likelihood function .£(x, #) is maximized.

7.2 Translation of MVA output

The analytical modeling of the shape of BDT output (C) shown in Fig. is challenging, thus
we use a transformation to simplify the modeling process. This transformation is known as the
probability integral or u transformation [60], where the cumulative distribution of C is denoted
as F¢. The transformed BDT output, denoted as C' = F¢(C), can be more easily modeled.
The signal shape of C’, shown in Fig. is uniform, which is guaranteed by the ‘Probability

Integral Transform’.
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Figure 7.1: Normalized distribution of transformed BDT output for the B* — K*e*e™ channel.

The u transformation is performed with correctly reconstructed signal MC events, and a sep-
arate transformation is done for each ¢ bin. The resulting signal C’ distributions for both

channels are presented in Fig.
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Figure 7.2: Distributions of C’ for signal (top) and background (bottom) in case of the electron

(left) and muon (right) channels.

7.3 Fit methodology

To determine the signal yield, we utilize a three-dimensional unbinned extended maximum-
likelihood fit. The variables used in the fit are M,., AE, and C’. The linear correlation coefli-

cients among these variables are less than 10% for both signal and background.

For a dataset of N candidates, the likelihood function can be written as:

e i

nZn]xP(AE"a/)xQ(M{,C B xR{(C" : 7)

where P}, Q; and R;, and n; are the PDF of AE, M,. and C’ distribution, and the number of
events corresponding to the j component, respectively. The argument AE', M; . and C" denote
the value of AE, M. and C’ for the i"* candidate; @, B’ and ¥ are the set of shape parameters for

P’s, Q’s and R’s. The likelihood function is maximized with respect to @, ﬁ, ¥,7 to calculate
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the shape parameters and number of events corresponding to different components.

The fitting procedure for B — K*e*e™ involves two components, denoted by j = 1,2: signal
and combinatorial background. In the case of B — K*u*u~, an additional component (j = 3)

is included to account for the B* — K*n*n~ background.

7.4 PDF Modeling

7.4.1 Signal modeling

The distributions of fit variables are shown in Figs. [7.3] and The signal AE PDF is a sum
of a Gaussian and a Cruijff function [61]. The Cruijff function is a function having a Gaussian

core with radiative tails on both sides, given by

_ ey
exp| aL(AE-p)2+202 l

(AE—p)* :
exp[ - m], if AE > M.

" if AE < pu
PEIYAE « y, ap, ag, 0, 0)) =

The signal My, is parametrized by an empirical function introduced by the Crystal Ball Col-
laboration. The so-called Crystal Ball function accounts for tails in the distribution, defined

as

 (Mpg—mg)? .
B e w2 if My. > myg — ao
P (Mbc . mOa 0-’ a, n) =

2
n — & rmo—My n —n .
(E)”e 2 TL + ol a) , if M. < my— ao

where m, and o are the mean and width of the distribution. The Crystal Ball function can
be interpreted as a Gaussian shape that transits to a power-law tail, below a certain threshold,

which is defined by the parameters « and n.

The signal C’ is parametrized by a first-order Chebychev polynomial. Since we have used the
signal BDT cumulative distribution for the u transformation, we expect the signal C’ to be
uniformly distributed. Other than the mean and width, we use MC shape parameters to fit in
data. The mean and width are calculated from a fit to the data in the B — J/yK dominated ¢>

region.
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Figure 7.3: (top left) M., (top right) AE, and (bottom) C” distributions of B* — K*e*e™ signal
after applying all the selection.

7.4.2 Combinatorial background modeling

The AE and C’ distributions of combinatorial background are modeled by an exponential func-
tion. The My, distributions is parametrized by an empirical function introduced by the ARGUS
Collaboration[62]]. This so-called ARGUS function is defined as

PARGUS(Mbc : mo,){) = Mbc 1- (Mbc )ze_X(l_(ﬂ’/:’l(’)c)z)
my

2

where y describes the slope and my is the cut-off value of the distribution. Due to kinematic
constraints, m, corresponds to half the c.m. energy (my = E_, /2) in the reconstruction of B

mesons from Y'(4S) decays at Belle II. Hence, we have fixed it to 5.29 GeV/c?.

7.4.3 Knr background
The B* — K*n*n~ yield is determined by multiplying the known branching fraction [9] with
the misidentification rate of & as u, obtained from auxiliary data. The resulting estimated yields

for the low-, high-, and full-¢? bins are 1.09, 0.81, and 1.91, respectively.
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Figure 7.4: (top left) My, (top right) AE, and (bottom) C’ distributions of B* — K*u*u~
signal after applying all the selection.

The overall fit strategy is summarised in Table The distributions of My, AE, and C’ in

the data-equivalent simulated sample for low-g? bin are shown for B¥ — K*{*{~ events in

Figs. and respectively; the fit results are superimposed.

7.5 Fit validation

We prepare one thousand samples, each of which corresponds to an integrated luminosity of
362 fb~!, using simulated events by employing the bootstrap method. This involves repeatedly
resampling smaller samples with replacement from a larger sample [63]]. The number of signal
and background events in each sample are determined by a Poisson random number generator,
with the means taken from MC simulation (S ¢ and B, denote the mean signal and background
yields, respectively). Subsequently, each distribution is fitted, and the pull is calculated for
each fit. If the signal yield obtained from the fit is Ny + ON;, the pull is given by %SO The
distribution of pull is then fitted with a Gaussian function. The obtained mean and width of the

Gaussian function are consistent with zero and one, respectively, as expected for an unbiased
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Table 7.1: Summary of overall fit strategy. The parameters written in red are floated in the fit

to data, those written in blue are fixed from MC events and those written in are fixed
from the control sample B* — J/y({*¢7)K™.
Components/ | Signal Combinatorial | B —» Knr
Yield background background
(for B¥ — K*u*u™)
Yield Nsig kag NK,m
AE FXPOIN ap, ap, fr X Tar, fr X 0ap) | PEP(TaR) POV (Lp g, AE)
+ (1_ f)XPGaUSS ( , )
Mbc PCB ( , , oz,n) pARGUS (mo,)() pGauss ( , )
C’ PCheby ( a ) PEXP(TC/) pCheby ( a )
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Figure 7.5: M, distributions for both B* — K*¢*¢~ channels in ¢> € [0.10,8.12] GeV?/c*

bin with the fit result superimposed (top) and pull distribution with respect to the fit result

(bottom). The projection is obtained in a window —0.05 < AE < 0.05 GeV. Black dots with

error bars denote the data, blue solid curves denote the total fit, dashed red curves are the signal

component, dotted green curves are the background component, and the filled cyan region in

the muon channel represents the B —

K*n*n~ component.

estimator. This check is performed for all the fitters: low-, high-, and full-¢> region as well as

two control samples. Figure [7.8shows the pull distribution for the B — K*e"e™ channel. The

mean and width extracted from the Gaussian fit are consistent with zero and one.
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error bars denote the data, blue solid curves denote the total fit, dashed red curves are the signal
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the muon channel represents the B* — K*n*z2~ component.
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Figure 7.7: C’ distributions for both B* — K*{*¢~ channels in ¢*> € [0.10,8.12] GeV?/c*

bin with the fit result superimposed (top) and pull distribution with respect to the fit result

(bottom). The projection is obtained in a window 5.27 < My, < 5.29 GeV/c?. Black dots with

error bars denote the data, blue solid curves denote the total fit, dashed red curves are the signal

component, dotted green curves are the background component, and the filled cyan region in

the muon channel represents the B* — K*7"n~ component.
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Figure 7.8: Fit to pull distribution for the bootstrapped MC sample of (a) B — K*e*e™ (low-
g%, (b) Bt — K*e*e™ (high-¢%), and (c) B* — K*e*e™ (full-¢%)

7.6 Measurement of observables

The branching fractions are determined with the relation

Nsig

B=rr——0r,
ZAI\IBEE]Ci

(7.2)

where ny, is the signal yield determined by the fit, Nz is the number of BB events, € is the
signal detection efficiency, and f* is the branching fraction of the T(4S) decay to B* B~ pairs
assuming B [’I’(4S) — BE] = 1. We use the value f* = 0.519 + 0.029 obtained from two

independent measurements [4 1} 64]].

According to Ref. [44]], the world average of f* is mostly based on measurements that assume
isospin symmetry in B — J/¢¥K decays. However, this assumption fails to account for potential
theoretical uncertainties. To address this limitation, we employ a recent measurement of f*/ %
[64] that explicitly considers theoretical uncertainties associated with the isospin assumption.

Multiplying this f*/f% measurement with that of f* [41], we obtain the value f* = 0.519 +



MEASUREMENT OF OBSERVABLES 91

0.029.

We calculate Rk using the relation

B B(K+u+y‘) ~ nsigll H €K+€+67

T B(K*eter) n§;e+3_ ek’

Rk

(7.3)

The MC results are listed in Table

Table 7.2: Reconstruction efficiency, signal yield and branching fraction for both channels and
Ry for different ¢? bins. Where two uncertainties are given, the first is statistical and the second
is systematic, and the singly quoted uncertainty corresponds to the statistical component. The

generated values for branching fractions are indicated in parentheses.

4 bin Channel € (%)  ng, B(107) Rx
|Gev?/ct|
(0.10,8.12) K*u*u~ 2927 342+64 3.0+06+02 1.25+0.35+0.02
(2.72)
K*ete~ 3079 288+55 24+05+02
(2.78)
> 14.18 Kyt~ 3970 258+5.6  1.7+04+0.1 1.41+0.50+0.02
(1.37)
K*etem 3525 162+43  12+03+0.1
(1.31)
full-¢*bin  K*u*u~ 2234 598+86  52+08+04 1.31+0.29+0.02
(6.00)

K*etem 2195 447+7.0 6.8+1.0+04
(6.00)




Chapter 8

Measurements of branching fraction,
isospin asymmetry, and LFU ratio in

B — J/Y K decays

In Chapter [5.1} we delved into the B — J/y/(£€)K backgrounds, which exhibit similar charac-
teristics to the signal events of B — K¢¢ due to their identical decay final states. However,
these background events originate from a narrow dilepton invariant-mass window, rendering
them easily distinguishable and eliminable. In this chapter, we will leverage the resemblance
between these background and our signal events to measure observables from the data. Before
delving into the intriguing data region, this exercise serves as a validation of our methodology.
By applying the same selection criteria to this SM candle, we establish the robustness of our

analysis approach.

The sections are organized as follows: Sections and delve into the details of
event reconstruction, background suppression, and signal extraction procedures, respectively.
Section [8.4] discusses the measurement of observables in a relatively smaller dataset with an
integrated luminosity of 189 fb™'. Section focuses on the measurement of observables in
a simulated sample equivalent to 362 fb™" and includes a comparison of the MVA classifier

output distribution between data and simulated samples.
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8.1 Reconstruction of B — J/yK

We reconstruct J/y candidates by combining two oppositely charged leptons of the same fla-
vor. The invariant mass of the J/¢ candidate must lie in the range (2.91,3.19) GeV/c? and
(2.96, 3.19) GeV/c? for the electron and muon channels, respectively. Imperfect recovery of the
energy lost due to bremsstrahlung calls for a wider asymmetric interval around the known J/y

mass in the former case.

The K candidates are reconstructed from two oppositely charged particles, assumed to be pi-
ons. A kinematic fit is performed on the K vertex to ensure that the pion tracks originate from a
common vertex. We retain candidates with an invariant mass in the range [0.487, 0.508] GeV/ 2,
which is 30 Gaussian resolution around the known K(S) mass [9)]. In addition, momentum-
dependent selections are applied on the K| flight length in the transverse plane, the azimuthal
angle between the Kg momentum vector and the vector connecting the IP with the decay vertex
of the Kg candidate, and the difference between the distances of closest approach of the two
pion tracks along the z axis. Figure @ shows the M K0 distribution of simulated sample of the
B° — KU J/y(u* ) channel. Finally, we combine J/y candidates with kaons, which are either

K* or Kg candidates, to reconstruct B mesons.
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Figure 8.1: Mo distribution for the B® — KQJ/y(u*p”) channel in the simulated sample.

8.2 Backgrounds of B — J/Y K events

Because the resonance region is so narrow, backgrounds from both continuum and B decay
events are very small compared to charmonium signal events. The dominant background con-

tribution arises from the B — K*(Kn)J/y process, where the B candidate is reconstructed
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without the inclusion of the pion from the K*. Consequently, the AE values are shifted towards
the lower side. Figure illustrates the presence of BB background events, which populate
the region of AE < —0.1 GeV. To mitigate this background contamination, we require AE to be

greater than —0.1 GeV.

After implementing these selection criteria, the resulting sample demonstrates a purity of ap-
proximately 94% (96%) for the muon (electron) mode, as shown in Fig. @ A minor back-
ground is observed beneath the J/y invariant mass peak, originating from decays of B mesons

to an inclusive J/¢ final state.
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Figure 8.2: AE (top left), M,+.- (top-right) and M,. (bottom) distributions for B* —

K*J/y(e*e™). The arrows in the top-left plot indicate the cut position.

Figures [8.4] and [8.5] show the distribution of AE and M, for two channels. The backgrounds,
shown in Fig. [8.6] arise from random combinations of B decay and continuum events, as well
as from nonresonant B* — K*¢*(~, B* — n*J/y with a misidentified pion as a kaon, and
B’ — K*(— Kmn)J/y where the pion from the K*° decay is not reconstructed in the B candidate.
The backgrounds from random combinations exhibit an almost flat distribution in AE and M.

The AE distribution of 7*J/y events is slightly shifted to the positive side due to an incorrect
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Figure 8.3: M/, distributions for the B* — K*J/y/(¢{*¢") channel (with £ = e in the left and
¢ = p in the right) after applying AE > —0.1 GeV.
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Figure 8.4: (left) AE, and (right) My, distributions of B* — J/y(ee)K™ after applying all the

selection.

(mg > m,) mass hypothesis. Similarly, the AE distribution for K*(Km)J/y is shifted to the

negative side because the charged pion is not accounted for when calculating AE.

The goal of estimating the number of backgrounds from B* — J/yn* in data is to facilitate
the signal extraction. The number of backgrounds in the MC sample is determined by count-
ing the events from 10 million B* — J/y(£6)n* signal MC events and multiplying it by the
corresponding branching fraction. To translate this number to the background yield in data, the
effective fake-rate of pion to kaon, denoted as f(mr — K) at Lg,, > 0.6, is multiplied by the MC
background yield. The fake-rate is obtained from the performance group, and is calculated by
weighting the normalized bin entries of pions in BY — J/y(£€)n* MC events in the p — 6 bins.

The effective fake-rate and background yields in data and simulation can be found in Table[8.1]
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Figure 8.5: (left) AE, and (right) M, distributions of B* — J/y(uu)K* after applying all the

selection.
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Figure 8.6: (left) AE, and (right) My, distributions for remaining backgrounds of B* — J/yK™*

after applying all the selection.

8.3 Signal extraction

The signal yield is obtained through an extended maximum-likelihood fit to the unbinned dis-
tributions of My, and AE. For the neutral B channels, the fit consists of two components: one
for the correctly reconstructed signal and another for misreconstructed background events. In
case of the charged channels, there is an additional component in the fit to model B* — J/yn™*

background events.

Details regarding the signal and background PDFs can be found in Section [7.4] During the
fit to the data, all parameters of the signal PDF, except for the mean and width, are floated.
Additionally, the shapes of all background PDFs are floated in the fit. The distributions of M,
and AE for each B channel are shown in Figs. 8.7 and [8.8] respectively, with the fit results
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Table 8.1: Estimation of the B* — J/yn* background in data.

Channel fdata/MC NMC (362 fb_l) Ndata(362 fb_l)
B* - ntJ/y(ete”) | 1.109 = 0.008 22.1+0.1 245+0.2
B* - a*J/y(utu) | 1.109 = 0.008 23.0+£0.1 25.6+0.2

superimposed.
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8.4 Observable measurements and results in 189 fb~!

We perform a standalone analysis in a smaller dataset and measure the branching fraction,
lepton universality, and isospin asymmetry from the B — J/Y/K sample. In this analysis, we

have not applied any MVA selection. The branching fractions are determined using the relation

Nsig

B=—7-—,
2Ngg f'e

8.1

where ny, is the signal yield determined by the fit, N,z is the number of BB events, € is the
signal selection efficiency, f' is f* for the charged channels and f® for the neutral channels;
F£(f*) is the branching fraction of 1'(4S ) to charged (neutral) BB assuming 8 (T(4S ) — BE) =
1. We use the values f® = 0.487 £ 0.013 and f* = 1 — f% = 0.513 + 0.013 reported in
Ref. [41] instead of the world average [44], as the latter is dominated by measurements that
assume isospin symmetry in B — J/¢/K decays. The measurement f*/f% [64] was not pub-
lished by the time this dataset was analyzed, hence we used a different strategy as compared to

Section[7.6]to calculate f=.

We calculate Rg(J/) using the relation
J TuHK .
B(J/l//(].l+/,l_)K) _ nsi/gl//(ﬂ o) e/vet ek

BUNe)K) IR " o
1

Rx(J/y) = (8.2)

The branching fraction predictions suffer from uncertainties related to form factors. In contrast,
observables like R or A; are theoretically clean due to cancellation of these factors in the ratio.
The isospin asymmetry can be defined as,

[[B° — KJ/y ()] = T[B* — KT J/y (£ )]
[[B° — KOJ/y(t+€)] + T[BY — K+*J/y(t+)]

A[ = (83)

where I is the rate of the particular decay. From the above expression, we can easily show,

B 2 (1 /Tpo)(f* /foo)(ﬂsig/€)|J/¢,(g+g—)1<g = (sig/ e e-Hk+
2@t [TE0)(FE L ) sig ) )] gy e-rk0 + (sig) lajeer e+

, (8.4)

A

where (75+/7p) = 1.076 + 0.004 [9] is the ratio of the lifetimes of the charged and neutral B
meson, and (f*/f%) = 1.053 £ 0.052 [41]]. The factor of 2 arises because a K° forms a K

meson half the time.
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The signal efficiencies are initially measured with simulated samples and are subsequently cor-
rected for potential data-simulation differences. In the simulated sample, the signal efficiency is
determined as the number of correctly reconstructed signal events divided by total the number
of generated events. To account for discrepancies between data and simulation arising from
hadron and lepton identification selections, a correction factor is applied. This factor is calcu-
lated with a dedicated control sample, which is discussed in detail in Chapter Results are
listed in Tables[8.2]and 8.3

Table 8.2: Reconstruction efficiency, signal yield, branching fraction, and world average [9] of
the latter for each channel. Where two uncertainties are given, the first is statistical, and the

second is systematic, and the single uncertainty corresponds to the statistical component.

Channel € (%) Nig B(1079) World average (107°)
B* — J/y(ete)K* 304 3706 + 62 6.00 +£0.10 £ 0.19 6.09 +0.12
B* = J/y(utu )K*  37.2 4578 +62 6.06 + 0.09 +0.19 6.08 +0.12
B’ — J/I,[/(e+e_)Kg 204 1052 +33 2.67+0.08 £0.12 2.66 + 0.06
B’ — J/l//(pﬁf)K? 25.0 1343 +37 2.78 £ 0.08 £ 0.12 2.66 +0.06

Table 8.3: Measured A; and Rk (J/), where the first quoted uncertainty is statistical and the

second is systematic. Their world averages are also listed.

Observable Measured value World average
A;(J/y(ee)K) —0.022+£0.016 +0.030 -0.002 + 0.025
A (Jy(uK) —0.006 £ 0.015 +0.030 -0.002 + 0.025
Ry+ (J/¥) 1.009 + 0.022 £ 0.008  0.990 + 0.011
Ryo (J/¥) 1.042 £ 0.042 + 0.008  1.001 +£0.015

Measurements of the B — J/yK decay were performed with a dataset of 189 fb™" in 2022.
At that time, we had planned to explore lepton universality in both charged and neutral FCNC
channels using larger data samples. Since B — J/yK serves as a validation channel for the
neutral FCNC decay B’ — Kgé’f, this channel was considered in 2022. However, considering
the level of integrated luminosity (362 fb™"), which was not significantly large, we decided to
drop B® — KJ¢¢. This decision was motivated by the five-times lower branching fraction 9]

expected for the neutral FCNC decay compared to its charged counterpart.
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Figure 8.7: M, distributions for each B — J/y(£*{7)K channel with the fit result superim-
posed (top) and pull distribution with respect to the fit result (bottom). Black dots with error
bars denote the data, solid blue curves denote the total fit, dashed red curves are the signal
component, dotted green curves are the background component, and filled cyan regions in the

charged channel are the B* — J/yn* component.

8.5 Observable measurements in 362 fb~!

The branching fraction of B — J/y¥K holds a special importance in the context of hadron
collider experiments, serving as a crucial input for various other measurements. To ensure
the integrity of our analysis and maintain blindness in the process, we intend to measure the
branching fraction without applying any selection to MVA classifier output, as the classifier
does not really help to suppress backgrounds to B — J/yK. We use f* = 0.519 + 0.029 as
described in Section for this measurement. On the other hand, to validate the B — K¢
analysis, we perform a data-MC comparison of the MVA output distribution. The result from

the simulated sample equivalent to data luminosity is shown in Fig.[8.4]

Figure [8.9| shows the MVA classifier output distributions in both the simulated and data sam-

ples. We find the simulation to exhibit a stronger peak compared to the data. Given that we
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Figure 8.8: AFE distributions for each B — J/y(£*¢7)K channel with the fit result superim-
posed (top) and pull distribution with respect to the fit result (bottom). Black dots with error
bars denote the data, solid blue curves denote the total fit, dashed red curves are the signal
component, dotted green curves are the background component, and filled cyan regions in the

charged channel are the B* — J/yn* component.

Table 8.4: Reconstruction efficiency (simulation w/o data-MC correction), signal yield, and
branching fraction for each channel. The uncertainty corresponds to the statistical component.
Channel € (%) Nsig B(107%) Rx(J/y¥)
B* = J/y(ete)K* 369 8567 +93 5.93 +0.06

1.000 + 0.015
BT > Jjy(ur)K* 392 9095+96  5.93+0.06

are not applying any BDT selection to measure the observables of B — J/y/K, it is very un-
likely that this discrepancy will directly impact those observables. We attribute this difference
to minor discrepancies found in the variable R, between the data and the simulation. We in-
tentionally allowed for these differences since R, is a key feature of the MVA classifier. The

rationale behind this decision was to address any inconsistencies introduced in the analysis of
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B — Kt by applying the correction factors discussed in Section. [10.9]
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Figure 8.9: Distributions of the MVA classifier output in the g> € J/¢ region. The blue dots
represent the data corresponding to an integrated luminosity of 362 fb™'. The stacked red, cyan,
and green histograms represent MC events, also equivalent to 362 fb™', after applying data-
simulation correction factors that account for discrepancies arising from lepton and hadron

identification.



Chapter 9

Overseeing signal with a smaller dataset

While the data results are yet to be reported, the analysis has undergone rigorous review pro-
cesses, including the completion of the working group review phase. Currently, a committee
comprising three members has been actively reviewing the analysis, and upon their permis-
sion, we will examine the data. The progress made in this section highlights the careful and

meticulous approach taken in preparing for the final measurement of Rk on the data.

Though we have not shown the result of B* — K*{*{~ measurement in data as it is under the
internal review, we have searched for its signal in the early dataset of Belle II. Using 63 fb~!
of data recorded by the experiment, a preliminary measurement of the B* — K*{*{~ signal
yield is performed. The previously outlined analysis strategy includes an optimized selection
based on an FOM defined in Eq. 4.1 of the MVA classifier output, resulting in a suppression of
approximately 98% of background events. The B* — K*{*{~ signal yield is extracted using
an extended maximum-likelihood fit to the unbinned My, and AE distributions. In Fig the
signal enhanced projections for a fit to the distributions of My, and AE of B* — K*{*{™ is
shown. The fit model for M}, contains the following three components: a Crystal Ball function
for the signal (red dot-dashed curve), another Crystal Ball function for the peaking background
from B* — K*n*n~ decays (magenta filled area), and an ARGUS function for the combinato-
rial background from gg continuum and other B decays (green dashed curve). Similarly, the fit
model for AE contains the following three components: a double-sided Crystal Ball summed
with a Gaussian function for the signal (red dot-dashed curve), another double-sided Crystal
Ball summed with a Gaussian function for the peaking background from B* — K*n*n~ decays

(magenta filled area), and an exponential function for the combinatorial background from ggq
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continuum and other B decays (green dashed curve). Black markers with error bars are data.
The signal shape parameters obtained from correctly reconstructed simulated events are kept
fixed in the fit. The ARGUS endpoint is fixed to the kinematic threshold of 5.29 GeV/c? and
the second parameter is determined from the fit to data. We also determine the parameter of the
exponential from the fit to data. The number of peaking background events is fixed to a value
of 0.7, as estimated from simulation detailed in Section The signal component has an
overall significance of 2.7 standard deviations, with a yield of 8.6f‘3‘:g +0.4, where the quoted
uncertainties are statistical and systematic, respectively. We obtain a signal yield of 8.6:‘:3

(stat.) £ 0.4 (syst.) events.
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Figure 9.1: Signal enhanced projections for a fit to the distributions of M. and AE of B* —
K*¢*¢~ candidates, where ¢ is an electron or a muon. The My, projection is obtained in a
window —0.06 < AE < 0.04 GeV whereas the AE projection is obtained for My, > 5.27
GeV/c2.



Chapter 10

Systematic uncertainty

“Systematic uncertainties are all uncertainties that are not directly due to the statistics of the

data.” [65]]

This section presents a comprehensive study of the various sources of systematic uncertainties
that affect the measurement of the observables of interest. Such sources include detector effects,
theoretical uncertainties, and experimental limitations. Systematic uncertainties are evaluated
to understand their impact on the final results and to ensure that the conclusions drawn are
robust and reliable. The study of these uncertainties is an essential aspect of particle physics
analyses, and it is crucial to establish confidence in the obtained results. Below we describe the
potential sources of uncertainty that could affect the measurement of branching fraction, lepton
universality, and isospin asymmetry. Before delving into the detailed analysis of each source,
let’s first understand the uncertainty associated with data-simulation differences. Uncertainty

can be attributed to each parameter in the final observable.

10.1 Types of systematic uncertainty

There are various types of systematic uncertainty. They are described below.

10.1.1 Imperfect simulation

The signal efficiency, calculated from simulation, is corrected for potential data-simulation
differences. The uncertainty associated with these correction factors contributes to systematic
uncertainty. Due to imperfect simulation, the data and MC efficiencies are not exactly the same.

This introduces a systematic uncertainty, known as the multiplicative systematic uncertainty.
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Let’s assume the following for the efficiencies:

n b

Emc :eoxeggxef;‘;ckx...xemc
where ¢ is the efficiency with no selection applied, el‘;i“d“ is the efficiency with PID selection
applied at the MC level, and so on. Similarly, for data, we have:

_ data data data
€Edata = €9 X Epid X €rack X - -+ X €

n )

SO:

€data = €MC X Fpid X Frack X+« - X Iy,
where r, = el /enc,

Assuming that various sources of systematic uncertainty causing data-MC differences are un-

correlated, we can calculate the uncertainty as:

2 o 2 2 2
O-Sdata _ (O—EMC ) + ( Tpid ) + (O-rtmck ) + + (O-Vn )
€data émc Tpid Ttrack I'n

The following sources of systematic uncertainty fall into this category:

e Particle identification
— Lepton identification
— Kaon identification

Track reconstruction

Signal MC sample size

MVA classifier output

K? identification

10.1.2 Fixed shape parameter
The uncertainty for fixed shape parameters while extracting signal from the data using any

maximum-likelihood fit is also a common source of uncertainty.
e Charmless B — Knr background

e PDF shape parameters
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10.1.3 Theoretical modeling and external input

Nearly every data analysis relies on input from theoretical models. It is quite common to
have multiple theoretical descriptions, each with its own limitations when representing the real
world. Typically, one of these descriptions is chosen as the default, while the others are varied
to observe their impact on the final observable. The variation in the observable is then treated
as a source of systematic uncertainty. The “MC decay model” is an example of a theoretical

description falling into this category.

There are some parameters involved in the analysis which do not directly come from the theo-
retical modeling but from other experimental result. Number of BB events and £~ fall into this

category that come with their respective uncertainty.

10.2 Lepton identification

The ratio of efficiency (r;) for lepton ID selection are calculated in a three-dimensional (mo-
mentum, polar angle and charge) bin k from J/y — (", eTe™ — eTe (y), e"e” — u "y, and
ete” — (ete )¢ control samples. Along with the ratio of efficiencies, their statistical (67°")

and systematic (67**") uncertainties are provided for each bin.

We use Eq. to calculate correction factors corresponding to each lepton. Each bin is
statistically independent with no correlated systematic uncertainties among the bins. We use

Eq.[10.2]to calculate the uncertainty for each correction factor.

2R,
R=—"— (10.1)
2
\/Zl(nkérztaHsys)z
or = (10.2)

2k Mk
These correction factors are listed in Table @ Finally, the overall correction factor for two
leptons is a multiplication of individual correction factor and overall uncertainty is the propa-

gation of uncertainties of individual lepton correction factor (Table [10.2)).

10.3 Kaon identification
The D** — D°[K #"]|n* sample is used to estimate the difference in kaon identification ef-

ficiency between data and simulation. The correction factors are calculated as functions of
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Table 10.1: Correction factor for each lepton, and its relative uncertainties (stat+sys) (in %) for

two channels.

Lepton Channel Correction factor
q* q* > 14.18 full-¢> q* € [8.50(8.75),
€ [0.10, 8.12] 10.20]
for KJ/y(€l)
e’ 0.9975*9%% | 1.0020*007 | 0.9991707 0.9980%023

Bt — K*ete  or

e | BF > Kt J/y(eter) | 099377038 1 0.9991+020 | 0.9956%02 | (0.994]+046

-0.10 -0.05

ut 0.9418016 1 0.9639+020 | 0.9508+0)7 | 0.9538016

BY - K*u*u or

W | B KNI put) | 09443790 | 096977950 | 0.954770% | 0.9573%03)

particle momentum and polar angle.

Suppose R, = €/**/€ is the ratio of data to MC efficiency for a particular 2D bin of the above-
mentioned table and »; is the number of true charged kaons in that bin, then Eq. refers to

the overall efficiency correction factor associated to the hadronID.

Now suppose the uncertainty associated to R, is given by RS + 6R;”™. Since the statistical
component of the uncertainty in each bin is independent, they will be added in quadrature in
calculating the uncertainty of R. On the other hand, the systematic components of each bin are
correlated to each other, hence they are simply added. So the overall systematic uncertainty is

given as

JZimoR} Y e LR

OR =
2N 2N

(10.3)

The correction factor and associated systematic uncertainty calculated for three ¢ bins of non-

resonant B* — K*¢*¢~ channel and for B* — K*J/y/(£*¢") are shown in Table[10.3]
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Table 10.2: Overall systematics due to Lepton ID.

Channel g* bins Overall correction | Rel. uncert.

|GeV/et] factor (R) (6R) in %
Bt — K*tete q* €[0.10,8.12] 0.9912 it
B & Ktete- ¢* > 14.18 1.0011 e
Bt — Ktete- full-¢2 0.9947 fgjﬁ
B* — K*J/y(e*e) | ¢* € [8.50,10.20] 0.9921 o
B* — K*u i ¢* €10.10,8.12] 0.8893 ol
B = Kty ¢ > 14.18 0.9347 *008
B — Kty full-g 0.9077 iy
B — K*J/y(utu) | ¢* €[8.75,10.20] 0.9131 *orto

10.4 K identification

From studies performed with a sample of D** — D° (—> Kgn+7r‘) n* decays, we observe that
the data—simulation ratio of K(S) reconstruction efficiency changes linearly as a function of the
flight distance, which corresponds to an uncertainty of 0.4% per cm of average flight length.
The average flight length of Kg for the signal channel is estimated to be 7.6 cm with simulated
events. Hence, we assign a 3.0% systematic uncertainty for branching fraction and isospin

asymmetry measurements involving a K meson.

10.5 Systematic from number of BB events

The number of BB events in the LS1 is N,z = (387 + 6) x 10°. An overall uncertainty of 1.5%
is thus assigned as a systematic uncertainty on the measured branching fractions. The B meson

counting is briefly discussed in Appendix [Al
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Table 10.3: Overall systematics due to Hadron ID.

Channel g* bins Overall correction (R) | Rel. uncert.
[GeVz/c4] factor (6R) in %
B* — K*e*e™ g* €[0.10,8.12] 0.9566 0.09
B* —» K*ete” q* > 14.18 0.9770 0.13
B* — K*ete™ full-¢> 0.9633 0.07
B* — K*J/y(ete™) | ¢* € [8.50,10.20] 0.9525 0.10
B - K*utu g* €[0.10,8.12] 0.9564 0.09
BY —» K utu~ q* > 14.18 0.9764 0.13
B* - K*utu full-¢* 0.9543 0.07
B" — K*J/y(utu) | ¢* € [8.75,10.20] 0.9527 0.10

10.6 f*

Since Np+p- = f*Npp (Section[7.6), we need to assign an additional 5.6% relative uncertainty

for the branching fraction measurements.

10.7 Tracking efficiency

The track finding efficiency is determined with e*e~ — 777~ events, where one tau lepton de-
cays leptonically and the other decays hadronically, denoted as 1-prong and 3-prong 7-decays,
employing the tag and probe method. Tracking efficiency is assessed using three high-quality
tracks with total charge +1, alongside an extra probe track inferred from charge conservation.
A systematic uncertainty of 0.24% per charged track (signal side B decay) is assigned due to
the difference in track selection efficiency between data and simulation, resulting in a total mul-
tiplicative systematic uncertainty of 0.72% for the branching fraction measurements. For Ry
measurements, systematic uncertainty due to tracking cancels in the ratio, hence no systematic

uncertainty is assigned for this source.

10.8 Limited MC statistics

The uncertainty on signal efficiency due to limited MC size is considered as a source of sys-

tematic. This is calculated using the formula:

e(l-¢
N
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where € is the efficiency and N is the total number of events generated (50 million for nonres-

onant and 10 million for resonant channel). The systematic uncertainties are summarized in

Table

Table 10.4: Systematic due to limited signal MC statistics.

Channel € (%) | Systematic due to € (%)
B" — Kfe*e™ 23.18 0.03
BY - Kfutu 24.03 0.03
B — K*J/y(ete™) | 35.23 0.04
B* - K*J/y(utu) | 37.68 0.04

10.9 MVA classifier output

We estimate the difference in efficiency due to BDT classifier selection between data and simu-
lation using a control region. By applying a BDT selection threshold of 0.5, the data are divided
into two sub-samples. The yields in these sub-samples, denoted as N;fgw and Nshiiggh, are related

to the overall signal yield N;j’g‘ through the efficiency € as below

NlOW — (1 _ E)Ntot

sig sig (10 4)
high _ artot '
Nsig = eNSig.

A simultaneous fit is performed to extract eyc and €4y,. The fit projections for the muon
channel is shown in Fig To correct for the MC efficiency, the ratio between the data
and MC efficiency, denoted as r = €gua/€mc, 15 calculated. The uncertainty on r is assigned
as a systematic uncertainty. In the case of branching fraction measurement of non-resonant
B* — K*{*{~ modes, systematics uncertainties of 0.38% and 0.30% are assigned for electron
and muon modes, respectively. For the measurement of Rx a systematic uncertainty of 0.48%
is assigned due to the selection of MVA classifier output. The MVA classifier systematic un-

certainty is summarised in Table[10.5]

10.10 PDF shape

During the nominal 3D fit, various PDF shape parameters and the charmless B* — K n"n~
yield, are fixed in the fit. To determine the systematics uncertainty due to these fixed parame-

ters, they are subsequently varied by + 10 around their mean values. To consider the correlation
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Figure 10.1: Simultaneous fit projection to MC distributions of AE (left), My, (center), and C’

(right) of the B* — K*J/y(u"u~) channel. The top row corresponds to the subsample with

BDT > 0.5, while the bottom row corresponds to the subsample with BDT < 0.5.

Table 10.5: Systematic due to MVA classifier output.

Channel emc €data | T = €daa/ €Mc | Ar/1 (%)
Bt - K*J/y(ete™) | 0.960 +0.002 | 0.942 +0.003 | 0.981 + 0.004 0.38
B — K*J/y(u*u™) | 0.963 +0.002 | 0.952 +0.002 | 0.988 + 0.003 0.30

among the shape parameters, they are varied simultaneously using a Gaussian constrained ran-
dom variable, with the mean and width values obtained from an MC fit. The resulting set of
parameters is then used to fit an MC sample, and the fractional change in yield with respect to
the nominal one is calculated. After repeating the process 1000 times, a Gaussian distribution
is fitted to the relative yield changes, and the width of this distribution is used as the systematic

uncertainty. The PDF shape systematic uncertainties are summarised in Table[10.6]

10.11 MC decay model

We utilize the BTOSLLBALL [66] model from the EVTGEN [49] package to simulate B —
K¢ events. To assess the systematic uncertainties associated with the BTOSLLBALL decay
model, we compute weight factors in 2D bins of g? and cos #, where 6 denotes the angle between
the direction of motion of the B meson and the negatively charged lepton in the dilepton center-

of-mass frame.
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Table 10.6: Systematic due to PDF shape parameters.

Channel Systematic (%)
Bt - K*J/y(ete) 0.04
B* = K*J/y(uu) 0.07
B* —» K*e'e™ 0.56
Bt - K*utu 1.23

These weight factors represent the ratio of the partial decay width in the SM to that in the
BTOSLLBALL model. We utilize Eq. 4.1 from Ref. [67]] to derive the distribution of ¢* vs.

cos # and Ref. [68] to get the latest form factor, from the SM.

For different ¢* bins, we compute the weight factors using the expression:

[AF / Aq?] Theory
w; = : (10.5)
|AT/Aq?| BTOSLLBALL

Subsequently, after applying all the selection criteria, we adjust the g> — cos 8 distribution by
rescaling it with these weight factors. The systematic uncertainty was quantified as the frac-
tional change in the integrated area of the 2D distribution. For both the electron and muon
channels of the non-resonant B — K¢¢ branching fraction, we assign a 0.5% systematic uncer-

tainty.

10.12 Propagation of uncertainty

Up to this point, we have covered several sources of systematic uncertainty, though some of
them cancel and do not contribute to the final uncertainty. Table provides a summary of
each source of uncertainty and its impact on the measurement of branching fraction and Rg.
We apply error propagation formulas to calculate the total uncertainty on the final observable.
If we have a function of several variables, say y = y(xy, x5, ..x,,), then the error propagation

formula says the standard deviation of the y or o, to be

dy dy
= Vii, 10.6
Z [0)6, ij] i ! (10.6)

where i is the mean of the variables X = (x1, X2, ..x,) and V;; is the covariance matrix of the set

of variables (x1, X2, ..X,).
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Table 10.7: Systematic uncertainties on 8, Rx and A;

Source BF | R or Rg(J/Y) | A
Electron identification v v X
Muon identification v v X
Kaon identification v X| Vv
K? reconstruction v X | Vv
Number of BB events v X| X
Vi v X| v
Track reconstruction v X| Vv
Limited MC statistics v V|V
B — Knm or B — nJ/y background v VEIv
PDF shape parameters v vV
MC decay model v (X for J/YK) X| X
Tp+[Tpo X X| Vv

Branching fraction measurement
The working formula of 8 is Eq.[8.1] The equation can be rearranged as
NS
B —

= NBi(BO) X e X ( ftracking fkaonID fleptonID) data/MC

b

where N* is fitted yield, and f’s are efficiency correction factors due to imperfect simulation.
From Eq. we can straight away derive, that if the individual terms in the functional form
are only in multiplicative or divisive form then the relative error of different sources will be

added in quadrature. Hence,

AB/B = (AN N + (ANp: [N5-)? + (Aeyic/ewc)® + (Afrckine [ fracking)?.__.

Rx measurement

The formula used to calculate the observable is given by Eq. Since the efficiency of the
two modes is proportional, the data-MC correction factors obtained from kaonlD, tracking, and
so on, cancel because they are the same for both channels. The total systematic uncertainty is
obtained by taking the square root of the quadrature sum of relative uncertainties from various

sources of systematic.

The systematic uncertainties for individual modes are listed in Table[10.§]
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Table 10.8: Relative systematic uncertainties (%) on B(B* — K*(*{),
B(B* — K*J/y[€*€1), Rk and Rx(J/y).
Source BB > K*t*C") Rx BB — K'JWL]) Rx(J/W)
efem ptum ete” W
Number of BB events 1.50 1.50 - 150 1.50 -
PDF shape 0.56 1.23 1.35 0.04 0.07 0.08

Electron identification +0.47 - +0.47  +0.58 _ +0.58

-0.16 -0.16  —-0.11 -0.14
Muon identification - o e - o ot
Kaon identification 0.13 0.13 - 0.10 0.10 —
Tracking efficiency 0.72 0.72 - 072 0.72 -
BDT classifier 0.38 0.30 048 - - -
T(4S) branching fraction 5.60 5.60 - 5.60 5.60 -
Limited MC statistics 0.03 0.03 0.04 0.04 0.04 0.06
MC decay model 0.5 0.5 - - - -
Total 6.0 7.1 1.5 59 5.9 0.8

A; measurement

The working formulae for A; is Eq. From Eq. we can derive

AA; =« /Z(Asi/si)za

A )L PO Nsgl€) ke Wi/ v
O Qs [t P ) Nael©) kaee +Nag/©) lioecl

with,

and s; stands for eyic, (tp+/Tp) and (f*/ %), and correction factors for kaonID, tracking effi-
ciency (for charged kaon or Kg daughter tracks), Kg reconstruction efficiency, for different i.
The systematic uncertainties on branching fraction for B — J/YK, Rg(J/y) and A; as discussed

in Section [8.4] are listed in Table[10.9]
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Table 10.9: Relative systematic uncertainties (%) on B (B — J/Y¥K), Rg (J/¢), and absolute
uncertainty on A; (B — J/YK).

Source B(B — KJ/Y) Ry Ap

K* K* K K K* K°

ete” ptu etem ptut ee”  ptun

Number of BB events 5 15 15 15 - - - -

PDF shape 02 02 02 02 02 02 01 0.1
Electron identification 0.6 - 0.6 - 06 06 - -

Muon identification - 0.4 - 04 04 04 - -

Kaon identification 02 02 - - - - 01 041
K} reconstruction - - 30 30 - - 15 15
Tracking efficiency 09 09 12 12 - - 04 04
Limited MC statistics 01 01 01 O1 01 01 0.1 0.1
T(4S) branching fraction 2.6 2.6 2.6 2.6 - - 26 26
Tp+/Tgo - - - - - - 02 0.2

Total 32 32 44 44 08 08 3.0 3.0




Chapter 11

Measurement of the branching fraction

for B » K*(892)ft¢~

11.1 Introduction

The decays B — K*{*¢~ are another example of flavor-changing-neutral-current transitions of
the b — s¢*{~ type. The capability of these decays to explore BSM physics has already been
discussed in Chapter 2| The measurement of Rg- [69] garnered a significant attention due to
its deviation from the SM prediction. Although its most recent measurement [/0] agrees with
the SM, the significance of searching for LFU violation remains intact. Detecting these decays

represents the first step towards measuring Rg- at Belle II.

11.2 Event reconstruction and dataset
This study is done with a Belle II dataset of an integrated luminosity of 189 fb~!, equivalent to
198 x 10° BB events. The analysis strategy is similar to the B* — K*£*{~ analysis except some

points, which are discussed in this section.

The n° candidates are reconstructed by pairing two photons, each having a minimum energy of
80, 30, or 60 MeV, depending on whether they are detected in the forward, barrel, or backward
region of the ECL, respectively. The different energy thresholds are used to suppress beam
background, which is higher in the endcap compared to the barrel section. The K*(892) candi-
dates are formed by combining three final states, namely K*z~, Kin*, and K*x°. To select K*

candidates, we retain those falling within an invariant-mass window of [0.796,0.996] GeV/c?,
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which is approximately four times the natural width of the K* meson. The invariant-mass

distribution in the simulated sample is shown in Fig. [TT.1]

x10% B — KOK*m~)utu-~

2.00

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
Mg [GeV/c?]

Figure 11.1: M- distribution for the B — K*u*u~ channel in the simulated sample.

For n° candidates, the allowed range of invariant mass is [0.122—0.142] GeV/c?, encompassing

0

+30 around the known n° mass [9]. The B — K*¢{ candidates are then reconstructed by

combining K* mesons with two oppositely charged leptons of same flavor.

To suppress continuum and B decay backgrounds, a BDT classifier similar to B* — K*{"{~
trained. For this preliminary study, we have applied a tight figure-of-merit based optimized
selection on the BDT classifier output. Such a criterion rejects approximately 98% of the
background, with a relative signal loss ranging between 30% and 35% depending on the decay

channel. An example of the classifier output and its optimization are shown in Fig.

For the dimuon decay modes, misreconstructed events for which M. and AE lie in the signal
region are observed. These backgrounds are due to hadrons misidentified as muons and mis-
takenly associated with the signal decay. They are suppressed using vetoes. The veto windows
are decided by changing particle mass hypotheses depending on the decay mode. For the B —
K*(K*n™)u*u~ channel, the following event veto selections are applied to suppress peaking
background: (a) a veto on the pion-muon invariant mass M(x u*) ¢ [3.06,3.11] GeV/c?
is applied to suppress B — J/y(utu )K*(K*n~) decays where the 7~ is misidentified as
a u~, and the u~ as a n~; (b) a veto on the kaon-pion-muon invariant mass M(K 7 u~) ¢

[1.86,1.885] GeV/c? is applied to suppress B — D~ (K*n~n")x" decays where a 7~ from D~
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Figure 11.2: MVA classifier output distribution (left) and optimization of the classifier output

for the B — K*u*u~ channel in the simulated sample (right).

decay and the 7* from B decay are misidentified as muons; (c) a veto on the kaon-muon in-
variant mass M(K*u~) ¢ [1.82,1.9] GeV/c? is applied where the 7~ from DO — K*m~ decays
is misidentified as a u~. For the B* — K*+(K(S)7T+)/,t+/1_ channel, two vetoes are applied: (a) a
veto on the pion-muon invariant mass M (7 u~) ¢ [3.085,3.105] GeV/c? is applied to suppress
BY — J/y(utu)K**(KIn*) decays where the 7* candidate is misidentified as a u* and vice
versa; (b) a veto in the kaon-pion-muon invariant mass, M (Kgﬂ+,ll_) ¢ [1.857,1.87] GeV/c?
is applied to suppress B* — E(Kgnﬁr‘)n* decays where a 7~ from Do decay and the 7"
from B decay are misidentified as muons. For the B* — K**(K*n%)u*u~ channel, a veto on
the kaon-pion-muon invariant mass M(K*7°u~) ¢ [1.855,1.87] GeV/c? is applied to suppress
B* — DY(K*n°n )n* decays where a 7~ from DO decay and a 7" from B decay are misidenti-
fied as muons. These vetoes suppress the peaking backgrounds with a loss of 0.5% — 6.0% in

signal efficiency, depending on the decay mode.

After applying all the selection criteria, the average candidate multiplicity ranges between 1.04
and 1.24. It is higher for the B* — K**(K*n°)£*¢~ channel due to larger probability of misre-

constructed 7°’s. In case of multiple candidates, we retain the one having AE closest to zero.

The signal yield is extracted from an extended maximum-likelihood fit to the unbinned M,,
and AE distributions, combining both charged and neutral B samples. The fit procedure is
validated on simplified simulated experiments as well as with events reconstructed in the B —
J/W(€*€")K* control channel. Signal-enhanced projection plots for B — K*u*u~, B — K*e*e™,
and B — K*{*{~ are shown in Fig.
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Figure 11.3: Distributions of M. (left) and AE (right) for B — K*'u*u~ (top), B = K*e*e”
(middle), and B — K*¢*¢~ (bottom). Data points with error bars are superimposed on the
blue solid curves, which show the total fit function, and red solid and black dotted curves
represent the signal and background components, respectively. Candidates shown in the AE
distributions are restricted to My, € [5.27,5.29] GeV/c? range and those in the My, distributions
are restricted to AE € [-0.05, 0.05] GeV.

11.3 Result and Summary

We reconstruct 22 + 6, 18 + 6, and 38 + 9 signal events for B - K*'u*u~, B — K*e*e™, and
B — K*(*{~, corresponding to 4.8, 3.607, and 5.90, respectively. The significance o is given

s V=2In(Ly/L), where L is the likelihood with the signal yield fixed to zero and £ is the
maximum likelihood. The quoted uncertainties are statistical. The branching fractions for the

entire g* region, excluding the charmonium resonances [J/y and (25 )] and low-¢? region to
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remove the B — K*y(— e*e™) background, are

BB — K'u'u’) = (1.19 £0.3170%) x 10°°,

B(B — K*e*e™) =(1.42+0.48 £0.09) x 107°,

BB — KC€)  =(1.25+03070%) x 10°°,

Here, the first and second uncertainties are statistical and systematic, respectively. The pre-
cision of the results is limited by the sample size, and the results are compatible with world-

average values [9]].



Chapter 12

SVD performance in the commissioning

phase

From April to July 2018, the Belle II collaboration undertook a commissioning phase marking
a pivotal stage in the deployment of its vertex detector. During this critical period, before the
full detector installation, a comprehensive data collection effort was undertaken. This chapter
delves into a thorough investigation of the performance of the SVD throughout this commis-
sioning phase. The aim is to assess and analyze how the SVD functioned under these early
operational conditions, shedding light on its capabilities and potential enhancements, thereby

contributing valuable insights to the broader objectives of Belle II.

12.1 Belle II commissioning

At Belle 11, the decision to position the SVD even closer to the IP than its predecessor, Belle,
is driven by the unique requirements of the experiment. This increased proximity does expose
the SVD to higher levels of radiation damage, but it is a strategic choice made with careful
consideration. The rationale behind this decision is the relatively lower boost of particles in
the lab frame compared to the previous KEKB setup. Such lower boost results in shorter
decay flight-lengths for B mesons and other short-lived particles. By placing the SVD closer
to the IP, Belle II aims to compensate for this lower boost and enhance the precision of time-
dependent CP violation analyses, where an accurate reconstruction of decay vertices is crucial.
This strategic positioning allows Belle II to achieve the high precision required to explore rare

physics phenomena and advance our understanding of fundamental principles in physics.
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In the context of the Belle II commissioning, one of the primary challenges is the substantial
increase in beam background due to the novel nano-beam scheme, where the beam compression
is enhanced 20-fold compared to its predecessor, Belle. This increased beam background,
attributed to Touschek and beam-gas scatterings at SuperKEKB, surged by factors of 20 and
100, respectively, in contrast to KEKB [71 [72].

The enhanced beam background, particularly concentrated at the VXD near the IP, posed a
significant concern as it induces radiation damage to the detector, adversely impacting its op-
erational performance and longevity. This background also results in increased hit occupancy,

i.e., the number of hits per sensor per event, thereby degrading the tracking performance.

To comprehensively assess the impact of the beam background before full installation, a com-
missioning run, also known as Phase 2 (with physics data taking designated as Phase 3), is
conducted. During this data-collection phase, all detectors except the VXD are fully installed,
with one ladder per layer being deployed for the VXD. This practical exploration unveiled the
real-world effects of beam background levels within the unique Belle II environment, providing
crucial insights that complement our simulation studies. These findings play a pivotal role in
our understanding of how high beam background influences detector performance during the
Belle II commissioning phase. In this collected dataset, the performance study conducted by

us examines the hit efficiency and spatial resolution of the SVD.

12.2 SVD subdetector

As discussed in Chapter 3 the Belle II SVD comprises several cylindrically arranged DSSD
sensors placed around the IP. Each sensor is either rectangular or trapezoidal and has a thickness
of 300 — 320 um. The sensor has an n-type bulk with one side doped by acceptors and the other
side by donors. The longer strips on the acceptor-implanted side (p or U side) measure the r-¢
coordinate. Similarly, the shorter strips on the donor-implanted side (n or V side) measure the

z coordinate.

In the SVD, the readout pitch of the layer-3 sensors is 50 um in the r-¢ plane and 160 um along
the z axis. On the other hand, the layer-4, -5, and -6 sensors have a readout pitch of 75 um in
the r-¢ plane and 240 um along the z axis. In order to improve the spatial resolution, a floating
strip is introduced between two readout strips on both the P- and N-side. This floating strip ef-

fectively redistributes the induced charge, sharing it between the adjacent strips. Consequently,
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this arrangement reduces the effective strip pitch to half of the readout pitch, contributing to
an improved spatial resolution. A detailed description of the SVD can be found in Ref. [73]].
Figure [I2.1) shows a photo of the Phase-2 VXD (PXD+SVD) layout taken before installation

inside the Belle II spectrometer.

Figure 12.1: Phase-2 VXD subdetector, featuring a single ladder for each layer, placed on a
table in preparation for installation. The innermost layers, comprising PXD layers 1 and 2, as

well as SVD layer 3, are faintly discernible.

12.3 SVD hit reconstruction and position determination

The SVD readout strips are connected to APV25 chips [[74], which are responsible for ampli-
fying, shaping, and digitizing the electronic analogue signals. Signal quality is ensured, by
retaining only strips with an signal-to-noise ratio (SNR) value greater than three for analysis.
Phase 2 introduces a comprehensive signal characterization, collecting six samples from the
digitized signals. The charge calculation follows, with each strip’s charge accurately deter-

mined in electron units through the gain information obtained from calibration runs.

The cluster identification becomes crucial because when a charged particle traverses the sensor
material, it activates one or more strips on either side of the SVD. Clusters are defined as serial

strips, all having an SNR value greater than three, and at least one of them surpassing an SNR
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value of five. In cases where the signal (charge) of a single strip surpasses the threshold, but
none of its adjacent strips exhibit signals above the threshold, the available information about
the particle’s position is limited to the strip’s own position. Within this so called single-strip
cluster scenario, the charge of the strip does not yield precise information regarding the parti-
cle’s location; it is essentially equivalent to a binary readout, indicating whether the signal from

the strip exceeds the threshold or not. The measured position of the cluster can be expressed as

)’ZCLI :Xi:l"p (121)

where x; is the position of the i strip and p is the pitch of the sensor side. In Fig.
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Figure 12.2: A cluster featuring a single strip above the threshold. The actual positions of
the particles that generated this signal configuration exhibit a uniform distribution (depicted in

yellow). Adapted from Ref. [4].

In this context, the true position of the particle could potentially exist anywhere within the
range from half a pitch to the left of the strip to half a pitch to the right, relative to the strip’s
position. In other words, the real position follows a uniform distribution spanning from half a
pitch to the left to half a pitch to the right concerning the strip. The relationship between the
measured position (X) and the actual position (x) can be expressed as a probability distribution

function f(x):
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I/pforX—p/2 < x< X+ p/2,
f(x) = (12.2)

0 othewise.

The resolution of a binary one-strip cluster in such cases, where the measured position follows a
uniform distribution, is one standard deviation of the distribution of x or p/ V12, often referred

to as the digital resolution.

\/ ’ BN LA P
= dx — dx| = 4|— dx = —. 12.3
o fxf(x)x (fxf(x) x) pj;_,,/zx x N (12.3)

It is important to note that in real-world scenarios, the position resolution of one-strip clusters

is influenced by factors such as capacitive coupling between strips and the SNR of the strips,
which eventually improve the resolution of a single-strip cluster with respect to the digital

resolution. This deviates from the ideal single-strip cluster resolution and can be expressed as:

P

_— 124
1+S1/3N1 ( )

Axcp =

Here, S| and N, represent the signal and noise of the strip, with the factor of 3 signifying the
SNR threshold. In the case of a two-strip cluster scenario, the cluster’s position is determined

utilizing the center-of-gravity (COG) method, as expressed by the equation:

- X181+ x5

Xepp=—/——7—. 12.5
cL2 S, 75, (12.5)

Here, S; and x;’s represent the charge and position of the individual strips that constitute the

cluster. Since we utilize the charge of strips to measure the position of the traversed particle,

the resolution of two-strip clusters is better than that of the single-strip cluster. The resolution

for the two-strip cluster can be expressed as

p
ST3N, (12.6)

Axcra =
where S and N, are the total charge of the cluster and noise of the first strip, respectively.

In Fig. [12.3] a schematic diagram of the measured particle position for a two-strip cluster is

shown.
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Figure 12.3: A cluster featuring two strips above the threshold. The signal height provides
supplementary data that can be utilized to enhance the precision of the determined position

within the region between the readout strips. Adapted from Ref. [4]].

For clusters more than two-strips, the head-tail algorithm is used. The position and resolution

of such clusters is given by

1 S ead — S ai
Xcrs = 5 [xhead + Xeail + P%] , (12.7)
center
2 2 2
P |[3NcL (S 1 Shead
Me =S\l +5|\c—) *35l— - 12.8
v 2 \/(S center) 2 (Scenter 2 S center ( )

Here, the subscripts ‘head’” and ‘tail’ correspond to the two edge strips within the cluster, and
S center rEPresents the average charge per strip within the cluster, excluding the ‘head’ and ‘tail’
strips. A comprehensive analysis of the position resolution in various scenarios can be found
in Ref. [[75]. The 3D hit point reconstruction combines clusters from opposite sides, delivering

a holistic representation of SVD hits of particle trajectories.
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12.4 Event selection

The Phase-2 running of Belle II, which took place between February and June 2018, collected
approximately 500 pb™' of e*e~ collision data. This sample corresponds to around 6 x 10°
ee” — ptu and 22 x 10° ete™ — e*e” events given the detector acceptance 15° < 6 < 170°.
The reconstruction of charged tracks relies on the hit on PXD, SVD, and CDC subdetectors.
To maintain the robustness of our analysis, we specifically concentrate on dimuon events, al-
though for cross-check we have used the Bhabha sample. Muons are favored over electrons
in studies of detector performance for the following reason. Unlike electrons, which are more
prone to processes like bremsstrahlung that can complicate track measurement and reconstruc-
tion, muons maintain more predictable paths through the detector. Their reduced susceptibility
to such interactions allows for cleaner signatures and more reliable assessments of tracking and
momentum resolution in particle detectors. Dimuon events are chosen for their distinct and
unambiguous signatures, as well as their propensity for reduced background contamination in
comparison to alternative event types. The track selection criteria mandate that the impact pa-
rameters of muon tracks satisfy dy < 2cm and |zy| < 4 cm, thereby confirming their association
with the IP and excluding the possibility of random cosmic ray events. We apply a criterion that
limits the angular separation, measured in the c.m. frame, between the momentum vector of one
charged track and the direction opposite to the momentum vector of other track to be less than
10°. To classify a track as a muon, the energy deposit in the ECL must be lower than 0.7 GeV.
To effectively mitigate contamination from Bhabha events, we implement a strict criterion on
the polar angles of the tracks, restricting them to the barrel region, defined as 35° < 6 < 125°.
This angular confinement is vital because Bhabha events exhibit a higher probability of being
found near the beam axis, making this selection crucial in maintaining the purity of the sample.
For the measurement of SVD hit efficiency, Bhabha events are also utilized along with dimuon
events as a crosscheck. The selection criteria for these events closely resemble those of dimuon
events, with slight modifications. Specifically, polar angle selections on the tracks are no more
applied, and there are no criteria related to energy deposits in the ECL. Instead, we require the
tracks to have a momentum greater than 3 GeV/c for inclusion in this analysis. In order to min-
imize potential bias, hits from the SVD layer, for which the spatial resolution or hit efficiency

is being determined, is excluded from track reconstruction.

In the final selection of valid tracks for analysis, two prerequisites are imposed: each track must
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comprise at least one PXD and one SVD hit. This sequence of processes, from signal condi-

tioning to track selection, forms the foundation of our SVD hit reconstruction methodology.

12.5 Sensor hit resolution

12.5.1 Definition and measurement strategy

The spatial resolution of an SVD sensor refers to its ability to accurately measure the position
of a charged particle. It quantifies how well the sensor can distinguish the location where the
particle passed through it. In particle physics experiments, high spatial resolution is crucial to
accurately reconstruct particle trajectories and vertices, which in turn helps in identifying the

particles.

The spatial resolution of sensor is defined by the uncertainty linked to its measured cluster hit
position, which can be quantified through an analysis of the residual distribution. The residual
(xres) corresponds to the difference between the measured hit position (xp;) and the position of

the track extrapolated to the sensor plane or the intercept position (Xck)-

Xres = Xhit — Xtrack (12.9)

A schematic diagram of intercept and hit position is shown in Fig.

For the sake of simplicity and to a first-order approximation, we can assume that the hit and
intercept positions are uncorrelated. Consequently, employing the propagation of uncertainty,
we find that the uncertainty on the residual, denoted as o, is obtained by taking the quadrature

sum of uncertainties associated with the hit position (o) and the extrapolated track position

(O-track ) .

2 _ 2 2
Oles = O-hit + O-track

(12.10)

- 2 _ 2
Ohit = 4 9res ~ T rack

So, we have Eq.|12.10| where the spatial resolution is expressed in terms of measurable quan-
tities. The residual width (o) is obtained by fitting a sum of two Gaussian functions with a

common mean:
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Figure 12.4: Schematic diagram of SVD layers, fitted track, and intercept position or track

extrapolated to the sensor plane.

)? =
s - 1-s5 -G
f) = ——=e "1 +—=e . (12.11)
\J2n07 \[27073
The effective width is determined as o2, = so} + (1 — s)o3, where s is the fraction of first

Gaussian. The uncertainty in track extrapolation (o,cx) 1S calculated using the true position
of the intercept. In Fig. [12.5] we show an example of the residual distribution for the central

sensor of the 6™ layer, for clusters composed of a single strip.

During our examination of the simulated dataset, it has come to our attention that the o,k

value obtained through extrapolation is underestimated. Consequently, we’ve chosen an alter-
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Figure 12.5: Residual distributions observed for the 6! layer, representing the U-side (left) and

V-side (right) for a cluster size of one.

native approach by calculating o, based on the actual position where the track intersects
with the sensor. In essence, we employ a fitting procedure on the distribution of true residu-
als, representing the difference between the intercept and true-hit location. This fitting involves
modeling the distribution using a combination of two Gaussian functions with a common mean,
and from this distribution, we extract the effective width as our estimate for ok, @ method

previously mentioned. The statistical uncertainty on o is

2 2
\/( Tres 5(O-res)) + ( T tack 6(0-track)) .
O hit O hit

with §(07es) and 6(0yack) being obtained from the fitting. In Fig.[I2.6] we show an example of

the true residual distribution for the central sensor of the 6™ layer, for clusters composed of a

single strip.

12.5.2 Result

Table lists the estimated spatial resolution for each SVD layer. The digital resolution ex-
pression accounts for the presence of one floating strip between two readout strips, resulting in
a factor of 2. Single-strip clusters outperform the digital resolution because they utilize adjacent
strips with an SNR value below the threshold discussed in Eq. [12.4] Multistrip clusters have
a better resolution than single-strip clusters due to the additional charge information. Smaller
cluster position residuals on the p side reflect a smaller strip pitch and a better track parameter

estimation compared to the n side.
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Figure 12.6: True residual distributions observed for the 6" layer, representing the U-side (left)

and V-side (right) for a cluster size of one.

12.6 Sensor hit efficiency

12.6.1 Definition and measurement startegy

The hit efficiency refers to the effectiveness of an SVD sensor in successfully detecting and
recording hits or signals from charged particles passing through it. This efficiency quantifies
the likelihood that a charged particle, which should leave a measurable signal as it traverses the
SVD, is indeed detected and recorded by the sensor. Mathematically, the SVD hit efficiency is

expressed as a ratio or percentage, and is calculated as follows:

_ Number of successfully detected hits

%X 100%. 12.12
Total number of expected hits ’ ( )

In this formula, “Number of successfully detected hits” represents the actual hits recorded by
the SVD, while “Total number of expected hits” is the number of hits that should have been

ideally recorded based on the expected particle trajectories.

To measure the hit efficiency, we first exclude hits within the layer of interest from the track
fitting process. Subsequently, the track undergoes a refitting procedure. Following this, the
track is extrapolated to the sensor plane, and a search is conducted to identify a hit within
a specified window spanning +500 um centred around the extrapolated point. The efficiency
is calculated by dividing the total number of hits (Vy;) within the window by the number of

charged tracks (Nyy).
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Table 12.1: Spatial resolutions for different sensors of layer 3—6 for both p and n sides.

Layer Side Pitch  Digital resolution O (One) Ohit (two)
(in um) 7 (in pm)
3 U 50 7.21 5.78+0.12 5.02+0.12
3 \% 160 23.09 17.86 £0.08 14.66 +0.19
4 U 75 10.82 10.0+0.09 6.58 +£0.12
4 \" 240 34.64 26.83 +0.17 19.55+0.28
5 U 75 10.82 10.01 £0.34 6.53 +0.22
5 \Y% 240 34.64 26.84 £0.26 18.77+0.43
6 U 75 10.82 11.56 £ 0.51 8.52 +0.47
6 \" 240 34.64 27.16 £1.77 20.44 +0.88

Owing to background clusters, the number of hits within the £500 yum window can be affected
by noise. To take care of it, we need to estimate the number of noisy hits (V) within the signal
region. This is done by counting Ny, from the sideband [+0.5 mm, +1.0 mm] and extrapolating

it to the signal region, assuming that the number of noisy hits is uniform.

The efficiency is calculated by

e = it Thke (12.13)

The efficiency for the second sensor on the U-side in the 4" and 5% layers, as well as the second
and third sensors in the 6 layer, is recalculated by excluding tracks that fall within the stripID
range of 108 < stripID < 276. These regions correspond to APV chips that were masked

for majority runs in Phase-2. The hitmap of fourth layer U-side second sensor is shown in

Fig.

According to the definition of efficiency, the number of hits for a given number of tracks (n)
follows the binomial distribution, where the probability (p) of having one hit for a given track
is efficiency. So the uncertainty in the number of hits is /np(1 — p) that gives rise to the

uncertainty in efficiency as:

Ac [PA=P)
n

(12.14)
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12.6.2 Result

Table[12.2] shows hit efficiency results for sensors in the four SVD layers in Phase-2. In certain
cases, certain sensors lack sufficient hits for calculation, and as a result, they remain empty.
The first sensor in each layer, with the exception of layer-3, has a trapezoidal shape, which
results in a non-constant pitch on the U-side of these sensors. Such non-uniform pitch adds
complexity to the efficiency calculation. Therefore, during the initial commissioning phase,
we choose not to address this particular aspect. The efficiency uncertainty determined from
dimuon events exhibits a slight elevation due to limited statistics. Consequently, we make an
effort to reevaluate the efficiency using Bhabha events, and observe that the results obtained

from both methods largely agree. Most sensors have an efficiency greater than 98%.
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Figure 12.7: Distribution of hitmap for the fourth layer, second U-side sensor. The dip around

200 corresponds to masked APV chips.

12.7 Comparison of residual between data and simulation

This section delves into the comparison of residual shapes between data and simulation for
certain sensors while also exploring potential causes for discrepancies. Figure [I2.8]compares
the shape of residuals for selected sensors between data and simulation. Notably, misalign-

ment or the absence of optimized alignment parameters, particularly in the early stages of the
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Table 12.2: Summary of hit efficiency (in %) of the Bhabha and dimuon samples for Phase-2

data.
Bhabha events Dimuon events
Layer No Sensor No U side V side U side V side
3 1 99.08 £0.02 99.44 +0.02 | 98.58+0.29 99.59 £0.16
3 2 99.09 £0.02 99.09+0.02 | 98.81 +0.13 98.97 +0.12
4 1 — 99.31 £0.02 — 99.84 + 0.16
4 2 98.47+0.04 97.32+0.05 | 98.40+0.17 97.30+0.19
4 3 99.53 +£0.02 99.51 +£0.02 | 99.31 +£0.69 100.00 + 0.00
5 1 — 97.81 £ 0.06 — —
5 2 99.11 £0.03 97.90+0.05 | 98.82+0.22 99.15+0.17
5 3 08.48 +0.04 95.69 +£0.06 | 98.25+0.20 94.27 +£0.35
5 4 99.82 £0.02 99.50 +0.03 | 100.00 £ 0.00 100.00 + 0.00
6 1 — 99.42 +0.04 — —
6 2 99.46 +0.03 97.37+0.06 | 99.39+0.25 98.24 +0.38
6 3 98.70 £ 0.06 99.23 +0.04 | 98.77+£0.21  99.25 +0.15
6 4 908.12+£0.04 98.71 £0.04 | 98.15+0.32 98.90 +0.25
6 5 99.70 £ 0.04 99.17 + 0.06 — —

experiment, causes noticeable difference between the data and the simulation.

Tracking detectors play a pivotal role in measuring the positions of charged particles relative
to detector elements, with intrinsic resolutions typically in the tens of microns. These mea-
surements are amalgamated into a fit based on precise knowledge of relative detector positions.
However, uncertainties arising from construction and assembly procedures can exceed intrin-
sic resolutions, impeding track-fit precision. Discrepancies between assumed and real detector
geometries may introduce biases in measured positions, thereby affecting track parameter ex-
traction. Misalignments within the tracker can manifest as deviations from expected particle
trajectories, especially if they occur in planes perpendicular to particle motion, a phenomenon
known as planar deformation misalignment. Such misalignments can induce distortions in
recorded trajectories, leading to inaccuracies in reconstructing particle properties. This, in

turn, results in a bias in residual positions depending on various positions within the same
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sensor plane.

Getting the detector alignment parameters right is crucial to achieving the tracking perfor-
mance required for physics goals. This makes sure that local measurements are accurate within
a global reference frame. In Fig. [I2.9] we observe that the residual mean in simulation re-
mains around zero across the sensors, whereas in data, the same varies depending on the clus-
ter position, indicating possible misalignment. Furthermore, for certain sensors, the extent of

misalignment is notably pronounced, often attributable to planar deformation, as illustrated in

Fig.[12.10}
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Figure 12.8: Comparison of residual distributions between data and simulation for (left) the

fifth layer, third sensor, U-side, and (right) the fifth layer, fifth sensor, V-side.

12.8 Discussion

In summary, the analysis of the hit efficiency and spatial resolution of the Belle II SVD has
yielded very good results. The spatial resolution, determined from the residual distribution,
provides valuable insights into the precision of hit position measurements. The hit efficiency
is found to be high (> 90%), indicating a high probability of detecting hits in the SVD sensors
when charged particles traverse through them. We compare the residual distributions between
data and simulation for specific sensors, highlighting differences likely due to misalignment.
These findings demonstrate the effectiveness and reliability of the Belle II SVD in accurately

reconstructing tracks and obtaining precise spatial information.
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Figure 12.9: Two-dimensional histogram of residual position versus cluster position for (left)

simulation and (right) data in the fifth layer, third sensor, showing (top) the U-side and (bottom)

the V-side.
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Figure 12.10: Two-dimensional histogram of residual position versus cluster position for (left)
simulation and (right) data in the (top) fourth layer, second sensor, and (bottom) sixth layer,

fourth sensor, V-side.



Chapter 13

Conclusion

This thesis chronicles a captivating journey into the realm of studying rare decays. I embarked
on this exploration in 2019, when Belle II first began its collision data recording. Originally
setting our sights on achieving a luminosity of 40 ab™"' by 2024 [72]], our trajectory faced un-
foreseen challenges, with the global COVID-19 pandemic and other technical difficulties to
achieve high peak luminosity hindering our progress toward this ambitious goal. Despite the
setbacks, the dedication and perseverance of the research team prevailed, and the data col-
lected, while falling short of the initial target, serves as a testament to the resilience required in

the pursuit of scientific exploration.

The essence of venturing into the realm of BSM physics has been expounded in Chapter |2| of
the thesis, laying the foundation for our scientific pursuit. Reflecting this spirit, the intricacies
of the analysis methodology have been meticulously detailed across Chapters§|to[7, Chapter|§]
illuminates our investigation into the branching fraction and LFU ratio Rx(J/y), using the SM
candle decay B — J/yK with 189fb™! of data. The consistency with SM expectations not
only validates the analysis methodology but also underscores the quality and calibration of the
data. Moving forward to Chapter[9] a preliminary measurement of B* — K*¢*{" is presented,
leveraging 63 fb~! of recorded data. Extending beyond B — K¢*¢~, Chapter |11 delves into
a signal search for the b — s¢*¢~ decay B — K*{*{"—key channel for LFU measurement.
Despite the absence of journal a publication on LFU in b — s¢*¢~ with the current Belle 11
dataset, this thesis encapsulates the journey toward that goal. As the great philosopher Lao
Tzu once wisely remarked, “The journey of a thousand miles begins with a single step.” In

traversing the uncharted territories of particle physics, this thesis stands as a testament to the
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pursuit of understanding, acknowledging that the road to LFU measurement is paved with the

intricate beauty of scientific inquiry.

The essence of this study lies not just in the expected final measurement of LFU but also in
the rigorous analysis undertaken, a process that has undergone meticulous review, including
the completion of the stringent working-group phase. Currently, a committee comprising three
members is actively engaged in the careful examination of our analysis. Upon their approval,
we will examine the signal region of the 362 fb™' data, unlocking the potential for groundbreak-
ing insights. The progress made in this section underscores a careful and meticulous approach
taken in preparing for the final measurement of Ry, shedding light on the challenges faced and
the unwavering commitment to advancing our comprehension of the fundamental forces that

govern the universe.

In a broader picture, as we navigate the frontiers of particle physics and venture into the realm
beyond the SM, we evoke the spirit of pioneers like Albert Einstein, who once remarked, “The
most beautiful experience we can have is the mysterious.” In measuring LFU, we stand at
the crossroads of discovery, reminiscent of the times when luminaries such as Niels Bohr
and Werner Heisenberg challenged the conventional boundaries of understanding. Our pur-
suit echoes their sentiment that ‘Every valuable human being must be a radical and a rebel,
for what he must aim at is to make things better than they are.” In this journey to measure
physics beyond the established norms, we honor the tradition of those who pushed against the
constraints of their era, recognizing that, as in the past, the most profound revelations often lie
beyond the familiar equations and expected symmetries. Through the lens of LFU, we extend
our reach into the unknown, acknowledging that the quest to measure the unmeasured is the

essence of advancing our comprehension of the fundamental forces that shape the universe.



Appendix A

B counting

At the Y(4S) resonance (/s = 10.58 GeV), the hadronic events come from both the BB and
continuum events. Thus, the determination of hadronic events stemming from BB events can

be expressed as follows:

Ngg = N 7™ = Ng?;gs (A.1)
Here, N3 represents the number of BB events, N7~ denotes the overall number of hadronic
events, and N} signifies the number of hadronic events originating from gq processes in the

H(qq)

on-resonance dataset.

To determine Ng;;gs, we utilize an off-resonance data collected at a c.m. energy of /s =
10.52 GeV, which is only 60 MeV lower than the energy at which the on-resonance data are ac-
quired. Concerning the continuum events, encompassing both leptonic and hadronic processes
around the T'(4S ) resonance, the cross-sections exhibit continuity, as evident from Fig. @ The
leptonic events, such as e*e™ — u*u~, display a continuous spectrum, while the hadronic peak

primarily arises from BB events. Excluding the latter, we refer to the remaining events as ‘light

quark gq events’, which also exhibit a continuous distribution.

Due to the continuous nature, we can confidently assume that the ratio of hadronic on-resonance
to off-resonance events originating from continuum is equal to the ratio of leptonic on-resonance

to off-resonance events. This relationship can be expressed as follows:



142 B counTInG

JNon-res Non-res

H 7 —
Nolgﬁis = N((:Tf—res (Az)
H(qq) A
on-—res
on-res __ pajoff—res ” {T{~
= Nugp = Nugg off—res (A.3)
e

(A4)

on—res

The quantity % is determined based on the integrated luminosity ratio % between highly

e off—res

abundant events, specifically e*e™ — yy (4.99nb), and e*e™ — e*e™ (300 nb).

So finally Eq.[A.T|becomes

Non-res _ . Noff-res | Lon-res
H (]( H(qq) Lof—res

Nz = (A.5)

€BB
€45 represents the selection efficiency for the hadronic selection applied to BB events, while K
factors in the variations in non-BB efficiencies and cross-sections as a function of beam energy.

For more details, refer to Ref. [76]].



Appendix B

Additional information of M VA classifiers

The distributions of feature in the simulation sample are shown in this appendix.
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