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Abstract

This thesis presents a study of time-dependent CP violation in radiative B meson
decays, focusing on the channel B® — KJ 777~ v. The analysis uses 365 b of
data collected with the Belle IT detector at the SuperKEKB asymmetric-energy
ete™ collider. Such decays provide a sensitive probe of the photon polarisation in
b — s7v transitions, and therefore of possible contributions from physics beyond
the Standard Model.

To enable the measurement, key experimental inputs are determined using large
control samples. The new Belle II Flavor Tagging algorithm and the decay time
resolution function are calibrated via a data-driven approach. These results are
directly applied in the time-dependent analysis.

The mixing-induced CP asymmetry parameter S KQn+n—ry 18 then measured as an
effective observable, reflecting the admixture of CP eigenstate and non-eigenstate
intermediate contributions. In addition, the novel observables S* and S~ are
measured for the first time, which are defined using complementary regions of
the K3 7"m~~ Dalitz plane. These quantities provide access to the real and
imaginary parts of SKgﬁﬂw and, together with future amplitude analyses of
BT — KTrxtn~~, will help place new constraints on the ratio of Wilson coef-
ficients C%/C; of the effective theory including possible new physics beyond the
Standard Model.

Furthermore, this B® — K2 777~ decay channel is utilised as a benchmark to
evaluate the physics performance of various designs for the proposed upgrade to the
Belle II vertex detector. The improved decay time resolution achievable with such
an upgrade is shown to significantly enhance the sensitivity of time-dependent CP
asymmetry measurements, underlining the strong physics case for such detector
developments.



Résumé

Cette these présente une étude de la violation de CP dépendante du temps dans
les désintégrations radiatives des mésons B, en se concentrant sur le canal B® —
K2 mrn~~. L’analyse utilise 365 fb~' de données collectées avec le détecteur
Belle II auprés du collisionneur de faisceaux ete™ asymétriques en énergie Super-
KEKB. De telles désintégrations constituent une sonde sensible a la polarisation
du photon dans les transitions b — sv, et donc a de possibles contributions de
physique au-dela du Modéle Standard.

Pour effectuer cette mesure, des parameétres expérimentaux essentiels sont déter-
minés a l’aide de grands échantillons de controle. Le nouvel algorithme de Flavor
Tagging de Belle II ainsi que la fonction de résolution sur le temps de désinté-
gration sont calibrés via une approche fondée sur les données. Ces résultats sont
appliqués directement dans I’analyse dépendante du temps.

Le paramétre S KOr+n—n d’asymeétrie de CP induite par le mélange est ensuite me-
suré comme une observable effective, du fait de contributions intermédiaires qui
ne sont pas états propres de CP. De plus, les nouvelles observables St et S™
sont mesurées pour la premiére fois, définies & partir de deux régions complémen-
taires du plan de Dalitz K3 777~ v. Ces grandeurs donnent accés aux parties
réelle et imaginaire de S K9ntn—ry €L, combinées a de futures analyses en ampli-
tudes de BT — Ktwxt7~, permettront de poser de nouvelles contraintes sur les
coefficients de Wilson C7/C7 de la théorie effective incluant de possibles effets de
nouvelle physique au-dela du Modéle Standard.

En outre, ce canal de désintégration BY — K9 777~ est utilisé comme référence
pour évaluer les performances physiques de différentes améliorations proposées
pour le détecteur de vertex de Belle II. L’amélioration de la résolution sur le temps
de désintégration résultant d’une telle mise a niveau augmente significativement la
sensibilité des mesures de I’asymétrie de CP dépendante du temps, ce qui constitue
une forte motivation physique pour de tels développements instrumentaux.
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Introduction

In the latter half of the 20*" century, a theoretical framework known as the Stan-
dard Model (SM) of particle physics was developed in order to explain a number of
experimental observations [1-9]. Since its inception, the SM has been extensively
tested and has proven to be highly successful at predicting a wide range of exper-
imental results with extraordinary precision [10-12]|. This success culminated in
the discovery of the Higgs boson by the ATLAS and CMS experiments at CERN
in 2012 [13, 14].

Despite its success, the SM has certain notable shortcomings; notably it does
not incorporate a description of gravity, and it fails to account for the observed
asymmetry between matter and anti-matter in the Universe. Furthermore, it of-
fers no explanation for the origin of the so-called Dark Matter, a form of matter
that only interacts gravitationally and whose existence is inferred from various
astronomical and cosmological observations [15-18]. Additionally, there exist dis-
crepancies between certain experimental results and the SM predictions [19-21],
but no robust conclusions can be made about them.

Before the advent of the B factories, Belle at KEK in Japan and BABAR at
SLAC in California, CP violation in the quark sector had not been quantified.
The violation of CP symmetry was first observed in the weak decays of neutral
kaons in 1964 with the Fitch-Cronin experiment [22]|. In the same decade, Andrei
Sakharov proposed that the existence of CP violating decay processes is one of the
necessary conditions to explain the matter-antimatter asymmetry present in the
current state of our Universe [23]. However, the mechanism that allows for CP
violation in the SM is found to not be sufficient to explain this asymmetry, which
implies the existence of CP violating New Physics (NP) processes.

The absence of direct NP signals at high-energy colliders suggests that, if
present, NP effects should appear beyond the electroweak scale. Processes such as
penguin transitions involving contributions from virtual particles provide an av-
enue for indirect searches at low-energy collider experiments like the B factories.
Among them, b — s quark transitions are especially sensitive, as they proceed
through Flavor Changing Neutral Currents (FCNC), forbidden at tree level in the
SM and only possible via higher-order loop diagrams. NP contributions could
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alter these loops, affecting measurable observables. One such observable is the
polarisation of the final state photon in b — sy transitions, which is predomi-
nantly left-handed in the SM, but can be affected by NP contributions [24, 25]|.
The photon polarisation can be determined either directly through measurements
of angular observables or probed indirectly by measuring the mixing-induced CP
asymmetry in radiative B decays proceeding through this transition [26].

In the latter case, the method relies on two considerations: (i) in decays of
the form B — fcp7y, where fop is a CP eigenstate such as Kop°, the photon
polarisation is correlated with the flavor of the decaying B meson at first order;
and (ii) states with different CP quantum numbers do not interfere and therefore
do not contribute to the asymmetry. Within the SM, the mixing-induced CP
asymmetry is expected to be of order O(|ms/my|?), so any observed significant
deviation from this prediction would provide a strong indication of NP effects.

In this thesis, the mixing-induced CP asymmetry is determined through a
measurement of the time-dependent CP asymmetry in B® — K.,y — Kor™n~y
decays in data recorded by the Belle II experiment. Here, K,.s denotes a kaon
resonance such as K;(1270), K;(1430), or K*(1680). Since not all intermediate
states correspond to a CP eigenstate, a full amplitude analysis will be further
needed to disentangle the various resonant and non-resonant contributions in order
to measure the true CP asymmetry. This is in contrast to decays like B® — K9m%,
where the dominant contribution proceeds through a well-defined CP eigenstate.
In the present work, such an analysis is not performed; rather, an effective CP
asymmetry is measured, reflecting the combined contributions of all accessible
intermediate states. In addition, two new observables which can be used to set
new constraints on the parameters of NP models, as proposed in Ref. [27], are
measured for the first time, establishing a benchmark for future Beyond Standard
Model (BSM) searches in processes involving b — sy transitions.

This document is organised as follows:

e Chapter 1 outlines SM concepts relevant to the main measurement and in-
troduces the phenomenological motivation.

e Chapter 2 describes the experimental setup used in this work, namely the
Belle II detector and the SuperKEKB accelerator.

e Chapter 3 presents a study evaluating the physics performance of a proposed
upgrade to the Belle II Vertex Detector.

e Chapter 4 details the calibration of the Flavor Tagger parameters and the
decay time resolution model, both of which are used in the time-dependent
measurement.

e Chapter 5 presents the measurement of the time-dependent CP asymmetry
in B® — K2 777~ decays using Belle II data.



Chapter 1

Phenomenological context

Contents

1.1 The Standard Model of particle physics . . .. ... ..

1.2 Weak interactions between quarks . . .. ... ... ..

1.3 Quark mixing and the CKM matrix .. ...... ...

1.4 Mixing and CP violation in the B mesons . . . ... ..

1.4.1 Mixing of neutral B mesons . . . . ... ... ......

1.4.2 CP violation in the B mesons . . . . . . .. ... ....

1.5 Tree and Penguin transitions . ... ... ... ... ..

1.6 b — sy transitions as probes for BSM physics

1.6.1 The photon polarisation in b — s transitions

1.6.2 Physics observables and current status . . . . . . . ...

In this chapter, a brief introduction to the fundamental concepts of the Stan-
dard Model (SM) is provided, with a focus on the weak interactions between quarks
and CP violation in the beauty quark sector. This is followed by an overview of the
phenomenology behind b — sy quark transitions, highlighting their relevance to
the time-dependent C'P asymmetry measurement at the core of this thesis research.

1.1 The Standard Model of particle physics

The Standard Model of particle physics is a quantum field theory that describes the
interactions between particles with half-integer spin, known as fermions, mediated
by the exchange of integer-spin particles, known as bosons. It is a gauge theory
based on the gauge group SU(3).® SU(2),®U(1)y, which is a combination of the

3



4 CHAPTER 1. PHENOMENOLOGICAL CONTEXT

strong interaction symmetry group SU(3). and the electroweak interaction group
SU2),@U(1)y.

The SM contains three generations of fermions, each consisting of a pair of
quarks and a pair of leptons. Quarks carry color charge and therefore interact via
the strong force, whereas leptons do not. All fermions interact via the electroweak
force, mediated by the photon and the W* and Z bosons. The masses of fermions
and the weak bosons are generated via the Higgs mechanism, in which electroweak
symmetry SU(2);, ® U(1)y is spontaneously broken to U(1)ep,.

Despite its success in describing a vast range of phenomena, the SM leaves
several important questions unanswered, such as the origin of neutrino masses,
the nature of dark matter, the absence of gravity in its framework, and the ob-
served dominance of matter over antimatter in the Universe. These open problems
motivate precision studies of the weak interactions and CP violation in the quark
sector.

In the framework of the SM, CP violation arises from an irreducible phase in
the Lagrangian that describes the weak interactions between electrically charged
quarks. This is a direct consequence of the misalignment between the quark flavor
eigenstates, which participate in weak interactions, and the quark mass eigenstates,
which determine their propagation, as well as a result of the unitary transformation
that relates the two.

1.2 Weak interactions between quarks

Among the three fundamental interactions described in the SM, the weak inter-
action is the only one that violates parity conservation, a fact first established
in studies of radioactive § decay [28]. This is encoded in the SM by the V — A
structure of the weak interaction, which ensures it can couple only to fermions
with left-handed helicity and anti-fermions with right-handed helicity’.

The mediators of the weak interaction are the massive W* and Z gauge
bosons, which obtain their masses through the Higgs mechanism [5, 6]. This is
a consequence of spontaneous symmetry breaking (SSB) of the electroweak gauge
group [7]:

SSB

SU(2)L X U(l)y — U(l)em

The quark fields transform as spinors under SU(2);, and are organised into either
doublets or singlets, depending on their helicity. Left-handed quarks are organised

LA particle’s helicity is defined as the projection of its spin onto its direction of motion.
For highly relativistic particles, helicity coincides with chirality, which is the property actually
distinguished by the weak interaction.
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into doublets, such as: '
i _ (ur

and right-handed quarks are put into singlets, such as:

(uk) + (dr) - (1.2)

where ¢ = 1, 2, 3 is the index of the quark family or generation, u and d denote up-
and down-type quarks, respectively, and the L or R subscript is used to denote
the helicity of the quark spinor, where:

Yy =P, Yr= Pry, (1.3)

with ¢ being the quark spinor. P and Pg are known as the projection operators
and are defined as:

1 1
PL=§(1—75) ; PR=§(1+75) ; (1.4)
where ~+° is one of the Dirac ~ matrices.
In addition to providing masses to the weak gauge bosons, the Higgs field ¢
is also responsible for generating quark masses through Yukawa interactions. The

Yukawa Lagrangian for quarks can be written as:
Lyikawa = Y7 Q duly, — Y/ Qo + hec. (1.5)

where Y, and Y, are 3 X 3 matrices containing the Yukawa couplings, the indices
i and j label the generations, ¢ is the Higgs SU(2) doublet, and ¢ = io2¢* is
its conjugate. After electroweak symmetry breaking, the Higgs acquires a vacuum
expectation value (¢) = v/ V2, giving rise to fermion mass terms m,gq proportional
to the Yukawa couplings Y, 4.

A distinctive feature of the weak interaction is that so-called charged current
processes, mediated by the W¥ bosons, change quark flavor. Taking as an example
the u — W*d quark-level transition, the interaction Lagrangian between the quark
fields and the W bosons can be written as:

Loo = —%ELfy“dLWJ the. (1.6)

where ¢ is the weak coupling constant and W; is the weak gauge field.

After electroweak symmetry breaking, however, the quark fields that diago-
nalize the Yukawa mass matrices (i.e. the mass eigenstates) are not the same as
the weak eigenstates appearing above. For the up- and down-type quarks, this
misalignment can be expressed through unitary rotations:

up — UIL = UJ’U,L , dL —d;, = Uc}tdL , (17)
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where U, and Uy are unitary matrices acting in flavor space.

Importantly, the weak neutral currents, mediated by the Z boson, remain un-
changed under such transformations, which implies that so-called Flavor Changing
Neutral Current (FCNC) processes do not occur at tree-level in the SM (see Sec-
tion 1.5). This was predicted in 1970 by the Glashow—Iliopoulos-Maiani (GIM)
mechanism [9], which explained the observed suppression of FCNC processes.

On the other hand, the charged current interaction is modified by these rota-
tions and takes the form:

g _, / +
Loo = ——=u;v"Voxmd; W + h.c., 1.8
cc /32 LY VekMmap Vv, (1.8)
where:

Vexu = U Uy (1.9)

is the Cabibbo—Kobayashi-Maskawa (CKM) matrix, which describes the couplings
between quarks of different flavors. As as result, the SM predicts the existence
of flavor changing charged currents at tree-level. This matrix encodes all quark-
flavor-changing transitions in the SM.

1.3 Quark mixing and the CKM matrix

The description of quark mixing in weak interactions was first introduced by Nicola
Cabibbo in 1963 [29], when he proposed that the weak interaction eigenstates of
the down-type quarks are linear combinations of the mass eigenstates. This idea
was extended by Makoto Kobayashi and Toshihide Maskawa in 1973 [30] to three
quark generations, leading to the formulation of the CKM mechanism. When
considering three generations, an irreducible complex phase naturally arises in the
CKM matrix and provides the only source of CP violation in the SM.

The CKM matrix, denoted Vg, can be parameterised in various ways. Since
it is a unitary 3 x 3 matrix, four independent parameters are sufficient to describe
it: three rotation angles and one irreducible complex phase. A widely used choice
is the so-called Standard parameterisation, proposed in 1984 by L. L. Chau and
W. Y. Keung [31]. It is defined as the product of three rotation matrices and a
single complex phase:

0

C12C13 S12C13 S13€
_ ) ;S
Vokm = | —S12€23 — C12523513€" C12C23 — S512523513€" 523C13 ) (1-10)
i5 i6
512523 — €12€23513€ —C12523 — 512€23513€ C23C13

where ¢;; = cos0;j, s;; = sinf;; for i < j = 1,2, 3 are the rotation angles between
the quark generations, and ¢ is the irreducible complex phase.
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The hierarchical nature of the CKM matrix elements is now quantified thanks
to many experimental results, which have confirmed that the matrix is almost di-
agonal. This means that interactions between quarks from different generations
are suppressed, compared to ones between quarks of the same flavor doublet. To
make this hierarchy more transparent, Lincoln Wolfenstein proposed an approxi-
mate parameterisation of the CKM matrix in 1983 [32], expressed as an expansion
in powers of a small parameter A:

Vud Vus Vub - %AQ A >\3A(p - “7)
Vokm = | Vea Vs Vi | = —A 1— 22 NA +0O(\Y) .
Vie Vis Vi NA(L—p—in) —NA 1

(1.11)
Here A, p, and 7 are parameters of order 1, while n encodes the irreducible complex
phase responsible for CP violation in the quark sector. The Wolfenstein param-
eterisation is useful in that it allows one to visualise the near-diagonal nature of
the CKM matrix.
The unitarity of the CKM matrix VgKMVCKM = 1 leads to 9 unitarity relations,
of which 3 are of interest for the study of CP violation. They are:

ViaVE, + ViV + ViV = 0 (1.12)
VusVJb + Ves c}k; + Vis [Z =0 (1'13>
VidVay + VeV, + ViaViy = 0 (1.14)

Each of the above equations represents a triangle in the Argand complex plane,
called a unitarity triangle, where each of the terms can be thought of as a vector in
that plane. The first two unitarity triangles are related to CKM matrix elements
that govern the neutral K°-K° and B%-B? systems, respectively. In those cases,
one of the sides of the unitarity triangle is much shorter than the other two,
as can be seen from the power of A\, leading to a triangle which is almost flat.
This is why in the leading K and B, decays CP violation effects are as small as
they are. On the other hand, the sides of the unitarity triangle corresponding to
Equation 1.14 are all of the same order of magnitude. This leads to relatively large
OP asymmetries observed in the BY-BY system, making it an ideal laboratory to
study CP violation. Another way to write Equation 1.14 is by normalising one of
its sides to have unit length. This leads to:

VudVyy ViaVip

Vil +1+ Vvt 0 (1.15)
In this representation, displayed in Figure 1.1, one of the sides is aligned to the
real axis and the apex of the triangle can be related to the irreducible phase of the
CKM matrix, through the p and 77 parameters. In this representation, the sides of
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A=(p,1)

Vud VJb

*
VCd cb

B
C = (0,0 B = (1,0)

Figure 1.1: Unitarity triangle corresponding to the unitarity relation V.4V +
VeaViy + ViaVyy = 0 of the CKM matrix.

the unitarity triangle are given by:

CB=1, (1.16)

R ViaVip — — 1| Via

AB = |—2| = 1—p)? 2=—_|— 1.17
| = VIR = (1.17)

— VWV, —— A2\ 1| Vi

AC = | —2| =+/p? 2=(1——) < 1.18

where: p= p(1 —\?/2) and 77 = n(1 — A\?/2). The angles® are given by:

ViaVi ) ( M ) (77)
a=arg | — =m —arctan | —— | —arctan | = | , 1.19
& ( Vudvu*b 1 - ﬁ ﬁ ( )
Vch”{,) ( i )
=arg [ — <) = arctan [ —— | 1.20
o ( VidVi =7 20
VudV*b) <n)
=arg | ———= | =arctan | = | . 1.21
e ( VaaVi b 2

An effective approach to test the SM is to overconstrain the parameters of the
unitarity triangle by performing as many independent measurements of its sides
and angles as possible. So far, the experimental evidence suggests that, within
current uncertainties, the SM accurately describes CP violation in the quark sector
(see Figure 1.2).

2Here, the angles are denoted as: «, 3, v, but sometimes an alternate notation may be used:

¢17 ¢23 ¢37 where: a = ¢27 6 = ¢1a Y= ¢3~
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Figure 1.2: Experimental constraints on the sides and angles of the unitarity
triangle, (a) by the CKMFitter group [33| and (b) by the UTFit group [34], using
the results available in summer 2023.

1.4 Mixing and CP violation in the B mesons

This section describes the quantum mechanical properties of the neutral B meson
system and how they relate to CP violation observables. In this system, three
distinct types of CP violation can occur, each arising from a different underlying
process and allowing the measurement of a different CP violating quantity.

1.4.1 Mixing of neutral B mesons

Neutral mesons and their CP conjugate states are unstable and can decay weakly.
Before describing the neutral meson system and the concept of mixing, let us first
define the two representations that will be used. First, in order to describe how
the neutral meson is produced and how it decays, the flavor basis is used, which
consists of two flavor eigenstates, each with a definite quark content (e.g. BY = db
and BY = bd in the case of By mesons). Second, in order to describe how the
neutral mesons propagate in space-time, the mass basis is used, consisting of two
mass eigenstates, each with a definite mass and lifetime (e.g. K2 and K? in the
case of kaons). The mass eigenstates are also the eigenstates of the Hamiltonian.
Since flavor and mass eigenstates are different from each other, it is possible for
flavor eigenstates to get mixed as they propagate. Moreover, because CP symmetry
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is violated in the SM, there is an additional misalignment between mass and CP
eigenstates.

Neutral meson mixing, which refers to the phenomenon where a neutral meson
turns into its antiparticle via a two-charged current process, has been observed in
kaons [35], in D mesons [36-38], and in By and B, mesons [39-41].

An arbitrary combination of neutral B meson flavor eigenstates has the form:

|B(t)) = a(t) |B") + b(t) | B) (1.22)

which obeys the coupled system of Schrédinger equations:
a(t) [B%)\ _ oy (@B _ . d (a(t)|B")

* () =00 (i) = Gelmn) - 029
where M and I' are two 2 x 2 hermitian matrices known as mass and decay matrices,
respectively. The diagonal terms of the mass and decay matrices represent the
masses and decay rates of the B® and B° flavor eigenstates. Due to the required
CPT symmetry of the SM, the masses and decay rates of the flavor eigenstates
must be equal, therefore M1, = Mys = M and I'y; = I'yy = I'. The off-diagonal
terms of the decay matrix describe the interference between the decays of the
BY and B° components of the B(t) state, while the off-diagonal terms of the mass
matrix account for the mizing between the two flavor eigenstates. Figure 1.3 shows

the leading-order Feynman diagrams representing the weak transitions between B°
and BY, also known as B°-B° mixing.

B° w w Bo B g=uct 4 Y g=uct BO
qg=u,ct
d  Va Ve b d VqW;_’—b

Figure 1.3: Feynman diagrams describing the mixing of B mesons via a second-
order weak transition. These are also referred to as box diagrams.

The presence of the three up-type quarks in the loops of these diagrams should
not be too surprising, as all of them couple with a CKM factor proportional to
6. However, the top quark will have the most dominant contribution, since each
term is further weighted by the ratio of the quark mass to the W boson mass.
Consequently, the contributions from up- and charm-quarks are suppressed and
an extra phase of the form (V,4V;;)? ~ e=2# appears in the transition amplitude,
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where [ is one the unitarity triangle angles, defined in Equation 1.20. This means
that B® mesons that oscillate into B° acquire a relative phase of ¢, = 23 compared
to those that do not, which is experimentally accessible in cases where both mesons
can decay to a common final state.

Because of the presence of non-zero off-diagonal terms in H, the flavor eigen-
states are not the eigenstates of the Hamiltonian. Diagonalising the Hamiltonian
of Equation 1.23 involves solving the eigenvalue equation:

M-1 My — 1F12) (p) (p)
N 2. 2 = A , 1.24
<M12 - §F12 M — 9 q q ( )

where, due to the hermeticity of the mass and decay matrices, My = M7, and
I'yy =I'},. This leads to the expressions for the mass eigenstates of the neutral B
meson system, which are superpositions of the flavor eigenstates:

|BL) = p|B°) + q|B°) (1.25)
|Bu) =p|B°) —q|B") , (1.26)

where the index L(H) denotes the lighter (heavier) mass eigenstate and the com-
plex coefficients p and ¢ must satisfy:

q -+ (Ml*Q - %sz
p

1/2
= : and |p*+1¢/*=1. 1.27
) P+ I (127
The mass and width difference between the physical By, and By states are defined
as:

AdeMH—ML, AFIFH—FL, (128)

so that Amy is positive by definition.

A unique characteristic of the neutral B mesons is that AI'g, < I'g,, which has
some noteworthy consequences with regards to CP violation (see Section 1.4.2).
This is a direct result of the small fraction of B decay modes shared between
BY and B°. This situation is in contrast to the neutral kaons, where I's > T’}
and ATy ~ Tk, leading to the clear distinction between short-lived (K2) and
long-lived (K?) states. For By mesons, however, the decay widths of By, and By
are nearly identical, and so are their lifetimes®. Consequently, the off-diagonal
elements of the decay matrix are much smaller than those of the mass matrix,
ie. |My| > ||, leading to |¢/p| ~ 1, an approximation which follows from
Equation 1.27.

3Throughout this document 75, and 7go refer to the same quantity and will be used inter-
changeably.
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Let us now consider a state which starts as a pure B° (B) state at time ¢ = 0,
which we will call |BY_,) (|]BY_,)). Over time these states will develop an opposite
flavor component according to the recipe:

q

BLo(t)) = g+(t) 1B%) + g (¢) | B") (1.29)
|BY_(t)) = g4 (t) |B®) + gg (t)[B%) . (1.30)
where:
g4 (t) = e 2le s (MutML)t g (AZM) (1.31)
g-(t) = e~ 2tem s (MMt gy (Amdt) , (1.32)

which are obtained by first transforming the pure B° and B states in the mass
basis, using Equations 1.25 and 1.26, and by applying the Hamiltonian operator
on them. Equations 1.29 and 1.30 are then obtained by transforming the states
back to the flavor basis.

The mass difference* and lifetime parameters of the neutral B mesons have
been precisely measured, with world averages from current experiments [42] given

by:
Amg = (0.5069 4 0.0019) ps~' and 75, = (1.517 £ 0.004) ps, (1.33)

respectively. Since the values of these parameters are of the same order of magni-
tude, the mixing amplitude is quite large. As a result, the integrated oscillation
probability becomes sizeable:

(TBdAmd)Z
2(1 + (TBdAmd)2)

Xa = — 0.1860 + 0.0011 . (1.34)

The prominence of mixing in the neutral B meson system can lead to large CP
asymmetries, as will be discussed in the next Section.

1.4.2 (P violation in the B mesons

As previously stated, C'P violation arises from a single irreducible phase in the SM
couplings. There are three distinct ways that CP violation can manifest in the
neutral B meson system:

42he mass difference Amy is commonly referred to as the oscillation frequency between B°
and B°, which becomes clear when looking at Equations 1.31 and 1.32.



1.4. MIXING AND CP VIOLATION IN THE B MESONS 13

e (P violation in decay, which occurs when the amplitude for a decay has
a different magnitude than that of its C'P conjugate process;

e (P violation in mixing, which occurs when the neutral mass eigenstates
are not identical to the CP eigenstates;

e (P violation in the interference between mixing and decay, which
occurs when the BY and BY mesons can decay into a common final state.

Before describing each of the three types of CP violation in more detail, let us first

introduce some useful notation. The first is the transition amplitude for a B(B)
meson that decays into a final state f(f), denoted by Af(Az), which is defined as:

A= (fIH|B) , &={IHI|B) . (1.35)

The second notation is related to phases that may appear in Ay andzfa Specifically,
there are two kinds of phases; CP-odd, or weak phases, and CP-even, or strong
phases. The former kind is related to the weak interaction part of the Lagrangian.
Weak phases can lead to CP violation, since the relevant terms for a given process
will become complex-conjugated for the C'P conjugate process, breaking CP sym-
metry. The latter kind is related to the strong interaction part of the Lagrangian,
which has CP invariant terms and thus cannot lead to CP violation.

CP violation in decay

The first kind of C'P violation arises when there is a non-zero relative phase between
the amplitude of a decay process and that of its CP conjugate process. The
existence of CP-odd and CP-even phases in a transition amplitude of a process
cannot by itself induce CP violation, since absolute phases are not measurable.
However, if there are multiple amplitudes contributing to a given process, the
situation is slightly more complicated.

Consider such a process that is made up of different contributions. The total
amplitude is given by the sum of all of them:

Ap =) Ajetie’s (1.36)
i
A= %A Z Ajemie (1.37)

J

where A; is the modulus of the contributing amplitude, ¢; and 0; are the absolute
CP-odd and CP-even phases of that given amplitude, respectively, and A£ is the
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relative phase, which is convention-dependent. Taking the modulus of the ratio
between the two total amplitudes removes this relative phase and we obtain:

Jqf Z] Ajef’id)j 6i5j
A_f N > Ajeitie’s
The only way that CP symmetry is broken in this scenario is if the weak phases
¢; are not all equal. Then, it becomes trivial to see that:

(1.38)

A
Ay

#1 = CP violation . (1.39)

This type of CP violation is also known as direct CP violation and is a result of
two or more amplitudes contributing to a process with different phases. The CP
asymmetry is defined as:

I'B—f)—T(B—f)
CTB—=H+T(B—f)’

which is a definition that can be applied to either neutral or charged B mesons.

(1.40)

CP violation in mixing

The second kind of CP violation arises from the fact that neutral B mesons can
oscillate into their opposite flavors, which is known as mixing (see Section 1.4.1).
More specifically, it is a direct consequence of the misalignment between mass
eigenstates and CP eigenstates, which results in an asymmetry between their
transition probabilities, I'(B° — B°) and I'(B° — B°). These differences can be
quantified using the mixing-related quantity ¢/p, which relates to the off-diagonal
elements of the mass and decay matrices, as can be seen from Equation 1.27.
Taking the square of the modulus of q¢/p, we obtain:

‘Mfg 5112
M — -F12
from which it becomes clear that, if CP was conserved, the mass and CP eigenstates
would be identical, i.e. My = M7, and '\ =T'],, and |¢/p| = 1. In the opposite
case, it becomes trivial to see that:

(1.41)

9121 —  CP violation . (1.42)

This type of CP violation is also known as indirect CP violation and was observed
for the first time in neutral kaons in 1964 [22]. In the neutral By system, however,
effects of CP violation due to mixing are expected to be small, O(107), and
lg/p| ~ 1 is a good approximation, with respect to the sensitivity of the past and
current B factories.
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CP violation in the interference between mixing and decay

The third kind of CP violation, commonly referred to as CP violation in the
interference between mixing and decay, was proposed in the 1980s by I. Y. Bigi,
A. 1. Sanda, A. B. Carter, and others [43, 44]. This effect arises when:

B — f)#I'(B°— B — f), (1.43)

which can only occur if the final state f is accessible by both B® and B, a condition
which is naturally satisfied when f is a CP eigenstate, fcp °. This kind of CP
violation is very prominent in the case of neutral B mesons, due to the interference
between decay amplitudes with mixing, A(B® — B° — fop), and ones without,
A(BO — fc P)-

To measure this kind of CP violation, a similar quantity to that defined in
Equation 1.40 can be used. In this case, however, the flavor of the neutral B
mesons evolves with time, making its determination more complicated. The ex-
perimental setup at B factory experiments such as Belle II facilitates the flavor
determination through the production of an 7°(4S) resonance, which decays into
a pair of B mesons [45]. The BB pair constitutes a quantum-entangled system,
meaning that one will have the opposite flavor of the other at any given time.
Thus, by determining the flavor of one of the B mesons at time ¢t = t;, the flavor
of the other B meson is also known at that same time. The experimental tech-
nique of determining the flavor of the B meson which decays into a final state of
interest, Bgig, by using the decay of the other B meson in the event, By,,, is known
as “Flavor Tagging”. More details about how this is performed at Belle II are given
in Section 4.1. The quantum entanglement of the BB pair is broken when one
of the two B mesons decays, after which point the remaining B meson undergoes
flavor oscillations until it also decays, at time ¢ = ¢5. In order to account for these
oscillations correctly, precise determination of the time between the two B meson
decays, At =ty — t1, is also important.

Considering the above, the CP asymmetry defined in Equation 1.40 can be
redefined in a time-dependent context as:

r (Btag:B()(At) — fcp) — (Btag:BO (At) — fcp)

-ACP(At) - r (Btag:BO (At) - fCP) +T (BtagZEO(At) - fCP) .

(1.44)

Using Equations 1.29-1.32, the time-dependent CP asymmetry can be expressed
in terms of parameters that characterize CP violating effects (see Appendix A.1):

Acp(At) = Ssin(AmgAt) — C cos(AmgAt) , (1.45)

°It is not necessary, however, for f to be a CP eigenstate for this type of CP violation to
occur.
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with N )
_ 2Jm()‘fcp) _ 1— |)\fCP’

1+ ‘)\fCPP ’ 1+ ’)‘fcp‘2 .
The two parameters S and C' quantify different sources of CP violation; C' corre-
sponds to direct CP violation (a difference in decay amplitudes), while S encodes
mixing-induced CP violation, which arises from the interference between mixing
and decay amplitudes. Both are expressed in terms of the complex parameter
Afop, defined as:

S (1.46)

q ‘11‘
A = Z_cp , 1.47
fop Ncp lfcp ( )

where n¢p is the CP eigenvalue of the final state, fop. In this case, As,, is the
complex parameter which carries all the information related to CP violation and
it is straightforward to see that:

Aop #1 = CP violation . (1.48)

Note that this condition is satisfied if there is CP violation either in decay (V_]jz/A £l #

1) or in mixing (|g/p[ # 1). However, it is fulfilled even when |Az/A¢| = |q/p| = 1,
since in that case |Af.,| = 1 while Jm(As,,) # 0. From Equation 1.46, it then
follows that S # 0, giving rise to a non-zero time-dependent CP asymmetry.

Lastly, let us also construct the expression for the time-dependent decay rate
which will be used when describing the main measurement in Chapter 5:

e—|At|/TBo

Pep(At; Grag) = {1 + Qtag [S sin (AmgAt) — C cos (AmdAt)} } , (1.49)

4TBO
where iy = +1(—1) when the By, is determined to be B°(B%). It is worth
noting that the above expression is symmetric under At — —At, meaning that
the ordering of the two B decays in the event has no impact on the measurement
of the time-dependent CP asymmetry (see Appendix A.2).
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1.5 Tree and Penguin transitions

In the SM, weak decays of B mesons can proceed through two main classes of
Feynman diagrams: tree-level and loop-level processes. Both types can contribute
to the same decay channel, although their relative importance depends on the
specific final state under consideration.

Tree-level processes are characterized by the exchange of a virtual W boson be-
tween quark fields and are typically the dominant contribution in many B meson
decays. A widely studied example is the so-called “golden mode” B® — Jjy K,
which is dominated by a color-suppressed tree amplitude (see Figure 1.4, left).
Tree-level processes are theoretically “cleaner” in the sense that their amplitudes
can often be computed with smaller hadronic uncertainties compared to contribu-
tions from loop-level processes. This makes them suitable for precision tests of the
SM, for instance in measurements of the mixing-induced CP violation introduced
in the previous section.

On the other hand, so-called “penguin” diagrams [46| arise at loop-level, where
the weak transition is mediated through virtual quarks and a W boson partici-
pating in a loop (see Figure 1.4, right). Their contribution is generally suppressed
compared to tree amplitudes, both because they occur at higher order in the elec-
troweak interaction and because they often involve additional small CKM factors.
Nevertheless, penguin contributions can compete with tree diagrams in certain
decay channels and can even dominate in specific cases.

i~y
A
A
]}

*

cb
B w*
Ves

5
d > d

Figure 1.4: Main Feynman diagrams contributing to the BY — J/i) KY decay. The
left diagram illustrates the tree-level contribution, while the right diagram shows
the loop-level (penguin) contribution.

In particular, FCNC processes, such as b — s or b — d transitions, do not
occur at tree-level in the SM, due to the GIM mechanism. Instead, they arise only
through penguin loops or box diagrams, making their amplitudes loop-suppressed
and CKM-suppressed. This suppression, however, turns out to be an advantage
from the point of view of NP searches. Since these decays are predicted to be
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rare in the SM, even small NP contributions can induce significant deviations in
branching fractions, C'P asymmetries, or other observables.

A crucial feature of penguin processes is that they are sensitive to the presence
of heavy virtual particles, even if those particles are far above the electroweak scale.
Hypothetical heavy particles beyond the SM, such as supersymmetric particles,
heavy charged Higgs bosons, or vector-like quarks could enter the loop and alter the
effective couplings governing b quark transitions. This makes penguin-dominated
decays powerful indirect probes of NP effects, complementing direct searches at
high-energy colliders.

In contrast, looking for NP effects in tree-dominated decays is more challenging.
Since the tree amplitude is both theoretically cleaner and typically much larger
than any possible penguin contribution, new virtual effects are heavily diluted and
difficult to disentangle from the SM expectation. Because of this, tree-dominated
decays like B — J/i K2 are best suited for precision tests of CP violation within
the SM, while penguin-dominated decays, especially those involving FCNC pro-
cesses like b — sy transitions, are more sensitive to possible contributions from
BSM physics.

1.6 b — sv transitions as probes for BSM physics

The SM predicts that the photon emitted in b — sy(b — 3v) transitions is pre-
dominantly left-handed(right-handed), due to the chiral structure of the weak in-
teraction and the fact that the b quark is much heavier than the s quark (see
Section 1.6.1). However, in many NP scenarios, heavy BSM particles can enter
in the electroweak loop process with sizeable contributions to the right-handed
component of the photon polarisation. Such effects would manifest as deviations
from the SM expectation in observables such as branching ratios, C'P asymmetries
and the photon polarisation itself. To date, no significant deviation from the SM
prediction has been observed in either of those observables, which places strong
constraints on the parameters of NP models.

The branching ratio of the inclusive B — Xy process has been measured by
several experiments with an average of B(B — X¢7)exp = (3.49+0.19) x 10~ [42]
and is in agreement with the SM prediction B(B — X v)m = (3.40 £ 0.17) x
10~* [47]. However, this by itself is not enough to fully exclude NP contributions
to the photon polarisation in b — s7, as there are some NP models [24, 25| in
which the left- and right-handed components are comparable, without leading to an
excess in the inclusive branching fraction. Putting constraints on the parameters of
those models requires studying the photon polarisation itself in exclusive radiative
decay modes.
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1.6.1 The photon polarisation in b — sy transitions

In the SM, the effective Hamiltonian for the quark-level b — s7v transition, at
leading order in QCD, is given by:

_Gr e
V2 1672

where G is the Fermi constant, which is related to the weak coupling and the
mass of the W boson as G o ¢g?/M3, at first order of the radiative corrections, Vj,
and V4 are the leading CKM matrix elements appearing in the loop diagram, F3 is
the Inami-Lim function which accounts for the dominant top quark contribution
in the loop (48], Pr and Py, are the projection operators defined in Equation 1.4,
o, are the commutators of the Dirac v matrices and F* is the electromagnetic
field strength tensor.

Because of the dipole structure of the operator in Equation 1.50, only two
helicity configurations contribute to the b — sy process. The o, tensor only
couples quarks of opposite helicities, and the mass factors m; and mg determine
on which quark leg the helicity flip occurs; the m, term corresponds to brp — sy,
while the m, term corresponds to by, — sg. Angular momentum conservation then
fixes the photon helicity, so that the two possible contributions are bg — s;v;, and
br, — srYr. Moreover, because the mass of the s quark is much smaller than that of
the b quark (mgs/my ~ 0.02), the term proportional to my is suppressed with respect
to the one proportional to my and that is why in the SM the photon polarisation®
is predominantly left-handed in b — s7 transitions, i.e. P(br — spvr) > P(by —
sgYr). The Feynman diagram of the quark-level b — s+ transition is shown in
Figure 1.5.

The expression for the effective Hamiltonian corresponding to the b — 3v
process is obtained by taking the hermitian conjugate of Equation 1.50:

_GF e %
V2 1672

Heﬁ“ = th‘/;:FQEJW(mbPR + msPL)bF‘“’ s (150)

Hi = Vi F350,, (my P, + myPr)bEM (1.51)
Following the same arguments as before, it becomes clear that in b — 3 transitions
the photon polarisation is predominantly right-handed, i.e. P([_)L — SgrYR) >
P (bR — SLY L)-

In the context of radiative B meson decays proceeding through b — sv transi-
tions, such as B — K,y — K7my, it is necessary to account for QCD corrections
that modify the decay amplitudes for left- and right-handed photons. The effective
Hamiltonian shown in Equation 1.50 captures only the leading contribution, but

6The terms photon helicity and photon polarisation are used interchangeably throughout this
chapter.
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u,c,t Y

Figure 1.5: Feynman diagram of the b — sv quark-level transition in the SM.
Since the top quark dominates in the loop, the weak couplings can be taken as
|Vis| ~ 1 and |V;%| ~ A2. The photon helicity is predominantly left-handed in this
transition, while in the b — $v transition, it is right-handed.

the full description is obtained within the Operator Product Expansion (OPE). In
this framework, the effective Hamiltonian can be written as:

8

MY =~ IV Y (G000 + ClnOi)] . (152

where O; are local long-distance operators and C; are short-distance Wilson coef-
ficients related to b — s7v, transitions. The primed operators and coefficients are
related to the b — syg transitions. As described earlier, these right-handed terms
are suppressed in the SM by a factor mg/m; with respect to the left-handed terms.

An intuitive way to understand the structure of HOFE is to view it as replacing
the underlying short-distance physics with effective point-like interactions, analo-
gous to how the Fermi theory of weak interactions introduces the effective coupling
Gr. The local operators O; encode these interactions, while the Wilson coefficients
C; act as the corresponding effective couplings. In this picture, HOF T is expressed
as a sum of effective interaction terms, each given by an operator multiplied by its
associated coupling constant.

The local operators and Wilson coefficients depend on the value of the renor-
malisation scale u, which is chosen to be of the order of the mass of the decaying
hadron, so here y ~ O(m;). The renormalisation scale is used to separate the
physics contributions to the decay amplitude into short-distance contributions at
energy scales higher than p and long-distance ones at scales lower than p.

Here, the leading contribution to HO'® comes from the electromagnetic dipole
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operator, O, defined as:

Or

= 167T2mb§LO—MVbRFlW . (153)
It is worth noting that, when only considering the contribution from O, the
expression of the effective Hamiltonian is equivalent to the one in Equation 1.50.
The primed operator is given by:

e
O, =
T 1672

mb§RUWbLF“” . (154)

The sub-leading contributions come from the current-current operators O; and
O, which correspond to diagrams with a W boson exchange between the two quark
lines, the QCD penguin operators O3 through Og, which correspond to diagrams
with a gluon exchange between the two quark lines, and the chromomagnetic gluon
penguin operator Og, corresponding to gluon emission from the virtual up-type
quark. In the SM, the only contributions from primed operators are those coming
from Of and Of, but those are negligible since:

c; Gy my

= = —~0.02. 1.55
07 08 my ( )

Thus, at leading order (LO), the subleading contributions from 0,7 and O,

can be absorbed into effective C%O)eﬁ and C’;(O)eﬁ coefficients, respectively, and the
amplitude for b — sy can be written:

G e . 1(0)e Iy
VAV [ ) (105 v+ ) <(f| o7>|z>] ,
1.56

where ¢ and f denote the hadronic initial and final states, respectively, and (f| (95’) |7)

M(b — s7)Lo = (f| H%PE i) =—

are the hadronic matrix elements of (95” between ¢ and f. The effective coefficient
Céo)eff denotes the leading logarithmic expression to C¢%, while the matrix elements
include contributions to the amplitude M(b — s7) from scales lower than p.
Perturbative QCD corrections to the matrix element part have been computed,
in particular for B — K*v decays [49, 50|. These studies indicated that higher-
order SM contributions could potentially enhance the right-handed photon po-
larisation in b — sy transitions. In some approaches [51, 52|, the right-handed
contamination is estimated to be as large as ~ 10%. However, such results are
strongly model dependent and not fully in agreement with each other, meaning

that further theoretical work is needed to clarify the situation.

A well-motivated class of NP models that can produce sizeable right-handed
currents are Left-Right (LR) symmetric extensions of the SM, based on the gauge
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group SU(2)p x SU(2)g x U(1)p_r, [53, 54]. These theories introduce a charged
gauge boson Wx and a right-handed quark mixing matrix Vg, which is the analogue
of the CKM matrix in the SM. Two new effects are relevant for radiative b — sy
decays: (i) loop diagrams with Wx (and possibly new heavy fermions or scalars)
contribute directly to the electromagnetic dipole operators, and (ii) mixing between
Wy, and Wg can induce C7 coefficients that are not suppressed by the light-quark
mass ratio mg/m, in the same way as in the SM. As a consequence, LR models can
generate C} values comparable to C7, leading to right-handed photon amplitudes
much larger than the SM expectation.

Phenomenological studies have used b — sy observables, like the inclusive
branching ratio, direct C'P asymmetries, and observables sensitive to photon he-
licity, to constrain the LR parameter space. In many scenarios, these constraints
already push Wpg to high masses or require small W;-Wg mixing, but viable re-
gions remain where sizeable C7, effects are possible.

A complementary framework in which enhanced right-handed currents can nat-
urally arise is the Minimal Supersymmetric Standard Model (MSSM). Supersym-
metry (SUSY) is a proposed extension of the SM in which every fermion has a
bosonic superpartner and every boson has a fermionic one. The MSSM is the
simplest realisation of this idea, incorporating the minimal particle content and
interactions required for a consistent supersymmetric theory of the electroweak
and strong interactions [55, 56|. Beyond stabilising the Higgs sector and providing
a dark matter candidate, the MSSM also introduces a rich flavor structure that
can strongly affect rare B decays.

In radiative b — s transitions, supersymmetric particles such as charginos,
gluinos, and charged Higgs bosons can contribute via loop diagrams alongside the
SM top—W penguin. These additional contributions can substantially modify the
Wilson coefficients C7 and C7%. In particular, flavor-violating effects in the squark
sector, or left—right mixing among squarks, can enhance the right-handed ampli-
tude, leading to potentially observable deviations in the photon polarisation [57].
Thus, much like LR models, the MSSM provides a concrete scenario in which
b — sy decays become sensitive probes of new flavor dynamics.

1.6.2 Physics observables and current status

In this Section, the physical observables which are most relevant in probing the
photon polarisation in b — s transitions are presented followed by their current
experimental status.
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Photon polarisation

Direct measurements of the photon polarisation in radiative decays can be quite
challenging, as they often require a complicated analysis of angular observables [58,
59]. On this front, the LHCb collaboration has made significant progress.

In particular, the most recent angular analysis of B — K**(— K- 7nt)ete”
decays in the low dilepton invariant mass (¢*) region [60] has set the most stringent
constraints to date on the real and imaginary parts of C%/C7 (see Figure 1.6).
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Figure 1.6: Constraints at the two standard deviations level on the real and imag-
inary parts of the ratio of right- and left-handed Wilson coefficients, C%/C7. The
most stringent constraint comes from the angular analysis of B® — K*%ete™ at
very low ¢?. From the LHCD collaboration [60].

In addition, LHCb has measured the photon polarisation for the first time
in radiative A, baryon decays 61|, which proceed through the same underlying
b — sv quark-level transition. This measurement is likewise consistent with the
SM prediction, placing even more constraints on possible contributions from NP
models.

Mixing-induced CP asymmetry

Another method to probe the photon polarisation is to measure the mixing-induced
CP asymmetry in neutral B meson decays via a time-dependent analysis. This is
the strategy followed by the measurement at the core of this thesis.

For radiative decays of neutral B mesons to a hadronic CP eigenstate fop,
where, for simplicity, the flavor of the companion B meson (Bi,,) is tagged at
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time ¢ = 0 of its decay, the time-dependent CP asymmetry is given by [26]:

I'(B°(t) — fepy) =T (B°(t) = fep)

A= F (B0 = o) +T (B0 — for) 2
~ —€sin(2¢) sin(py — ¢ — Or) sin(Amgt) (1.58)
= Ssin(Amgt) , (1.59)

where £ = +1 is the CP eigenvalue of fop and S is the mixing-induced CP violation
parameter. The only difference between this formula for the asymmetry and the
one introduced in Section 1.4.2 is that here the total B and B decay amplitudes
are each expressed as the sum of the decay amplitudes involving left- and right-
handed photons, such as:

L (B°(t) = fepy) = [IML@)]? + [Mr(t)], (1.60)
L (B°(t) = fery) = Mo + [Mg(t)]* . (1.61)

This is because states with different helicities do not interfere quantum-mechanically
and the photon helicity is in principle measurable.

The approximation in Equation 1.58 comes from the fact that the term related
to direct C'P violation, which is proportional to C', has been neglected. Moreover,
in this expression, sin(21) is used to parameterise the relative amount of left- and
right-handed photons, defined as:

_ 2|M M|
sin(2¢) = M2+ [Mg? (1.62)

while the relative phase ¢, is the one related to B°~B° mixing (see Section 1.4.1),
with ¢y = 28 for BY mesons and ¢; ~ 0 for B? mesons. Due to the suppression
of the right-handed amplitude in b — s, sin(2¢) is predicted to be close to zero.
The relative phases ¢ r are the weak phases in the b — sy process, which are
predicted to be very small in the SM (O(\*)). They are defined as:

LT

1.63
Mo (1.63)

¢L, R = Sin_l (
Thus, in the SM, the time-dependent CP asymmetry in expected to be close to
zero in radiative B decays of the kind B — fopy. Any deviation from this ex-
pectation would thus be a clear signal of contributions to the right-handed photon
polarisation in b — sy from NP processes. This is an indirect method of probing

the photon polarisation, as it does not allow to determine the ratio between the
left- and right-handed amplitudes Mg/ M, and thus relate it to |C%/C7|. This
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means that, in the case of an experimental result which significantly deviates from
the SM prediction of Acp(t), the relative phases ¢y r would need to be fixed
from several NP models to values that best describe the observed value of Acp(t).

The mixing-induced CP asymmetry has been measured in several radiative
B decay modes, but the sensitivities of these measurements are still statistically
limited and far from reaching the theoretical precision. The best measurements of
this observable come from the B factory experiments, due to the relatively clean
experimental environment they provide (see Chapter 2).

In the “golden mode” for studying CP violating effects in radiative B decays,
B® — K27%, both Belle and BABAR have performed measurements of the CP
parameter S [62, 63]. They reported Sgoro0, = —0.10 & 0.31 £ 0.07 and Sgo 0, =
—0.78 £0.594+0.09, respectively. In the mass region of the K*(892), they reported
Speer, = —0.327038 £ 0.05 and Sg-, = —0.03 & 0.29 + 0.03, respectively. This
measurement was also recently performed in Belle IT [64], resulting in S KOx0y =
0.04704% £0.10 and Sk~ = 0.00703% £ 0.03, in the K*(892) mass region. In all
these measurements, the measured value of the direct CP violation parameter, C,
is consistent with zero, which validates the approximation made in Equation 1.58.

Belle and BABAR have also studied B — K3 ntm~v decays |65, 66]. They
reported Sxgr+p—y = 0.09 + 0.274557 and Sgo = 0.14 £ 0.25 + 0.03, respec-
tively.

Ttr—y

At this point, it is necessary to describe how the B® — K2 77+ decay pro-
ceeds. First, the B meson decays to an intermediate state, which consists of a
kaonic resonance K., and a photon. The K, state is very short-lived” and can
decay into K9 nt7r~ in several different ways. Out of all the different decay paths,
only those involving the K2 p° intermediate state, where p° — 77—, are CP
eigenstates and therefore contribute to the mixing-induced CP asymmetry, with
the CP parameter S K900+ The rest of the decay paths dilute the measured value
of the fundamental CP parameter S and must be separated from the main con-
tribution using a dilution factor, in order to obtain S K90~ from any measurement
of S KO including all intermediate contributions to the final state, K w7 .
This is in contrast to BY — K97y decays, where the dominant contribution pro-
ceeds through a CP eigenstate and no dilution factor is needed at first order. The
dilution factor for B® — K2 77~ is defined as:

rtr—y

S T
D= DRgmtnTy (1.64)

SKgPO’Y

"The lifetime of the K, state is of the order O(10724) s, which is nowhere near the sensitivity
of any current experiment, so it can be considered to decay near-instantly.
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The dilution factor can be determined via an amplitude analysis to disentangle the
contribution of the K20 intermediate state leading to the K3 777~ final state in
the B - K g7r+7r_’y decay from all other possible intermediate K, paths. Such an
analysis is experimentally feasible at Belle IT using rather Bt — K77~ decays,
under the assumption of isospin symmetry, due to the larger branching fraction and
higher reconstruction efficiency of the charged mode, though it is beyond the scope
of the present thesis. Instead, the analysis presented here measures the effective
mixing-induced CP asymmetry in B® — Kgn*n~ 7 decays, Segt = Sk9r+x—~, Which
also includes contributions from non- CP eigenstates.

The value of the dilution factor in B® — K3 777+ has been measured in the
past by both Belle and BABAR [65, 66]. Belle reported D = 0.8375:9 while BABAR
measured —0.79012. The opposite sign arises from the different conventions used
in defining the CP eigenvalues in the two analyses.

Using the above values for the dilution factor, the measurements of S.g by
Belle and BABAR [65, 66] can be translated to Sgo,, = 0.11 & 0.337005 and

Sk = —0.18 % 0.3215:52, respectively.

Beyond the global measurement of Seg in B® — K977~ decays, it is possible
to extract additional information from the distribution of events across the Kgm+—
K2 7~ Dalitz plane.

More precisely, the authors of Ref. [27] proposed two new observables, St and
S~ , which are sensitive to different combinations of the underlying weak and strong
phases and thus provide constraints on the photon helicity that are complementary
to the existing ones. They are defined as:

St=5T+57, (1.65)
S—=5"— 9T, (1.66)

where ST and S are the mixing-induced CP violation parameters measured in the
two complementary regions of the Dalitz plane, defined by migw L < migr and

Mo 4 > mﬁ(gw_, respectively (see Figure 1.7).

2
KO
ls\/[easuring St and S~ gives access to the real and imaginary parts of S K ntm—r»
which allows to place new constraints on the real and imaginary parts of C%/Cy.
Figure 1.8 shows projections of these constraints on the C%/C%7 complex plane
using future expected datasets from Belle 11, together with the current and future
projected constraints obtained from the angular analysis of BY — K*%ete™ in
the low ¢? region by the LHCb experiment. It can be seen that the projected
constraints from S and S~ are expected to be competitive with those obtained
from B° — K*%cte™ at low ¢%.
Note however, that these constraints not only depend on the measured values of
ST and S, but also on the dilution-like factors a and b, which can be determined
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Figure 1.7: Tlustration showing the K2 7t — K3 7~ Dalitz plane. The még7r+ =

2
Kgdr*
parameters are linear combinations of the S parameters measured simultaneously
in both halves.

m bisector splits the plane into two halves and the measured S and S~

from an amplitude analysis of BT — K*rt7~ v decays. The first measurement
of ST and S~ in B — K9 nt7 7 decays is presented in this thesis, acting as
the “proof of concept” for such an analysis, together with a measurement of Seg
and C, using data recorded by the Belle IT experiment. The measurement of S™
and S~ will provide novel experimental input which, when combined with future
amplitude analyses of BT — KTxt 7™+, will allow to further constrain the photon
helicity structure in b — sy transitions.
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Figure 1.8: Expected constraints on RRe(C%/C;) and Im(C%/C7) at the three stan-
dard deviations level, derived from the measurement of the new proposed observ-
ables ST and S~ with 10 ab™! and 50 ab™' of Belle II data. The red, green and
blue constraints are derived using three different sets of values for {S*, S7, a and
b}, where a and b are two dilution-like factors. The dashed (solid) green contour
is derived from the angular analysis of B — K*eTe™ decays at low ¢* using LHCb
Run I data [67] (Run II for the left and Run III for the right plot). Taken from [27].
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This chapter describes the experimental setup which is central to the core
measurement presented in this thesis, comprising the SuperKEKB accelerator and
the Belle II detector |68, 69].

2.1 The SuperKEKB accelerator

SuperKEKB (see Figure 2.1) is a circular electron-positron (et e™) collider with
asymmetric beam energies located at the High Energy Accelerator Research Or-
ganization (KEK) in Tsukuba, Japan.

[poronng ] o

electron-positron
injector linac

Figure 2.1: Schematic view of the SuperKEKB accelerator. The LINAC is shown
as well as the HER and LER rings. Collisions occur at the Interaction Point, at
the center of the Belle IT detector. Taken from [68].

Electrons are generated in a pre-injector with a linear accelerator (LINAC)
and are accelerated to an energy E.- = 7.007 GeV. Positrons are produced by
irradiating a tungsten target with electrons produced in the pre-injector and they
are subsequently accelerated to an energy F.+ = 4 GeV. The beams are then stored
in two 3 km storage rings; the High Energy Ring (HER) for electrons and the Low
Energy Ring (LER) for positrons. Collisions between electrons and positrons take
place at the Interaction Point (IP), found at the center of the Belle II detector
(see Figure 2.5). The electrons and positrons collide in so-called “bunches” every 4
ns. The electron and positron beams also collide with a small crossing angle of 83
mrad in order to limit as much as possible the number of beam-beam interactions
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as well as to reduce the effective size of the beam spot, in the z-axis. The energy
of the collisions at the center-of-mass (C.0.M.) frame is calculated as:

E; +EX\* (p;+pi\’
\/gz\/<%> _<m> ~ 10.58 GeV/c? (2.1)

c

where p,, p/ are the momenta of the electron and positron, respectively. This
energy corresponds to the rest mass of the 7°(4S) resonance, which is a bound
state consisting of a bb quark pair, that decays almost exclusively! into pairs of
neutral or charged B mesons.

Despite the fact that SuperKEKB operates at a C.0.M. energy that corresponds
to the rest mass of the 7'(45), an 7°(4S) resonance is produced in less than 1% of
et e~ collisions. This is because of the relatively low production cross section of
the bb process, at approximately 1.1 nb, when compared to all other ete™ — ff,
where f denotes all fermions. Figure 2.2 shows all the different processes resulting

from e™ e~ collisions with their corresponding cross sections, as they can be found
in Table 18, Chapter 4 of Ref. [71].

Cross sections [nb] for e e~ collisions at v's =10.58 GeV

T(48)

ete (y): T4.4 (52.0%)
ete"ete : 30.7 (27.7%)
ete putp: 189 (13.2%)
() 3.3 (2.3%)
wa(vy): 1.6 (L1%)
®  ce(y): 1.3 (0.9%)

e () 1.2 (0.8%)
®  T(45): 1.1 (0.8%)

777 (5): 0.9 (0.6%)
®  dd(v) or s5(v): 0.8 (0.6%)

Figure 2.2: Cross sections of e™ e processes observed at /s = 10.58 GeV. Cross
section numbers taken from [71].

SuperKEKB is the successor to the KEKB accelerator and is designed to
achieve an instantaneous luminosity? that is forty times higher than its prede-

lwith branching fraction greater than 96% [70].
2Instantaneous luminosity is a measure of the collision rate per unit area in a particle accel-
erator, indicating how many particles are likely to interact in a given amount of time.
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cessor, with a target peak instantaneous luminosity of 6 x 103 cm™2s~!. This will
be achieved through the use of the so-called “nano-beam” scheme, which reduces
the vertical beam size at the interaction point down to ~ 50 nm, significantly
increasing the probability of collision. The first data-taking period of Belle IT took
place between 2019-2022, also known as Run 1, in which 365 fb™! of integrated
luminosity® were collected at the 7°(4S) energy, amounting to ~ 388 million BB
pairs [72|. This dataset is the one analyzed to perform the measurement at the
center of this thesis research. Additionally, more collision data were collected at
slightly lower energies, called off-resonance, as well as higher energies to produce
higher spin resonances, like 7°(55), bringing the total integrated luminosity of
Run 1 up to 428 fb™! which is comparable to the amount of data collected by
the BaBar experiment during its runtime [73]|. By the end of data-taking, Belle 1T
aims to collect 50 ab™' of data, which is more than 50 times the amount collected
by each of its predecessors, Belle and BaBar. Figure 2.3 shows the timeline of
Belle II data-taking during Run 1. The world record for the highest instantaneous
luminosity at the time of writing this thesis document was reached by SuperKEKB
at 5.1 x 10**em 257!, on December 24th 2024*.

There are certain features that make SuperKEKB an ideal environment to
study time-dependent CP violation phenomena. The first is a direct consequence
of the asymmetry between the electron and positron beams, which results in the
7(45) resonance being boosted in the lab frame, with a Lorentz boost factor of:
By = (p; — pl)/(cy/s) ~ 0.28. Consequently, the pair of B mesons produced
from the 7'(495) travel a greater distance from the IP (~ 100 um) before decaying,
compared to their flight distance in the case of equal beam energies (~ 1 pum).
This displacement is essential, as without it, even the highest-resolution vertex
detectors would be unable to resolve the individual decay positions of the two B
mesons in an event, using the trajectories of their decay products [71].

The second feature, as explained in Section 1.4.2, is that the two B mesons
produced from the 7°(4S) are produced coherently, so there is always one B° and
one B° in the pair®, until one of the two decays. This quantum entanglement
allows one to determine the flavor state (either B® or B°) of one B meson by
tagging the flavor of the other B meson in the event at the time of the latter’s
decay.

3Integrated luminosity is a measure of the amount of collisions per unit area and is usually
measured in inverse femtobarns, where 1 fb~! = 1039 cm~2, in particle collider experiments. It
is a measure of the amount of data collected by the experiment.

4The highest instantaneous luminosity reached while the Belle II detector was on is 4.7 x
1034 em =251,

Sor one BT and one B~ in the case of charged B mesons, but we are focusing on the neutral
case here.



2.2. THE BELLE II DETECTOR 33

Belle 1l Online luminosity Exp: 7-26 - All runs
17.5 Integrated luminosity
B Recorded Weekly
15.0 - ICRecora‘eddt - 427.79[fb_1] ...... (... 400

F 300

10.0

75 - 200

5.0

Total integrated luminosity [fb~1]

=
o
o

Total integrated Weekly luminosity [fb™1]

2.5

0.0

Figure 2.3: Amount of data (in fb™') collected per week by Belle II during its first
physics run period. From the Belle II collaboration.

Both of these aspects are illustrated in Figure 2.4, which shows what a typical
ete™ — T(4S) — BB event looks like at SuperKEKB. Since the Lorentz boost
is well known, the measurable distance between the decay positions of the two B
mesons, Az, can be related to the difference between their decay times, At, as:
Az = fycAt. Moreover, the charge of one of the particles in the decay of the
tag-side B meson tags its flavor state at the time of its decay, which, due to the
quantum entanglement of the BB pair, also tags the flavor state of the CP-side, or
signal-side B meson at that same time. More details on how this Flavor Tagging
is performed at Belle II are given in Section 4.1.

Reliable Flavor Tagging and precise knowledge of the B mesons’ decay positions
in each event are both essential in achieving a high experimental precision in
measurements of time-dependent C'P asymmetry, such as the one at the center of
this thesis research. Reaching a high enough performance on both of these fronts
is entirely dependent on the instrument used to detect the particles produced in
the e™ e~ collisions delivered by SuperKEKB; the Belle II detector.

2.2 The Belle II detector

The Belle II detector (see Figure 2.5) is a state-of-the-art barrel-shaped spectrom-
eter consisting of several detection layers arranged around the beam pipe, each
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B°(B?)

CP-side

Az = At. BYyc

tag-side

I

Figure 2.4: Schematic representation of a collision event where an 7°(4S) is pro-
duced and decays in a pair of neutral B mesons. The Lorentz boost of the produced
BB pair ensures they will travel far enough for their individual decay positions
to be resolvable. The decay of the tag-side B meson tags the flavor state of the
CP-side B meson at the time of the former’s decay.

one being responsible for different aspects of particle detection, such as calorime-
try, tracking and particle identification. The sub-detectors are positioned slightly
asymmetrically along the beam axis to account for the Lorentz boost, and they
provide nearly full angular coverage, which is crucial for reconstructing missing
energy from neutrinos. Starting from the one closest to the IP, the Belle II sub-
detectors are:

e The PiXel Detector (PXD), consisting of 2 layers of DEPFET silicon pixel
sensors®. It possesses an excellent spatial resolution, which is essential for
the precise measurement of the B mesons’ decay positions, a process known

as vertex reconstruction. It is also used for track fitting purposes.

e The Silicon Vertex Detector (SVD), consisting of 4 layers of double-sided
strip sensors, used for tracking, vertex reconstruction, as well as charged
particle identification. The PXD and the SVD comprise the so-called VerteX
Detector (VXD) of Belle II.

SDuring the first data-taking period, only one ladder of the second layer was installed; the
remaining ladders were added after the end of Run 1 in mid-2022. Since the innermost layer
closest to the interaction point was already fully in place, the absence of most of the second layer
during Run 1 had only a marginal effect on the vertex resolution.
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ECL Solenoid

TOP + ARICH

VXD = PXD + SVD

KLM

Figure 2.5: Schematic view of the Belle II detector with all sub-detectors denoted.
The Belle II coordinate system is centered at the interaction point of the beams.
The z-axis is defined to be nearly collinear to the electron beam direction, the z-
axis points horizontally outward from the center of the accelerator rings, and the
y-axis is vertical, pointing upwards. The polar angle 6 is defined over the interval
[—7, +], with § = 0 corresponding to the +z direction and § = £+ corresponding
to the —z direction. The azimuthal angle ¢ spans the [0,27] range around the
xy-plane. Adapted from Belle II collaboration resources.

e The Central Drift Chamber (CDC), the main tracking system of Belle II,
consisting of a large number of sense wires suspended in a helium-based gas
mixture. It also contributes to particle identification through the measure-
ment of energy loss (dE/dx) of charged particles that pass through it.

o A system of Particle IDentification (PID) detectors, consisting of the Time Of
Propagation (TOP) detector in the barrel region and the Aerogel Ring Imag-
ing CHerenkov (ARICH) detector in the forward endcap. They both measure
the velocities of charged particles, which, when combined with momentum
measurements from the preceding tracking detectors, allow to measure the
particles’ mass, and thus identify them.

e An Electromagnetic CaLorimeter (ECL), which consists of a large number of
CsI(Ti) scintillation crystals. They allow to measure the energy of particles
that stop in them, which are mainly photons, electrons and several light
hadrons produced in the collision.
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e The KLong (K?) and Muon detector (KLM), which makes up the outermost
part of the Belle II detector. It consists of an assembly of resistive plate
chambers and thick iron plates designed to stop K9’s and muons, as its
name suggests.

Moreover, there is a superconductive solenoid magnet that generates a 1.5T
magnetic field which is aligned with the beam axis and oriented in the boost di-
rection, bending the trajectories of electrically charged particles in the detector
volume. This is crucial in reconstructing the momentum of those particles by de-
termining the curvature of their trajectories, which is the role of the main tracking
sub-detectors, SVD and CDC.

In the following Sections, each of the sub-detector systems will be described in
more detail.

2.2.1 The Pixel Detector

The rate of parasitic particles produced in e™ e~ collisions at SuperKEKB is sig-
nificantly higher than it was at KEKB, due to the use of the nano-beam scheme.
Consequently, the Belle setup, which relied solely on silicon strip sensors for vertex
detection, would not have been able to handle the increased occupancy” resulting
from the higher beam-induced backgrounds® in the Belle II case. The solution
to this problem was to use pixel sensors for the innermost layers of the Belle II
detector, which have a much higher number of readout channels compared to strip
sensors, significantly reducing detector occupancy. Pixel sensors also inherently
provide two-dimensional readout, as opposed to strip sensors, which require two
layers stacked perpendicularly on top of each other in order to achieve the same
two-dimensional hit detection.

The Pixel Detector (PXD) consists of two cylindrical detection layers, labeled
L1 and L2, placed at a radius of 14 mm and 22 mm from the axis of the beam (or
at 4 mm and 12 mm from the external wall of the beam pipe), respectively, and
covering a polar angle range of 17° < 6 < 150° (see Figure 2.6). Each detection
module consists of a matrix of 768 x 250 pixel sensors and the modules are glued
by pairs to form ladders. The innermost layer is made of 8 ladders, while the
outermost contains 12 ladders. Although the PXD is now fully installed, only the
first layer was in place during the initial data-taking period, which corresponds to
the data sample analysed in this thesis research.

"Detector occupancy is defined as the fraction of channels that have registered a hit in each
event.
8The different types of beam-induced background processes will be explained in Chapter 3.
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Figure 2.6: Schematic representation of the Pixel Detector with both layers. The
gray colored areas correspond to the DEPFET pixel sensors. From the Belle 11
PXD group.

The sensors used in the PXD are based on the DEPleted Field Effect Transistor
(DEPFET) technology [74]|, where detection and signal amplification are both
handled by a semiconductor detector. A cross section of the sensor is shown in
Figure 2.7. The sensor is fully depleted when a high voltage is applied to its p™
contact. Pairs of electrons and holes are created by incident charged particles and
subsequently drift to opposite sides of the sensor, with the electrons accumulating
to the so-called “Internal Gate”, which constitutes a potential minimum. The
electrons are then amplified to form the signal which is continuously read out
every 20 pm, with a 100 ns downtime between the cycles. The most important
characteristic of the DEPFET sensor is the small capacitance of its internal gate,
which results in very low noise performance, even at room temperatures, making
it the ideal choice for the high beam-induce background environment of Belle II.

2.2.2 The Silicon Vertex Detector

After the two layers of the PXD, there are four additional cylindrical detection
layers, L3 — L6, that constitute the Silicon Vertex Detector (SVD). It also follows
a ladder structure that is similar to the one of the PXD, but there are certain key
differences. First and foremost, the ladders consist of Double-sided Silicon Strip
Detectors (DSSD), with readout chips (APV25 [75]) that have significantly faster
readout compared to the DEPFET pixel sensors of the PXD (~ 50 ns compared
to ~ 20 um). Due to the faster readout, the SVD can reject off-time hits due
to beam-induced background more easily compared to the PXD, but it is more
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Figure 2.7: Cross section of the DEPFET sensor. Taken from [69].

sensitive to instantaneous noise from high-rate beam-induced particles. This sus-
ceptibility is effectively mitigated by placing the SVD ladders several centimeters
away from the beam pipe, where the flux of parasitic particles is significantly lower
(see Table 2.1). Moreover, layers 4, 5, and 6 have trapezoidal sensors placed in
their forward regions, which are slanted in order to increase the acceptance of the
detector as much as possible while keeping its coverage in the z-axis the same.
The SVD covers a polar angle range of 17° < 6 < 150°.

Layer | Radius (mm) | Ladders/layer | Sensors/ladder | Material budget (%X))
3 39 7 2 0.4
4 80 10 3 0.5
d 104 12 4 0.5
6 135 16 5 0.6

Table 2.1: Specifications of the SVD detector layers. Information taken from [76].

Since the SVD extends out to a cylinder radius almost 14 cm, it is used to
reconstruct many of the relatively long-lived K2 particles, which may decay out-
side the volume of the PXD, using the trajectories of its charged pion daughters
(%), for about 2/3 of the decays. This of course is of crucial importance in the
reconstructing the K3m+7 v final state for the time-dependent CP asymmetry
measurement at the core of this thesis research.

Taken together, the PXD and the SVD form the innermost tracker of Belle II,
also known as the VerteX Detector (VXD), that is depicted in Figure 2.8. The
spatial resolution of these two sub-detectors is what primarily drives the resolution
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of the B decay vertex position measurement, and consequently, the resolution of
At in all time-dependent analyses at Belle II.

Figure 2.8: Photograph of the fully assembled VXD before installation.

Looking towards the future of Belle II data taking, the vertex detector of Belle II
will require a substantial upgrade to cope with the increased background hit rate
expected at the nominal SuperKEKB luminosity of 6 x 10%* cm~2s~!. The most

promising of these upgrades is described in more detail in Chapter 3.

2.2.3 The Central Drift Chamber

The Central Drift Chamber (CDC) is primarily responsible for reconstructing the
trajectories of charged particles, with their curvature used to determine their mo-
menta. It also contributes to the trigger system by detecting charged particles
and provides particle identification information obtained through measurements
of energy loss (dF /dx). Since the CDC used in Belle had already shown great per-
formance and reliability throughout its ten year lifespan, the design of the Belle II
CDC follows the example of its predecessor. The main difference between them is
that the CDC of Belle II has faster readout electronics which are needed to cope
with the higher background rate of SuperKEKB compared to KEKB.

The CDC consists of two barrel-shaped frames made of carbon-fiber reinforced
plastic and two endplates made out of aluminum. This structure is filled with a
helium-ethane gas mixture, which provides adequate drift velocity, low radiation
length, good energy loss resolution, good position resolution, as well as low cross
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section for synchrotron radiation X-rays. The CDC volume is

17° < 6 < 150°. The specifications of the CDC in the case
are listed in Table 2.2.

E IT EXPERIMENT

filled with more than
14000 sense wires, arranged in 56 layers and further divided into 9 superlayers.
A schematic of the CDC is shown in Figure 2.9. The spatial resolution of the

sense wires is ~ 100 um, while the angular acceptance covered by the CDC is
of Belle and Belle II

R1082{0uter m

R438

Figure 2.9: Schematic of the CDC structure. Taken from [69].

Belle Belle II
Inner cylinder radius (mm) 7 160
Outer cylinder radius (mm) 880 1130
Innermost sense wire radius (mm) 88 168
Outermost sense wire radius (mm) 863 1111.4
No. of layers 50 26
No. of sense wire 8400 14336
(Gas mixture He—CyHg | He — CyHg
Sense wire diameter (pum) 30 30

Table 2.2: Specifications of the Belle and Belle II CDCs.
from [69].

Information taken
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2.2.4 Particle Identification (TOP and ARICH)

The Particle Identification (PID) system of Belle II consists of two parts; the Time
Of Propagation (TOP) counter in the barrel region and the Aerogel Ring Imaging
Cherenkov (ARICH) counter in the forward endcap, both of which are based on the
principle of detecting Cherenkov radiation that is emitted from charged particles
passing through the detector material with velocity greater than the speed of light
in this material. The so-called Cherenkov angle, 6 is related to the velocity of
the incident particle with the formula:

5 1

- - 2.2
n - cosbec (2:2)

where = v/c and n is the refraction index of the material in which Cherenkov
photons are emitted. The measurement of the velocity combined with momentum
measurements from the tracking system allows for an estimate of the particle mass.

TOP

The TOP consists of long (~ 2.7 m) bar-shaped quartz radiators that are arranged
in 16 modules around the outer wall of the CDC and placed at a radius of 1.24
m. Each module of the TOP has an angular acceptance of 32° < 6 < 120°, corre-
sponding to the barrel region of the Belle II detector. Cherenkov photons emitted
from charged particles that pass through the quartz radiators, go through total in-
ternal reflection on the quartz bar walls and are subsequently focused and directed
towards micro-channel plate photo multiplier tubes (MCP-PMTs) located at the
end of each quartz bar. The PMTs provide high-precision timing measurements,
with a resolution of ~ 50 ps, enabling the distinction of different photon path
lengths, and thus different Cherenkov angles. As an example, the difference be-
tween the arrival time of the kaons and pions is ~ 100 ps, which is easily resolvable
by the PMTs. The spatial and temporal distributions of the detected photons are
compared to the expected probability distributions for various particle hypotheses
(K, m, e, u,p,d) to evaluate particle identification efficiency. For K /7 separation
specifically, the TOP achieves an 85% kaon identification efficiency with a 10%
pion misidentification rate.

ARICH

The ARICH is located at the forward endcap region of the Belle IT detector, cover-
ing a polar angle range of 15° < 6 < 30°. Figure 2.11 depicts the working principle
of the ARICH, which, like the TOP, is based on the detection of Cherenkov light
emitted by charged particles passing through its radiator material made of silica
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Figure 2.10: Top: Schematic overview of the TOP counter. Bottom: Schematic
side-view of TOP counter illustrating how different particle species lead to
Cherenkov photons being emitted at different angles. Taken from [69].

aerogel, in this case. Contrary to the TOP, the emitted photons are allowed to
propagate freely as a cone of Cherenkov light centered around the particle’s tra-
jectory. When this light reaches the photon detector plane, it forms a ring whose
radius is characteristic of the particle’s velocity. An array of Hybrid Avalanche
Photo Detectors, or HAPDs, is used to image the Cherenkov ring pattern, provid-
ing precise spatial information used for particle identification. Figure 2.11 depicts
this array of photon detectors.

The radiator consists of two layers of aerogel, each 20 mm thick , with refractive
indices of 1.055 and 1.065. These values are chosen for two main reasons:

e they fall within the optimal range of 1.04-1.06, enabling reliable separation
between kaons and pions with momenta around 4 GeV/¢; and

e they cause the Cherenkov cones from the two layers to overlap on the detector
plane, which reduces the spread of the ring image due to uncertainties in the
photon emission point.

Thanks to its design, the ARICH achieves a kaon identification efficiency of
over 90% with a pion misidentification rate below 10% in the forward region for
momenta up to around 4 GeV/ec.

The high performances of both the TOP and the ARICH make them crucial
components of particle identification system of Belle II, particularly for physics
channels involving charged kaons in the final state.
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Figure 2.11: Left: Working principle of the ARICH counter. Right: Photo of the
ARICH before installation. From the Belle II ARICH group.

2.2.5 The Electromagnetic Calorimeter

The main tasks of the Electromagnetic Calorimeter (ECL) are the detection of
photons with high efficiency, the precise determination of their energy and angular
coordinates, electron identification, trigger and detection of K9 together with the
KLM. It can detect photons with energies as low as 20 MeV and up to 4 GeV.
The Belle II calorimeter is almost entirely identical in structure to the calorimeter
of Belle, except for its upgraded electronics to cope with the increased rate of
soft and hard background photons. It consists of 8736 CsI(T1) pyramid-shaped
scintillation crystals with attached preamplifiers and readout electronics. The 3
m long barrel region consists of 6624 of these Csl crystals and has an inner radius
of 1.25 m, while the endcaps consist of 2112 crystals and are located at z; = 2
m and 2o = —1 m from the IP (see Figure 2.12). The calorimeter covers a polar
angle range of 12.4° < 6 < 155.1° except for two ~ 1° gaps between the barrel and
endcaps.

Each crystal has a 6 x 6 cm® cross section and is 30 ¢m in length, which is
equivalent to about 16 radiation lengths. The crystals are wrapped in a layer of
200 pm thick Teflon and covered by a sheet of 25 um thick aluminum and 25 ym
thick mylar. The scintillation light is read out by two 10 x 20mm? photodiodes
that are glued to the rear surface of each crystal and a preamplifier is attached
to each photodiode, providing two independent output signals for each crystal.
Using cosmic muons, the average output of output of the crystals was measured
to be ~ 5000 photoelectrons per MeV, with a noise level of ~ 200 keV before any

2
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irradiation.
The intrinsic energy resolution of the Belle calorimeter is given by:

L \/(%‘S%Y + (%)2 1+ (1.34)2 (2:3)

where E' is measured in GeV. The first term in the formula for the energy reso-
lution is the so-called “noise” term, which dominates at low energies and accounts
for instrumental effects such as electronic noise from the readout system and pile-
up noise from other low-energy particles created by the accelerator’s high beam
currents. The second term is the so-called “stochastic” term, which accounts for
the statistical fluctuations in the number of particles produced in the electromag-
netic shower. This effect also becomes less significant as the energy of the incident
particle increases. Lastly, the constant term represents systematic effects that do
not scale with energy, such as non-uniformities in light collection efficiency, shower
energy leakage from the finite size of the crystals and calibration uncertainties.
This term sets the resolution limit at high energies.

For the Belle II calorimeter, the same effects constrain the energy resolution.
However, upgraded readout electronics help mitigate some noise contributions at
the lower end of the energy spectrum. The achieved performance is similar to
that of the Belle calorimeter, with resolutions of about 2.5% at 100 MeV and
1.7% at 5 GeV [77]. Recent studies using Graph Neural Networks indicate further
improvements may be possible, particularly at low energies and under high beam-
induced background conditions [78].

2.2.6 The K? and Muon Detector

Furthest away from the IP and outside of the superconducting solenoid, there is
the K? and muon detector (KLM), which is composed of alternating layers of 4.7
cm thick iron plates and active detector elements. The iron plates serve as return
for the magnetic field lines produced by the solenoid, while also providing close
to 4 interaction lengths of material in which hadronic showers from K? mesons
can take place. The detection elements in the octagonal barrel region are Resistive
Plate Chambers (RPCs), while the ones in the endcaps consist of scintillator strips
coupled with silicon photomultipliers (SiPM). The barrel consists of 15 detector
layers and 14 iron plates and covers a polar angle range of 55° < 6 < 125°, while
the endcap regions are composed of 14 layers of detectors and 14 iron plates and
extend the polar angle range to 20° < 6 < 155° (see Figure 2.13).

The RPCs consist of 2 mm glass electrode planes separated by a 2 mm thick
gap filled with a 62% HFC-134a (freon 134a), 30% argon and 8% butabe-silver gas
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Figure 2.12: Schematic of the ECL showing the arrangement of thallium-doped
Csl crystals in the barrel and endcap regions. From the Belle IT ECL group.

mixture. High voltage is distributed along the electrodes via a thin layer of carbon-
doped paint. Electrons generated by particles passing through and ionizing the gas
molecules are accelerated by the elerctric field and collected at metal strips located
at the end of the RPCs. Dielectric foal is placed between these strips that acts as
a transmission line with a characteristic impedance of 50 2. Strips of scintillators
are used in the endcaps instead of RPCs, due to the long dead time of the latter,
which struggles to cope with the increased hit rate caused by the beam-induced
background. The scintillator strips have a length of 2.8 m and a cross section of
7 — 10 mm x 40 mm. Fibers glued to the strips carry the scintillation light to
the photomultipliers which have a very good time resolution of ~ 1 ns and a high
output rate.

2.3 'Trigger system

The Belle IT trigger system is responsible for keeping physics events of interest and
discarding background events based on certain criteria. Since triggering is done
online, meaning during the actual process of data taking, a maximum average
trigger rate of 30 kHz is needed to match the expected collision rate at the nominal
SuperKEKB luminosity. Another important requirement is a near 100% detection
efficiency for hadronic events coming from e*e™ — 7(4S) — BB and ete™ — ¢q.
The trigger must also have a fixed latency of ~ 5 ym and its timing precision must
be better than 10 ns. Finally, the separation power between two events must be
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lines that meet at the IP. Taken from [69].

at least 200 ns.

The trigger scheme follows from that of Belle, with all components and con-
nections replaced with new technologies to accommodate the increased event rate
of SuperKEKB. It consists of two parts; the Level 1 (L1) Trigger and the High
Level Trigger (HLT).

2.3.1 Level 1 Trigger

The L1 Trigger is a hardware-based trigger that uses information from some of the
Belle 1T sub-detectors to make a decision on whether to keep an event or discard it.
Information from these so-called sub-triggers is fed to the Global Reconstruction
Logic (GRL) of the L1 Trigger, which performs a low-level reconstruction and sends
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its output to the Global Decision Logic (GDL), which makes the final decision.
Each component of the L1 Trigger utilises a Field Programmable Gate Array
(FPGA), which allows to the trigger logic to be configured and adjusted, rather
than being fixed in hardware.

The L1 trigger scheme is shown in Figure 2.14. The two main sub-triggers
are those of the CDC and the ECL, which provide charged track information
(momentum, position, charge, multiplicity, etc.) and energy cluster information,
respectively. From there, the Barrel PID (BPID) and Endcap PID (EPID) sub-
triggers give precise timing information, while the KLM sub-trigger provides muon
track information. This information is compiled by the GRL and submitted to the
GDL which makes a trigger decision based on the output of the different sub-
triggers. The output of the L1 Trigger is then fed to the HLT for a more refined
event selection.
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Figure 2.14: Schematic overview of the L1 Trigger. Information from each sub-
trigger is fed to the GDL which makes a trigger decision. Taken from [69].
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2.3.2 High Level Trigger

The HLT performs a full, real-time reconstruction of each event based on infor-
mation from all the different sub-systems, except the PXD. The exclusion of the
PXD for this step is done to avoid having to process its full output, which is too
large to process for each event in the allotted time. Instead, information is gath-
ered from specific regions of interest in the PXD’s readout, which are defined by
extrapolating information from the SVD and CDC sub-systems. The event recon-
struction is performed based on the same software used in offline reconstruction,
described in Section 2.6, to avoid additional systematic uncertainties. Events are
then categorised based on their type (hadronic, low multiplicity, cosmic, etc.), for
ease of access by the collaboration.

2.4 The Belle 11 Analysis Software Framework

The Belle IT Analysis Software Framework (BASF2) [79] is a set of software tools
developed and maintained by the Belle II collaboration for use in data processing,
physics analyses, as well as detector simulation studies. It consists of modules
written in C++ [80] and interfaced with steering files written in PYTHON [81].
Each steering file comprises a sequence of modules, each responsible for a specific
aspect of analysis, such as detector simulation, vertex fitting, or the application
of selection criteria, all of which are executed in sequence when the file is run.
The various detector configurations and versions of analysis modules are stored in
a conditions database and are accessed through so-called “global tags”, while the
analysed data are usually stored in ROOT TTREE objects [82].

2.5 Simulation

Analyses at Belle 1T almost always involve a full Monte Carlo (MC) simulation
of the physics process under study, modeled within the specific environment of
SuperKEKB and the Belle II detector. The MC simulation used in Belle II is
also run-dependent, meaning that beam and detector conditions are varied across
different runs to more accurately reflect the changing experimental environment,
rather than assuming static conditions. Different MC generators implemented
within BASF2 are used to simulate the various processes, depending on the un-
derlying physics. For the decays of B and D mesons to exclusive final states,
EVTGEN 1.3 is used [83], while PYTHIA 8.2 [84] is used for inclusive meson de-
cays. Continuum events, defined as eTe™ — ¢g with ¢ = {u, d, ¢, s}, are simulated
using KKMC 4.15 [85] for the initial production, in combination with PYTHIA,
which models the subsequent fragmentation and hadronisation processes. KKMC
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is also used to simulate the production of 7 pairs, while TAUOLA [86] is used
to model how the 7 leptons decay. For high cross section processes, such as
efe” — ete (y) and ete™ — ~4v(y), the BABAYAGA [87, 88| generator is
used, while for ete™ — efe"ete™ and ete™ — efe puput, the AAFH [89] gen-
erator is used. Moreover, initial and final state radiation is simulated using the
PHOTOS [90] package. Lastly, detector hits due to beam-induced background
events are simulated using SAD [91], while the Belle II detector geometry is sim-
ulated with GEANT4 [92], which also models its interaction with the generated
particles.

In all simulated data samples, information relating to the generated decay is
available and is made possible through the so-called “truth-matching” process,
which matches reconstruction-level objects like particle tracks and calorimeter
cluster to their generated-level counterparts [93]. This is done by applying re-
quirements that ensure a reconstructed track or calorimeter cluster can be pre-
dominantly attributed to a single generated particle, so that only sufficiently pure
objects are considered truth-matched. Composite candidates then inherit the
match status of their constituents according to defined rules, ensuring consistency
throughout the reconstruction hierarchy. Truth-matching allows to validate one’s
analysis strategy and extensively investigate certain physics background processes
in an effort to better understand and characterise them.

2.6 Reconstruction

Reconstruction is the process through which the large amount of raw data recorded
by all the Belle II sub-detectors is transformed into high-level physics objects, such
as charged particle tracks, neutral clusters, and identified particle types, that can
be used for further analysis. The following sections describe the aspects of Belle I1
reconstruction that are the most relevant for the measurement at the center of this
thesis project, all of which are performed using BASF2.

2.6.1 Tracking

Precise reconstruction of charged particle trajectories is a crucial aspect of most
physics analyses in Belle II, and it is a necessary ingredient in momentum and
decay vertex reconstruction. Moreover, due to the lower boost in SuperKEKB
compared to its predecessor, Belle II track reconstruction needs to be more precise
compared to Belle, in order to reach a resolution on the At measurement that is
comparable. Track reconstruction in Belle II begins with the identification and
association of hits in the VXD and CDC produced by charged particles traversing
these detectors, which is a process known as track finding. This is followed by track
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fitting, in which a fit to the associated hit positions is performed to determine the
particle’s trajectory [94].

For the purpose of track finding, two standalone pattern recognition algorithms
are used, one for the VXD and one for the CDC, and their results are subsequently
combined to form track candidates. The VXD track finding algorithm is based on
the Cellular Automaton (CA) model. Track segments are built from pairs of hits in
adjacent layers of the SVD, but only if they are deemed compatible by consulting
a look-up table, called the sector map, which has been constructed using a large
amount of simulated SVD hits. The sector map can vary depending on the parti-
cle’s momentum. Track segments that pass a set of geometrical requirements are
combined into track candidates, and a Hopfield network with a quality indicator is
employed to ensure that the resulting track candidates do not overlap. PXD hits
are then combined with the track candidates formed solely from SVD hits in order
to improve the impact parameter resolution of the track. CDC track finding con-
sists of two parts; a global and a local algorithm. While the local algorithm is based
on a CA to identify track segments, similarly to the VXD algorithm, the global
algorithm applies a Hough transformation to all the hit positions and searches
for intersections in the Legendre space. Both track finding algorithms achieve an
excellent track reconstruction efficiency across the momentum spectrum, even for
tracks not originating from the IP.

The track candidates from the VXD and CDC are then combined using a
Combinatorial Kalman Filter (CKF) and are subsequently fitted to extract the
track parameters using the GENFIT2 package [95]. In the Belle IT tracking soft-
ware, five parameters are considered to describe the trajectories of particles that
propagate in vacuum and in a constant magnetic field. They are:

e dy: the signed distance of the perigee’ from the origin in the transverse plane,
e 2y: the longitudinal signed distance of the perigee from the origin,

e ¢: the angle between the transverse momentum at the perigee and the x
axis,

e tan\: the tangent of the angle between the momentum at the perigee and
the transverse plane, and

e w: the curvature, where the sign corresponds to the charge of the particle.

Due to inhomogeneities in the magnetic field of the solenoid, as well as interac-
tions between the charged particles and the detector material leading to multiple
scattering, the trajectories of charged particles in Belle IT are not perfect helices.
Nevertheless, both effects are accounted for in the track fitting algorithm.

9The perigee is the point of closest approach to the origin of the /¢ plane.
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2.6.2 Charged Particle identification

Efficient charged particle identification is necessary for isolating hadronic final
states (i.e. B — D®~x+ and B — D®~K™), for reducing backgrounds and is
also useful for Flavor Tagging. PID information is obtained from the dedicated
PID sub-detectors, TOP and ARICH, as well as from dF/dx measurements from
CDC and SVD. Moreover, ECL and KLM are the primary sources for electron and
muon identification, respectively.

The PID information from each sub-system is analysed independently and is
used to calculate a likelihood £ for each charged particle hypothesis, namely:
e, i, ™, K, p, d. The individual likelihoods are combined into an overall likelihood
for a given hypothesis a:

Lo=]]ci. (2.4)

det

The overall likelihood can then be combined into global PID ratios:

L
PID, = —>—, (2.5)
Z,B ﬁﬁ
or binary PID ratios:
L
PID =% 2.

which can be used in physics analyses directly.

2.6.3 K reconstruction

Aside from reconstructing charged particle trajectories, the reconstruction of neu-
tral particles which are relatively long-lived and decay inside the detector volume,
like K2 mesons and A baryons, is also crucial. These particles, also referred to
as Vs, usually decay into two charged particles and their decay positions are
reconstructed using a dedicated algorithm. Pairs of particle tracks with opposite
electric charge are combined and processed by the RAVE vertex reconstruction al-
gorithm [96]. Combinations for which the vertex fit fails are rejected, and selection
criteria are applied on the accepted V%’s, depending on the vertex fit x? and, for
vertices located inside the beam pipe, the mass window.

2.6.4 Photon reconstruction

The energy of particles like photons, electrons and light hadrons (7%, K¥) is
determined using the clusters they form in the ECL through particle showers. A
dedicated algorithm is used to reconstruct the cluster energy from energy deposits
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in the calorimeter crystals depending on their positions and the amount of energy
deposited in them. Each cluster is then matched to a charged particle track if the
latter is consistent in time and space with a crystal hit. Otherwise, if the energy
of the cluster decreases exponentially with the distance from the incident axis
and if the shape of the cluster is cylindrically symmetric in the lateral direction,
the cluster is considered to have originated from a photon. In order to separate
between photons coming from 7° — v+ decays and ones coming directly from the
B decay, it is typical to use a multivariate analysis, or MVA, classifier.

2.6.5 B meson reconstruction

In cases where the final state of the B decay of interest is known, meaning there
are little to no missing particles like neutrinos in the final state, the B meson is
reconstructed in each event using the daughter particles which have been recon-
structed individually beforehand. Several combinations of the daughter particle
candidates are possible, leading to multiple B candidates per event. For each one,
its energy and momentum are calculated using the daughter particles’ momentum
and cluster energy, alongside other significant variables, like the energy difference,
AFE, and the beam-constrained mass, M.. They are defined as follows:

AE = B —/5/2 (2.7)

Mie = \/(V3/2)2 = pp . (2.8)
AF is defined as the difference between half of the beam energy in the C.o.M.
frame, Ef.,.. = v/s/2, and the reconstructed B meson energy, in the same frame.
Signal events usually peak near 0 GeV in AFE, while background events either
peak at different values or are completely flat in AF, depending on the underlying
physical process. The resolution in AF is typically dominated by the uncertainty
of the measured B meson energy, especially when photons are present in the final
state. Further details about the various contributions to the AFE distribution and
how they can be modeled will be given in Sections 4.2.3 and 5.3.

My, is defined similarly to the invariant mass of the B meson, but uses half the
beam energy in place of the reconstructed B meson energy in the mass formula.
This substitution significantly improves the resolution near the peak of the distri-
bution, at approximately 5.28 GeV/c?, as the beam energy is known with much
greater precision than the reconstructed B meson energy. More details about the
signal and background contributions to the M, distribution and how they can be
modeled will be given in Section 5.3.

Both of these variables offer strong discriminating power between signal and
background and are unique to ete™ colliders. Examples of AE and M, distri-
butions for simulated signal B® — K 777~ events and continuum background
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events are shown in Figures 2.15 and 2.16, respectively. In Belle IT analyses, it is
typical to either apply selection criteria on these variables or include them in fits
with the aim of isolating the signal contribution within a distribution of interest.
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Figure 2.15: AF distribution for simulated signal B® — K977~ and continuum
background events.

2.6.6 Vertex reconstruction

The decay position, or vertex, of the signal-side B meson (Bg,) in each event
is determined by performing a kinematic fit of all the charged particle trajec-
tories, V%’s and calorimeter clusters that have been used to reconstruct it. The
TREEFITTER [97] package is used for this purpose, which was originally developed
by the BaBar experiment. While it is typical for decay chains to be reconstructed
starting with the lowest level objects, such as tracks and clusters, to build higher
level objects, like vertices, until the head of the decay is reached, TREEFITTER fol-
lows an alternate approach of parameterising and fitting the decay globally. This
leads to an improvement in the vertex resolution, especially in decay channels rich
in neutral or missing particles, due to the fact that information is shared across the
tree. After the B, vertex fit is performed, the energy and momentum of the By,
are updated, which leads to slight shifts in the values of AF and M., compared
to their values before the vertex fit was performed.

In order to be sensitive to time-dependent CP violating effects, the decay posi-
tion of the tag-side B meson (Bi,g) also needs to be determined with good enough
precision (see Section 1.4.2). After fitting the By, decay vertex, a separate fit to
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Figure 2.16: M, distribution for simulated signal B — K377~ and continuum
background events.

determine the By,, decay position is performed using all tracks and clusters in the
event that were not used for the By, vertex fit. The RAVE algorithm [96] is used
for this purpose. This is because in this case the decay chain is not reconstructed
explicitly and all tracks are instead fitted inclusively with the assumption that
they originate from the same point. RAVE employs an iterative fitting approach
where the weights assigned to each track are adapted at each iteration based on
their compatibility with the vertex hypothesis. This allows to better constrain the
Biag vertex position, reducing as much as possible the effect that tertiary tracks
coming from D mesons have on the B;,, vertex determination. Still, the resolution
on the final At measurement!'® is dominated by the tag-side B vertex fit in most
cases. More details about how the At resolution is modeled in a physics analysis
context are given in Section 4.2.4.

0as determined from At = Az/Bvc, where Az = Zsig — Ztag is the signed difference between
the Bgjz and By,e decay vertex positions in the z direction.
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This chapter describes a study performed in the context of the optimisation of
the design of the VXD detector upgrade. The measurement of the time-dependent
CP asymmetry of B® — K¢ n77n~~ decays offers interesting benchmarks to eval-
uate how the upgrade proposal is performing, in terms of both B vertex and V°
particle reconstruction. The general questions posed were to evaluate the impact
on experimental performance of the number of detection layers, their position, the
integration time, the material budget and the detection acceptance. The findings
of this study were included in the Physics Performance chapter of the Belle II
Detector Upgrades Framework Conceptual Design Report (CDR) [98], and will be
influential in deciding which geometry configuration to use for the upgraded vertex
detector.

3.1 The case for the upgrade

As discussed in Sections 2.1 and 2.2, the plan for SuperKEKB is to reach ~ 40
times the maximum instantaneous luminosity that KEKB reached and for Belle 11

25
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to collect more than 50 times the data that Belle collected. However, this drastic
increase in the collision rate does not come without cost, as the rate of parasitic
particles produced by the beams will also increase, posing a significant challenge for
the sub-detectors, particularly the ones closest to the IP, like the PXD and SVD, as
they will be exposed the highest density of incoming particles. The PXD and the
CDC in particular have been shown to suffer the most from the high-occupancy en-
vironment caused by various kinds of beam-induced background processes. There
are two main types of beam-induced backgrounds; those due to beam-beam inter-
actions and those produced by the beam itself while traveling in the accelerator
ring. These beam-induced background processes generally produce low momen-
tum particles, that curl in the innermost layers, either directly hitting the detector
or producing showers in the material surrounding the interaction region, which
causes hits at the outermost detector layers. The following paragraphs discuss the
main sources of beam-induced background and their expected evolution from the
KEKB to the nominal SuperKEKB conditions.

Synchrotron radiation

Synchrotron radiation! emitted from the beam interacts with the material of the

beam pipe as well as that of the innermost detectors, PXD and SVD, damaging
them in some cases. It is therefore important to characterise this radiation and
to take appropriate measures when designing the beam optics, in order to avoid
damaging the vertex detectors. Simulation studies show little to no hits due to
synchrotron radiation with the current design of the Interaction Region (IR). This
is partly due to the 20 pm thick gold layer covering the inner wall of the beam pipe,
which helps stop a significant fraction of synchrotron radiation. Moreover, due to
the different IR design, this background is expected to be significantly reduced in
SuperKEKB, compared to KEKB.

Beam-gas scattering

Bremsstrahlung and Coulomb scattering between the beam particles and the resid-
ual gas in the beam pipe alters the momenta of beam particles and causes them
to hit the walls of the vacuum chamber and magnets, leading to particle showers.
The size of this background depends on the beam current, the pressure of the
vacuum in the ring, as well as the strength of the focusing magnets. A background
dose with a similar order of magnitude is expected in SuperKEKB compared to
KEKB, since the beam currents will be ~ 2 times higher and the vacuum and
overall magnetic field strength will be the same as in KEKB.

!Synchrotron radiation is emitted by charged particles when they are accelerated in a magnetic
field.
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Touschek scattering

Touschek scattering refers to scattering between the particles in the beam, which
changes their momenta so that they hit the walls of the vacuum chamber and
magnets, leading to particle showers. The size of this background is proportional
to the current of the beam bunches, the number of bunches, and the inverse of
the beam size. Due to the nano-beam scheme, the beam size in SuperKEKB
is expected to reach ~ 1/20 that of KEKB, so Touschek scattering will be a
major source of beam-induced background at nominal SuperKEKB luminosity
levels. Nevertheless, Touschek scattering is not the main source of beam-induced
background in the detector acceptance, which was the case at KEKB.

Radiative Bhabha scattering

The rate of radiative Bhabha events increases with the instantaneous luminosity.
This process has a large cross section and is the dominant source of machine-
induced background. In these events, photons from the radiative Bhabha process
interact with the iron the magnets, producing a copious amount of neutrons via
the giant photo-nuclear resonance mechanism. These neutrons constitute the main
background source for the KLM. In addition, since the electron and positron en-
ergies are decreased in this process, the particles will be significantly bent by the
final focusing magnets causing them to hit the magnet walls, leading to the pro-
duction of electromagnetic showers. However, this is expected to be less relevant
in SuperKEKB compared to KEKB, due to the fact that two separate quadrupole
magnets are used for incoming and outgoing beams, instead of a shared one. More-
over, the produced particles tend to be produced at low polar angles along the beam
pipe, landing outside of the detector acceptance.

Electron-positron pair production via two-photon process

Since the pixel detector is placed in close proximity (1.4 cm) to the IP, the back-
ground due to very low momentum electron-positron pairs which are produced via
the two-photon process eTe™ — eTe~eTe™ at the interaction spot of the beams will
be significant. For the first layer of the PXD, a maximum hit rate of 670 million
tracks per second is expected, corresponding to ~ 14000 et e~ pairs being pro-
duced per event from this process. This is the dominant source of beam-induced
background in the detector acceptance at SuperKEKB by a significant margin.

To maintain the same level of data quality under these demanding conditions,
and to ensure the long-term safety and operational integrity of the innermost detec-
tor components, a significant upgrade to the vertex detector will be required. This
upgrade is essential not only for preserving tracking and vertexing performance in
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high-occupancy environments, but also for protecting the most vulnerable compo-
nents from radiation damage and excessive hit rates as SuperKEKB approaches
its target instantaneous luminosity.

3.2 The upgraded vertex detector — VTX

The baseline proposal for the vertex detector upgrade is a replacement of the PXD
and SVD sub-detectors, with a fully integrated vertex detector geometry that is
based on monolithic CMOS pixel sensors, called VIX [98]. The geometry which
was considered at the time of performing this study consisted of 5 layers, compared
to the 6 of the current VXD, while covering the same radius. Tables 3.1 and 3.2 list
the specifications of the current and upgraded vertex detector geometries which
are being considered, respectively. Figures 3.1 shows these geometries as they are
simulated by the GEANT4 software in BASF2.

Layer | Radius (mm) | Ladders | Sensors/ladder | (r — ¢, 2) pitch (pum)
1 14 8 2 (60, 50)
p 99 12 2 (60, 50)
3 39 7 2 (160, 50)
4 80 10 3 (160, 50)
5 104 12 4 (160, 50)
6 135 16 5 (160, 50)

Table 3.1: Specifications of the ladders and sensors of the VXD (PXD+SVD,).
Information taken from [69, 76].

Layer | Radius (mm) | Ladders | Sensors/ladder | (r — ¢, z) pitch (um)
1 141 6 1 (35, 35)
2 22.1 10 4 (35, 35)
3a 30.1 17 7 (35, 35)
3b 69.1 30 12 (35, 35)
4 8.5 40 16 (35, 35)
5 140 62 24 (35, 35)

Table 3.2: Specifications of the ladders and sensors of the proposed VITX. The 3a
(3b) layer corresponds to the nominal (alternative) VTX geometry. Information
taken from [98].

The main benefit of this fully pixelated vertex detector is the significantly
smaller pitch of its sensors, resulting in a higher granularity, so it will not suf-
fer from as high an occupancy as the PXD and SVD would. This improvement
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Figure 3.1: Transverse view of vertex detector geometries in simulation. Left is the
current VXD, together with cooling and mechanical support structure, center is
the nominal 5-layer VI'X upgrade, and right is an alternate version of the 5-layer
VTX geometry with the third layer placed 30 mm closer to the fourth layer. The
diameter of the vertex detector in each schematic is ~ 28 cm.

holds true despite the fact that the SVD features a much faster readout than the
proposed VTX. Moreover, when compared to the granularity and integration time
of the PXD, the improvement is much more substantial, making it much easier
to distinguish between hits coming from beam-induced background processes and
ones coming from physical processes of interest. An additional advantage is the
integration of functionality into a single sub-detector, rather than maintaining two
separate systems, which greatly simplifies coordination and overall system man-
agement.

An alternative VTX geometry is also considered with the aim of improving the
reconstruction efficiency of K3 mesons, which appear in a significant fraction of B
meson decays via the b — ¢ — s quark-level transition, including the decay mode
central to this thesis research. In fact, efficiently identifying and reconstructing
these K3 particles is one of the main assets of the Belle IT experiment, compared
to other experiments of its kind. Given their proper lifetime of ~ 90 ps, K}
mesons can travel several centimeters before decaying within the Belle IT detector.
As a result, the efficiency of reconstructing these particles is expected to improve
significantly by shifting the third detection layer closer to the fourth layer of the
VTX. Figure 3.2 shows a schematic that demonstrates the expected improvement
in K9 reconstruction efficiency which results from this displacement.

Since at least three hits are required to form a track, displacing the third layer of
the 5 layer geometry outwards should recover a significant fraction of K% mesons,
in this case reconstructed as K% — 777w, which would otherwise be missed.
This is because, in the alternative VTX geometry, a larger fraction of K mesons
decay before reaching the third layer compared to the nominal one, increasing
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Figure 3.2: Schematic drawing demonstrating the expected improvement in K3
reconstruction efficiency, as a result of displacing the third layer of the VI'X. The
left drawing represents the nominal proposed VT'X geometry and the right drawing
represents the alternative one.

the likelihood of correctly reconstructing both charged pion tracks. Part of my
work involved the implementation of this alternative VI'X geometry into BASF2,
so that its performance could be compared to the nominal VTX geometry, as well
as the current VXD, both of which were already implemented in the simulation
framework.

It is also important to note that both of the VTX geometries were implemented
in the simulation framework without their respective cooling and mechanical sup-
port structures, as their design had not yet been fully determined and optimised.
Therefore, some deterioration to the reconstruction efficiency is expected in the
current VXD due to the additional material budget, though not too large.

3.3 VTX performance study with simulated B" —
KY mrn v decays
The goal of this study is to evaluate the physics performance of the upgraded vertex

detector using simulated B® — K9 7777 decays. To this end, a MC sample
containing half a million signal events® was produced for each vertex detector

2Signal events are events where one of the two neutral B mesons produced from the 7°(45) in
each event is forced to decay to the final state of interest, K gw+7r"y, while the other B meson is
allowed to decay generically, according to the measured branching fractions of the known decays
of B mesons, as they are listed in the Belle II .dec file.
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geometry, namely the VXD, the nominal VTX and the alternative VI'X. For each
sample, signal B® — K2 nt7 7 events are generated using EVTGEN with the
resulting hits in the Belle IT detector simulated using GEANT4 inside BASF2.

The beam-induced backgrounds described in Section 3.1 are modeled using
GEANT4 and SAD, and so-called “BG overlay” files are created, which are then
combined with simulated hits in the detector that result from events containing
the previously generated signal decay to make the signal MC samples as realistic
as possible. Three different levels of beam-induced background, all at the nominal
instantaneous luminosity of SuperKEKB, 6 x 10% cm~2s7!, are also considered.
Namely an optimistic, an intermediate, and a pessimistic background (BG) sce-
nario are evaluated, based on projected occupancy levels in the CDC. Figure 3.3
shows the degradation of the tracking efficiency with increasing levels of beam-
induced background for each of the tracking sub-detectors, as well as the VTX.
The CDC is the least robust against the increasing beam-induced background,
while the VTX shows almost no degradation in terms of tracking efficiency.

Tracking Efficiency

1.00 10
0.95 1 v : v tracking chain
8 ® SVD+CDC
0.90 1 o ¥ VTX+CDC
_ + CDC-Only
> 0.85 s
2 * E
£ 0.80 3
o + & detector
S Fa & PXD L1 [%]
£ 0751 3 .

SVD L3 [%]
VTX L1 [x103 %]

0.70 A +
F2 CDC [x1/50 kHz/wire]
0.65
0.60 T T T 0
simulated simulated simulated
optimistic default conservative

background scenario

Figure 3.3: Tracking efficiencies (colored markers) for the SVD+CDC, VITX+CDC
and CDC-only detector configuration in each of the considered beam-induced back-
ground scenarios and the corresponding occupancy levels (colored bars) in the first
layer of the PXD, in the third layer of the SVD, in the first layer of the VIX and
in the CDC. Taken from [98].

The full B decay chain in each event is then reconstructed and the signal and
tag-side B decay vertices are fitted to obtain the By, and Bi,, decay positions,
respectively. A set of selection criteria is then applied to these samples which
is close to the one used in the time-dependent CP asymmetry measurement per-
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formed using Belle II data in this thesis (see Section 5.2 for more details). These
criteria are not exactly the same ones used in the main analysis, since the selection
was not yet fully optimised, but this does not impact this performance study in
any way, as the same criteria are used for each geometry configuration.

Separate signal MC samples are produced for each detector geometry and BG
scenario, in order to evaluate the performance of the VIX compared to the VXD,
in the context of measuring the time-dependent CP asymmetry in B — K37 Tn ™~y
decays. For this study, a full-scale analysis is not performed with each sample, but
rather two crucial metrics are evaluated; the reconstruction efficiency and the
decay vertex resolution for each vertex detector geometry and BG scenario. The
findings of the study are presented in the following Sections.

3.3.1 Reconstruction efficiency

Firstly, I estimated the efficiency of reconstructing K9 mesons from a pair of
charged pions (K2 — 7 ™), which is a necessary step on the way to reconstruct
the full B — K3 7t7~ v decay in each event. Here, the K2 reconstruction effi-
ciency is defined as the ratio of the number of events in which a K2 meson from the
signal-side B decay is correctly reconstructed, after applying all of the selection
criteria, to the total number of generated events containing a K3 in the signal-side
B decay, which is 500,000 for each MC sample. The results are listed in Table 3.3
for each vertex detector geometry and BG scenario.

Reconstruction Efficiency (%)
Optimistic BG | Intermediate BG | Pessimistic BG
VXD 64.044 + 0.068 | 60.234 +0.069 | 52.380 + 0.071
Nominal VTX | 56.947 +£0.070 | 53.281 + 0.071 46.915 + 0.071
Alternate VTX | 60.955 4+ 0.069 | 57.605 4+ 0.070 51.781 + 0.071

Geometry

Table 3.3: Reconstruction efficiency of K% — 77~ for each of the three vertex
detector geometries in three different BG scenarios.

From these numbers, it is clear that a significant fraction of Ko’s are lost if
the third layer of the VTX is not displaced. This is demonstrated more clearly by
comparing the K3 reconstruction efficiency of each vertex detector geometry as a
function of the transverse distance the K3 travels before decaying (see Figure 3.4).

The point where the K§ reconstruction efficiency drops corresponds to the
radius of the third-to-last layer for each of the vertex detector geometries. The
reason for this is easily understood by considering the fact that the charged pion
tracks coming from K?2’s which decay past that point will each lead to only two
hits in the subsequent layers, making it much harder to reconstruct them correctly.
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Figure 3.4: K2 reconstruction efficiency as a function of the transverse distance
traveled by the K2. Here, the pessimistic BG scenario is taken as an example.

It is also worth noting that the rate with which the reconstruction efficiency
degrades as the hit rate due to beam-induced background increases is slower in
the upgraded geometries than in the current vertex detector. This once again
demonstrates the higher robustness of both VTX geometries, compared to the
VXD, against the harsh beam-induced background conditions caused by the high
instantaneous luminosity of SuperKEKB.

Thanks to both the increased robustness of the VI'X geometries and the out-
ward shift of the third layer, the Ko reconstruction efficiency in the alternative
VTX geometry is nearly equal to that of the VXD in the pessimistic BG scenario.
In all other cases, however, the VXD outperforms the VITX in this aspect. This
is attributed to the additional detection layer in the VXD, which improves the
reliability of reconstructing V° particles such as the K3 meson.

Next, I evaluated the efficiency of fully reconstructing the B® (and B°) in each
event using a K3, two charged pion tracks and a hard photon. Here, the BY
reconstruction efficiency is defined as the ratio of the number of events in which
the signal-side B decay is correctly reconstructed using its daughter particles,
after applying all of the selection criteria, to the total number of generated events
containing the signal-side B decay, which again is 500,000 for each MC sample.
The results are listed in Table 3.4 for each vertex detector geometry and BG
scenario.
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Reconstruction Efficiency (%)
Optimistic BG | Intermediate BG | Pessimistic BG
VXD 36.636 £ 0.068 | 32.127 +0.066 | 21.571 £ 0.058
Nominal VTX | 33.970 + 0.067 | 29.972 4+ 0.065 | 21.039 £ 0.058
Alternate VIX | 35.904 £ 0.068 | 31.940 +0.066 | 23.020 £ 0.060

Geometry

Table 3.4: Reconstruction efficiency of BY — K2 ntm~v for each of the three
vertex detector geometries in three different BG scenarios.

The robustness of the VTX geometries is once again demonstrated. Notably,
under the pessimistic BG scenario, the alternative VI'X geometry achieves a recon-
struction efficiency which is higher than that of the current VXD, despite having
one fewer detection layer.

3.3.2 Vertex resolution

The second evaluation metric for this study is the B decay vertex resolution,
meaning how well the decay position of the B meson is determined by fitting
the tracks of its daughters, for each vertex detector geometry in each of the BG
scenarios. In each case, the By, vertex is fitted using TREEFITTER, with the
constraint that the momentum of the B originates from the IP. The resolution
of the B decay vertex measurement is quantified using the so-called Az residual,
which is defined as Azies = Azreco — AZrue, Where Az = 2z, — 2¢ag is the signed
difference between the reconstructed decay positions of By, and By, along the z-
direction, in each event. This residual can only be evaluated in simulation, where
the true decay vertex positions are known. Similarly, the At resolution is quantified
using the At residual, Atyes = Atreco — Atirue, since At = Az/fBvye. Figure 3.5 shows
the At residual distributions of the signal MC samples under study, overlaid for
each vertex detector geometry, as well as the ratio between them. This is shown
for each BG scenario considered. From these comparisons, it is clear that there
is a significant improvement in the resolution in the VI'X geometries compared
to the VXD. This is expected from the higher granularity of the VI'X geometries
with respect to the VXD, especially when compared to the PXD layers.

The same At residual distributions are shown in Figure 3.6, but the comparison
here is made between the different BG scenarios instead and it is shown for each
of the three vertex detector geometries. From this set of comparisons, the At
resolution achieved with the VTX is shown to be robust against the increasing
levels of beam-induced background, while the resolution obtained with the VXD
shows significant degradation, as expected.

A more quantitative picture is obtained by fitting the At residual distributions
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Figure 3.5: Overlaid At residual distributions obtained for each vertex detector
geometry, and the ratios between them, shown for the (a) optimistic, (b) interme-
diate and (c) pessimistic BG scenarios.

for each vertex detector geometry and BG scenario, using a sum of three Gaussian
distributions. The weighted average of the three Gaussian widths is then used as
a quantitative indicator of the At resolution for each of the nine configurations (3
geometries X 3 BG scenarios). Table 3.5 lists the weighted averages obtained from
these fits, for each configuration. Figure 3.7 shows as an example the fits to the
At residual distribution for each of the three vertex detector geometries, in the
pessimistic BG scenario.

At resolution indicator ( ps)
Optimistic BG | Intermediate BG | Pessimistic BG
VXD 1.098 £+ 0.054 1.169 £+ 0.063 1.269 £+ 0.070
Nominal VIX | 0.863 £ 0.034 0.845 £ 0.033 0.819 £ 0.039
Alternate VIX | 0.869 4 0.029 0.843 £ 0.032 0.826 £ 0.037

Geometry

Table 3.5: At resolution for each vertex detector geometry and BG scenario. Here,
the weighted average of the three Gaussian widths obtained from fitting the At
residual distribution using a sum of three Gaussians is quoted as a quantitative
indicator of the At resolution.

The resulting At resolution values are also depicted in Figure 3.8, clearly il-
lustrating the degradation in performance of the current VXD under increasing
levels of beam-induced background, as well as the robustness of the proposed VIT'X
geometries. The figure also highlights the differences in At resolution achieved by
each geometry in a given BG scenario.
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Figure 3.6: Overlaid At residual distributions obtained for each BG scenario,
and the ratios between them, shown for the (a) VXD, (b) nominal VTX and (c)
alternative VTX geometries. Here, v1, v2 and v3 correspond to the optimistic,
intermediate and pessimistic BG scenarios, respectively.

3.3.3 Sensitivity study

Lastly, I performed a sensitivity study using toy MC samples to estimate the po-
tential improvement expected in the sensitivity of the time-dependent C'P asym-
metry measurement resulting from the vertex detector upgrade. In particular, I
estimated the expected improvement on the sensitivity of the S parameter and I
found a relative improvement of ~ 15% between the VTX and VXD geometries.
This is effectively equivalent to increasing the size of the dataset used to perform
this kind of measurement by ~ 32%, just by upgrading the vertex detector.

3.4 Conclusion and outlooks regarding the VTX
performance study

At the time of writing this thesis, this is one of the main studies performed in
Belle I1 that demonstrates the capabilities of the proposed vertex detector upgrade,
in the context of a real physics analysis, which led to its inclusion in the CDR
document. Most of the expected improvements are confirmed in this study, mainly
the improvement in decay vertex resolution and the robustness against higher levels
of beam-induced background, which makes the VTX proposal highly promising.
It is important to keep in mind, however, that such improvements in the reso-
lution do not affect all time-dependent measurements the same way. For example,
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Figure 3.7: Fit of the At residual distribution using the sum of three Gaussians
for the (a) VXD, (b) nominal VITX and (c) alternative VI'X geometries in the

pessimistic BG scenario.

when measuring the sin23 parameter with B® — J/¢KY decays, the main driving
factor is the observed number of signal events, while, for more rare decays, like
BY — K w7, the sensitivity depends just as much on the observed number
of signal events, as on other factors like flavor tagging and decay vertex resolu-
tion. So, while a factor ~ 2 improvement in the resolution of the vertex detector
might not do much for the sensitivity of the former measurement, it can lead to a
significant increase in precision in the latter measurement.
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This chapter elaborates on the concept of “Flavor Tagging” and describes the
procedure of evaluating the performance of the latest Flavor Tagging algorithm
used in Belle II.

4.1 Flavor Tagging at Belle 11

The flavor of a B meson (either B® or BY) can be determined from the properties of
the charged particles produced in its decay. The algorithm developed to estimate

69
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the flavor of a reconstructed B candidate is known as the Flavor Tagger. In the
case of Belle Il and other B-factories, one of the two B mesons produced in each
event, By,e, can be used to tag the flavor of the other B meson, B, under study.
As was already explained in Section 1.4.2; by exploiting the quantum entanglement
of the B meson pair produced in the decay of the 7°(45), the flavor of the By, is
known to be opposite to the flavor estimated for By,s, at the time of the latter’s
decay. This flavor information is necessary for CP asymmetry measurements and
B B oscillation and mixing studies.

The principle of Flavor Tagging at Belle II relies on the fact that many decays of
neutral B mesons proceed through flavor-specific final states. A final state is called
flavor-specific when the electric charge of one of its particles directly correlates with
the flavor of the parent B meson. For example, in the semileptonic, B — D*T{~7,
decay, the negative electric charge of the lepton unambiguously tags a B°. The
same holds true for the charge-conjugate decay, B® — D*~¢*v,, where the positive
electric charge of the lepton tags a B°. Particle identification information helps
to identify the lepton, while momentum information can be used to disentangle
between leptons from the b — ¢ process and oppositely charged leptons from the
¢ — S process.

In LHC experiments, such as LHCb, the situation is completely different be-
cause the hadrons are produced from the quark hadronisation process and not
from an 7°(4S) decay. When two b-quarks are produced, they hadronise into two
hadrons, generally of different type, e.g. a B, and a A,. In this case, flavor tagging
uses information from charged particles found in either B decays or from b-quark
jets to identify the flavor of the B meson. The tagging performance is much poorer
compared to Belle IT and other B factory experiments, and depends on the decay
channel being studied.

Until 2023, Belle II used a machine-learning algorithm based on a series of
Boosted Decision Tree (BDT) classifiers [99] to predict the flavor of the tag-side B
meson in each event (see Section 5.2.3 for more information about BDT classifiers).
It relies on 13 categories of varying quality to estimate the flavor, corresponding to
different types of information, such as the electric charge of the particle identified*
as a lepton (or kaon) originating from a B decay involving a b — ¢ (or b — ¢ — s)
transition or the charge of the particle in the B decay with the highest momentum,
among others. Hence, this algorithm is hereafter referred to as the category-based
Flavor Tagger. After determining which of the aforementioned categories is more
likely to provide the most accurate flavor signature, the Flavor Tagger provides a
prediction ¢ for the By, flavor (¢ = +1 for B® and ¢ = —1 for B°, by convention)
alongside the confidence value r associated to this prediction, ranging from 0 (no

lusing particle identification information from all sub-detectors that provide it, namely

ARICH, TOP, ECL, KLM and dE/dz from CDC.
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confidence) to 1 (maximum confidence). The value of r itself is directly correlated
with the probability assigned by the algorithm to the category that best represents
the flavor signature of the By,, decay. The product of these two numbers, ¢ - r,
constitutes the combined output of the Flavor Tagger, the distribution of which is
shown in Figure 4.1 for the category-based Flavor Tagger.
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Figure 4.1: Comparison between the ¢ - r distribution of the signal contribution
(explained in Section 4.2.5) in 62.8 fb™' of Belle II data and the one of simulated
signal events for the category-based Flavor Tagger. Taken from [99].

The distribution of r is usually split into 7 uneven bins: [0.0, 0.1, 0.25, 0.45,
0.6, 0.725, 0.875, 1.0]. This binning of the r distribution is based on the different
categories of the Bi,, decays that populate it. For example, leptons from b — cl
semi-leptonic By,, decays are easier to identify correctly and usually lead to values
of r closer to 1, while decays to neutral hadrons, that are generally more difficult
to tag correctly, lead to values of r closer to 0.

As one might expect, predicting the Bi,, flavor in this way is not perfect,
meaning it has an efficiency and a purity associated to it. The metric commonly
used to evaluate the performance of a Flavor Tagging algorithm is the so-called
effective tagging efficiency defined as:

Etag = Zei(l —w;)?, (4.1)

where ¢; is the fraction of the number of tagged events that lie in a given bin of 7,
the aforementioned confidence of the By,, flavor prediction, over the total number
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of tagged events across all r-bins, w; is the so-called wrong tag fraction, defined
as the fraction of events in a given r-bin where the flavor of the By,, was wrongly
assigned over all tagged events in that r-bin, and ¢ denotes the r-bin, ranging from
1 to 72. The effective tagging efficiency of the category-based Flavor Tagger was
evaluated using the method described in this chapter on 365 fb™* of Belle II data
to be (31.68 = 0.45)%, where the uncertainty is statistical only [100].

Besides the wrong tag fraction, there are two other parameters that are used
to characterize the performance of the Flavor Tagger. The first is the wrong tag
asymmetry, Aw, defined as the asymmetry between the fraction of wrongly tagged
B%”s and B"s in a given r-bin, Aw; = w;" —w; , where w;" (w; ) denotes the fraction
of events where the By, is wrongly tagged as B® (B°) in the i-th r-bin. The second
is the By,g detection efficiency asymmetry, aag, defined as the asymmetry between
the fraction of correctly tagged B”s and B%’s in a given r-bin, au.; = & — ¢,
where £ () denotes the fraction of events where the By, is correctly tagged
as BY (B°) in the i-th r-bin. Both of these asymmetries arise from the differing
interaction rates, or cross-sections, of positively and negatively charged particles
with the detector material. Since electric charge is used to infer the B,y flavor,
these asymmetries can lead to differences in the tagging efficiency between B° and
B° mesons. It is therefore important to take them into account when evaluating

the performance of the Flavor Tagger.

Recently, a new Flavor Tagging algorithm was developed in Belle II, called
GFlaT, that is based on graph-neural-networks (GNNs). It improves upon the
category-based algorithm by incorporating relationships between final-state par-
ticles, such as their spatial distances, which the previous algorithm did not use,
leading to a significant performance gain. Figure 4.2 shows a comparison between
the ¢ - r distributions of the category-based Flavor Tagger and GFlaT for simu-
lated signal events where the better performance of the latter is already visible.
The origins of this improvement are made clearer in Figure 4.3, where the same
comparison is broken down into four categories of events depending on whether
charged leptons or charged kaons can be found in the decay of the Bi,,. This
allows one to see that the new algorithm can tag the By, flavor more reliably than
the old algorithm, in the cases where the flavor signature does not give enough
information.

2Note that, in some figures, the numbering of the r-bins instead ranges from 0 to 6.
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Figure 4.2: Comparison between the ¢-r distribution of the category-based Flavor
Tagger and of GFlaT for simulated signal events. The distribution is split based
on whether the By, in the event is a true B° (red) or a true B (blue).

4.2 Calibration of the GNN-based Flavor Tagger
and At Resolution Function parameters

This section describes the data-driven evaluation of the performance of the GNN-
based Flavor Tagger. This work was part of my service task to qualify as an
author of Belle II publications. It was conducted by a team of three physicists
leading the sin2( analysis, with my contribution focused on the calibration of the
Flavor Tagger. The calibrated parameter values are considered universal and are
provided to the rest of the collaboration for use in measurements related to CP
violation and the mixing of B mesons. This work led to an internal analysis note,
a published paper [100], and a conference presentation given by myself [101].

4.2.1 Principle behind the calibration of the GNN-based
Flavor Tagger

The performance of this new Flavor Tagging algorithm is evaluated by determining
the values of w (and therefore €y5), Aw and a,, in each bin of r. These parameters
are all evaluated directly in 365 fb~" of Belle II data®, using self-tagging B decays,
i.e. decays of neutral B mesons to flavor-specific final states. Specifically, the
following decays are used:

3The Run 1 dataset of Belle II contains 387 million BB pairs.
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Figure 4.3: The same comparison that is shown in Figure 4.2 with an additional
distinction made based on the presence of charged leptons or charged kaons among
the decay products of the B,y in each event.

e BY - D 7t with D~ — Ktn 7~
e B° — D* 7t with D*~ — D% and D° decaying to either:

— DY — Ktn—,
— DY - Ktn—nY,

- D' = Ktnntn—,

where the charge-conjugate decays are implied for the rest of this chapter. The
reason behind using flavor-specific neutral B decays is to allow the determination
of the true flavor in data, so that it can be compared to the output of GFlaT, thus
giving a data-driven estimation of the true performance of the algorithm.

The Flavor Tagger parameters, w, Aw and ay,g, are determined in each 7-bin in
a time-dependent manner. Neglecting any inefficiencies due to Flavor Tagging and
detector resolution effects, the decay time distribution in the case of flavor-specific
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decays is written as:

o 18t/ 750

PﬂaV(At; Qtaga QSig) - {1 + QtagQSig COS<AmAt>} ) (42)

4T BO
where At is the difference in time between the decay of the By, and Biag, Grag 1S
the flavor of the Bi,e at the time of its decay, gs, is the flavor of the By, at the
time of its decay, Tpo is the proper BP lifetime and Am is the B°~B° oscillation
frequency.

After including the performance of the Flavor Tagger, the decay time distribu-
tion of flavor-specific decays takes the form:

—|At|/T5o
e B
,ng/(At; Qtag, Gsig, W, va Qtag, aSig) = (1 + qSigasig) Ao {1 - qtagAw + q'gagatag(l — 2w)
B
+ [Grag (1 — 2w) + Grag(1 — GragAw)]gsig COS(AmAt)} ,

(4.3)

where w, Aw and a,e are the aforementioned Flavor Tagger parameters and agig
is the By detection efficiency asymmetry, defined as the asymmetry between the
number of events in which the By, decays as a B and ones where it decays as a
B°. Unlike Qtag, Osig 15 DOt considered to be r-bin dependent.

The reason for following a time-dependent approach instead of a time-integrated
one, is that it makes it possible to also calibrate the parameters of the At Resolu-
tion Function in the same procedure, thereby simplifying the treatment of certain
systematic uncertainties. The At Resolution Function models how the decay time
resolution of the detector? affects the measured values of At, which makes it a
critical tool for all time-dependent analyses, thus highlighting the importance of
accurately calibrating its parameters. The At Resolution Function takes the form:

R((Sta JAt) - (]- - ft - fOL)G(6t7 Mmain0 At SmainUAt>
+ ft(UAt)Rt(5t; MiailOALs StailOAL, KOAL, f<, f>)
+ foLG((St; O, UOL) s (44)

where 6t = At — At quantifies the detector time resolution (also known as At
residual) and o is the uncertainty on the measured value of At, that is determined
on a per-event basis. This exact form of the At Resolution Function was also used
in Ref. [102]. The model is comprised of three parts:

e The first component, corresponding to the first term in Equation 4.4, is a
Gaussian distribution with a mean, Mmpya,, and standard deviation, Spain,

4The time resolution is derived almost entirely from the spatial resolution of the vertex de-
tector since, in each event, At is determined from the reconstructed decay vertex positions of
the two B mesons.
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which are scaled by the per-event oa;. It accounts for ~ 70% of the candi-
dates.

e The second component, corresponding to the second term in Equation 4.4,
is a weighted sum of a Gaussian distribution and two Gaussian distributions
that have each been convolved with an exponential function. It takes the
form:

Rt(m;,uao-a R, f<7f>) = (1 - f< - f>)G($7:u7O-)

+ f<Glaip,0) @ %exp<(fr//<&)
G 0) ® oxpo(~afs),  (45)

where exp. (—z/k) = exp(—z/k) if + > 0 and exp. (—z/k) = 0 otherwise,
and similarly for exp_(z/x). The exponential tails account for Bi,, vertices
that were poorly determined due to secondary displaced vertices from inter-
mediate charm mesons. The fraction f; takes on different values depending
on the value of oa;. This is modeled using a sigmoid distribution with a
parameter (f}') describing the oa; threshold after which f; takes non-zero
values, a parameter (f7) describing how fast f; rises to its plateau value

and a parameter (f"*) for the plateau value itself. This part of the model
accounts for ~ 30% of the candidates.

e The third component, corresponding to the third term in Equation 4.4, is a
Gaussian distribution accounting for outlier events (OL) where the vertices
were poorly reconstructed. It has a mean m = 0 ps and a standard deviation
o = 200 ps and it accounts for ~ 0.1% of the candidates.

More information about how the At Resolution Function models the detector
resolution of signal events is given in Section 4.2.4. The At Resolution Func-
tion is convolved to Equation 4.3, so that the full description of the decay time
distribution of flavor-specific decays reads:

FT,res
7Dﬂaw

(At7 O At Qtag, Gsig, W, A'LU, Qtag, asig) = ngf(Atv Gtag, Gsig, W, Awa Qtag, asig) ® R(5t7 UAt) )
(4.6)

In the following, it is assumed that the parameters of the Flavor Tagger, w,
Aw and ay,g, are uncorrelated to the parameters of the At Resolution Function.
This assumption will eventually be tested by inspecting the relevant elements of
the correlation matrix obtained from the final fit.

The calibration procedure consists of 3 main steps:
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1. Reconstruction of the B — D®~7t decays and application of selection
criteria on the reconstructed data sample. This will be explained in Sec-
tion 4.2.2.

2. Estimation of the signal and background yields in order to statistically sub-
tract the background events in the At distribution using the (Plot tech-
nique [103]. This will be detailed in Sections 4.2.3 and 4.2.5.

3. Fit of the remaining signal At distribution to determine the Flavor Tag-
ger and At Resolution Function parameters. This will be described in Sec-
tion 4.2.6.

The reason for choosing to subtract the background events from the At distribu-
tion, instead of modeling them, is that At is not a variable that allows to easily
separate between the contributions of signal and the various kinds of backgrounds,
while other more discriminating variables, such as AE and M., previously defined
in Equations 2.7 and 2.8, are typically used for this exact purpose. Statistically
subtracting the background from the At distribution allows to fit the remain-
ing signal contribution using Equation 4.6 and determine the parameters of the
Flavor Tagger and At Resolution Function, without needing to model all of the
background contributions in At¢. Steps 2 and 3 of the calibration procedure were
first performed on fully simulated Monte Carlo (MC) events, in order to better
control and validate the fit strategy, before performing it on the data recorded by
Belle II. In the following subsections, all three steps are described in detail.

4.2.2 Reconstruction and selection of B — D®~nt decays
and selection criteria

The reconstruction of By, candidates decaying to self-tagging decay modes, in the
case of both simulated and real data, is performed in the following way. D~
candidates are reconstructed from D~ — KTn 7~ and D*  candidates from
D*= — D~ with D° — K*n~, K*n~ 7% or K*tr—ntn~, requiring all charged
particle tracks to originate from the IR and to have polar angles within the CDC
acceptance.

70 candidates are reconstructed from 7 — v with photon candidates formed
from ECL clusters that are not associated to any tracks from charged particles. To
reduce the contribution of photons coming from beam-background, each cluster is
required to have an energy greater than 120 MeV, 80 MeV, or 30 MeV depending
on whether it is in the forward, backward, or barrel region of the calorimeter,
corresponding to the polar angle ranges [12.4, 31.4]°, [130.7, 155.1]° and [32.2,
128.7]°, respectively, in the lab frame. The angle between the momenta of the two
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photons must be less than 52° in the lab frame and the diphoton mass must be in
the range [121, 142] MeV/c2.

One of the D meson’s decay products has to be consistent with being a charged
kaon and the invariant mass of each D~ candidate must be within [1.860, 1.880]
GeV/c?, which is centered around the known D~ mass. Each DY candidate re-
constructed from K7~ (77~ ) must have an invariant mass within [1.845, 1.885]
GeV/c?, which is centered around the known D° mass, while D° candidates recon-
structed from K7~ 7% must have an invariant mass within [1.810, 1.895] GeV/c?,
which is an asymmetric range around the known D mass in order to account for
energy losses in photon reconstruction.

The 7~ from the D*~ decay is required to have a momentum below 300 MeV/c
in the C.0.M. frame, since this pion is very soft, i.e. the phase space that is available
for it is really small. Moreover, each D*~ candidate has to have an energy release,
defined as: m(D*~) —m(D") —m(x~), within [4.6, 7.0] MeV/c?, which is centered
around the known energy release for this decay. The clearly defined peak in the
energy release allows to remove almost all of the background in the sample.

Neutral B meson candidates on the signal side of the event are reconstructed
from D* candidates and a charged particle track that is consistent with being a
7%, The charge of this pion track is what is used to determine the flavor of the
reconstructed signal B meson; ©* (77) corresponds to B® (B°), neglecting the
contribution from the Cabibbo-suppressed decay process (B — D®+77). In
order to determine the decay position of the B, the trajectories and momenta
of its decay products are fitted according to its decay chain using the TREEFIT
algorithm [97], while constraining the B to originate from the IR and the D) to
its known mass [70].

The tag-side neutral B meson in each event is reconstructed after reconstructing
the Bge, using all remaining charged particle tracks and calorimeter clusters in the
“Rest-Of-Event” (ROE). The decay position of the Bi,, is determined by fitting
the trajectories of ROE tracks using the RAVE algorithm [96], which accounts
for the unknown decay chain of the Bi,, by constraining its decay position to be
consistent with the origin and direction of the Bg,. This significantly reduces the
impact of tertiary decay vertices due to potential intermediate D mesons in the
Biag decay chain.

Events that proceed through the process ete™ — ¢g, where ¢ = {u,d, ¢, s},
are suppressed by exploiting their topological differences with events that proceed
through e*e™ — 7(4S) — BB, by requiring the ratio of the second to the zeroth
Fox-Wolfram moment, Ry, be less than 0.4 [104].
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4.2.3 Estimation of signal and background yields

The number of signal and background events is determined from a fit to the AF
distribution of the reconstructed B® — D®~7% decays. Using simulated decays,
the following types of events are identified and modeled:

e Signal events are modeled in AFE using the sum of a double-sided Crystal
Ball function with a Gaussian function.

e B° — DW=KT (referred to as BDK) events that were misidentified as signal
events are modeled in AF using a double-sided Crystal Ball function. They
amount to ~ 2.5% of the expected signal events.

e Background events where neither of the two B mesons decays to the final
state of interest (referred to as BB background) are modeled in AE using a
27 degree Chebyshev polynomial function.

e Continuum background events (also referred to as ¢g background) are mod-
eled in AF using an exponential function.

Details on the mathematical formulae of the functions used to model all the
different components can be found in Appendix B. The AFE shape parameters for
the signal and each of the individual background components are determined from
fits to fully simulated signal and background samples and are subsequently fixed
when fitting the AE distribution of the reconstructed B® — D®)~x+ decays.

Figure 4.4 shows fits to the AFE distributions of the simulated signal, BDK
and BB background components. Signal events are expected to peak at AE ~ 0
GeV, since in their case the B meson energy is correctly reconstructed and exactly
matches half of the energy in the C.0.M. frame. BDK events peak at slightly lower
energies, because in their case a K meson is mistakenly reconstructed as a m meson,
leading to an offset peak for the energy B meson. It is also clear that, in the case
of BB background, there is a small number of events that peak around AE ~ 0
GeV, which are not modeled, for the sake of simplicity, since the modeling of this
background does not impact the final parameter values significantly. With larger
datasets in the future, a more detailed treatment will be necessary, but for the
present analysis the simplified description is sufficient, with the associated effects
covered by the systematic uncertainties (see Section 4.2.6).
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Figure 4.4: AFE shape fits of the simulated (a) signal, (b) BDK and (c) BB
background components.

The full Probability Density Function (PDF) model that describes the AFE
distribution of all signal and background contributions to the selected events is
then written as:

PYAE) = Nygoiite X (fogP™ + fapxPPPK + fugPPP) + Ny x PU | (4.7)

where the fraction between the signal and BDK components, which are consid-
ered together as signal-like, as well as the one between the signal+BDK and BB
background components are both determined and fixed from simulation. This only
leaves Ngig—iike and Nggz, i.e. the numbers of signal-like and ¢g background events,
respectively, free to float in the fit.

To measure the number of observed signal and background events, or yields, an
unbinned maximum likelihood fit is performed to the AFE distribution of all events
reconstructed as B — D® 7t decays, using the PDF model of Equation 4.7.
More details about the concept behind the maximum likelihood fit are given in
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Appendix B.8. This fit is performed in the signal region, —0.1 < AE < 0.25
GeV and 5.27 < M. < 5.29 GeV/c?, where most signal events are expected to
lie. The AFE distribution is also fitted simultaneously in the M, sideband region,
M, < 5.24 GeV/c?, where almost no signal events are expected, using a shared
exponential slope parameter for the ¢g background between the two regions. This
significantly improves our knowledge of the shape of the qg background, knowing
that the latter region is continuum-dominated.

Besides the signal and background yields, some shape parameters are also al-
lowed to float in the AFE fit. These include factors that scale the mean and standard
deviation of the double-sided Crystal Ball shapes that model the signal and BDK
components, the parameters of the 2" degree polynomial shape that models the
BB background, as well as the slope parameter of the exponential shape that mod-
els the continuum background in the signal and sideband regions. This is done in
order to better capture potential data/MC differences in the modeling of the signal
and the various background components. Figure 4.5 shows the AE fit on 1 ab™!
of fully simulated data and Table 4.1 lists the values of the fitted parameters.
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Figure 4.5: AF fit of 1 ab™" of fully simulated data (MC) in the (a) signal and
(b) sideband regions.

Table 4.1: Yields and shape parameters obtained by fitting the AE distribution of
1 ab™! of fully simulated data. ¢; and ¢, are parameters describing the 2"¢ degree
polynomial that models the BB background and \ is the parameter describing the
exponential shape that models the ¢g background. The BDK and BB yields are
calculated using the signal yield by scaling it by the fractions of BDK and BB to
signal events, respectively, which are fixed from the MC.

Parameter Value Uncertainty
Signal + BDK yield 209340 510
BDK yield 5220 10
BB yield 23400 60
qq yield 38450 360
Sideband yield 129280 360
w shift [x107° GeV] —1.3391 24711
o scale 1.0137 0.0026
¢ [GeV™] —0.9264 0.0222
cy [GeV ™7 0.1745 0.0170

A [GeV] —1.3737 0.0277
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A separate AFE fit is performed simultaneously for B — D® =7t events on
the one hand, and B® — D®* 7~ events on the other hand, in order to determine
the value of the ag, parameter of Equation 4.3 that will be subsequently used in
the At fit, described in Section 4.2.6. This is done without applying any selection
criteria related to the tag-side, so as not to bias the value of a4y, a parameter that
is exclusively related to the signal-side. A biased value of a4, would in turn lead
to biased Flavor Tagger and At Resolution Function parameter values. Figure 4.6
shows this fit on 1 ab™! of fully simulated data and Table 4.2 lists the values of
the fitted parameters. The results of the AE fit performed separately for each By,
flavor are found to be consistent with those from the flavor-integrated AFE fit.
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Figure 4.6: AFE fit of 1 ab™! of fully simulated data (MC) in the (a) signal and
(b) sideband regions in the case of B — D®=nF decays and in the (c) signal and
(d) sideband regions in the case of B® — D™®*+7~ decays.
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Table 4.2: Yields and shape parameters obtained by fitting the AE distribution
of 1 ab™! of fully simulated data simultaneously for B® — D®~z*+ and B° —
D&+~ events. agig, the shift in p, the scale factor of o as well as the total signal
yield are shared between the two fits. The BDK and BB yields are separately
calculated for B® and B using the signal yields by scaling them by the fractions
of BDK and BB to signal events, respectively, which are fixed from the MC.

Parameter Value Uncertainty
(sig —0.01359 0.00237
Signal + BDK yield 216640 520
BDK yield (B°) 2590 10
BDK yield (B°) 2810 10
BB yield (B°) 12070 40
BB yield (B°) 12140 40
qq yield (BY) 19700 250
qq yield (BY) 20370 260
Sideband yield (B?) 67430 260
Sideband yield (B°) 68960 260
p shift [x107° GeV]  —1.4980 2.4306
o scale 1.0141 0.0026
crpo [GeVT] —0.8947 0.0305
¢ po [GeV ] —0.9450 0.0306
copo [GeV T 0.1617 0.0237
¢y po [GeV 7] 0.1785 0.0236
Apo [GeV ] —1.3767 0.0383

Ago [GeV™!] —1.3706 0.0379
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After having demonstrated that both of the above AF fits produce reasonable
results with MC, they were performed on 365 fb™! of data recorded by Belle II.
Figure 4.7 shows the AFE fit that does not separate between the two By, flavors
and Table 4.3 lists the measured parameters. Figure 4.8 shows the AF fit that sep-
arates B — D®~71t and B® — D®*+71~ events and Table 4.4 lists the measured
parameters.
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Figure 4.7: AF fit of the 365 fb™' Belle II data sample in the (a) signal and (b)
sideband regions.

Table 4.3: Yields and shape parameters obtained by fitting the AE distribution of
the 365 fb~' Belle II data sample. The BDK and BB yields are calculated using
the signal yield by scaling it by the fractions of BDK and BB to signal events,
respectively, which are fixed from the MC.

Parameter Value Uncertainty
Signal + BDK yield 77130 320
BDK yield 1920 10
BB yield 8620 40
qq yield 14200 230
Sideband yield 54530 230
p shift [x107° GeV] —3.5875 4.4953
o scale 1.1120 0.0049
e [GeVT] —0.9980 0.0372
cy [GeV 7] 0.1562 0.0285

A [GeV —1.2777 0.0426
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Figure 4.8: AFE fit of the 365 fb™' Belle I data sample in the (a) signal and (b)
sideband regions in the case of B — D=7+ decays and in the (c) signal and (d)
sideband regions in the case of B® — D™+ 7~ decays.
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Table 4.4: Yields and shape parameters obtained by fitting the AE distribution
of the 365 fb~! Belle II data sample simultaneously for B® — D®)~7+ and B° —
D®+71~ events. The BDK and BB yields are separately calculated for B® and B°
using the signal yields by scaling them by the fractions of BDK and BB to signal
events, respectively, which are fixed from the MC.

Parameter Value Uncertainty
Osig —0.02528 0.00391
Signal + BDK yield 80310 320
BDK yield (BY) 950 10
BDK yield (B°) 1050 10
BB yield (B°) 4420 30
BB yield (B°) 4550 30
qq yield (B?) 7000 150
qq yield (B°) 7780 160
Sideband qq yield (B°) 28220 160
Sideband ¢g yield (B°) 29140 170
p shift [x107° GeV] —2.9154 4.4049
o scale 1.1121 0.0048
c1po [GeVT] —0.9758 0.0492
¢ go [GeV™] —1.0150 0.0512
co.po [GeV 0.1947 0.0384
¢y po [GeV 7] 0.1192 0.0405
Ago [GeV ™ —1.3456 0.0592

Ago [GeVT] —1.1969 0.0581
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A signal + BDK yield of 77130 & 320 events is obtained from fitting 365 fb~*
of Belle II data, which is more than 40 larger compared to the 75410 + 180 events
expected from the MC (~ 36% of the signal + BDK yield from the AFE fit to
1 ab™! of simulated data). This is attributed to the branching fractions of B® —
D=7+ decays being slightly mismodeled in the Belle II MC. The signal detection
efficiency asymmetry is measured to be: ag, = (—2.53£0.39)%, where the negative
sign indicates that the reconstruction efficiency of Egig is greater than that of
ng. The fact that ag, is negative is attributed to charge asymmetries in kaon
identification and in low-momentum tracking. The value of ag, obtained from
the fit to data is also larger than compared to the one obtained from the MC,
asig = (—1.36 £ 0.24)%, with a significance of 2.8 ¢, which can be explained by a
mismodeling of the detector material, leading to an asymmetry in the interaction
cross section between positively and negatively charged particles with the detector
material that is smaller in absolute value in the simulation compared to reality.
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4.2.4 Interlude: Fit of the At residual distribution of simu-
lated signal events

Before describing the treatment of the At distribution using the signal and back-
ground yields that are obtained from the AF fit in Section 4.2.3, a brief demon-
stration of how the At Resolution Function models the detector resolution will
be given. Figure 4.9 shows a fit of the At Resolution Function of Equation 4.4
to the At residual distribution of fully simulated signal events and Table 4.5 lists
the fitted parameters. Some of the parameter values obtained from this fit are
still allowed to float in the final fit performed on the background-subtracted At
distribution, described in Section 4.2.6, namely: Mmain, Mtail, Smain, Stails S o,
m! .. and m[ . These are the parameters of the At Resolution Function that are
actually calibrated on data. The rest of the parameters are determined entirely
from fitting simulated data, knowing that their values are fully compatible with
what was obtained from fitting a smaller subset of Belle II data in previous studies.
This significantly improves the stability of the final At fit. Moreover, some param-
eters, such as: ¢, fr, fexp; Mmain a0d My are allowed to take different values for
events in the seventh r-bin, i.e. the one with the best quality of flavor assignment,
compared to those in the other six, as observed in both simulation and data.
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Figure 4.9: Fits of the At residual distribution of fully simulated signal events in
each of the seven Flavor Tagging r-bins.
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Table 4.5: Parameters of the resolution function obtained by fitting the At residual
distribution of fully simulated signal events. When comparing to Equations 4.4
and 4.5, fs = fr X ferp and fo = (1 — fr) X ferp. Parameters indexed with the
number 7 denote the value of that parameter in the last r-bin. The last column
shows whether these parameters are left free to float when performing the final At
fit on the real data.

Parameter Value Uncertainty Floating in At fit
Mmain —0.18578 0.00207 yes
Mail —1.03696 0.01796 yes
Smain 1.2324 0.0022 yes
Stail 2.4753 0.0180 yes
K 4.2343 0.0567 no
fr 0.2637 0.0055 no
fexp 0.2048 0.0045 no

X 0.2553 0.0033 yes
i ps | 0.2372 0.0012 no

7 [ps | 0.0914 0.0022 no
K’ 4.2718 0.0762 no

z 0.2014 0.0084 no

- 0.2415 0.0071 no
m’ o —0.11724 0.00311 yes
ml —0.77795 0.02759 yes

foL 1.900 x 10~* 0.175 x 1074 no
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4.2.5 Production of the background-subtracted At distribu-
tion with sWeights

As explained in Section 4.2.1, the At distribution of signal events in data must
first be isolated in order to fit it using Equation 4.6 and finally measure the Fla-
vor Tagger and At Resolution Function parameters. To this end, the signal and
background yields obtained from the AFE fit (see Tables 4.1 and 4.3) are used to
calculate the so-called sWeights which are then used to statistically subtract the
background from the At distribution. The sWeights are per-event numbers that
weight the At distribution, so that all background events are suppressed and only
the distribution of signal events remains.
The formula used to compute the sWeights WV is:

Z;\I:Sl anpj (yz)
lljil NPk (y;)

sWn<yz) = 5 (48)

where:

e n denotes the component we are interested to retain in the distribution of
the control variable, here At,

y is the discriminating variable that is fitted to determine the sWeights, in
this case AF,

e i is index denoting the event for which the sWeight is being computed,

e Ng is the total number of different event species considered, here 3 for sig-
nal+BDK, BB background and ¢g background,

e V,,; is the nj-th element of the covariance matrix that is obtained directly
from the AFE fit?,

e N is the yield of component k, as determined from the AFE fit, and

e Pi(y;) is the value of the fitted PDF model of component j, as a function of
the discriminating variable y, for event 7.

As explained in Ref. [103], the above weights are accurate only in cases where
the distribution of the discriminating variable that is fitted to determine the
sWeights is uncorrelated with the distribution of the control variable on which

5The elements of the covariance matrix are given by the inverse of the second derivative of
the negative log likelihood minimized by the fit, in terms of the yields of the different species
_ 9%(=£)
= 3N, 0N;

considered, V| ]-1
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the sWeights are applied, for each of the different components considered, i.e.
signal and the various backgrounds. This was checked to be the case with the
maximum correlation observed being ~ 2%.

It is also important to note that BDK events are considered as signal events, in
that they are not subtracted from the At distribution by the sWeights procedure.
The reason for that is that the At distribution of BDK events is the same as the
signal one, because for these events the track of the kaon that is misidentified as
a pion still points to the By, vertex, just like the pion track does in the case of
signal events. This results in a slightly larger signal sample, without biasing the
At distribution in any way.

With the sWeights calculated using Equation 4.8, it is possible to recover the
q - r distribution of signal events in data, since the output of the Flavor Tagger
is not correlated to AFE for either of the signal and background components, and
then compare it to the ¢ - r distribution of simulated signal events. Figure 4.10
shows this comparison and clearly demonstrates a good agreement between the
two distributions.
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Figure 4.10: Comparison between the background-subtracted ¢ - r distribution
observed in data and the simulated signal+BDK contribution for the GNN-based
Flavor Tagger. Here the MC distribution is normalised to match the luminosity
of the data distribution.
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4.2.6 Fit of the signal At distribution

After obtaining the background-subtracted At distribution, a weighted unbinned
maximum likelihood fit is performed to it, using the model of Equation 4.6, simul-
taneously across the seven r-bins. It is also performed simultaneously for events
where the By, and By,e have opposite flavors (called OF) and for events where they
have the same flavor (called SF) at the time of their decay. In total, 28 parameters
are allowed to float freely in the fit; 21 related to the Flavor Tagger and 7 related
to the At Resolution Function. In order to make the fit more computationally effi-
cient, the wrong tag fractions (w) and wrong tag asymmetries (Aw) are expressed
in terms of values they take depending on whether the B, was tagged as a B® or
as a B°. They are defined as follows:

w=—-(wr+w’) and Aw=w"-—w", (4.9)

N | —

where the +(—) superscript indicates that the By,, was tagged as a B (B°).

As with the AFE fit, the At fit is first checked on the 1 ab™' of fully simulated
data before being performed on the 365 fb~' Belle II data sample. Table 4.6 lists
the Flavor Tagger and At Resolution Function parameters obtained from the fit on
the MC. The fit projections in each r-bin individually are shown in Appendix C.1
for both OF and SF events, together with the asymmetry between them. Com-
parisons of the fitted Flavor Tagger parameters in each of the seven r-bins, with
respect to their true values known from the MC are shown in Figures 4.11-4.13 and
they show good overall agreement between them. This means that the fit strat-
egy does not introduce any major biases in the evaluation of the Flavor Tagger
parameters.
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Figure 4.11: Comparison between the wrong tag fractions (w) obtained from the
fit to the background-subtracted At distribution of the 1 ab™' simulated data
sample (in blue) and their true values known from the MC (in orange).
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Table 4.6: Flavor Tagger and At Resolution Function parameters obtained by
fitting the background-subtracted At distribution of the 1 ab™' fully simulated
sample.

Parameter Value Uncertainty
Mmain —0.16683 0.02824
Mail —0.81315 0.10347
Smain 1.18742 0.03291
Stail 2.36873 0.12706
Jmax 0.31511 0.02494
wy 0.46022 0.00522
wy 0.46856 0.00529
Atag,1 0.00101 0.00840
wy 0.41199 0.00467
wy 0.41415 0.00467
Qtag,2 —0.00774 0.00749
wy 0.31859 0.00434
wy 0.31937 0.00435
Atag,3 —0.00807 0.00712
wy 0.23483 0.00479
wy 0.24137 0.00495
tag 4 0.00852 0.00828
wy 0.15742 0.00482
Wy 0.15689 0.00502
Qtag,5 0.02350 0.00894
wg 0.09823 0.00370
Wg 0.10403 0.00382
Qtag,6 0.00199 0.00745
ml . —0.04613 0.04687
mi —0.61763 0.16506
wi 0.01696 0.00188
wy 0.02472 0.00199

Atag,7 —0.00897 0.00511
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Figure 4.12: Comparison between the wrong tagging asymmetries (Aw) obtained
from the fit to the background-subtracted At distribution of the 1 ab™' simulated
data sample (in blue) and their true values known from the MC (in orange).
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Figure 4.13: Comparison between the tag-side detection efficiency asymmetries
(atag) obtained from the fit to the background-subtracted At distribution of the
1 ab~! simulated data sample (in blue) and their true values known from the MC
(in orange).
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The effective tagging efficiency obtained by fitting the fully simulated data is
calculated using Equation 4.1, using the fitted values of w* and w~, and is found
to be:

Erag = (40.08 £ 0.24)% , (4.10)

where the uncertainty is purely statistical.

Equation 4.6 was then fitted to the background-subtracted At distribution of
the 365 fb~! Belle IT data sample. Table 4.7 lists the Flavor Tagger and At Resolu-
tion Function parameters obtained from the fit to the data. The fit projections in
each r-bin individually are shown in Figures 4.14-4.20 for both OF and SF events,
together with the asymmetry between them. Comparisons of the fitted Flavor
Tagger parameters in each of the seven r-bins, with respect to their true values
obtained from the MC are shown in Figures 4.21-4.23 and they clearly show that
the obtained wrong tag fractions are significantly worse in the data compared to
the MC. This increase of the wrong tag fractions is attributed to the fact that the
simulation does not perfectly model the data, thereby justifying the use of data
and self-tagged decay modes to evaluate the performance of the Flavor Tagger and
to calibrate its parameters.
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Table 4.7: Flavor Tagger and At Resolution Function parameters obtained by
fitting the background-subtracted At distribution of the 365 fb~' Belle II data
sample.

Parameter Value Uncertainty
Mmain —0.10358 0.04021
Megail —0.53601 0.16563
Smain 1.03324 0.05148
Stail 2.20154 0.23547
Jinax 0.31591 0.04404
wy 0.48681 0.00873
wy 0.47902 0.00871
(tag,1 —0.01720 0.01387
wy 0.41368 0.00764
Wy 0.42779 0.00773
Atag 2 —0.00936 0.01229
wy 0.34611 0.00705
wy 0.34646 0.00717
(tag,3 —0.00275 0.01153
wy 0.24988 0.00768
wy 0.23346 0.00799
Qtag, 4 0.03205 0.01330
wy 0.17660 0.00793
wy 0.16302 0.00812
(tag,5 0.01174 0.01442
wg 0.11369 0.00634
(I 0.11630 0.00638
tag,6 —0.01128 0.01230
m? . 0.10940 0.07828
ml —0.92925 0.26822
wi 0.02997 0.00338
wy 0.02242 0.00336

Atag,7 —0.00178 0.00864
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Figure 4.14: Fit of the background-subtracted At distribution of the 365 fb~!
Belle IT data sample in the first r-bin (i.e. the bin with the worst Flavor Tagging
quality) for the case where the flavor of the B mesons in the event is the same (a)
and opposite (b) at the time of their decay. The asymmetry between opposite-
flavor (OF) and same-flavor (SF) events is also shown in (c).
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Figure 4.15: Fit of the background-subtracted At distribution of the 365 fb~!
Belle II data sample in the second r-bin for the case where the flavor of the B
mesons in the event is the same (a) and opposite (b) at the time of their decay.
The asymmetry between opposite-flavor (OF) and same-flavor (SF) events is also
shown in (c).
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Figure 4.16: Fit of the background-subtracted At distribution of the 365 fb~!
Belle II data sample in the third r-bin for the case where the flavor of the B
mesons in the event is the same (a) and opposite (b) at the time of their decay.
The asymmetry between opposite-flavor (OF) and same-flavor (SF) events is also
shown in (c).
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Figure 4.17: Fit of the background-subtracted At distribution of the 365 fb~!
Belle II data sample in the fourth r-bin for the case where the flavor of the B
mesons in the event is the same (a) and opposite (b) at the time of their decay.
The asymmetry between opposite-flavor (OF) and same-flavor (SF) events is also
shown in (c).
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Figure 4.18: Fit of the background-subtracted At distribution of the 365 fb~!
Belle II data sample in the fifth r-bin for the case where the flavor of the B
mesons in the event is the same (a) and opposite (b) at the time of their decay.
The asymmetry between opposite-flavor (OF) and same-flavor (SF) events is also
shown in (c).
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Figure 4.19: Fit of the background-subtracted At distribution of the 365 fb~!
Belle II data sample in the sixth r-bin for the case where the flavor of the B
mesons in the event is the same (a) and opposite (b) at the time of their decay.
The asymmetry between opposite-flavor (OF) and same-flavor (SF) events is also
shown in (c).
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Figure 4.20: Fit of the background-subtracted At distribution of the 365 fb~!
Belle 1T data sample in the seventh r-bin (i.e. the bin with the best tagging
quality) for the case where the flavor of the B mesons in the event is the same (a)
and opposite (b) at the time of their decay. The asymmetry between opposite-
flavor (OF) and same-flavor (SF) events is also shown in (c).
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Figure 4.21: Comparison between the wrong tag fractions (w) obtained from the
fit to the background-subtracted At distribution of the 365 fb~' data sample and
their true values obtained from the MC.
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The effective tagging efficiency obtained by fitting the real data is once again
calculated following Equation 4.1 and is found to be:

Etag = (37.40 £ 0.39)% , (4.11)

where the quoted uncertainty is purely statistical. Due to the fact that sWeights
were used to evaluate ey, the uncertainty provided by the likelihood profile is
slightly underestimated with respect to the actual statistical uncertainty expected
knowing the size of the data that were analyzed. This is because the background
components are not accounted for in the computation of the uncertainty by the
likelihood method, and neither is the uncertainty on the value of ag,. To obtain
the correct value for the statistical uncertainty on e, the dataset was boot-
strapped [105], meaning that events were randomly sampled from it with replace-
ment, effectively generating toy datasets of equal size that exhibit slight variations
between them. The full fit procedure explained earlier in this Section is then per-
formed on each of the bootstrap replicas and, from the spread of the resulting
distribution of the fitted parameters, the actual value of the statistical uncertainty
ONl €4, 1S estimated and is found to be 0.433%.

Systematic uncertainties on the fitted parameters were estimated by taking
into account various effects, such as:

e the alignment of the detector,
e the calibration of the parameters of the beam spot,
e the modeling of signal and background events in AF,

e the uncertainty on the world average values of the B lifetime and the B~ B°
oscillation frequency, which are fixed in the At fit,

e the uncertainties on the At Resolution Function parameters that are fixed
in the At fit, as explained in Section 4.2.4 and

e the background subtraction method (sPlot).

Table 4.8 lists all of the sources of systematic uncertainty that were estimated
for ei,g together with the statistical uncertainty for comparison.

The total value of the systematic uncertainty for e,q, accounting for all of the
above sources, amounts to 0.36%. Correcting the value of the statistical uncer-
tainty and adding the value for the systematic uncertainty, we now have:

Etag = (37.40 % 0.43 + 0.36)% . (4.12)
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Table 4.8: Systematic uncertainties related to the process of evaluating e, using
BY — D®=x*t decays recorded by Belle II. The uncertainty due to the sample
statistics is also listed for comparison.

Source Uncertainty |%]
Detector alignment 0.080
Interaction region 0.157
Beam energy 0.029
Background AF fit shape 0.114
Signal AF fit shape 0.083
Background subtraction w/ sWeights 0.243
Fixed Resolution Function parameters 0.067
7o and Am 0.061
oa¢ binning 0.039
At-fit bias 0.093
Total systematic uncertainty 0.359
Statistical uncertainty 0.433

4.3 Conclusion and outlooks regarding the calibra-
tion of the Flavor Tagger

Comparing Equation 4.12 to Equation 4.10, it is clear that the effective tagging
efficiency is worse in the data, which is a direct result of the wrong tag fractions
being larger in the data compared to the MC. This underscores the importance of
evaluating the Flavor Tagger’s performance in a data-driven manner. Notably, the
graph-neural-network-based Flavor Tagger achieves an 18% relative improve-
ment in effective tagging efficiency over the category-based approach. This rep-
resents a substantial gain that directly enhances the sensitivity of all Belle II
measurements that rely on Flavor Tagging.

Moreover, it was shown (see Appendix C.2), that there is indeed almost no cor-
relation between the parameters of the Flavor Tagger and any of the At Resolution
Function parameters when measured in this way. This means that the calibrated
set of Flavor Tagger parameter values can be used in both time-dependent and
time-integrated measurements, without introducing any significant bias or loss of
precision.

The first Belle IT measurement demonstrating the gain in sensitivity resulting
from using GFlaT was that of the time-dependent CP asymmetry in BY — J/¢ K,
decays®, which is the so-called golden channel for measurements of sin2/3. This is

Swith J/v — ptp~ and K§ — 7n~.
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because of the large branching ratio for this decay, due to it being mostly a tree-
level process, as well as its reasonable reconstruction efficiency, leading to quite
a sizable data sample. This coupled to the fact there is almost no contribution
expected from BSM processes, due to the negligible contribution from penguin di-
agrams, allows for a very precise estimation of one of the fundamental parameters
of the SM, that being the unitarity triangle angle 3. The measured CP violation
parameters, S (or sin2/3) and C, were found to be 8% and 7% more precise, respec-
tively, than they would be if measured using the category-based Flavor Tagger.
This gain will become more important in the future, with more data having been
collected by Belle II, but its impact can already be seen in early measurements
like this one that only utilise a small fraction of the expected Belle II dataset.
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In this last chapter, the measurement of the time-dependent CP asymmetry
in B® —» KY nt7~ decays is presented, based on the Run 1 dataset of Belle II
corresponding to 387 million BB pairs (365 fb™') collected at the 7(45). Although
not detailed here, the same measurement was also performed on the full Belle
dataset (711 fb™!), and the two results were subsequently combined, yielding
significantly improved precision on the measured CP parameters.

5.1 Overview of the measurement

As explained in Section 1.6.2, the photon polarisation in b — s transitions can be
probed by measuring the time-dependent CP asymmetry in B® — K9 777~ de-
cays. This observable is expressed in terms of two parameters, S and C', describing
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the mixing-induced and direct CP violation, respectively, such as:

I'(B(At) = Ky ntr—y) — I (B (At) - K§ntm)
I'(BY(At) = Ky ntr—y) + T'(BY(At) — K 7mtn—7)

= Ssin(AmyAt) — C cos(AmyAt) . (5.1)

Acp(At) =

An additional pair of parameters, ST and S—, is defined by splitting the
K2 7t — KY 7~ Dalitz plane into two halves and measuring S simultaneously
in both. The first measurement of these parameters is presented in this thesis as a
proof of concept. These two measurements can be translated into additional new
constraints on the C%/C7 complex plane when combined with the measurement of
two dilution-like factors a and b [27].

The dataset used for this measurement corresponds to 365 fb~' of collision
data recorded by Belle II at the 7°(4S) resonance (“on-resonance data”) during
the experiment’s first period of data taking, or Run 1. An additional 42 fb~! of
data, collected slightly below the 1°(45) resonance (“off-resonance data”) is used
to validate the agreement between data and simulation.

To develop the signal selection strategy and validate the fit procedure, sev-
eral simulated MC samples are used. Specifically, a run-dependent! “generic MC”
sample corresponding in size to 4 times the experimental data, i.e. 1.46 ab '
is used, which includes both BB and ¢g events. For comparison with the off-
resonance data, an off-resonance MC sample corresponding to 168 fb™' is also
used. In addition, a run-dependent “signal MC” sample is produced with ~ 100
times the signal yield expected in the Run 1 dataset. This sample only includes
the signal events where the intermediate state corresponds to the CP eigenstate,
namely B°(B%) — K;(1270)y — Kgp’y — K3 ntm~~, whereas the signal events
in the generic MC sample are generated with all the known intermediate states,
including both C'P and non- CP eigenstate contributions.

The dedicated signal MC sample is only used in certain aspects of the selec-
tion procedure, such as training the continuum-suppression algorithm (see Sec-
tion 5.2.3), and for determining the shape parameters of the PDFs describing the
signal and background components (see Sections 5.3.2 and 5.3.3). Consequently,
the fact that all kaonic intermediate states leading to the signal decay are not
included at generator level in this sample does not significantly impact the time-
dependent CP asymmetry measurement. Lastly, signal MC samples generated
with non-zero S values are also produced for the purpose of testing the fit linear-
ity (see Section 5.4). The input S values are specified using the HELAMP model

! As a reminder, run-dependent MC refers to simulated samples in which beam and detector
conditions are varied across runs to better reflect the changing experimental environment, rather
than assuming static conditions.
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within EVTGEN, by modifying the value of sin 23, which is equivalent to S in the
case of B, mesons [106].

5.2 Signal reconstruction and event selection

The process of reconstructing the decay of the signal-side B meson into the fi-
nal state of interest, K3 777, is described in this section, alongside the event
selection strategy followed to suppress contributions from background processes.

5.2.1 Signal-side B decay reconstruction

The first step in the reconstruction process is to build the signal-side B decay from
its final-state particles. As outlined in Section 5.2, this task is performed within
the BASF2 framework, where dedicated modules handle different aspects of the
reconstruction.

Prompt pions

The prompt pions are reconstructed from charged particle tracks that satisfy
dr < 0.5 cm and dz < 3.0 cm, corresponding to the transverse and longitu-
dinal displacements from the Interaction Point (IP), respectively. As explained
in Section 2.6.2, particle identification information is used to form likelihood ra-
tios for each particle hypothesis, and for pions the likelihood ratio is defined as
PID, = L,/ )", L;, where i = {e, u,m, K, p,d}. A relatively loose selection thresh-
old is set on this likelihood ratio to remove misidentified prompt pion candidates.

As explained in Section 1.6.2, the signal decay of interest must go through an
intermediate state, K, — Kgp°, with p° — 77~ in order for the final state to
be a CP eigenstate and for interference between the B® and B° decay amplitudes
to take place. Thus, a requirement on the invariant mass of the prompt pions is
imposed, 0.6 < M+~ < 0.9 GeV/c?, symmetric around the p° meson mass. This
p° mass window enriches the data sample in By, decays that pass through the p°
resonance, but does not eliminate all the other possible decay paths, which will
end up diluting the final measurement of S. Notably, this is the only selection
criterion that affects the relative contribution of intermediate states which are not
CP eigenstates.

K? candidates

As described in Section 2.6.3, a K¢ candidate is formed using two charged particle
tracks, in this case pions, and a vertex fit is performed on them. Only candidates
with an invariant mass in the range 0.45 < Myo < 0.55 GeV after the vertex fit,
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and for which the vertex fit did not fail, are kept. A multivariate analysis (MVA)
classifier is then used to further purify the remaining set of K3 candidates. This
MVA classifier, dubbed K2 MVA is based on a Boosted Decision Tree (BDT) that
can be used to discriminate between correctly and incorrectly reconstructed K2’s.
More details about how a BDT classifier works are given in Section 5.2.3.

The KY MVA has been pre-trained using the kinematical variables related to
the K2 and its daughter pions, the K2 flight length, as well as the number of hits in
the PXD and the SVD. An optimal cut on the output of the K MVA classifier is
found by maximising the significance, Ng/v/Ng + Np, where Ng is the number of
truth-matched Kg candidates and Npg is the number of fake Kg candidates found
in the signal MC sample.

Photon candidates

As explained in Section 2.6.4, photon candidates are formed from clusters in the
ECL, which have no matched tracks in the CDC. A requirement is placed on the
energy of these clusters in the lab frame, 1.5 < E, < 4.0 GeV, as well as on the
photon momentum polar angle, —0.87 < cosf, < 0.95. To suppress background
from high-momentum 7° decays, the candidate photon is paired with other photons
in the event, and for each pair an MVA variable based on a pre-trained FastBDT
classifier is evaluated [107]. Candidates consistent with originating from 7% — v
decays are vetoed by applying a requirement on the output of the BDT classifier.

The inputs to the BDT classifier are the diphoton invariant mass and various
properties for the low-energy photon, such as its energy, polar angle, distance be-
tween the ECL cluster and tracks extrapolated from the CDC, and certain Zernike
moments which characterise the ECL shower shape [108]. The BDT classifier out-
put, dubbed “7® likeness”, is a continuous variable ranging from 0 (least consis-
tent with a 7% photon) to 1 (most consistent with a 7% photon). The selection
threshold on the 7° likeness is optimised by maximising the signal significance,
Ns/+/Ngs + Np, where Ng here is the number of truth-matched signal B candi-
dates and Np is the number of fake B candidates found in the signal MC sample.

B meson reconstruction

The K, candidates are built from the four-momenta of the Kg, 7, and 7w
candidates, with a requirement on their invariant mass, 0.9 < My, < 1.8 GeV/c?.
The upper bound on the K, invariant mass is imposed to suppress contributions
from charm resonances, which become significant above 1.8 GeV/c?.

Finally, the B, candidates are formed from the K. and photon candidates,
with the following requirements: —0.2 < AE < 0.2 GeV and 5.2 < M, <
5.3 GeV/c?, where AFE is the energy difference and M. the beam-constrained
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mass, as they were defined in Equations 2.7 and 2.8 back in Section 2.6.5.

The selection criteria applied to the data sample up to this point are sum-
marised in Table 5.1. An additional set of selection criteria is also applied at the
event-level, in order to reduce the contribution from beam-induced background.

These are:

e Having at least 4 charged particle tracks in the event,

|20| < 2.0 cm and dy < 0.5 cm 2,

0.2 GeV,

than 9 GeV.

At least 3 of these tracks have more than 20 hits in the CDC and also have

There are at least 2 ECL clusters with 17° < Oguster < 150° and Eguster >

The visible energy in the C.o.M. frame is higher than 4 GeV,
The combined energy deposited in the ECL by pions and photons is lower

Table 5.1: List of selection criteria applied to the prompt 7%, K9, photon and B

candidates in the data sample.

Variable Criterion Units
Prompt 7+ dr < 0.5 cm
Prompt 7+ dz < 3.0 cm
Prompt 7% PID > 0.1 -
Mo 0.45 < Mg < 0.55  MeV/c?
K2 MVA > 0.95 -
E, 1l4< E, <40 GeV
cos 0, —0.87 < cosf, < 0.96 -
Vet 7V likeness < 0.7 -
]\4}(}@q 0.9 < MKres < 1.8 GGV/C2
Mot - 0.6 < Mp+,- <0.9 GeV/c?
AFE —-02<AFE<0.2 GeV
M. 5.2 < My, < 5.3 GGV/02

5.2.2 Vertex and decay time reconstruction

The By, decay vertex position is determined by fitting the common origin of
the two prompt 77 and 7~ tracks, using the TREEFIT algorithm [97], with the

2As a reminder, zp is the signed distance of the track perigee from the origin along the z-axis
and dy is the distance of the perigee from the origin in the transverse plane.
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additional constraint that its flight path needs to be consistent with the profile of
the IP. Including the pion tracks arising from the K9 decay in the vertex fit has
shown no significant improvement on the vertex resolution (see Appendix D.1),
therefore these tracks are not used for this purpose. Omitting the K3 from the
vertex fit here also allows to make use of the isospin partner of the signal decay
mode, BT — Ktxt77~, as a control channel, where the charged kaon track is not
used in the determination of the By, vertex. More details on the reconstruction
of this mode are discussed in Section 5.2.6.

The position of the By,, decay vertex is determined by fitting to a common
origin all remaining tracks in the Rest-Of-Event (ROE) that were not used to
reconstruct the By, candidate. This fit is performed using the RAVE algorithm [96],
which also accounts for tertiary tracks coming from D meson decays, as explained
in Section 4.2.2. The tube constraint is also used in this fit, which ensures the fitted
Biag vertex is found within a given cylindrical volume around its flight direction,
which is determined from the IP profile. After the B,y vertex fit, the flavor of the
B in each event is determined at the time of the B;,, decay, using the GNN-based
Flavor Tagger, GFlaT, in the same manner described in Section 4.1.

As explained back in Section 2.1, the pair of B mesons produced from the 7°(45)
decay is boosted along the z-axis®, which allows to determine the position of the
Bgg and By, decay vertices, and subsequently measure At, through the relation
Az = pycAt. However, this is an approximate relation, since the B mesons have
a small transverse component to their motion in the 7°(45) frame. This so-called
“Kinematic Approximation” is accounted for using the following transformation:

AtPPrX — (/) costTRo

A Ccorr —
! 1+ s (a/B) costy

(5.2)

where At?PP™% ig the value of At obtained using Az, a = phe/mpc? = 0.06 is the
boost factor of the B mesons in the rest frame of the 7(45), 8 = Pream¢/ Ebeam ~
0.28 is the boost factor of the 7°(4S) in the lab frame, cos#3}; is the cosine of
the polar angle of the BY in the rest frame of the 7(4S), s is the sign of Az
and 7o is the BY lifetime. This transformation has also been used by BABAR in
time-dependent analyses (see Ref. [45], page 80, for more details).

Figure 5.1 shows a fit to the At distribution of simulated signal events found
in one of the signal MC samples, to extract the B° lifetime, with and without
correcting for the small motion of the B mesons in the 7°(495) rest frame. It can
be seen that the value for the BY lifetime obtained in the latter case is slightly
biased with respect to the lifetime value used during event generation, which in
the case of the Belle II Monte Carlo is 1.519 ps. Thus, whenever At is used in the
following fits, it should be understood that it is At®°™ and not A¢?PProx,

3The Lorentz boost is along an axis that is almost collinear to the z-axis due to the very small
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Figure 5.1: Fit for the B° lifetime of simulated signal events (a) with and (b)
without correcting for the small motion of the B mesons in the 7°(4S5) rest frame.

5.2.3 Continuum background suppression

The most dominant source of background for this measurement is due to non-
resonant ete” — ¢q events, where ¢ = {u,d, s, c}, also referred to as ¢g back-
ground. These events have a jet-like topology, as opposed to ete™ — 17(4S) — BB
events which are isotropic due to the B mesons being produced almost at rest in
the 7'(45) frame (see Figure 5.2). This difference in the event topology between ¢g
and BB events can be exploited in order to suppress the continuum background.
Specifically, a continuum-suppression multivariate analysis (CSMVA) classifier,
that is based on a BDT, is specifically built and trained for this measurement. De-
cision Trees [109] classify events by applying successive cuts on input variables,
such as event-shape observables, to distinguish between signal- and background-
like event topologies. While a single tree tends to be sensitive to statistical fluc-
tuations and limited in performance, the boosting procedure [110] overcomes this
by building an ensemble of trees. Each new tree is trained to focus on events that
were misclassified by the previous ones, and the final classifier output is obtained
as a weighted combination of all trees. The resulting BDT response provides a sin-
gle continuous variable that acts as a powerful discriminator between signal and
continuum background events. The set of input variables used in the BDT are:

e cos 0, the polar angle of the By, in the C.o.M. frame,

crossing angle between the electron and positron beams.
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Figure 5.2: Tllustration of continuum (left) and BB (right) event topologies, with
resulting momenta.

e cosfrpro, the angle between the thrust axis of By, and that of the ROE.
The thrust axis maximises the total projection function 7'(72) of a unit vector
n, defined as:

Xl
where p; is the momentum of the i** daughter particle of the B meson, and
e the following Modified Fox-Wolfram moments: Er, h?(?o)’ h?&), h?&), h(sl(?o),
h?l%), h?z?o)a h?fz) and h§2(?4). Here, E7 is the sum of transverse momenta of
all particles in the event. The Fox-Wolfram moments are defined as:

E

[pil|p;]
H(Sn(f’l) = Z " Pi(cosb;;) (5.4)
ij event
where p; is the momentum of the i*® particle, Feyen is the collision energy,
P, is the I Legendre polynomial and 6;; is the angle between the momenta
of ith and j* particles [104]. The superscript SO specifies that the moment
is calculated between the signal (Bgg,) and the other particles in the event,
while the subscript m denotes whether the other particle is charged (m = 0),
neutral (m = 1), or missing (m = 2). The Modified Fox-Wolfram moments
are then defined as:

HSO

(m,1)

Zi,j pillp;]

normalised such that they are of order O(1).

h(sn?,l) = (5.5)

The continuum-suppression BDT classifier is trained on simulated signal and
continuum background candidates which are found in the signal MC and generic



120 CHAPTER 5. TIME-DEPENDENT CP ASYMMETRY MEASUREMENT

MC samples, respectively, after the selection criteria listed in Table 5.1 have been
applied to them. As is standard practice, an independent set of signal and contin-
uum background samples is reserved for testing the BDT. The training is performed
using the XGBOOST package [111], while its hyperparameters, such as the number
of trees or their maximum depth, are optimised with the OPTUNA library [112].
This specific set of input variables for the BDT was chosen and optimised for the
parallel Belle analysis, and BDT classifiers using alternative sets of inputs were
also tested, showing little to no impact on the final measurement. The distribu-
tions of each input variable, as well as the correlations between them for signal and
continuum background candidates, are presented in Appendix D.2. No significant
effect is expected from the observed correlations, and any residual impact would
only result in a sub-optimal selection rather than a bias.

Figure 5.3 shows the CSMVA classifier output for simulated signal and con-
tinuum background candidates, where it can be seen that the classifier achieves
good separation power and there is no overtraining present. A selection cri-
terion on the CSMVA classifier output is optimised by maximising the signifi-
cance, Ng/v/Ngs+ Np, in a signal enhanced window in AFE an M. defined by
—0.2 < AE < 0.1 GeV and 5.27 < M, < 5.29 GeV/c?. The distribution of the
significance with respect to various cut values is also shown in Figure 5.3 together
with the optimal cut value. The optimal cut on the CSMVA classifier output
results in ~ 70% of signal candidates being retained and ~ 91% of continuum
background candidates being rejected.

5.2.4 Single candidate selection

The last stage of the signal selection is to reject multiple B candidates which
arise from the same collision event. This is because multiple combinations of the
available final state particles candidates in an event (K2, 7, 7) can lead to a By
candidate being formed, but only one of those combinations represents the true
signal By, candidate. In ~ 13% of correctly identified signal events, more than one
possible B, candidate is found. Figure 5.4 shows the distribution of the candidate
multiplicity. It is worth mentioning that, before any selection is applied, multiple
candidates are observed in ~ 56% of events. These fake candidates arise mainly
from mis-reconstructed signal events, rather than from continuum background or
alternative B, decay modes.

In events where only a single By, candidate is present no action is necessary,
whereas, in events with multiple By, candidates, there are several ways to select
the candidate most likely to be the true B, candidate. For example, By, can-
didates in an event can be ranked according to how reconstruction performance,
reconstruction uncertainty, lifetime value, etc., and the By, candidate with the
best quality is chosen. This is known as Best Candidate Selection (BCS). For
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Figure 5.3: Continuum-suppression classifier: (a) normalised train and test dis-
tributions for signal and continuum background candidates, (b) Significance as a
function of the cut on the CSMVA classifier output. The dashed red line denotes
the cut value for which the significance has reached a maximum.

example, good proxies to measure the reconstruction quality are y? distributions
such as: track goodness, vertex quality, etc. It is worth noting that the selected
proxy used for the BCS may have biasing effects on final distributions that are
used in the extraction of the CP parameters, and thus these need to be tested and
avoided if possible. Another alternative is to select the B, candidate randomly, or
Random Candidate Selection (RCS), which usually leads to a worse success rate;
the metric used to judge the performance of one’s single candidate selection strat-
egy. The success rate is defined as the ratio between the number of events with
more than one By, candidate where the true By, candidate is correctly identified
over the total number of events containing more than one By, candidate.

In this analysis, the initial plan was to select the single candidate based on
the x? probability of the By, vertex fit, since in most events with multiple can-
didates, the wrong candidates were built using a wrong pion at the prompt pion
vertex. However, this led to a bias when determining the B° lifetime by fitting
the distribution of the generated-level, proper decay time difference, A7 of true
signal events, as shown in Figure 5.5. Compared to At, this distribution does not
include the resolution effect of the detector in determining the By, and By, decay
vertices, and it does not include the effect of the small motion of the B mesons in
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the 7°(4S5) frame. The bias arises from the fact that the quality of the By, vertex
fit is correlated with the B° flight length and, therefore, the B lifetime [113]. To
avoid this bias, it was decided to select the single candidate randomly, with the
cost of a lower success rate (~ 45% compared to ~ 62%). The corresponding fit
for the BY lifetime after random candidate selection is also shown in Figure 5.5
and it is clear that no bias is observed when fitting for the B° lifetime after RCS.
Overall, switching from BCS to RCS leads to an absolute drop of ~ 5% in signal
efficiency associated to the single candidate selection process (~ 89% to ~ 84%).

B candidate multiplicity in signal events

L B Signal MCrd
0.8 B Generic MCrd

=
o

Frequency
=
.

0.2

0.0

1 2 3 4 5 6
No. of candidates per event

Figure 5.4: Candidate multiplicity after the selection of the signal and cut on the
CSMVA classifier output have been applied.

5.2.5 Selection efficiencies

The signal and background efficiencies for the most impactful steps of the signal
selection process are summarised in Table 5.2. The explanation of the different
backgrounds is given in Section 5.3.
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didate (a) based on the x? probability of the By, vertex fit and (b) randomly.

Table 5.2: Cumulative signal and background efficiencies for the most impactful
steps of the selection procedure. Absolute efficiencies are shown in parentheses.
All values are estimated using the generic MC sample.

’ Selection criterion ‘ Signal (%) ‘ Self-crossfeed (%) ‘ BB bkg (%) ‘ qq bkg (%) ‘

Prompt 7% PID | 81.93 (81.93) | 76.09 (76.09) | 67.72 (67.72) | 71.99 (71.99)
70 veto 69.61 (34.97) | 63.19 (83.05) | 31.54 (46.57) | 17.05 (23.69)
p° mass window | 35.63 (51.19) 24.76 (39.19) 12.77 (40.49) | 6.51 (38.21)
KO MVA > 0.95 | 32.07 (9252) | 6.95 (28.05) | 1.42 (11.15) | 0.62 (9.49)
CSMVA > 041 | 23.03 (69.84) | 3.45 (49.71) | 0.67 (46.86) | 0.05 (8.70)
Single candidate | 19.38 (85.93) | 2.55 (72.50) | 0.57 (85.67) | 0.05 (91.16)
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5.2.6 Control mode datasets and selection strategy

The measurement is validated using the isospin partner mode, BT — Ktntr 1,
as a control mode (see Section 5.4.2). For this purpose, the same dataset is used,
corresponding to an integrated luminosity of 365 fb~'. The same generic MC
sample is also used here, corresponding to 1.46 ab™', as well as a dedicated high-
statistics signal MC sample that contains ~ 100 times the signal events expected
in the Run 1 dataset. Moreover, as with the signal mode, off-resonance samples
are used to validate the agreement between data and MC.

The reconstruction and selection of the control mode are designed to closely
follow those of the signal mode. The main difference between the two channels
lies in the presence of a K in the final state of Bt — KTnt7 v instead of a
K?. Apart from this difference, the reconstruction of the Bg, proceeds in the
same way. The By, decay vertex is determined using only the trajectories of the
two prompt pions and the same constraint with respect to the IP is applied. The
Flavor Tagger is also applied identically, determining the flavor of the By, (B* or
B~) without relying on the kaon charge, even though it is directly correlated with
the B, flavor.

Of course, since there is no K2 present in the final state, the Kg MVA is not
utilised. Instead, a requirement is placed on the binary likelihood ratio of the
charged kaon, with respect to the pion hypothesis, PID(K|r) = L /(Lx + L),
which retains ~ 90% of the signal and rejects ~ 40% of the background. This
cut was not optimised to reach the highest significance, but to achieve a signal to
background ratio that is as similar as possible to that of the signal mode. All of the
other selection criteria are identical to those applied to the signal mode samples.
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5.3 Measurement strategy

To measure the CP parameters, a three-dimensional (3D) unbinned mazimum
likelihood fit (see Appendix B.8) is performed to the distributions of AE, My, and
At found in the data. Information on the CP observables is present in the signal
At distribution, while the AE, M, distributions allow to disentangle the signal
and background populations.

After the selection procedure described in the previous section, four different
populations of candidates are considered.

e Signal: Correctly reconstructed signal B® — K9 777~ candidates.

e Self-crossfeed (SCF background): Mis-reconstructed true B® — K2 mrn
candidates, where, after the full selection has been applied, in ~ 95% of
cases, one of the prompt pions is exchanged with a pion from the tag side,
~ 4% is due to K2 mis-reconstruction and less than 1% is due to a fake
photon. These candidates are considered to be a background contribution,
since most of the time the By, is fitted using the wrong pair of prompt pions,
leading to the wrong At distribution.

e Continuum (¢g background): Background candidates arising from non-resonant
ete™ — qq events. This is the most dominant source of background after
applying the full selection.

e Physical B decays (BB background): Candidates arising from generic BB
decays not leading to the K2n "7~ final state. Figure 5.6 shows a breakdown
of the different decay modes that make up the BB background after the full
selection has been applied.

The normalised distributions for each component in AFE, M. and At as they are
found in the generic MC sample are shown in Figure 5.7.

5.3.1 3D fit model

The 3D PDF in AFE, M. and At is built from the product of each of the three
1D PDFs in the case of signal, SCF and continuum background, while a two-
dimensional Kernel Density Estimator (KDE) [114] is used to model BB back-
ground in M. and AFE, which is then combined with the At PDF. The reason for
this is that the My, and AFE distributions show a significant correlation between
them for BB background events, while for the other three components, correla-
tions between the distributions of the fit variables are found to be negligible, as
can be seen in Appendix D.3.
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Figure 5.6: Breakdown of BB background in the generic MC. The left chart is for
B°(B°) decays, which make up ~ 27% of the total BB background, while the right
chart is for BY(B™) decays that make up ~ 73% of the total BB background.

Signal and SCF background are considered signal-like, meaning that their total
yield is combined and allowed to be free in the 3D fit, while the relative fraction
between them is extracted from the simulated samples and is fixed in the 3D fit.
The yields of the continuum and BB backgrounds are allowed to float separately
in the 3D fit. Each of the individual component 3D PDF models (except for BB
background) has the form:

Pi(At, AE, My.) = P'(At) x PY(AE) x P'(My.) (5.6)

where ¢ runs over the four fit components. The full 3D PDF model then takes the
form:

P:)f,lllju = Nsig—like X (fsigp?fg + fSCFP;’?IgF) + NBE bkg X 7DBB})B ble + Nfﬁ bkg X ngbkg
(5.7)

The fractions are expressed as: fx = Nx/(Nsy+ Nscr), where Nx is the number
of candidates in either the signal or SCF background component, evaluated using
a luminosity-equivalent simulated sample corresponding to 25% of the generic MC.
Since it is not a priori known whether these fractions remain the same across all
flavor tagging r-bins, they were initially treated as r-bin dependent. However,
after checking the generic MC (see Figure 5.8), it became clear that fscr, and
by extension f,, is essentially stable across the first six r-bins, with a noticeable
deviation in the last r-bin. Therefore, two sets of fractions are adopted: one for
the first six r-bins and a separate set for the last r-bin. The corresponding values,
together with the average across all r-bins, are listed in Table 5.3.
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Table 5.3: Relative fractions between the signal and SCF background components
determined from simulation and further fixed in the fit to the data.

Component | fa.  fo-s Je
Signal 0.647 0.622 0.731
SCF 0.353 0.378 0.269

The modeling of the AE, M, and At distributions of signal events is described
in the following section.

5.3.2 Signal modeling

The signal At PDF is the one defined in Equation 1.49, albeit with a few modifica-
tions. Firstly, inefficiencies due to flavor tagging are accounted for by incorporating
the Flavor Tagger parameters into the signal At PDF, such as:

o1t /750

ng<At; Qtag, W, Aw, atag) = {1 - QtagAw + Qtagatag(l - 2w)

4Tpo
+ [qmg(l —2w) + atag(l - QtagAw)}
x [Ssin (AmgAt) — C cos (AmyAt)] } ,
(5.8)

where gg is the By,, flavor assignment provided by the Flavor Tagger, and w, Aw
and a,g are the wrong tag fraction, wrong tag asymmetry and detection efficiency
asymmetry parameters, respectively, which were previously defined in Section 4.1.
These parameters are treated as conditional parameters in the At PDF model.
This means that, although their values may vary on an event-by-event basis, they
are not considered free fit variables in the maximum likelihood fit, unlike AFE, M,
and At.

Secondly, the effect of the detector’s resolution in determining the decay vertex
positions of By, and B, in each event needs to be included, and Equation 5.8
becomes:

ng’R<At7 Gtag, W, Aw, Qtag, UAt) = ng(At, Gtag, W, AU}, atag) &® R(ét, UAt) , (59)

where R(6t; oa¢) is the At Resolution Function defined in Equations 4.4 and 4.5.
Once again, the parameters of the At Resolution Function, as well as oa; (the un-
certainty in measuring At), are treated as conditional parameters in the maximum
likelihood fit.

In addition, to avoid the so-called Punzi bias [115], the At PDF models for each
of the components (signal, SCF, BB background and continuum background) are
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multiplied by histogram PDFs of their corresponding o, distributions. The Punzi
bias arises when a conditional parameter like o, is present in a model, but its
description is not included in the likelihood. In this case, a histogram PDF might
not be the most accurate description, but it is sufficient considering the relatively
low statistics available.

The Flavor Tagger and At Resolution Function parameter values used here
are the ones obtained from the calibration procedure described in Chapter 4. This
means that, in the case of simulated data, the parameter values listed in Tables 4.5
and 4.6 are used, while in the case of real data, the values listed in Tables 4.5 and
4.7 are used.

Before using the calibrated At Resolution Function, it was first checked whether
it can adequately describe the At residual distribution (6t = A" — At) of
B - K2nt7n~~y decays. Figure 5.9 shows the At residual distribution of simulated
BY — K%m 7~ signal events with the calibrated At Resolution Function overlaid.
A discrepancy is visible, which is expected since the At Resolution Function is
calibrated using a different decay channel, B — D®) =7 rather than the signal
mode of the present measurement. This difference likely arises from the larger
amount of tracks available in the By, vertex fit of the B — D®~7+ channel, as
well as from the mass constraint applied to the D meson, both of which lead to a
slightly better At resolution compared to the B® — K977~ case. The figure also
compares the At residual distributions of the B — K97 +7~v and B® — D®~x+
simulated samples, further illustrating this difference. Nevertheless, the effect that
such a discrepancy can have on the final measurement is minimal and a dedicated
systematic uncertainty is assigned to account for it (see Section 5.5.3).

Using the calibrated At Resolution Function, the PDF model of Equation 5.9 is
fitted to the At distribution of simulated B® — K277~ signal events to extract
the CP parameters S and C. Figure 5.10 shows this fit across all flavor tagging
r-bins, alongside the projection of the same fit in the last r-bin. The signal MC
sample used here has been generated with input values (5,C) = (0.6,0.0) and
the fitted parameters are found to be in good agreement with these inputs. Note
that the uncertainties on the fitted parameters are ~ 30 times smaller than those
expected in the final measurement using 365 fb~' of Belle II data. This is due to
the significantly larger statistics present in the signal MC sample compared to the
number of signal events expected in the real data.

As an additional check, the same fit is performed to the same signal At distri-
bution, with S and C fixed to their input values and the B° lifetime left free to
float instead. Figure 5.11 shows this fit across all flavor tagging r-bins and in the
last r-bin. The value obtained for the BY lifetime is in good agreement with the
generated value, 1.519 ps. No parameters are fixed in the 3D fit from these fits to
the At distribution of simulated signal events.



5.3. MEASUREMENT STRATEGY 129

The AE and M, distributions of signal B — K3 nt7~~ events are mod-
eled using a double-sided Crystal Ball (DSCB) and a Crystal Ball (CB) function,
respectively, whose mathematical definitions are provided in Appendix B. The
corresponding fits are shown in Figure 5.12 shows the fits to the AE and M,
distributions of signal events found in one of the signal MC samples, and the fitted
parameter values are listed in Tables 5.4 and 5.5. The third column in each table
indicates whether a parameter is fixed to the given value in the 3D fit. In partic-
ular, the Gaussian mean and width of the CB functions describing the signal AF
and M, distributions are left free in the 3D fit, in order to account for potential
discrepancies between data and simulation.

The modeling of the AE, My, and At distributions of SCF, BB and continuum
background is described in the following section.
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to extract the B lifetime (a) in all flavor tagging r-bins and (b) in the last 7-bin.
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Figure 5.12: Fits of the (a) AE and (b) My, distributions of simulated signal
events.



134 CHAPTER 5. TIME-DEPENDENT CP ASYMMETRY MEASUREMENT

Table 5.4: Parameters of the signal AF model determined from a fit to simulated
signal events.

Parameter Fitted value Fixed
ar, 0.578 £ 0.010 Yes
QR 2.066 £ 0.030 Yes
nr 19.7+ 4.6 Yes
ng 2.6+0.2 Yes
o [GeV] 0.0349 4+ 0.0002 No
w | GeV| —0.0045 +0.0002  No

Table 5.5: Parameters of the signal M. model determined from a fit to simulated
signal events.

Parameter Fitted value Fixed
o 1.24 £0.01 Yes
n 417+ 7.7 Yes

o [GeV/c?] 0.00308 +0.00001  No
1 [GeV/e?] 527970 +0.00001  No
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5.3.3 Background modeling

SCF background

First, the SCF background modeling in AFE, M, and At is described. The At
distribution of SCF background events is modeled using a similar model to the one
used for signal events, i.e. the one given in Equation 5.9. The only difference is that
some of the At Resolution Function parameters and the B lifetime parameter are
allowed to take different values to those they have in the signal model. The values
of these parameters are determined through a dedicated fit to the At distribution
of SCF background events found in one of the signal MC samples. Figure 5.13
shows this fit across all flavor tagging r-bins and in the last r-bin, while the values
of the fitted parameters are listed in Table 5.6.
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Figure 5.13: Projections of the fit to the At distribution of simulated SCF back-
ground events (a) in all flavor tagging r-bins and (b) in the last r-bin.

Table 5.6: Parameters of the SCF background At model determined from a fit to
simulated SCF background events.

Parameter Fitted value Fixed

Smain | DS 1.314 £ 0.035 Yes
Stail | DS] 12.736 £0.369  Yes
Jmax 0.1002 + 0.0047  Yes
o8 | ps] 1.2124+0.014  Yes
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The fitted lifetime parameter being smaller than expected should not be too
surprising, as SCF background consists of mis-reconstructed signal events. In such
cases, charged pion tracks from the By, and By,, decays are often mistakenly
exchanged in the vertex fits, causing the two vertices to be reconstructed closer
together than they should be and thus leading to an underestimated lifetime.

Furthermore, the fit to extract S and C' is performed on all available signal MC
samples (see Appendix D.4 for an example of such a fit), and a clear correlation
is observed between the fitted S value from SCF background events, Sscr, and
the input S used in generating the samples. This is illustrated in Figure 5.14,
which shows the fitted values of Sscr versus the input S for the seven available
signal MC samples. To account for this effect in the 3D fit, Sscr and Cscr are
tied to the corresponding signal S and C values through a proportionality factor
kscr, defined as Sscr = kscrS and Cscr = kscrC. The kgor parameter is floated
in the 3D fit with a Gaussian constraint?, where the mean is set to 0.8, a value
estimated from Figure 5.14, and the width is set to 0.2, which has been chosen
conservatively. Although this correlation was not explicitly tested for non-zero C'
values, the assumption that the same scaling applies to both S and C' is considered
reasonable, since C' is expected to remain close to zero.

Fitted Sscr vs Input S
0.6 +  Fitted

—— Expected

041

0.2

0.0

—0.2F

Fitted Sscr value

—0.4

—0.6

Il |
-0.6 —04 —0.2 0.0 0.2 0.4 0.6

Input S value

Figure 5.14: Fitted values of Sgcr versus the values of S used to generate the
signal MC samples. The red solid line corresponds to Sscr = 5.

The AF distribution of SCF background events is modeled using the sum of
224 order Chebyshev polynomial and a bifurcated Gaussian function, while the

4In the context of a maximum likelihood fit, a parameter is Gaussian constrained by adding
a term in the likelihood that penalises deviations from a specified central value with a given
uncertainty.



5.3. MEASUREMENT STRATEGY 137

M, distribution is modeled by the sum of an ARGUS function with a bifurcated
Gaussian function. The definitions of these functions can be found in Appendix B.
Figure 5.15 presents the fits to the AE and M, distributions of SCF background
events found in one of the signal MC samples, and the fitted parameter values are
listed in Tables 5.7 and 5.8.
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Figure 5.15: Fits of the (a) AE and (b) M, distributions of simulated SCF
background events.

Table 5.7: Parameters of the SCF background AFE model determined from a fit to
simulated SCF background events.

Parameter Fitted value Fixed

c1 [GeV[ T —0.6744 £0.0161  Yes
¢y [GeV]™2  0.0623 £0.0167  Yes
Faauss 0.2252 +0.0172  Yes
1 [GeV]  —0.0156 4 0.0037  Yes
o [GeV]  0.0845+0.0080  Yes
or [GeV]  0.0424 £0.0035  Yes

BB background

Next, the description of how the BB background is modeled in AE, My, and At
is provided. The At distribution of BB background events is treated in a similar
manner to SCF background events, meaning that the model given in Equation 5.9
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Table 5.8: Parameters of the SCF background M. model determined from a fit
to simulated SCF background events.

Parameter Fitted value

Fixed

c —108 £1.1

mo [GeV/c?|  5.28820 =+ 0.00001
Faauss 0.2862 + 0.0058
1 [GeV/ie?]  5.2807 = 0.0001
o [GeV/?]  0.0053 + 0.0002
ok |GeV/c?|  0.0033 + 0.0001

Yes

Yes
Yes
Yes
Yes

is used with the lifetime and some of the At Resolution Function parameters
being allowed to take different values than those they have in the signal model. As
with SCF background, the values of these parameters are determined through a
dedicated fit to the At distribution of BB background events found in the generic
MC sample. The fit is presented in Figure 5.16 across all flavor tagging r-bins and
in the last r-bin, and the values of the fitted parameters are listed in Table 5.9.
As an additional check, the fit to extract S and C' is also performed on the At
distribution of BB background events. It can be found in Appendix D.4.
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Figure 5.16: Projections of the fit to the At distribution of simulated BB back-
ground events (a) in all flavor tagging r-bins and (b) in the last r-bin.

As previously mentioned, the AE and M, distributions of BB background
events are modeled using a parameterless, two-dimensional KDE, in order to ac-
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Table 5.9: Parameters of the BB background At model determined from a fit to
simulated BB background events.

Parameter Fitted value Fixed

Smam [DS] 1337 £0.124  Yes
Stail | DS 12.042 £1.398  Yes

Jmax 0.1234 +0.0201  Yes
e [ ps] 1.153+0.057  Yes

count for the correlation between the AE and My, distributions of BB background.
The KDE shape is determined through a fit to the AE and My, distributions of
BB background events found in the generic MC sample and Figure 5.17 shows the
projection of this fit in AF and M.
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Figure 5.17: Projection of the fit to the (a) AE and (b) M. distributions of
simulated BB background events.

Continuum background

Lastly, the modeling of the continuum background in AFE, My, and At is described.
The At distribution of continuum background events is modeled using a weighted
sum of three Gaussian distributions the parameters of which are determined from
a fit to the At distribution of simulated continuum background events found in
the generic MC sample. The first (core) and second (tail) Gaussians have means
and widths which are scaled by the per-event o, similarly to what is done with
the At Resolution Function, which notably is not used here. The third (outlier)
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Gaussian is set to have a fraction of 1%, a mean of 0 ps and a width of 200 ps.
Mathematically, the continuum background At PDF takes the form:

anbkg(At; UAt) = (1 - ftail - fOL)G<At7 MeoreO At ScoreUAt)
+ f1ailG(At; Mo AL, StailoAL)
+ foLG(At;0,200) , (5.10)

The fit is presented in Figure 5.18 and the values of the fitted parameters are
listed in Table 5.10. Two of the parameters in the continuum background At
model, the widths of the core and tail Gaussians, are allowed to be free in the 3D
fit. This is done to once again account for possible differences between data and
simulation.
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1000
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Figure 5.18: Fit to the At distribution of simulated continuum background events.

Table 5.10: Parameters of the continuum background At model determined from
a fit to simulated continuum background events.

Parameter Fitted value Fixed

Meore | PS|  0.01072 £ 0.00614  Yes
Miail | PS] 0.15103 £ 0.07851  Yes
Seore [ PS|  1.3658 £0.0178  No
Stail | DS 6.5140 &+ 0.2894 No
frail 0.1466 £ 0.0072 Yes
for 0.01 Yes

The AFE distribution of continuum background events is modeled using an ex-
ponential function, while the M, distribution is modeled by an ARGUS function.
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Figure 5.19 presents the fits to the AE and M,,. distributions of continuum back-
ground events found in the generic MC sample, and the fitted parameter values are
listed in Tables 5.11 and 5.12. In this case, only the ARGUS threshold is allowed
to be free in the 3D fit.

Belle IT simulation Belle IT simulation

. ‘ —~ 400 F
= ] Sl‘lllllldh‘d Data q, * b Simulated Data
&5 600 — Fit %‘ } } — Fit
| W 300
=) =) *} }
= 400 | = } |
‘:‘ = 200f }
a -
= i
= 2001 3 1ol }
= ks
= = ‘
~ 0 ] SR
5 5
Z o0 E 0
—5 L I I _5 I I I I
—0.2 —0.1 0.0 0.1 0.2 5.20 5.22 5.24 5.26 5.28 5.30
AE [GeV] My, [GeV /e
(a) (b)

Figure 5.19: Fits of the (a) AE and (b) M, distributions of simulated continuum
background events.

Table 5.11: Parameters of the continuum background AE model determined from
a fit to simulated continuum background events.

Parameter Fitted value Fixed
A[GeV]™! —0.984+0.08  Yes

Table 5.12: Parameters of the continuum background M,,. model determined from
a fit to simulated continuum background events.

Parameter Fitted value Fixed

c —484+1.1 Yes
mo [GeV/cQ] 5.28970 + 0.00003 No
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5.3.4 3D fit to a simulated sample

A total of 10 parameters and 3 yields are allowed to be free in the fit. The
parameters are:

e The CP parameters of interest, S and C.

e The proportionality constant kgcr, which relates Sscrp and Cscer to S and
C, though it is Gaussian constrained.

e Two mass-like fudge factors (fA g, f]’(/[bc) that are directly added to the means
of the Gaussian-like cores of the signal AE and My, distributions.

e Two dimensionless fudge factors (fX, f7;, ) that directly multiply the widths
of the Gaussian-like cores of the signal AE and M,,. components.

e The ARGUS threshold parameter, mg, that is considered common for all
M, background components described by an ARGUS function.

e Two dimensionless fudge factors (fR; core» fR1 1) that scale the widths of the
core and tail Gaussians which are used to model the continuum background
At distribution.

Three yields are allowed to be free in the fit, namely the yield of the continuum
background component, the BB background yield, and the combined yield of the
signal and SCF background components, albeit with the fraction between them
fixed from simulation.

The 3D fit is first validated using simulated data. For this purpose, a data-
like “MC cocktail” sample is constructed by bootstrapping [105], i.e. sampling
with replacement, the signal and generic MC samples. Signal and SCF events
are sampled from the signal MC samples, while BB background and continuum
background events are sampled from the generic MC sample. This MC cocktail
sample reproduces the expected signal and background composition found in 25%
of the generic MC so as to match the integrated luminosity of the Belle II dataset
(365 fb~'). The expected yields of signal, SCF, BB background, and continuum
background events for each MC cocktail sample are listed in Table 5.13, while
Table 5.14 lists the corresponding numbers in a signal enhanced region, defined
by |AE] < 0.1 GeV, My, > 5.27 GeV/c? and 0.875 < r < 1, where the ratio of
signal over background is approximately equal to 3. Although the fit itself is not
restricted to this region, it is useful for illustration purposes.

The AFE, My, and At distributions found in an MC cocktail sample generated
with (5,C) = (0.0,0.0) are fitted using the PDF model of Equation 5.7. The
result of the fit is projected in each of the three fit dimensions and shown in
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Figures 5.20 and 5.21. The values of the fitted parameters are shown in Table 5.15.
In Figure 5.21, to improve the visibility of the signal component, both the simulated

data and fitted models are projected onto a signal enhanced region in AFE, M.
and r with [AFE| < 0.1 GeV, M. > 5.27 GeV/c* and 0.875 < r < 1.

Table 5.13: Expected number of events for each of the four components as they
are found within a data-like MC cocktail sample. These correspond to 25% of the
events found in the generic MC.

Component N;
Signal 425 + 20
SCF 230 + 15

BB background | 540 + 25
Continuum 2720 + 50

Table 5.14: Expected number of events for each of the four components as they are
found within a data-like MC cocktail sample, specifically in the signal enhanced
region used to display the At distributions for tagged BY and B events, shown in
Figure 5.21.

Component NPER
Signal 100 = 10

SCF 10+5

BB background | 10+5

Continuum 10£5

The statistical uncertainties of S and C' obtained from this fit are og = 0.14
and oo = 0.09, respectively. Moreover, it seems the fitted signal yield is slightly
overestimated with respect to the true signal yield in Table 5.13. These findings
are later validated through dedicated studies in Section 5.4.

As an additional check, instead of fitting for S and C, the BY lifetime is floated
in the 3D fit, while S and C' are both set to zero. The fit is performed on the
same MC cocktail sample as before and the projection of the fit in At is shown in
Figure 5.22, together with the fitted lifetime value. The fitted lifetime is found to
be consistent with the generated value, 1.519 ps, within 1o.
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Table 5.15: Resulting parameters of the Dalitz-integrated fit to a data-like MC

cocktail sample, generated with (S,C) = (0.0,0.0).

The fudge factors in the

simulated samples are expected to be close to zero for the means (f#) and close to

one for the widths (f7).

Parameter

Fitted value

fgt,tail
Nsig—like
N BB bkg
Nigvig

0.09 = 0.09
—0.08 £0.14
0.81 +0.19
0.0033 £ 0.0030
—0.0001 £ 0.0002
0.99 £0.08
0.96 £0.05
0.2882 + 0.0002
1.01 £ 0.02
0.94 £0.08
745 £ 40
955 £ 65
2655 £ 70
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Dalitz-split fit to a simulated sample

As previously stated, one of the goals of this analysis is to also measure the ST and
S~ parameters. Therefore, the previously mentioned MC cocktail sample is split
in the two halves of the K 77 — K2 n~ Dalitz plane, separated by the bisector

m3., . = m2, . The distribution of simulated events across the Dalitz plane is
S S

shown in Appendix D.5. 50.4(49.6) 4+ 1.2(1.2)% of signal events are expected to
lie in the region of the Dalitz plane where migﬁ < (>) migﬂ_. As a reminder,
the region of the Dalitz plane where migﬂ L < migﬂ, is referred to as the “Dalitz
I” region, while the complementary region is referred to as the “Dalitz I” region.

The fit model of Equation 5.7 is used to fit these two subsets of simulated data
simultaneously and the parameters of interest are extracted. In this fit, the yields
of each Dalitz region are independent of each other, while the C' parameter is
also allowed to be free and is considered common between the two Dalitz regions.
Moreover, all of the shape parameters as well as the SCF background fraction
fixed from simulation are considered common between the two Dalitz regions. A
comparison between the global AE, M. and At distributions and the distributions
for the different fit components in each of the Dalitz regions can be found in
Appendix D.6. As expected, the distributions are compatible across the two Dalitz
regions.

The proportionality constant, kscr, nominally defined as either kscp = Sscr/S
or kscr = Cscr/C, is also shared between the two Dalitz regions. In the case of
the Dalitz-split fit, it is defined as either kscp = Sicp/S! or kscr = Slop/S! or
KSCF = %

The fit projections in each of the two Dalitz regions are shown in Figures 5.23—
5.26, while the values of the fitted parameters are listed in Table 5.16.

The statistical uncertainties of S* and S~ are found to be on the level of o =
0.28 and og = 0.28, which is about twice as large as the estimated uncertainty
on S. This is expected from how S* and S~ are constructed. As a reminder,
St =8T+ S and S~ = ST — 8!, where S’ and S’ are the measured S parameters

in the Dalitz I and I regions, respectively.
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Table 5.16: Resulting parameters of the Dalitz-split fit to a data-like MC cocktail
sample, generated with (5,C) = (0.0,0.0). Once again, the fudge factors in the
simulated samples are expected to be close to zero for the means (f#) and close to
one for the widths (f7).

Parameter Fitted value
C 0.10 + 0.09
S+t —0.16 + 0.28
S~ —0.02 +0.28
KSCF 0.81 £0.19
fAp [ GeV] 0.0034 + 0.0030
fir [GeV/e?] | —0.0001 £ 0.0002
fRE 0.99 + 0.08
I, 0.95 + 0.05
mo | GeV/c? 5.2887 %+ 0.0002
SRt main 1.01 4 0.02
TR+ tail 0.95 £+ 0.08
NI, e 365 + 30
Ny tike 3754 25
N5 b 280 + 45

N é Bt 250 + 40
N%qbkg 1395 4 50
Nz bke 1285 =+ 50
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Figure 5.23: Fit of a data-like MC cocktail sample generated with (S,C) =

(0.0,0.0) projected onto (a) AE, (b) My and (c) At in the region of the Dalitz

plane where m?{% L > mior (Dalitz I). The different components are overlaid in
S

the AE and My, projections, but not in the At projection for clarity.
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Figure 5.24: Fit of a data-like MC cocktail sample generated with (S,C) =
(0.0,0.0) projected onto (a) AE, (b) M. and (c) At in the region of the Dalitz
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Figure 5.25: Fit of a data-like MC cocktail sample generated with (S, C)
(0.0,0.0) projected onto At for (a) events tagged as BY, (b) events tagged as B
and (c) all events with the associated asymmetry between B® and B° tagged events
in the Dalitz I region and in a signal enhanced region defined by |AE| < 0.1 GeV,
My > 5.27 GeV/c? and 0.875 < r < 1.
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Figure 5.26: Fit of a data-like MC cocktail sample generated with (S,C) =
(0.0,0.0) projected onto At for (a) events tagged as BY, (b) events tagged as B°
and (c) all events with the associated asymmetry between B® and B° tagged events
in the Dalitz I region and in a signal enhanced region defined by |AE| < 0.1 GeV,
My, > 5.27 GeV/c? and 0.875 < r < 1.
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5.4 Validation of the fit strategy

In this section, the tests preformed to validate the overall fit procedure as well
as the agreement between the data and MC are presented. The fit strategy is
validated using the aforementioned bootstrapped datasets. In total, 7 sets of
1,000 MC cocktail samples with different input S values are used for the signal
mode while 1 set of 1,000 MC cocktail samples is used for the control mode,
Bt — K*rntn~5. The control mode is also used to check the agreement between
the data and simulated samples.

5.4.1 Validation using the signal mode

Fit validation with bootstrapped datasets

The fitting procedure developed in the previous section is validated using the
7 x 1000 MC cocktail samples, via a procedure that is referred to as the “ensemble
test”, in order to check for possible biases on the fitted C'P parameters and to verify
that the uncertainties are correctly estimated. The test is performed for seven
input (S, C') combinations, namely (—0.6,0.0), (—0.4,0.0), (—=0.2,0.0), (0.0,0.0),
(0.2,0.0), (0.4,0.0), and (0.6,0.0), each corresponding to a set of MC cocktail
samples.

The MC cocktail samples are constructed by bootstrapping [105] the signal and
generic MC samples. For the signal and SCF components, events are drawn from
the appropriate signal MC sample corresponding to the chosen input S value, while
the BB and continuum backgrounds are sampled from the generic MC sample. All
parent datasets are taken after the full selection, with only one candidate retained
per event. For each bootstrap replica, the yield of each component is drawn from
a Poisson distribution centered on the nominal expectation for the Belle II dataset
(see Table 5.13).

The 7000 bootstrap replicas are all fitted to extract S and C' and then simul-
taneously in the two Dalitz plane halves to extract ST and S~ following the fit
strategy presented in Section 5.3. The distributions of the fitted CP parameters
are examined for each generated (S,C') pair to check for potential biases. All of
the relevant figures are shown in Appendix D.7. As an example, the distribu-
tions of the fit pulls, fit estimates and fit errors for S, C, ST, S~ and the yields
Niig-tike» Np5prg and Nygpig corresponding to the input values (S,C) = (0.6,0.0)
are shown in Figures 5.27, 5.28 and 5.29, where the fit pull distributions are fitted
using Gaussian functions. The resulting means and widths of the pulls and of the
absolute biases of the CP parameters and yields for all input values of S are listed
in Tables 5.17-5.20.



5.4. VALIDATION OF THE FIT STRATEGY 155

S FitPull S Fit Esti Input S-value = 0.6 S Fit Error
mean = -0.2255 = 0.032 RMS = 0.1371 + 0.0031 RMS = 0.00877 +0.00020
o 250 2 = [
El ig = 1.011+0.023 g Mean = 0.5665 + 0.0043 g [ Mean = 0.13632 = 0.00028
B H gt
5 ERa E 10
fi = 2 r
P (s = b
200~ H z [
1% £ 120 +
100~ Jool +
150 + r
80| + + 80 +
100~ &0l + sol ++ +
40 + a0l +
50— ++ %‘ [
. 4 e
codBf 11 By, AT el e R L e
-6 4 -2 bl 2 4 6 01 02 03 04 05 06 07 08 08 1 011 012 013 0.14 015 0.18
(a)
C Fit Pull C Fit Esti Input §-value = 0.6 C Fit Error
mean = -0.1981 = 0.031 ) RMS = 0.0984 =0.0022 RMS = 0.00520 = 0.00012
- — 140 -
© 250 b1 r
s sig = 0.979 = 0.022 E Mean = -0.01993 £ 0.0031 | 3 160 Mean = 0.10056 + 0.00016
5 = S 1ea-
E g g
§ 3
I = 120 t 2 +
] Rl
200 ] H
& o

T
t ++J[

80—

« 1t} -y

40k 405, + +

sol- . ++ + E + +
++ 20:— + +%

PPN <l IR NENENEN ' TP (P \l"\};l‘u‘uﬂ'lu H\||\|H‘2\@u‘ e b bl

£ 4 -2 bl 2 4 6 03 D02 0.1 0 01 0. 0085 009 009 01 0105 011 0115

(b)

Figure 5.27: Distribution of the fit pull, fit estimate and fit error for (a) S and
(b) C for input (S,C) = (0.6,0.0). In the fit estimate plots, the red vertical line
denotes the true value of the parameter and the blue line denotes the mean of the
distribution.
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Table 5.17: Results of the ensemble test using bootstrap samples with varying

input S values: Pull mean. All values are expected to be consistent with 0.

Input S S C S+ S~
—0.6 —0.27+0.03 | —=0.24£0.03 | —=0.27£0.03 | 0.124+0.03
—0.4 —0.24+0.03 | —0.18 £0.03 | —=0.24 £0.03 | 0.07+0.03
—0.2 —0.39 £0.03 | —0.204£0.03 | —0.39 £0.03 | 0.06 £ 0.03

0.0 —0.36 £0.03 | —=0.23 £0.03 | —0.35£0.03 | —0.04 £0.03
0.2 —0.30 £0.03 | —0.10£0.03 | —=0.31 £0.03 | 0.03 £ 0.03
0.4 —0.25£+0.03 | —=0.16 £0.03 | —0.25£0.03 | —0.04 £ 0.03
0.6 —0.23£+0.03 | —=0.20£0.03 | —0.23 £0.03 | —0.05 £ 0.03
Input S| Ng_iike NpB kg Ngbig
—0.6 0.194+0.03 | 0.056£0.03 | —0.23£0.03
—-0.4 0.31 +£0.03 | —0.06 +=0.04 | —0.14 +0.04
—0.2 0.31 £0.03 | —0.07+0.04 | —0.17 £ 0.04
0.0 0.54+0.03 | 0.07£0.04 | —0.43+0.03
0.2 0.30£0.03 | —0.08 = 0.04 | —0.09 £ 0.03
0.4 0.18£0.03 | 0.04 £0.04 | —0.23£0.03
0.6 0.12+0.03 | 0.10£0.04 | —0.26 +0.03
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Table 5.18: Results of the ensemble test using bootstrap samples with varying

input S values: Pull sigma. All values are expected to be consistent with 1.

Input S S C S+ S~
—0.6 1.02+0.02 | 0.97 £0.02 | 1.024+0.02 | 1.03 £ 0.02
—0.4 1.03+0.02 | 1.04+0.02 | 1.03+£0.02 | 1.01 £ 0.02
—0.2 1.03+0.02 | 1.00+0.02 | 1.04 £0.02 | 1.00 £+ 0.02

0.0 0.994+0.02 | 1.00+£0.02 | 1.00 £ 0.02 | 1.00 £ 0.02
0.2 1.02+0.02 | 1.04 +£0.02 | 1.03£+£0.02 | 1.00 £ 0.02
0.4 1.02+0.02 | 0.99+0.02 | 1.02 £ 0.02 | 0.98 £ 0.02
0.6 1.01+£0.02 | 0.98 £0.02 | 1.00 £0.02 | 1.01 £ 0.02
Input S | Ng_tike Np5 bke Nygvre

—0.6 0.984+0.02 | 1.08 = 0.02 | 1.05 £ 0.02

—0.4 1.01+0.02 | 1.11 +£0.03 | 1.09 & 0.02

—0.2 1.01+£0.02 | 1.17£0.03 | 1.12 £0.03

0.0 0.98+0.02 | 1.124+0.03 | 1.04 £ 0.02

0.2 0.954+0.02 | 1.10+0.03 | 1.05 £ 0.02

0.4 1.05+0.02 | 1.15+£0.03 | 1.09 £0.02

0.6 0.99+0.02 | 1.134+£0.03 | 1.07 £0.02
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Table 5.19: Results of the ensemble test using bootstrap samples with varying
input S values: Absolute bias mean. All values are expected to be consistent with

0.
Input S S C S+ S-
—0.6 —0.033 £0.004 | —0.020 4+ 0.003 | —0.064 £+ 0.008 | 0.033 £+ 0.009
—-0.4 —0.033 £0.004 | —0.022 + 0.003 | —0.063 £ 0.009 | 0.017 £ 0.008
—0.2 —0.054 £0.005 | —0.018 £0.003 | —0.110 + 0.009 | 0.024 £ 0.009
0.0 —0.046 £+ 0.004 | —0.027 £ 0.003 | —0.091 + 0.009 | —0.018 4 0.009
0.2 —0.048 +0.005 | —0.012 £ 0.003 | —0.099 + 0.009 | 0.011 £ 0.008
0.4 —0.035 £ 0.004 | —0.017 4 0.003 | —0.079 £+ 0.009 | —0.017 4+ 0.009
0.6 —0.031 £0.004 | —0.017 +0.003 | —0.061 £ 0.008 | —0.014 4+ 0.008
Input S | Nsg-ike | NpBoke | Nagbke
—0.6 ==n 4+2 | —18+£2
—0.4 11+1 | —3£2 | —8&£2
—0.2 10+1 | —3£2 | —-13+£3
0.0 21 +1 5+2 | =32+2
0.2 11+1 | —4+£2 | —4+£2
0.4 6+1 1+£2 | —-13£3
0.6 7T+1 52 | —=19+£3
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Table 5.20: Results of the ensemble test using bootstrap samples with varying
input S values: Absolute width. The values represent the expected statistical

uncertainty as it is obtained directly from the fit.

Input S S C S+ S~
—0.6 0.134 £+ 0.006 | 0.098 £ 0.004 | 0.267 = 0.012 | 0.275 £+ 0.012
—0.4 0.142 +0.006 | 0.103 = 0.005 | 0.287 £0.013 | 0.267 £ 0.012
—0.2 0.144 + 0.006 | 0.100 £ 0.004 | 0.289 £ 0.013 | 0.288 £ 0.013

0.0 0.140 £ 0.006 | 0.100 £ 0.004 | 0.278 = 0.012 | 0.286 £ 0.013
0.2 0.148 & 0.007 | 0.105 £ 0.005 | 0.298 = 0.013 | 0.262 £ 0.012
0.4 0.141 £ 0.006 | 0.101 £ 0.005 | 0.284 +=0.013 | 0.271 £ 0.012
0.6 0.130 £ 0.006 | 0.101 == 0.005 | 0.259 £ 0.012 | 0.265 £ 0.012

Input S | Nsig-iike | NVpBokg | Nagbke

—0.6 39+ 2 24+3 | 77+4

—0.4 39+ 2 2+3 | 7TTt4

—0.2 38 + 2 H+3 | 718+4

0.0 39 + 2 HE3 | 773

0.2 37+ 2 6+3 | 7T7T+4

0.4 41 £+ 2 724+3 | 718+4

0.6 36 £ 2 H+3 | 81 +4



162 CHAPTER 5. TIME-DEPENDENT CP ASYMMETRY MEASUREMENT

The pull distributions for C', S, ST and S~ are found to be consistent with
Gaussians of ¢ = 0 and ¢ = 1. Slight deviations in the mean (< 1o) are observed,
however, given the complexity of the fit and the nature of the bootstrapping proce-
dure, where 1,000 samples are drawn with replacement from a parent MC sample
containing only four times the expected background yield, such deviations are not
unexpected. To assess this further, additional validation is performed using toy
datasets (see Section 5.4.1).

The fitted yields are also found to exhibit a small bias, where, on average,
the signal-like yield is overestimated by ~ 0.3¢, while the continuum background
yield is underestimated by ~ 0.20. To assess the impact on the CP parameters,
the fit is repeated with the yields fixed to the expectations from the generic MC
(see Table 5.13), and the effect is found to be negligible. Nevertheless, a dedicated
systematic uncertainty is assigned to cover for this yield bias (see Section 5.5.7).

To obtain an overall picture, all the distributions are combined into so-called
linearity figures, where the means and widths of each distribution are compared
across all (S,C) pairs, to check for trends with respect to the input value of
S. Figure 5.30 shows these linearity figures for S, S™ and S—, along with plots
for the residuals, defined as (S — Sirue); (C' — Cirue) and (Ngg_tike — Nstirg“fhke) are
shown. The uncertainties shown for each (S, C') pair do not account for the intrinsic
correlations among the MC cocktail samples, which arise from the limited statistics
of the parent MC datasets.

A small negative trend is observed in the S~ residual plot, but otherwise the
fitted CP parameters and the signal-like yield do not show any dependence on
the input S value. The uncertainties on S, C', ST and S~ as they are obtained
from this ensemble test also seem to be estimated correctly (the width of the pull
distributions is consistent with 1) and are on the level of og = 0.16, o = 0.11,
o& =0.31 and og = 0.30, respectively. For S and C, this is already better than
the previous measurements by Belle and BABAR.
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Figure 5.30: Linearity figures for (a) S mean, (b) S residual, (¢) St mean, (d) S~
mean, (e) C residual and (f) signal-like yield residual. All plots show the behavior
of a given fitted parameter with different input S values.
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Fit validation with toy datasets

The biases observed with bootstrapping might originate either from the choice of
fit models or from complications in the fit itself. Thus, the fit procedure is also
validated using toy datasets, i.e. datasets with events generated from the PDF
model used to fit the simulated data. A small complication arises when generating
these toy datasets due to the fact that the conditional parameter oa; enters in
the tail fraction parameter of the At Resolution Function. Since the generate
method of ROOFIT is unable to handle this particular case, a workaround was
devised where events are generated in several bins of o, with the fraction of
events in each bin taken from simulation. The value of o, for all events in a given
bin is then manually set to the average value of oa; in that bin. In this case, the
o distribution is split into 10 bins of equal size. Due to the way the fit model is
set up, the same treatment is also needed for the Flavor Tagger qr, since it is also
considered a conditional parameter. Since the ¢r distribution is split into 2 x 7
bins, events are generated in 10 x 14 = 140 two-dimensional bins of oa; and ¢r. A
2D histogram in oa; and ¢r showing the generated events for a single toy dataset
that corresponds to the expected luminosity of the Belle II dataset, is shown in
Figure 5.31. A set of 7 x 1000 toy datasets is generated with different values of S
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Figure 5.31: 2D oa;—qr distribution of events generated for a single toy dataset
with (S,C) = (0.0,0.0) corresponding to the expected luminosity of the Belle II
dataset.

and with C' = 0, as well as another set of 7 x 1000 with different values of C' and
with S = 0, with the values being the same ones used in the bootstrapping, i.e.
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{-0.6,—-0.4,—-0.2,0.0,0.2,0.4,0.6} for both S and C. Each of these toy datasets
corresponds to the expected luminosity of the Belle II dataset.

The number of events generated corresponding to each component in the fit,
i.e. signal, SCF background, BB background and ¢g background, is determined
from the generic MC sample in each 2D oa;—gr bin and subsequently varied fol-
lowing a Poisson distribution. Appendix D.10 shows comparison plots between
the distributions of a toy sample generated with (S,C') = (0.0,0.0) and those of
the generic MC sample.

In the case of the generated toy datasets with different values of C' an additional
correction is applied to the generated number of signal and SCF events, in order
to reproduce the asymmetry expected in the ¢r distribution of those events as a
result of direct CP violation. This correction depends on the value of C' that is
used to generate the events, as well as the ¢r bin in which the generated events lie.
Specifically, the number of generated signal events in the i-th oa; bin and j-th ¢r
bin with a given value of C is: N;;g’corr = {1 — Gag AWj — Gtag(l —2w;) - C'} X Nzijg,
where giag is the By, flavor and N} ijg is the expected number of signal events in
the i-th oa; bin and j-th ¢r bin, as determined from simulation®. The correction
factor used for SCF background events is similar to the one used for signal, only
with an additional factor of 0.8 diluting the value of C, following the treatment
discussed in Section 5.3.3.

As was done with the bootstrapped datasets, the two sets of 7 x 1000 toy
datasets are fitted to extract the CP parameters of interest and the fit results
are checked for possible biases. As examples, the distributions of the fit pulls, fit
estimates and fit errors for S, C', ST, S~ and the yields Ngg_iike; Np5 bkg and Nygbke
corresponding to the input values (S,C') = (0.6,0.0) are shown in Figures 5.32,
5.33 and 5.34, while the ones corresponding to the input values (S, C) = (0.0,0.6)
are shown in Figures 5.35, 5.36 and 5.37. The resulting means and sigmas of
the pulls and of the absolute biases of the CP parameters and yields are listed
in Tables 5.21-5.24 for all input values of S and in Tables 5.25-5.28 for all input
values of C. Linearity figures that show the overall picture are once again made
and shown in Figures 5.38 and 5.39 for the various input values of S and C,
respectively.

SHere, it should be understood that Aw; and w; are set to the values they have in the
corresponding r-bin, so that for example: w{" = wjy = wh
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Figure 5.32: Toys: Distribution of the fit pull, fit estimate and fit error for (a) S
and (b) C for input (S5,C) = (0.6,0.0). In the fit estimate plot, the red vertical
line denotes the true value of the parameter and the blue line denotes the mean

of the distribution.
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Figure 5.33: Toys: Distribution of the fit pull, fit estimate and fit error for (a) S*
and (b) S~ for input (S,C) = (0.6,0.0). In the fit estimate plot, the red vertical
line denotes the true value of the parameter and the blue line denotes the mean
of the distribution.
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Figure 5.34: Toys: Distribution of the fit pull, fit estimate and fit error for (a)
Niigtike, (b) Npg ke and (¢) Nygug for input (S, C) = (0.6,0.0). In the fit estimate
plot, the red vertical line denotes the true value of the parameter and the blue line
denotes the mean of the distribution.
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Figure 5.35: Toys: Distribution of the fit pull, fit estimate and fit error for (a) S
and (b) C for input (5,C) = (0.0,0.6). In the fit estimate plot, the red vertical
line denotes the true value of the parameter and the blue line denotes the mean
of the distribution.
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line denotes the true value of the parameter and the blue line denotes the mean
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Figure 5.37: Toys: Distribution of the fit pull, fit estimate and fit error for (a)
Niigtike, (b) Npgpig and (¢) Negukg for input (S, C) = (0.0,0.6). In the fit estimate
plot, the red vertical line denotes the true value of the parameter and the blue line
denotes the mean of the distribution.
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Table 5.21: Results of the ensemble test using toy datasets with varying input S

values: Pull mean. All values are expected to be consistent with 0.

Input S S C S+ S-
—0.6 —0.124+0.03 | 0.10 £0.03 | —=0.11 +0.03 | 0.03 % 0.03
—-0.4 —0.034+0.03 | 0.04 £0.03 | —=0.034+0.03 | 0.01 +0.03
—0.2 —0.074+0.03 | 0.11 £0.03 | —0.08 = 0.03 | —0.01 £0.03

0.0 —0.024+0.03 | 0.04 £0.03 | —0.01 +0.03 | —0.02 £ 0.03
0.2 0.05+0.03 | 0.08+0.03| 0.0540.03 0.02 +0.03
0.4 0.05£0.03 | 0.06£0.03 | 0.06 £0.03 0.02 +0.03
0.6 0.03£0.03 | 0.13£0.03 | 0.04£0.03 0.01 £0.03
Input S Niigtike Npp bkg Nygokg
—0.6 —0.494+0.03 | —0.294+0.03 | 0.30 4+ 0.03
—-0.4 —0.494+0.03 | —0.25£0.03 | 0.27 £ 0.03
—0.2 —0.48+0.03 | —0.21 £0.03 | 0.32 £ 0.03
0.0 —0.48+0.03 | —0.25£+0.03 | 0.30 £ 0.03
0.2 —0.424+0.03 | —0.254+0.03 | 0.20 4+ 0.03
0.4 —0.474+0.03 | —0.24 +0.03 | 0.27 £ 0.03
0.6 —0.43+0.03 | —0.28 £0.03 | 0.27 £ 0.03
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Table 5.22: Results of the ensemble test using toy datasets with varying input S
values: Pull sigma. All values are expected to be consistent with 1.

Input S S C St S-
—0.6 | 1.04£0.02]1.03£0.02 | 1.04 £ 0.02 | 0.99 = 0.02
—0.4 | 1.0240.02 | 1.00£0.02 | 1.01 £0.02 | 1.03 % 0.02
—0.2 | 1.0240.02 | 1.00£0.02 | 1.02 4 0.02 | 1.04 & 0.02

00 |1.0640.02|0.9840.02 | 1.0740.02 | 1.04 & 0.02
0.2 1.014+0.02 | 0.99 £0.02 | 1.01 = 0.02 | 1.02 £ 0.02
04 |1.0240.02 | 1.0640.02 | 1.0240.02 | 0.98 % 0.02
06 |1.0440.02|1.0340.02 | 1.0740.02 | 1.04 £ 0.02
Input 5 |  Niigike NpB g Nogbkg

—0.6 | 0.99£0.02 [ 1.01£0.02 | 1.01 £ 0.02

—04 | 1.10£0.02 | 1.04£0.02 | 1.01 & 0.02

—0.2 | 1.01£0.02 | 1.0240.02 | 1.00 = 0.02

00 |1.0440.02|1.0240.02 | 0.99 & 0.02

0.2 1.024+0.02 | 1.06 £ 0.02 | 1.00 £ 0.02

04 |1.0240.02 | 1.0340.02 | 0.98 % 0.02

06 |1.0040.02 | 1.0140.02 | 1.02 % 0.02

Table 5.23: Results of the ensemble test using toy datasets with varying input S

values: Absolute bias mean. All values are expected to be consistent with 0.

Input S S C S+ S-

—0.6 —0.012 £ 0.005 | 0.013 £0.003 | —0.019 £ 0.010 | 0.005 4 0.009
—0.4 —0.011 = 0.005 | 0.003 = 0.003 | —0.020 £ 0.009 | —0.004 £ 0.010
—0.2 —0.014 £ 0.005 | 0.012 £ 0.004 | —0.027 £0.010 | —0.009 £ 0.010
0.0 —0.006 £ 0.005 | 0.007 £ 0.003 | —0.009 £ 0.010 | 0.004 4+ 0.010
0.2 0.006 £ 0.005 | 0.007 £ 0.003 | 0.012 £ 0.009 0.007 £ 0.010
0.4 0.009 £+ 0.005 | 0.005+£0.004 | 0.021 +£0.010 | —0.004 £ 0.009
0.6 0.001 +0.005 | 0.015+£0.003 | 0.001 £0.009 | 0.021 = 0.009

Input S | Nig-iike | Npp bkg Nz bkg

—0.6 —19+1 | —-174+2 | 21£2

—04 —20+1 | —-17+£2 | 18 £ 2

—0.2 —19+1 ]| —-124+2 | 22+2

0.0 171 ]| —-154+2 | 17£2

0.2 171 ]| —-10+2 | 14+2

04 —164+1 | —-13+£2| 18+ 2

0.6 —16+1 | —-15+£2|20+2
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Table 5.24: Results of the ensemble test using toy datasets with varying input S
values: Absolute width. The values represent the expected statistical uncertainty

as it is obtained directly from the fit.

Input S S C S+ S~
—0.6 0.150 £ 0.007 | 0.107 & 0.005 | 0.302 £0.014 | 0.277 £ 0.012
—0.4 0.150 & 0.007 | 0.103 £ 0.005 | 0.300 £0.013 | 0.302 £ 0.014
—0.2 0.155 £ 0.007 | 0.115 4+ 0.005 | 0.314 £0.014 | 0.312 £ 0.014

0.0 0.157 £0.007 | 0.109 +0.005 | 0.316 £0.014 | 0.319 £ 0.014
0.2 0.143 £ 0.006 | 0.105 = 0.005 | 0.283 £0.013 | 0.309 =+ 0.014
0.4 0.151 = 0.007 | 0.116 £ 0.005 | 0.302 £ 0.014 | 0.278 = 0.012
0.6 0.145 = 0.007 | 0.108 £ 0.005 | 0.292 £ 0.013 | 0.274 = 0.012

Input S | Nsig-tike | NpBokg | Nagbke

—0.6 35+2 5 +3 | 673

—0.4 40 £ 2 63t3 | 69+3

—0.2 35+ 2 58 +3 | 70+ 3

0.0 41 + 2 599 +3 | 673

0.2 37+ 2 64+3 | 673

0.4 38 £ 2 5 +3 | 64+3

0.6 34 +2 5 +£3 | 711+£3
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Table 5.25: Results of the ensemble test using toy datasets with varying input C'
values: Pull mean. All values are expected to be consistent with 0.

Input C S C S+ S-
—0.6 —0.00 +0.03 | —0.05 £0.03 | —0.00 4 0.03 | 0.04 4+ 0.03
—-0.4 —0.00 +0.03 | —0.04 £0.03 | —0.00 4 0.03 | 0.02 4+ 0.03
—0.2 0.06 +0.03 | —0.08 £0.03 | 0.06 +0.03 0.00 £0.03

0.0 —0.02+0.03 | 0.044+0.03 | —0.01 £0.03 | —0.02 £0.03
0.2 —0.054+0.03 | 0.084+0.03 | —0.054+0.03 | —0.01 £0.03
0.4 0.01+0.03 | —0.06 £0.03 | 0.01 4+0.03 0.01 £0.03
0.6 —0.044+0.03 | 0.0840.03 | —0.04 +0.03 | 0.00 4 0.03
Input C' | Niig-like NpBikg Nyg b
—0.6 —0.644+0.03 | —0.43 £0.03 | —0.43 +0.03
—-0.4 —0.514+0.03 | —0.40 £0.03 | —0.18 = 0.03
—0.2 —0.514+0.03 | —0.34 +0.03 | 0.08 +0.03
0.0 —0.48 +0.03 | —0.254+0.03 | 0.30 4+ 0.03
0.2 —0.13£+0.03 | —=0.32£+0.03 | 0.55+0.03
0.4 —0.28+0.03 | —0.21 £0.03 | 0.74 £0.03
0.6 0.03£0.03 | —0.12+£0.03 | 0.94 £0.03

Table 5.26: Results of the ensemble test using toy datasets with varying input C'
values: Pull sigma. All values are expected to be consistent with 1.

Input C S C St S~
—0.6 0.994+£0.02 | 1.00+£0.02 | 1.00 £ 0.02 | 1.02 £ 0.02
—04 0.99+0.02109940.02 | 1.00£0.02 | 1.03 £ 0.02
—0.2 0.99+0.02 1 0.994+0.02 | 0.98 £0.02 | 0.94 &+ 0.02

0.0 1.06£0.02 | 0.98 £0.02 | 1.07 £0.02 | 1.04 £ 0.02
0.2 1.044+£0.02 | 1.02£0.02 | 1.04 £ 0.02 | 0.99 £ 0.02
0.4 1.02+0.02 | 1.03+0.02 | 1.03 +0.02 | 1.04 == 0.02
0.6 0.99+0.02 | 1.024+0.02 | 0.99 £0.02 | 1.06 & 0.02
Input C' | Ngig_ike NppB ke Nygvkg

—0.6 1.03+£0.02 | 1.05+£0.02 | 0.97 £0.02

—0.4 1.06 £0.02 | 1.02£0.02 | 0.98 £0.02

—0.2 0.99 £0.02 | 0.97 £ 0.02 | 0.99 4+ 0.02

0.0 1.04 +£0.02 | 1.02 £0.02 | 0.99 & 0.02

0.2 1.024+0.02 | 1.01 £0.02 | 0.97 = 0.02

0.4 1.02+0.02 | 1.02+£0.02 | 0.98 £0.02

0.6 0.974+0.02 | 0.99 +=0.02 | 0.96 &= 0.02
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Table 5.27: Results of the ensemble test using toy datasets with varying input C'
values: Absolute bias mean. All values are expected to be consistent with 0.

Input C S C S+ S-
—0.6 0.005 £ 0.005 | —0.006 = 0.003 | 0.004 £ 0.010 0.014 4+ 0.009
—0.4 —0.003 &= 0.005 | —0.001 &= 0.003 | —0.009 £ 0.009 | 0.005 £ 0.010
—0.2 0.004 £0.005 | —0.012 £0.003 | 0.003 #=0.010 | —0.003 £ 0.010
0.0 —0.006 = 0.005 | 0.007 £0.003 | —0.009 £ 0.010 | 0.004 £+ 0.010
0.2 —0.009 & 0.005 | 0.008 & 0.003 | —0.026 & 0.011 | 0.000 £ 0.009
0.4 0.012 4+ 0.005 | —0.004 4+ 0.004 | 0.021 +=0.010 0.012 4+ 0.010
0.6 —0.003 £ 0.005 | 0.008 £0.003 | —0.007 & 0.009 | —0.001 = 0.010
Input C' | Nsg-iike | Nppokg | Ngbke

—0.6 —23+£1 | 262 | —28+2

—0.4 —17+£1 | -23+2 | —13+2

—0.2 —18+1 | —22+2 2+2

0.0 —17+1 | —-15+2 | 17+2

0.2 —5x1 | —18£2 | 372

0.4 —12+1 | —-13x£2 | 502

0.6 0t1 —6+2 65 £+ 2
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Table 5.28: Results of the ensemble test using toys with varying input C' values:
Absolute width. The values represent the expected statistical uncertainty as it is
obtained directly from the fit.

Input C S C S+ S~
—0.6 0.153 +0.007 | 0.099 £+ 0.004 | 0.302 4 0.013 | 0.298 + 0.013
—-0.4 0.146 4+ 0.007 | 0.104 £ 0.005 | 0.297 £0.013 | 0.3154+0.014
—0.2 0.149 £ 0.007 | 0.104 + 0.005 | 0.303 4+ 0.014 | 0.301 £ 0.013

0.0 0.157 £0.007 | 0.109 + 0.005 | 0.316 +0.014 | 0.319 £ 0.014
0.2 0.163 £ 0.007 | 0.104 + 0.005 | 0.336 4+ 0.015 | 0.287 +0.013
0.4 0.155 4+ 0.007 | 0.113 £ 0.005 | 0.308 4 0.014 | 0.302 + 0.013
0.6 0.145 4+ 0.006 | 0.107 £ 0.005 | 0.287 £0.013 | 0.310 4+ 0.014

Input C' | Nsigtike | NpBokg | Nagbke

—0.6 38+2 | 58+3 | 66+ 3

—0.4 38+2 | 66+3 | 69+3

—0.2 36+2 | 54+2 | 68+ 3

0.0 4142 | 5943 | 67+ 3

0.2 38+2 | 6443 | 66+ 3

0.4 36+2 | 58+3 | 68+ 3

0.6 39+2 | 5943 | 67+3
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Figure 5.38: Toys: Linearity figures for (a) S mean, (b) S residual, (¢) S* mean,
(d) S~ mean, (e) C residual and (f) signal-like yield residual. All plots show the
behavior of a given fitted parameter with different input S values.
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Figure 5.39: Toys: Linearity figures for (a) C' mean, (b) C residual, (¢) ST residual,
(d) S~ residual, (e) S residual and (f) signal-like yield residual. All plots show the
behavior of a given fitted parameter with different input C' values.



180 CHAPTER 5. TIME-DEPENDENT CP ASYMMETRY MEASUREMENT

In contrast to the bootstrapped datasets, there is no correlation between the
generated signal and background components within each toy dataset, as well
as across different toy datasets. Therefore, the error bars on each point in the
above linearity figures accurately represent the uncertainty that arises from the
fit procedure and the available statistics. That being said, the C'P parameters are
shown to be unbiased, albeit with a slight trend, while the bias on the signal-like
yield is still present, though it is significantly reduced compared to the one seen
with the bootstrap samples. Moreover, there seems to be a non-negligible trend in
the fitted signal-like yields with respect to the input value of C'. This most likely
originates from the fact that the correction applied to the signal-like yield when
generating the toy datasets itself depends on the C' parameter.

The procedure described above makes use of toy datasets with events that were
all generated using just the 3D PDF model of Equation 5.7. The results of the
ensemble test using toy datasets are not in full agreement with the ones obtained
from the test that was carried out using the MC cocktail samples. Thus, in or-
der to obtain a better understanding of these discrepancies the ensemble test was
repeated, this time using so called “embedded” toy datasets. These datasets are
constructed in a hybrid manner, by bootstrapping signal and SCF events from the
signal MC samples, as was done in Section 5.4.1, and by generating continuum and
BB background events from the corresponding 3D PDF model of Equation 5.6,
as was done in the previous section. Finally, these events are combined into a
single “embedded” toy dataset. Once again, 7 x 1000 toy datasets are constructed
in this way, with seven different input S values. Performing the ensemble test on
these embedded toy datasets will help clarify whether the biases observed on S
and the signal-like yield are due to the fit process, a by-product of the bootstrap-
ping procedure, or something that arises due to a mismodeling of the background
distributions in either AE, M. or At.

As before, the samples are fitted to extract the C'P parameters and the results
are examined to look for possible biases. As an example, the distributions of the fit
pulls, fit estimates and fit errors for S, C', ST, S~ and the yields Ngig_1ike, Ngg bkg
and Nyguke corresponding to the input values (S,C) = (0.6,0.0) are shown in
Figures 5.40, 5.41 and 5.42. The resulting means and sigmas of the pulls and of
the absolute biases of the C'P parameters and yields are listed in Tables 5.29-5.32
for all input values of S. Linearity figures that show the overall picture are once
again made and shown in Figure 5.43 for the various input values of S.
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Figure 5.40: Embedded toys: Distribution of the fit pull, fit estimate and fit error
for (a) S and (b) C for input (S,C) = (0.6,0.0). In the fit estimate plot, the red
vertical line denotes the true value of the parameter and the blue line denotes the
mean of the distribution.
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Figure 5.41: Embedded toys: Distribution of the fit pull, fit estimate and fit error
for (a) S* and (b) S~ for input (S,C) = (0.6,0.0). In the fit estimate plot, the
red vertical line denotes the true value of the parameter and the blue line denotes
the mean of the distribution.



5.4. VALIDATION OF THE FIT STRATEGY 183

Nsigsct Fit Pull Nsigsof Fit Estimate. Input (S,C) = (0.6,0.0) Nsigsc Fit Error
mean = -0.6797 £0.032

RMS = 36.82 +0.82

RMS = 1.062 =0.024

sig= 1.023 £0.023 Mean = 631.3 £1.2 Mean = 36.811+0.034

sof-

Events /(06 )
T

140F

t
£ 4 }
;

s

S b b9t

* +
d bl Ll allolo ] b 3, I T N

4 5 520 540 560 580 600 620 640 660 680 700 720 740 a4 s 3 37 38 % 40

Events /(120411 )
Events / (0.353037 )

(a)

Nbb Fit Pull Nbb Fit Estimate. Input (S.C) = (0.6,0.0) Nbb Fit Error
mean = -0.4590 = 0.032 RMS = 587 =13 RMS = 1.726 +0.039
S sl sig = 1.013 £0.023 g el lean = 516.6 = 1.9 8 a0l Mean = 58.799 + 0.055
3 120 § 120
200 o +
1000~ ++ 100
A !
sof- 8o
ol + eol- + +
100 + +
£t }
4 + }
4y 4, 4
4 %mm\mm‘\W\W\ML M?‘uhu\u.huh?"*‘.k
s A 350 400 450 500 550 600 650 700 ss s s e 62 64
Nggq Fit Pull Naq Fit Estimate. Input (S,C) = (0.6,0.0)
mean = 0.538 +0.032 RMS = 71.9:16 RMS = 0.845 £0.019
2 250 2 2
s ig = 1.024 £0.023 2 140 Mean = 2760.2 2.3 K Mean = 69.963 £ 0.027
H 2 *H ’f H
§ 120 2
200 i + i
1000~
1500~
sof-
100~ or ++ ++
01
+ 4
200 + p
" (PR A TRPUTROEE M| PRI s
5 4 2550 2600 2650 2700 2750 2800 2850 2900 2950

()

Figure 5.42: Embedded toys: Distribution of the fit pull, fit estimate and fit error
for (a) Nsgotikes (b) Npgpie and (c) Ngguig for input (S,C) = (0.6,0.0). In the
fit estimate plot, the red vertical line denotes the true value of the parameter and
the blue line denotes the mean of the distribution.
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Table 5.29: Results of the ensemble test using embedded toy datasets with varying
input S values: Pull mean. All values are expected to be consistent with 0.

Input S S C S+ S-
—0.6 —0.134+0.03 | 0.06 £0.03 | —0.12£+0.03 | —0.06 £ 0.03
—0.4 —0.07£0.03 | 0.00£0.03 | —0.07 £0.03 | —0.00 £ 0.03
—0.2 —0.15+0.03 | 0.00£0.03 | —=0.154+0.03 | —0.01 +0.03

0.0 —0.02+0.03 | 0.08 +0.03 | —0.01 +0.03 | —0.03 +=0.03
0.2 0.02+0.03 | 0.104£0.03 | 0.0240.03 0.09 £ 0.03
0.4 0.11£0.03 |0.09+£0.03 ] 0.11 £0.03 0.02£0.03
0.6 0.08+0.03 | 0.09+£0.03 | 0.09+£0.03 | —0.02+£0.03
Input S Niigtike NpB ke Ng kg
—0.6 —0.77+£0.03 | —0.42+£0.03 | 0.54 +0.03
—0.4 —0.75£0.03 | —0.41+£0.03 | 0.52 £ 0.03
—0.2 —0.67£0.03 | —0.504+0.03 | 0.63 £ 0.03
0.0 —0.61 £0.03 | —0.454+0.03 | 0.53 +£0.03
0.2 —0.72£0.03 | —0.47+0.03 | 0.53 +£0.03
04 —0.76 £0.03 | —0.41 £0.03 | 0.56 & 0.03
0.6 —0.68 £0.03 | —0.46 £ 0.03 | 0.54 £ 0.03
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Table 5.30: Results of the ensemble test using embedded toy datasets with varying

input S values: Pull sigma. All values are expected to be consistent with 1.

Input S S C S+ S~
—0.6 1.0564+£0.02 | 1.05£0.02 | 1.04 £ 0.02 | 1.01 £ 0.02
—-0.4 1.014+£0.02 | 1.03 £0.02 | 1.02 £ 0.02 | 1.00 £ 0.02
—0.2 1.03£0.02 | 1.00 £0.02 | 1.03 £ 0.02 | 1.02 £ 0.02

0.0 1.03+£0.02 | 1.00 £0.02 | 1.03 £ 0.02 | 1.03 = 0.02
0.2 1.094+£0.02 | 0.96 £0.02 | 1.09 £ 0.02 | 1.00 £ 0.02
0.4 0.95£0.02 | 1.00 £0.02 | 0.96 £ 0.02 | 1.04 £ 0.02
0.6 1.024+0.02 | 0.99 £0.02 | 1.02 £ 0.02 | 0.99 £ 0.02
Input S | Nyig-tike NpB e Nz vkg

—0.6 1.06 £0.02 | 1.04 +0.02 | 1.00 £ 0.02

—-0.4 1.074£0.02 | 1.05£0.02 | 1.00 & 0.02

—0.2 1.09+0.02 | 1.04 £0.02 | 1.02 £ 0.02

0.0 1.03+£0.02 | 1.00 £ 0.02 | 1.00 £ 0.02

0.2 1.02+0.02 | 1.02 £0.02 | 1.03 £ 0.02

0.4 1.05£0.02 | 1.04 +0.02 | 1.00 £ 0.02

0.6 1.02+0.02 | 1.01 £0.02 | 1.02 £ 0.02
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Table 5.31: Results of the ensemble test using embedded toy datasets with varying
input S values: Absolute bias mean. All values are expected to be consistent with

0.
Input S S C S+ S-
—0.6 —0.014 = 0.005 | 0.009 £ 0.003 | —0.028 = 0.009 | —0.018 £ 0.009
—0.4 —0.009 = 0.004 | —0.000 & 0.004 | —0.018 & 0.009 | —0.011 £ 0.010
—0.2 —0.026 £ 0.005 | 0.001 £0.004 | —0.045 +0.010 | —0.005 £+ 0.010
0.0 —0.004 £+ 0.005 | 0.007 £0.003 | —0.006 £ 0.010 | —0.009 £ 0.010
0.2 0.009 £+ 0.005 0.010 £+ 0.003 0.016 = 0.011 0.023 £+ 0.009
0.4 0.012 & 0.005 0.010 4= 0.003 0.023 = 0.009 | —0.002 £ 0.010
0.6 0.010 £+ 0.005 0.007 = 0.003 0.020 £ 0.009 0.002 £ 0.009
Input S | Nsig-tike | Npgikg | Nogbke
—0.6 —294+1| -27+2| 352
—0.4 —29+1 | -22+2 | 33+2
—0.2 —244+1| -27+2|444+2
0.0 —23+1 | —-29+2 | 37+2
0.2 —27+1 | —28+£2| 38+2
0.4 —28+1 | —284+2 | 35+2
0.6 —244+1 | -27+£2 | 35%+2
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Table 5.32: Results of the ensemble test using embedded toy datasets with varying
input S values: Absolute width. The values represent the expected statistical
uncertainty as it is obtained directly from the fit.

Input S S C S+ S~
—0.6 0.148 £ 0.007 | 0.104 £ 0.005 | 0.299 £ 0.013 | 0.295 £ 0.013
—0.4 0.140 £ 0.006 | 0.111 = 0.005 | 0.282 £0.013 | 0.302 £ 0.014
—0.2 0.155+0.007 | 0.113 £ 0.005 | 0.310 = 0.014 | 0.300 £ 0.013

0.0 0.158 = 0.007 | 0.105 £ 0.005 | 0.310 = 0.014 | 0.301 £ 0.013
0.2 0.165 = 0.007 | 0.105 £ 0.005 | 0.335 £ 0.015 | 0.295 £+ 0.013
0.4 0.146 4+ 0.007 | 0.105 = 0.005 | 0.293 £0.013 | 0.308 £+ 0.014
0.6 0.148 +0.007 | 0.100 = 0.004 | 0.295 £ 0.013 | 0.270 £ 0.012

Input S | Nsig-iike | NVpBokg | Nagbke

—0.6 35+2 61+3 | 74x3

—0.4 39+ 2 61+3 | 663

—0.2 39 + 2 61+3 | 72+3

0.0 37+ 2 57+3 | 67+ 3

0.2 36 £2 56+3 | 71+3

0.4 37+t2 59+3 | 683

0.6 35+2 58 £3 | 693
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Compared to the ensemble test that used “pure” toy datasets, the results using
embedded toys are not significantly different in that, there is no clear bias or
trend in the CP parameters and the signal-like yield is still biased on the level
of ~ 0.70. These results lead to the conclusion that the biases observed in the
ensemble test using the bootstrap samples are only partly due to the fit process.
More specifically, it seems that the small bias found on S and S in that test
originates either from how the continuum and BB backgrounds are modeled in
AFE, M,. and At or from the correlations induced between these backgrounds
from the bootstrapping process. A systematic uncertainty is assigned to cover for
all of these effects and the details are discussed in Section 5.5.8.
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Figure 5.43: Embedded toys: Linearity figures for (a) S mean, (b) S residual, (c)
ST mean, (d) S~ mean, (e) C residual and (f) signal-like yield residual. All plots
show the behavior of a given fitted parameter with different input S values.



190 CHAPTER 5. TIME-DEPENDENT CP ASYMMETRY MEASUREMENT

Agreement between data and simulation

The agreement between data and simulation is first checked using the off-resonance
samples, which only contain continuum background events. Specifically, the AFE
and At distributions® are compared between the off-resonance data and MC sam-
ples in Figure 5.44 and it can be seen that there is a significant excess of continuum
background in data over MC, on the level of ~ 20%. Such an excess is most likely
due to a mismodeling of the eTe™ — ¢g process in the Belle IT MC, which is han-
dled by the Pythia generator. This is not expected to bias the measurement in any
way, as the continuum background yield is free in the fit, however, it can lead to
a false expectation for the precision on S and C', since the signal over background
ratio will be lower in the data than what is expected from the simulation.

B'— Klmtny Belle IT preliminary [ £dt =42 b BY— Kin*tn=y Belle II preliminary [ £dt =42fb-!

% 250 |. B MCrd ™ ; B MCrd

@] |- 7477 MC stat. une. 2. 2000 - ot Z7/7 MC stat. unc.
S_ 200 + + + } t  Data ; ; b Data

= } + — 1500 [

= ~ [

~ + |' |- w [

z % 1000 F

3 = i

= = 500}

= [
% o [
o 0
1.5 1.5

= 1 } i. |. == [ * I
o
2| H+|,+ byt t bt 5|8 “h.-'uﬂ
Q2 1.0 b + e .+| i .L'I Fl= 101. ! |t!|lllli+ i .Hl'l.i ilnll'“!'l I

—0.2 —0.1 0.0 0.1 0.2 —10 —5 0 5 10
AF [GeV] At [ps]
(a) (b)

Figure 5.44: Comparison of the (a) AE and (b) At distributions between the off-
resonance data and MC samples. The comparison is made before applying the cut
on the CSMVA output.

The data-MC agreement is further tested using the on-resonance samples. The
AFE, M. and At distributions of the on-resonance data and MC samples are
compared in Figure 5.45. The excess of continuum background events is also
present here, while the signal yield seems to be overestimated in the simulation.
Once again, this is not expected to bias the measurement, since the signal-like
yield is free in the fit.

6The M, distribution of the off-resonance samples is significantly different to that of the
on-resonance samples owing to the lower collision energy, so checking the data—MC agreement
in My, is not really useful.
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To assess the impact of the underestimated continuum background and over-
estimated signal yield in the simulation on the expected sensitivity of the CP
parameters, the ensemble test was repeated on an alternative set of bootstrapped
datasets generated with 20% more continuum background and 20% less signal
events. The resulting uncertainties on S and C' from this ensemble test are found
to be ~ 15% larger than the previously expected values.
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Fit for the B lifetime

As an additional check, the 3D fit is then performed on the Belle II data sample
to extract the B lifetime instead of the CP parameters, S and C, which are both
fixed to zero. Figure 5.46 shows the projection of this fit onto At and the value
obtained for the B? lifetime is compatible with the world average within 1o.
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Figure 5.46: Fit of the B — K 777 data sample to extract the B° lifetime
projected onto At.
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5.4.2 Validation using the control mode

The control mode, Bt — K*ntw~~, is used to validate the measurement strat-
egy presented in Section 5.3 and to also check the agreement between data and
simulation. The shapes of the AFE, M. and At distributions for the signal and
background components are found to be compatible between the signal and con-
trol mode (see Appendix D.8). Therefore, the same PDF models used to fix all
the shape parameters in Sections 5.3.2 and 5.3.3 are also used to fix the shape
parameters for the control mode (see Appendix D.9).

Due to isospin symmetry, the branching fraction of Bt — Ktxt7~v decays
is expected to be similar to that of B® — K°r*7~~ decays, but because, in the
signal decay mode, K are reconstructed only as K& — 77, a significant portion
of signal decays is lost. As a result, the expected amount of signal events in the
control mode is ~ 5 times larger than those in the signal mode.

Almost all of the tests that are carried out using bootstrapped datasets in the
signal mode are also performed in the control mode. The only major difference
is that only a single set of values for S and C' is taken into consideration, corre-
sponding to (S, C) = (0.0,0.0). That is because, in this case, S does not have a
physical meaning, since there is no mixing between B and B~.

In addition, as previously mentioned, the Flavor Tagger is used to tag events
as B or BY, just like in the signal mode, meaning the information on the charge
of the By, daughters is not used to obtain knowledge on its flavor. The set of
Flavor Tagger and At Resolution Function parameters used for the control mode
validation is the same one used in the signal mode, meaning the set of values listed
in Table 4.6 is used when fitting simulated samples and those listed in Table 4.7
is used when fitting the real data sample. It is worth noting, however, that since
these parameters were calibrated using neutral B decays, the calibrated parameter
values might differ significantly from those determined using MC truth information
for the control mode. A comparison for the Flavor Tagger parameters can be seen
in Figure 5.47, where a significant discrepancy can be seen between the calibrated
values for the wrong tag fraction w and the values determined using MC truth
information. The effect of this discrepancy in Flavor Tagger parameters on the
final measurement is small and should be covered by the systematic uncertainty
which accounts for possible fluctuations in those parameters (see Section 5.5.2).
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3D fit to a simulated sample

As with the signal mode, the 3D fit was first performed on an MC cocktail sample
for the control mode. The relative fraction of SCF background is once again fixed
to values determined from simulation, listed in Table 5.33. The expected yields
are also estimated from the generic MC sample and are shown in Table 5.34.

Table 5.33: Relative fractions between the signal and SCF background components
for the control mode determined from simulation and further fixed in the fit to the
data.

Component favg fo-s fe
Signal 0.687 0.663 0.758
SCF 0.313 0.337 0.242

Table 5.34: Expected number of events for each of the four components as they
are found within a data-like MC cocktail sample for the control mode. These
correspond to 25% of the events found in the generic MC.

Component N;
Signal 2020 4+ 45
SCF 920 + 30

BB background | 2080 + 45
qq background | 13640 4115

The result of the 3D fit to the MC cocktail sample is shown in Figures 5.48
and 5.49, while the fitted parameters are listed in Table 5.35. In Figure 5.49, as
with the signal mode, to improve the visibility of the signal component, both the
simulated data and fitted models are projected onto a signal enhanced region in
AE, My and r with |AE| < 0.1 GeV, My, > 5.27 GeV/c? and 0.875 < r < 1.

The fitted CP parameters and yields are all compatible with their expected
values within the statistical uncertainty. As expected the precision on S and C' is
significantly better compared to the signal mode, which is a direct consequence of
the larger amount of signal events present in the control mode sample. The fit is
also performed to extract the BT lifetime, instead of S and C, and the projection of
this fit in At is shown in Figure 5.50. The fitted value for the lifetime is compatible
with the value used to generate the MC sample, namely 1.638 ps.

As with the signal mode, the 3D fit is performed simultaneously in the two
Dalitz plane halves, to extract ST and S~. The fit projections in each of the
two Dalitz regions are shown in Figures 5.51-5.54, while the values of the fitted
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Table 5.35: Resulting parameters of the Dalitz-integrated fit to a data-like MC
cocktail sample of BT — KTntn~~ decays. The fudge factors in the simulated
samples are expected to be close to zero for the means (f#) and close to one for

the widths (f7).

Parameter Fitted value
C —0.01 £0.05
S 0.04 £ 0.06
KSCF 0.80 £0.19
fAe | GeV| 0.0005 4+ 0.0015

fan, 1GeV/e?

0.00008 4= 0.00010

fRE 1.01 4+ 0.04
Iin,. 1.014+0.03
mo | GeV/c?] | 5.28830 =+ 0.00005
SRt main 1.06 &+ 0.01

TR+ tai 0.94 £+ 0.04
Niig_tike 2990 £ &0
NpB ke 2090 + 115
Nggokg 13430 + 150

parameters are listed in Table 5.36. The fitted values of ST and S~ are both
compatible with the expectation and the fitted yields are compatible across the
two Dalitz plane halves.
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Table 5.36: Resulting parameters of the Dalitz-split fit to a data-like MC cocktail
sample of BT — K*rt7~~ decays. Once again, the fudge factors in the simulated
samples are expected to be close to zero for the means (f*) and close to one for

the widths (f7).

Parameter Fitted value
C —0.01 £ 0.05
ST 0.07£0.13
S~ 0.06 £0.13
KSCF 0.81 +0.19
fAe |GeV| 0.0010 £ 0.0015

Fin. 1GeV/e?]
fRE

I,

my | GeV/c?
fgt,main

fa
At tail

1
N, s[ig—like
Nsig—like
I —
BB bkg
I —
BB bkg
1
N, aa bkg

Nig kg

0.0001 £ 0.0001
1.00 £ 0.04
0.99 +0.03

5.2885 £ 0.0001
1.06 = 0.01
0.94 £0.04
1600 £ 60
1485 £+ 55

905 £ 80
1090 £ 80

6730 £ 105
6685 = 105
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Figure 5.48: Fit of a data-like MC cocktail sample of Bt — K*Tx"7~ v decays
projected onto (a) AE, (b) M. and (¢) At. The different components are overlaid
in the AFE and M, projections, but not in the At projection for clarity.
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Figure 5.50: Fit of a data-like MC cocktail sample of BT — K*nt7~v decays to
extract the BT lifetime projected onto At.
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Figure 5.53: Fit of a data-like MC cocktail sample of Bt — K*tat7~~ decays
projected onto At for (a) events tagged as B°, (b) events tagged as B° and (c)
all events with the associated asymmetry between B° and B° tagged events in
the Dalitz I region and in a signal enhanced region defined by |AE| < 0.1 GeV,
My, > 5.27 GeV/c? and 0.875 < r < 1.
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Figure 5.54: Fit of a data-like MC cocktail sample of BT — KTntn~~ decays
projected onto At for (a) events tagged as B°, (b) events tagged as B’ and (c)
all events with the associated asymmetry between B® and B° tagged events in
the Dalitz I region and in a signal enhanced region defined by |AFE| < 0.1 GeV,
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Fit validation with bootstrapped datasets

In a similar manner to the one presented in Section 5.4.1, a set of 1,000 MC cocktail
samples are generated via bootstrapping for the purpose of validating the fit to
extract the CP parameters. The fit is performed on these MC cocktail samples
and the resulting distributions of the fit pull, fit estimate and fit error for S, C,
S*, S~ and the yields are shown in Figures 5.55 and 5.56.
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Figure 5.55: Distribution of the fit pull, fit estimate and fit error for (a) S and (b)
C of the control mode. In the fit estimate plot, the red vertical line denotes the
true value of the parameter and the blue line denotes the mean of the distribution.

The means of the distributions of the fitted S and C parameters exhibit a small
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bias on the level of 20% of the statistical uncertainty, while the signal-like yield
is biased on the level of 1.5 times the statistical uncertainty. The results on the
CP parameters are coherent with what is observed in the ensemble test on the
signal mode, while the bias on the yields is significantly increased when fitting the
control mode.
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Agreement between data and simulation

The data—MC agreement is also checked using the control mode. Figure 5.57 shows
comparisons between data and simulation in the off-resonance samples for the AF
and At distributions. The excess of continuum background observed in the signal
mode is also seen here, though it is slightly larger here, on the level of 30%.
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Figure 5.57: Comparison of the (a) AFE and (b) At distributions between the
off-resonance data and the off-resonance MC samples for the control mode. The
comparison is made before applying the cut on the CSMVA output.

The comparison is also made using the on-resonance samples in Figure 5.58,
where the excess of continuum background is confirmed, together with an under-
estimation of the signal yield, on the level of 30%.

As with the signal mode, the impact on the sensitivity of S and C' is checked
using an alternative set of bootstrapped datasets that contain 30% more continuum
background and 30% less signal events. The uncertainties of S and C' are found
to be ~ 20% larger from this ensemble test compared to the previously expected
values.
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3D fit to the data

Before fitting the data to extract the C'P parameters, the 3D fit is performed to
extract the B* lifetime. Figure 5.59 shows the projection of this fit onto At and
the measured value for the BT lifetime is found to be compatible with the world
average value.
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Figure 5.59: Fit of the BT — K*nt7n~~ data sample to extract the BT lifetime
projected onto At.

The last validation step involving the control mode is to perform the 3D fit on
the Belle I data sample to extract the C'P parameters. Figures 5.60 and 5.61 show
the projections for the Dalitz-integrated fit and the fitted parameters are listed in
Table 5.37.

The value of C' is not revealed so as not to introduce potential biases to the
ongoing measurement of the time-integrated C'P asymmetry in this decay channel.
Otherwise, the fitted value for S is found to be compatible with the expectation
within the statistical uncertainty.

Finally, the Dalitz-split fit is performed on the Belle IT data sample to extract
St and S™ in the control mode. Figures 5.62-5.65 show the fit projections and
Table 5.38 lists the fitted parameters.

The fitted values of ST and S~ are found to be compatible with the expectations
within their statistical uncertainties.
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Table 5.37: Resulting parameters of the Dalitz-integrated fit to the BT —
K*ntr~~ data sample. The central value of the C' parameter is blinded to avoid
biasing ongoing analyses of the time-integrated C'P asymmetry in this mode.

Parameter

Fitted value

C

S

Kscr

far [GeV]
fan,. [Gev/e?]
fRe

e

mo | GeV/c?
fgt,main
fgt,tail
Nsig—like
Ngpg bkg

N, qq bkg

— £ 0.06
0.03 £0.08
0.80 £0.19

—0.0046 + 0.0017
—0.00015 £ 0.00011
0.98 + 0.04
0.89 £0.03
2.2885 =+ 0.0001
0.98 £0.01
0.82 £ 0.02

2240 £ 70
1425 £ 110
18075 + 165
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Figure 5.61: Fit of the B" — K77~y data sample projected onto At for (a)
events tagged as B, (b) events tagged as B® and (c) all events with the associated
asymmetry between B° and B tagged events, in a signal enhanced region defined

by |AE| < 0.1 GeV, My, > 5.27 GeV/c? and 0.875 < r < 1.
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Table 5.38: Resulting parameters of the Dalitz-split fit to the BT — Ktntr v
data sample. The central value of the C' parameter is blinded to avoid biasing
ongoing analyses of the time-integrated C'P asymmetry in this mode.

Parameter

Fitted value

C

S+

-

Kscr

ng [GeV]
fin,. [GeV/e?]
fRE

fjohbc

mgy | GeV/c?
fgt,main

f‘a
At,tail

I
Ns[ig—like
Nsigflike
I
BB bkg
I j—
BB bkg
I
qq bkg
I

N, qq bkg

— £ 0.06
0.06 £0.15
—0.03 £0.15
0.80 £0.19
—0.0043 £ 0.0017
—0.00015 4= 0.00011
0.97 £0.04
0.88 +=0.03
5.2885 £ 0.0001
0.98 £0.01
0.82 £0.02
1190 £ 50
1145 £ 50
735 £ 75
645 £ 75

8745 £ 115
9290 £ 115
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5.5 Evaluation of systematic uncertainties

The evaluation of the various sources of systematic uncertainty considered for C,
S, ST and S~ is described in detail in this section. Where possible, the system-
atic uncertainties are estimated in a data-driven way using the Belle II dataset.
Otherwise, the simulated MC samples are used.

5.5.1 Component fit shape parameters

Several AE, M., and At shape parameters are fixed in the fit to data. The
associated systematic uncertainty is estimated by repeating the fit 1,000 times on
the Belle I dataset, each time using a different set of fixed parameter values. These
sets are generated by randomly varying the parameters around their central values
according to the covariance matrices obtained in the corresponding shape fits (see
Sections 5.3.2 and 5.3.3). For the BB background in AE and M., a different
KDE shape is built for each trial using events sampled with replacement from the
generic MC. The systematic uncertainty for a given CP parameter is then quoted
as the width of the Gaussian used to fit its distribution across the 1,000 fits. For
asymmetric distributions, a bifurcated Gaussian is used to fit them and the largest
of the two widths is quoted. Figure 5.66 shows the resulting distributions of the
residuals of C', S, St and S~. Residual here refers to the signed difference between
the parameter values obtained from the 1,000 fits and the parameter value obtained
in the nominal case, where the fixed shape parameters have not been varied using
the covariance matrix. The systematic uncertainties on {C, S, S*, S~} due to the
fixed shape parameters evaluated in this way are {0.003,0.005,0.005,0.004}.

5.5.2 Flavor Tagger parameters

The parameters of the Flavor Tagger are also fixed in the fit to data. To evaluate
the systematic uncertainty arising from this, the fit is repeated 1,000 times on
the Belle II dataset, each time with a different set of values for the Flavor Tagger
parameters. Fach set of parameters is obtained by randomly varying them around
their central values using the covariance matrix obtained from the calibration
procedure described in Chapter 4. The systematic uncertainty for a given CP
parameter is then quoted as the width of the Gaussian used to fit its distribution
across the 1,000 fits. Figure 5.67 shows the resulting distributions of the residuals
of C, S, ST and S™. The systematic uncertainties on {C, S, S, S~} due to the
Flavor Tagger parameters evaluated in this way are {0.018,0.007,0.014,0.012}.
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Figure 5.66: Distributions of the residuals of (a) C, (b) S, (¢) ST and (d) S~
obtained by fitting the Belle IT dataset 1,000 times, each time with a different set
of fixed shape parameters.
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5.5.3 At resolution function parameters

The parameters of the At Resolution Function are also fixed in the fit to data.
The systematic uncertainty arising from this is evaluated by repeating the fit is
repeated 1,000 times on the Belle IT dataset, each time with a different set of values
for the At Resolution Function parameters. Each set of parameters is obtained
by randomly varying them around their central values using the covariance matrix
obtained from the calibration procedure described in Chapter 4. The systematic
uncertainty for a given CP parameter is then quoted as the width of the Gaussian
used to fit its distribution across the 1,000 fits. For asymmetric distributions, a
bifurcated Gaussian is used to fit them and the largest of the two widths is quoted.
Figure 5.68 shows the resulting distributions of the residuals of C', S, ST and S~.
The systematic uncertainties on {C, S, S*, S~} due to the At Resolution Function
parameters evaluated in this way are {0.005,0.014,0.023,0.018}.
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Figure 5.67: Distributions of the residuals of (a) C, (b) S, (¢) ST and (d) S~
obtained by fitting the Belle II dataset 1,000 times, each time with a different set
of Flavor Tagger parameters.
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5.5.4 BV lifetime and BB oscillation frequency

The values of the B lifetime, 750, and B°-B° oscillation frequency, Amy, are
fixed to their world average values in the fit to data, namely 750 = 1.517 ps and
Amg = 0.5069 ps~!. In order to evaluate the systematic uncertainty arising from
this, the fit is repeated 1,000 times on the Belle IT dataset, each time with a different
set of values for 7go and Amy,. Each set of parameters is obtained by randomly
varying them around their central values and within their PDG uncertainties,
namely o, , = 0.004 ps and oa,, = 0.0019 ps—!. The systematic uncertainty for
a given CP parameter is then quoted as the width of the Gaussian used to fit its
distribution across the 1,000 fits. Figure 5.69 shows the resulting distributions of
the residuals of C', S, ST and S~. The systematic uncertainties on {C, S, S™, S~}
due to the B lifetime and B°-B° oscillation frequency parameters evaluated in
this way are {0.0005,0.0003,0.0010, 0.0025}.
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Figure 5.68: Distributions of the residuals of (a) C, (b) S, (¢) ST and (d) S~
obtained by fitting the Belle II dataset 1,000 times, each time with a different set
of At Resolution Function parameters.

5.5.5 Fixed SCF background fractions

As mentioned in Section 5.3.1, the fractions of SCF background, namely f5°F
and f5F are fixed in the fit to data to values obtained from simulation. To
evaluate the systematic uncertainty arising from this, the fit is repeated twice
on the Belle II dataset with the SCF fractions varied by either +20%. For each
CP parameter, the systematic uncertainty is determined by first computing the
absolute difference between the nominal fitted value and the values obtained with
the SCF fractions shifted by +20% and —20%. The larger of these two differences
is taken for each fraction, and the final uncertainty is given by the square root of
the quadratic sum of these two contributions. Figure 5.70 show the nominal fitted
values of C, S, ST and S~ together with the fitted values from all the variations.
The systematic uncertainties on {C, S, ST, S7} due to the fixed SCF background
fractions evaluated in this way are {0.006,0.004,0.008,0.011}.
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Figure 5.69: Distributions of the residuals of (a) C, (b) S, (¢) ST and (d) S~
obtained by fitting the Belle II dataset 1,000 times, each time with a different set
of values for the B lifetime and B°-B° oscillation frequency.

5.5.6 CP violation in the BB background

The CP parameters of the BB background component are both fixed to zero in the
fit to data. To estimate the systematic uncertainty arising from not accounting for
potential CP violation in the BB background, the fit is repeated on the Belle II
dataset with either Sz or Czp varied by £10% around zero, i.e. set to £0.1.
The largest absolute difference between the alternatively fitted CP parameter and
the nominal fitted value is determined when varying each of the CP parameters
of the BB background separately. The systematic uncertainty is then taken as
the square root of the quadratic sum of those differences. Figure 5.71 shows the
nominal fitted values of C', S, ST and S~ together with the fitted values from all the
variations. The systematic uncertainties on {C, S, S, S~} due to not accounting
for possible CP violation in the BB background component evaluated in this way
are {0.019,0.017,0.034,0.001}.
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Figure 5.70: Fitted values of (a) C, (b) S, (c) ST and (d) S~ obtained by fitting
the Belle IT dataset with the fixed SCF background fractions varied by £20%. The
value obtained with the fractions fixed to their nominal value is denoted by the
vertical dashed line.

5.5.7 Effect of biased yields on CP parameters

As can be seen in Figure 5.29, there is a significant bias on the fitted yields. In order
to quantify the impact of this yield bias on the determination of the C'P parameters,
the fit is repeated on all of the bootstrapped datasets with the yields fixed to the
values that were used to generate the samples and leaving all other free parameters
floating. The maximum absolute difference across the seven input S values that is
observed between the CP parameters obtained in this way and the ones obtained
with the yields left free to float is then quoted as the systematic uncertainty due to
the biased yields. Figure 5.72 shows the linearity of the fitted C'P parameters in the
case of both fixed and free yields. The systematic uncertainties on {C, S, S*, S~}
due to the yield bias evaluated in this way are {0.007,0.004,0.009,0.018}.

5.5.8 Bootstrapping bias

Figure 5.30 shows the behavior of the fitted C'P parameters for seven different input
values of S, using the bootstrapped datasets. To account for possible biases in
the fit procedure and correlations between these datasets, a dedicated systematic
uncertainty is assigned to each CP parameter. This uncertainty is defined as
the maximum absolute deviation between the fitted value (blue dots) and the
expected value (dashed line) across the seven input S values’. The systematic
uncertainties on {C, S, S*, S~} due to the bootstrapping bias evaluated in this

"The deviations are listed in Table 5.19 for all input S values.
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Figure 5.71: Fitted values of (a) C, (b) S, (¢) ST and (d) S~ obtained by fitting
the Belle IT dataset with Sz5 and Cpp varied by £10%. The value obtained with
Spg and Cpg both fixed to zero is denoted by the vertical dashed line.

way are {0.027,0.054,0.110,0.033}. This is the dominant contribution for S, ST,
and S, although it was computed conservatively and only amounts to ~ 30% of
the expected statistical uncertainty for these parameters.

5.5.9 Misalignment

To estimate the systematic uncertainty arising from the potential misalignment of
the detector, separate signal MC samples are produced for 4 different misalignment
scenarios and the 3D fit is subsequently performed on them to extract the CP
parameters. The 4 misalignment scenarios are:

e misAl_1: Model of systematic misalignment observed in older data with
misaligned CDC wires

e misAl_2: Residual systematics from simulation studies on misalignment with
misaligned CDC wires

e misAl_3: Day-to-day alignment difference derived from data without mis-
aligned CDC wires

e misAl_4: Residual systematics from simulation studies on misalignment
without misaligned CDC wires

The resulting CP parameters are compared to the ones obtained from fitting
the nominal (not misaligned) signal MC sample and the systematic uncertainty
for each CP parameter is quoted as the maximum deviation observed from the
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Figure 5.72: Linearity figures for the residuals of (a) C, (b) S, (¢) ST and (d) S™.
The fitted CP parameters obtained after fixing the yields to their true values are
also displayed.

nominal value. Figure 5.73 shows this comparison between the CP parameters
for each misalignment scenario and the nominal case. The systematic uncer-
tainties on {C,S, ST, S™} due to the potential misalignment of the detector are
{0.005,0.003, 0.006,0.012}.

5.5.10 Tag-side interference

The CP parameters extracted from the fit are not considering any effects due to
tag-side interference. Tag-side interference refers to the interference between CKM-
favored b — cud and doubly-CKM-suppressed b — Tcd amplitudes that contribute
to the final state of the B,,, which, if not accounted for, can lead to wrong flavor
tagging and thus alter the measurement of the time-dependent C'P asymmetry.
To account for this effect, a dedicated systematic uncertainty is assigned following
the suggestions in Ref. [116]. The SM expectation for the direct and mixing-
induced CP asymmetry for this mode is close to zero, therefore |A\cp| = 1 and
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Figure 5.73: Fitted values of (a) C, (b) S, (¢) ST and (d) S~ obtained by fitting
signal MC samples corresponding to 4 different misalignment scenarios. The value
obtained in the case of no misalignment is denoted by the vertical dashed line.
Note that the width of the shaded area and the red solid error bars correspond to
an uncertainty that is ~ 10 times smaller than the expected statistical uncertainty
from fitting the Belle II dataset.

Im(Acp) = 0 is assumed. The values used for the relevant unitarity triangle angles
are: 3 = 22.6° and v = 65.9° [70]. The ranges of ' = [0,0.04] and ¢ = [0, 360]°
are scanned and the exact values of ' = 0.015 and ¢’ = £90° are used to compute
the systematic uncertainties on the C'P parameters, which are found to be 0.028
for C' and 0 for S, ST and S~. This is also the dominant systematic uncertainty
for C' and only amounts to ~ 30% of the expected statistical uncertainty.
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5.5.11 Summary of systematic uncertainties

The systematic uncertainties for C, S, ST and S~ are summarised in Table 5.39.
The total systematic uncertainty remains well below the expected statistical uncer-
tainty for all parameters, even though for some sources, such as the bootstrapping
bias, the systematic uncertainties are evaluated conservatively.

Table 5.39: Systematic uncertainties for C, S, ST and S~. For each parameter,
the total systematic uncertainty is evaluated as the square root of the quadratic
sum of the uncertainty due to each source.

Source of uncertainty \ C S S S™
Fixed shape parameters 0.003 0.005 0.005 0.004
Flavor Tagger parameters 0.018 0.007 0.014 0.012
At Resolution Function parameters | 0.005 0.014 0.023 0.018
Tpo & Am < 0.001  0.001 0.001 0.003

Fixed SCF background fractions 0.006 0.004 0.008 0.011
CP violation in BB background 0.019 0.017 0.034 0.001

Yield bias 0.005 0.004 0.008 0.014
Bootstrapping bias 0.027 0.054 0.110 0.033
Detector misalignment 0.005 0.003 0.006 0.012
Tag-side interference 0.028 < 0.001 <0.001 < 0.001
Total systematic uncertainty 0.048 0.059 0.119 0.045

Expected statistical uncertainty 0.110 0.160 0.310 0.300
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5.6 Results

Finally, the Belle II data sample is fitted to extract the S and C parameters.
Figures 5.74 and 5.75 show the projections of the fit and the values of the fitted

parameter are listed in Table 5.40.

Table 5.40: Resulting parameters of the Dalitz-integrated fit to the B —
K2 777~ data sample. The quoted uncertainties are purely of statistical na-

ture.

Parameter

Fitted value

C

S

KRsCF

fap 1GeV]
Fin. 1GeV/e?|
IR

I,

mo | GeV/c?
fgt,main

SRt tai
Nsigflike

N BB bkg
Ngbig

—0.29£0.13
—0.36 = 0.16
0.81 £0.19
—0.0028 £ 0.0039
—0.0001 £ 0.0002
1.00 £ 0.09
0.86 = 0.06
5.2885 £ 0.0001
0.98 £0.02
0.81 =0.05
540 £ 35
435 £ 65
3615 £ 80
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The measured values of S and C' exhibit a mild tension with the SM expecta-
tion, corresponding to a significance of 2.30, with a precision which surpasses that
of previous measurements by Belle and BABAR [65, 66]. The significance here is
estimated using only the statistical uncertainty. When including the systematic
uncertainty, the significance drops to 2.10. Given the extensive validation of the
fit procedure, the observation of non-zero direct and mixing-induced C'P asymme-
tries is attributed to the data sample itself rather than to any artifact of the fitting
method.

Further validation of this result comes from examining the raw B°- and B°-
tagged At distributions in the Belle IT data sample, shown in Figure 5.76 in a signal
enhanced region defined by |[AE| < 0.1 GeV and M, > 5.27 GeV/c?, confirming
the presence of a non-zero C'P asymmetry in the Belle II data sample.

Belle 11 preliminary [ £dt =365fh~!

s)

@ o100k + $ B Data
4 B Data

(1p

Candidates /

y

o

Asymmetr
I

—10 —5 0 5 10

Figure 5.76: At distribution of events in the Belle II data sample tagged as B°
(red) and B° (blue) and asymmetry between them in a signal enhanced region
defined by |[AE| < 0.1 GeV and M. > 5.27 GeV/c?.
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The Dalitz-split fit is then performed on the Belle II data sample to extract
St and S~ (the distribution of events across the Dalitz plane is shown in Ap-
pendix D.5). The fit projections are shown in Figures 5.77-5.80 and the values of
the fitted parameters are listed in Table 5.41.

Table 5.41: Resulting parameters of the Dalitz-split fit to the B — K3 7F 7~
data sample. The quoted uncertainties are purely of statistical nature.

Parameter Fitted value
C —0.31+£0.12
S+t —0.72 +0.31
S~ 0.70 + 0.30
KSCF 0.82+0.19
fAp | GeV] —0.0026 & 0.0039
fie [GeV/e?] | —0.0001 £ 0.0002
I 1.00 & 0.09
I, 0.86 + 0.06
mo [GeV/?] | 5.2885 = 0.0001
SRt main 0.98 + 0.02
TR+ tail 0.81 £ 0.05
Nig ke 270 4 25
i s 10
BB bkg
NG5 b 225 + 40
Néqbkg 1830 + 55
N7 vke 1775 4+ 55
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Once again, the measured values of ST and S~ show tension with the SM
expectation, at a significance of 2.30, including both statistical and systematic
uncertainties. The value of S* is consistent with the measured S, i.e. ST ~ 25,
while the measured S~ reveals a clear asymmetry between S’ and S’. Specifically,
the data suggest that ST ~ S* (or S7 ~ —S7) and S’ ~ 0, a feature not observed
in any of the MC samples, since no signal MC was generated with ST # S7.

As in the Dalitz-integrated fit, the raw B%- and B’-tagged At distributions are
examined in Figure 5.81 for the Dalitz I and I regions, in a signal enhanced region
defined by |[AE| < 0.1 GeV and M, > 5.27 GeV/c?. These distributions support
the interpretation of the fitted values: the observed non-zero mixing-induced CP
asymmetry originates mainly from the region of the Dalitz plane with migw L >

mi(oﬁ,, as indicated by the relative sideways shift between the B°- and B°-tagged
S

At distributions in Figure 5.78, while in the complementary region the asymmetry

is consistent with zero. Interestingly, the non-zero direct CP asymmetry appears

to arise predominantly in the region with m?2, , <m?2, _, reflected in the relative
S S

normalisations of the B°- and B°-tagged At distributions in Figure 5.80.
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Figure 5.81: At distribution of events in the Belle II data sample tagged as B°
(red) and B (blue) and asymmetry between them in the (a) Dalitz I region and
in the (b) Dalitz I within a signal enhanced region defined by |AE| < 0.1 GeV

and M, > 5.27 GeV/c2.
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The final results for the measurement of the time-dependent C'P asymmetry in
B® — K% nrn~ 7 decays using the Run 1 dataset of Belle II (365 fb™') are:

C =-0.2940.13+0.06, (5.11)
S =—0.36%0.16 £ 0.05 , (5.12)
St =—0.724+031+0.12, (5.13)
S™ = 0.7040.30 £ 0.05 (5.14)

where the first uncertainty is statistical and the second systematic. The correlation
between S and C' is —10%, while the correlation between S* and S~ is 7%.

As previously mentioned, this measurement was performed in parallel with
an analysis using the entire Belle dataset (711 fb™'), which followed the same
selection and fitting strategy®. There are however certain differences between the
two measurements, mostly due to the different experimental setups. While the
Lorentz boost is higher in the case of Belle, which leads to a better kinematic
approximation, the Belle II detector has an improved performance for photons,
particle identification and vertex reconstruction. The results of this Belle analysis
are:

C =-0.04+0.11+0.07, (5.15)
S =-01840.17+0.08, (5.16)
St =—-0.33+0.34+0.15, (5.17)
S~ =-0.36+0.38+0.11 , (5.18)

where again the first uncertainty is statistical and the second systematic. The
precision achieved in this Belle measurement is comparable to that of the Belle II
dataset, despite the latter containing only half the luminosity, thanks to the signif-
icantly improved detector performance and an improved flavor tagging algorithm.
Both measurements are statistically limited and the same sources of systematic
uncertainty are considered. The CP parameters measured with the Belle dataset
are all consistent with the SM expectation within statistical uncertainties. The
two measurements are also mutually compatible, with the exception of S, where
a tension of about 3¢ is observed between the two experiments. The measured
value of S~ with the Belle dataset suggests that the mixing-induced CP asymme-
try arises predominantly from the opposite Dalitz region compared to the Belle II
result. However, this discrepancy could simply be the result of a statistical fluctu-
ation, rather than a genuine physical effect.

8When this analysis started, the decision was made to perform the two measurements sepa-
rately due to incompatibility between the software frameworks used by the two experiments.
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The combination of the results is performed following the method presented in
Section 3 of Ref. [42], taking into account the correlations between the measured
CP parameters. All sources of systematic uncertainty are considered as uncorre-
lated, except the tag-side interference, which is fully correlated. The combined
results using the Belle and Belle II datasets are:

C =-0.1740.09 £0.04, (5.19)
S =-0.29+0.11£0.05, (5.20)
St =-0.57+0234+0.10, (5.21)
S™= 0.314£024+0.05. (5.22)

The combined measurement of S and C improves by at least a factor two the
precision reached by the previous measurements by Belle and BABAR [65, 66].
The measured CP parameters exhibit a mild 1.30 to 2.40 tension with the SM
prediction, depending on the parameter. In addition, the combined measure-
ment is in agreement with the earlier measurements of S.g in this decay mode
by Belle and BABAR, which reported Sxg+r-, = 0.09 & 0271954 (1.30 away) and
SKmtr—r = 0.14 £0.25 £ 0.03 (1.50 away), respectively. Overall, the combined
measurement shows no evidence for physics beyond the Standard Model. Its results
are consistent with the earlier Belle and BABAR measurements and compatible with
the SM expectation once uncertainties are taken into account. Although continued
improvements in precision and complementary analyses remain essential for fully
mapping the dynamics of this decay, the present study provides a coherent picture
in which no significant deviation from established SM behavior is observed.



Conclusion and prospects

In this thesis, three interconnected topics have been presented, each contributing
to the overarching goal of measuring the time-dependent CP asymmetry in B —
K2 nrm~ decays.

Firstly, the physics performance of the future upgrade to the Belle II vertex
detector, the VTX, has been evaluated using simulated B® — K2 n*7 v decays,
which serve as an excellent benchmark for testing both the spatial resolution and
detection efficiency of alternative detector geometries. The fully pixelated 5-layer
vertex detector geometry is found to improve on the decay vertex resolution while
retaining a similar efficiency for reconstructing B decays as the current 6-layer
design. The VTX is also shown to be a lot more robust against the increasing levels
of beam-induced background which are expected at the very high instantaneous
luminosity that the SuperKEKB collider intends to reach.

Secondly, the data-driven calibration of the Belle I Flavor Tagger and At Res-
olution Function parameters is described. Through this process the performance
of the newly developed GNN-based Flavor Tagger has been evaluated and found
to be 18% better relative to the category-based algorithm used previously. The
calibrated parameters have been used in the time-dependent analysis presented
here, as well as in other Belle II analyses, such as the measurement of sin 2 using
B — J/WK? decays.

Finally, the time-dependent CP asymmetry in B® — K2 777 v decays has
been measured with the Run 1 Belle II dataset, which corresponds to 387 million
BB pairs (365 fb™') collected at the 7(4S5). The direct and mixing-induced CP
violation parameters are determined to be C' = —0.29 + 0.13 + 0.06 and S =
—0.36 + 0.16 £ 0.05, already representing an improvement in precision compared
to previous measurements by Belle and BABAR. The first measurement of the novel
observables proposed in Ref. [27] is also reported, yielding ST = —0.72+0.31+0.12
and S7 = 0.70 & 0.30 £ 0.05. The measured CP parameters show a slight tension
with the SM expectation at the level of 2.30.

This measurement is further combined with a newly performed analysis of
the full Belle dataset (711 fb™ '), resulting in C = —0.17 £ 0.09 + 0.04, S =
—0.29 £ 0.11 & 0.05, ST = —0.57 & 0.23 £ 0.10, and S~ = 0.31 4 0.24 £ 0.05.
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The combination improves the precision on S and C' by more than a factor of
two relative to the previous measurements by Belle and BABAR. Nevertheless,
the uncertainty remains too large to draw a definitive conclusion on whether the
small observed deviation arises from a NP effect or is simply due to a statistical
fluctuation in the analyzed data.

The next step to translate this measurement into direct constraints on the C';
and C7 Wilson coefficients that describe NP in the context of an effective theory,
will be to calculate the dilution factor relating the measured asymmetry, S KO ntm—
to the true C'P asymmetry, S K9 p0, 88 a result of non- CP eigenstates participating
in the final state. To disentangle these contributions, an amplitude analysis must
be performed, preferably with the isospin partner mode, B™ — K*nt7~~, which
benefits from larger statistics. As explained in Ref. [27], this amplitude analysis can
also be used to determine two dilution-like factors a and b, which, when combined
with the measured values of ST and S™, can be used to place additional new
constraints on the C”/C; complex plane.

The current benchmark for constraints on C7 and C” has been set by LHCb
with the angular analysis of B® — K*%eTe™ decays at very low ¢?, using Run 1
and Run 2 data (346 fb™') [67]. These constraints are expected to become even
better when the measurement is repeated with Run 3 data, benefiting from the
new full-software trigger scheme, which enables a more efficient and comprehensive
use of the increased dataset.

Belle II offers a complementary approach where, with its rapidly increasing
dataset and the improved detector performance and analysis techniques described
in this thesis, measurements of time-dependent CP asymmetry in B — Kor m v
decays will soon reach unprecedented precision. These results will be crucial in
either confirming the observed tension with the SM or in uncovering clear signs of
NP in radiative b — s transitions, thereby deepening our understanding of flavor
physics and its connection to physics beyond the Standard Model.



Appendix A

Phenomenological context

A.1 Derivation of time-dependent CP asymmetry
formula

This derivation closely follows the one in [106], Section 6.6, albeit with a few
simplifications, due to focusing on the special case of neutral B mesons. Starting
from the time evolution equations that were defined in Section 1.4.1:

q

BELo(0) = 9+ 1B%) + g (1) |B°) (A1)
BY_o(1)) = g4(t) |B%) +§g<t>|BO> , (A2)

with:

1 . . .
g:l:(t> — 567Ft/2671Mt x [ezAmdt/2 + e*'LAmdt/Z] 7 (A?))
where Amg = My — My, >0, M = (M + My)/2 and I';, = 'y = T in the case
of neutral B mesons, which implies that AI' = 0.

Using the above expressions, we compute the decay rate of a B meson decaying
to a final state f that is accessible by both B? and B flavor eigenstates:

L (B(t) = f) o [(FIHIB () |* = lg+ () A(f) + gg—(t)fl(f)!2 ) (A.4)

where we have defined the time-independent decay amplitudes A(f) = (f| H |B°)
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and A(f) = (f| H |B®). We now have:

2

I (BY(t) — f) o lgs (OPIAHP + ] 2 g PR + 25 K%) g:<t>g_<t>A*<f>A‘<f>]

(A.5)
= AP {rg+<t>|2 2] lo- @R+ 23| () g2 (000 } ,
(A.6)
using p(f) = ,%J{)) and p(f) = % = ﬁ. We continue as follows:

2

O + 29 | 0) (4) ) } ,

where we have defined the following expressions:

Ko(t) =2e"ge(t)]* = 1 4 cos(Amygt) (A.8)
L*(t) = 2" g% (t)g-(t) = isin(Amgt) .

For the corresponding decay rate of a B® meson decaying to a common final state

f, we obtain:
I+ 2me 0 () o) }

LB~ f) o e AP {mt) +K(0)]]

To make the computation of the time-dependent CP asymmetry formula a bit
easier, we express the decay rates as follows:

T (B(t) = f) o< e "Gy (t) (A.11)
I (B(t) — f) oc e "Gy(t) | (A.12)

where:
G (t) = a+ beos(Amgt) + csin(Amgt) (A.13)

G (t) =a +bcos(Amgt) +ésin(Amgt) (A.14)
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having defined:

o= 1A |1+ |2 PP (A.15)
b= 1A 1= |2 (A.16)
= —2laipPam | (1)) (A17)
and:
o= AP |1+ 2] 1o (A1)
=P [1- 2] o (A.19
e=~2cnam | (2) )] - (220
Now, for the time-dependent C'P asymmetry, we have:

CT(B(t) = f) =T(B(t) =~ f)  Gy(t) — Gy(t)
Acr(f) = U (BO(t) — f) +T(B(t) — f)  Gy(t) +Gs(t) (A.21)
_ (c?— a) + (b:— b) cos(Amgt) + € — c) sin(Amgt) (A.22)

@+ a) + G+ b) cos(Amgt) + € + ¢) sin(Amgt)

— 23m ((a/p)r(f)) sin(Amgt) — L=P(HIE Dl cos(Amgt) (A.23)

L+ p(h)I? L+ p(f)?

where we have made use of the approximation |¢/p| &~ 1, which is a good approx-
imation for the special case of By mesons, as was discussed in Section 1.4.1. The
coefficients in front of the sine and cosine terms are the parameters describing
mazing-induced and direct CP violation, defined as:

_ 20m ((g/p)p(f) ~_ L=P(HP
S S L T .

respectively. Thus, we obtain the famous time-dependent C'P asymmetry formula:

[ (B(t) = f) =T (B(t) = f)
I'(B(t) = f)+T(B(t) = f)

Acp(t) = = Ssin(Amgt) — C cos(Amgt) .

(A.25)
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A.2 Derivation of exponential decay part of the At
distribution

The appearance of an absolute value in the exponential of the time-dependent
decay rate (Equation 1.49) can be understood by considering the kinematics of
the decays of the two B mesons produced in 7°(4S) decay. Each neutral B meson
decays exponentially with lifetime 7p0. If one meson decays at time t; and the
other at time ¢, the joint probability density is given by:

1
P(t17t2) - 2 e_tl/TBO e_tQ/TBO 3 (A26>
T5o
where 1,15 > 0. It is convenient to introduce the average decay time 7" and the
decay-time difference At:

t t
T = 1;2, At =t —t. (A.27)
In terms of these new variables, the individual decay times are:
At At
=T+ —, to=T— — . (A.28)
2 2
Substituting into the joint distribution gives:
P(T,At) = %e_<T+%)/TB°e_(T_%)/TBO = %e’QT/TBO . (A.29)

The exponential dependence on At cancels, but constraints on the integration
domain remain. Since t1,ty > 0, we require:

Ti%ZO — Tz@. (A.30)
The At distribution is obtained by integrating over 7"
P(AL) = / h %e—QT/TBO dT (A.31)
|Atl/2 Tgo
= Tiéo : %e—lml/mo (A.32)
1
= FBoe*w'/ﬁso : (A.33)

An additional factor of 1/2 is often included in B factory conventions to account
for the symmetrization of the two decays, yielding:

P(At) = LI (A.34)
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Appendix B

Auxiliary PDF distributions

B.1 Gaussian function

The standard Gaussian function is defined as:

Gla: o) = éexp E (‘” - “)2] | (B.1)

o

where p and o are the mean and width of the Gaussian distribution, and 1/a is a
normalisation constant.

B.2 Bifurcated Gaussian function

The bifurcated Gaussian function is defined as:

1(z—p\?| [i=L for (x—p)<0
5( o )]{i:R for (x—p)>0 "~ (B:2)

1
BG(z; p,07) = — exp
a

where 1 and o describe a Gaussian, and 1/a is a normalisation constant.

B.3 Exponential function

The exponential function is defined as:
1 Az
Exp(z;\) = —e™* | (B.3)
a
where ) is the exponential slope parameter and 1/a is a normalisation constant.
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B.4 Chebyshev polynomials

The Chebyshev polynomials of the first kind are defined by:
T, (cos @) = cos(nf) . (B.4)

They can also be defined using the recurrence relation:

To(x) =1, (B.5)
Ty(z) =z, ,
Toi1(z) = 22T, (z) — T () . (B.7)

The n'" degree Chebyshev polynomial is then given by:

CH(z;c1,09, ... 0) = To(x) + e1Ti(x) + eoTo(x) 4+ - - - + ¢, Ty () . (B.8)

B.5 Double-sided Crystal Ball function
The double-sided Crystal Ball function is defined as:

A (BL - %)%L for =£ < —ag

202

Ap (BR+3”;—“)7nR for =£ > ap

DSCB(z; p, 0, ap,np, ar,ng) = N < exp (—M> for —ap<*=F<agr

(B.9)
where 1 and o are the mean and width of the Gaussian core, and N is a normali-
sation constant. The constants A, By, and Agr, Bg are chosen such that both the
function and its first derivative are continuous at the break points.

B.6 Crystal Ball function

The Crystal Ball function is defined as:

A(B-59™ for £ < 0
DSCB(x; p, 0,,n) = N { exp (—%) for |=H| <a (B.10)
AB+EE)T for T >0
where p and o are the mean and width of the Gaussian core, and N is a normal-

isation constant. The constants A and B are chosen such that both the function
and its first derivative are continuous at the break points.
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B.7 Argus function

The Argus function is defined as:

2 2
Argus(z;xg,¢) =N -z -4/1 — (£> exp [c-y/1— <£> , (B.11)

where ¢ is the Argus shape parameter and xz is the cutoff of the distribution,
corresponding to the beam energy, and /N is a normalisation constant.

B.8 Maximum Likelihood Fit

The method of maximum likelihood is a standard statistical technique used to

estimate parameters of a probability distribution given a set of observed data.
Suppose a dataset consists of N independent observations xy, xs, ..., zy, each

described by a Probability Density Function (PDF) P(z;6) that depends on a set

of parameters d. The likelihood function is defined as:

N
5:1‘[ (24 0) (B.12)

which represents the probability of observing the data sample given the model
parameters. The principle of maximum likelihood states that the best estimates

of § are those that maximize E(@), or equivalently minimize the negative log-
likelihood (NLL):

—2InL(f) = —2211173 z::0) . (B.13)

In cases where the total number of events is also a parameter of interest, the
extended likelihood formalism is employed. In this case, the likelihood includes a
Poisson term describing the probability of observing N events given the expected
number A:

ANV X

Nl
i=1

—

Lext(0,0) = e P(x;;0) . (B.14)
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Appendix C

Flavor Tagger and decay time
resolution calibration

C.1 Fit to the background-subtracted At distribu-
tion of 1ab™! of fully simulated data
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Figure C.1: Fit of the background-free At distribution of 1ab™! of fully simulated
data projected in the first r-bin for the case where the flavor of the B mesons in the
event is the same (a) and opposite (b) at the time of their decay. The asymmetry
between same-flavor (SF) and opposite-flavor (OF) events is also shown in (c).
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Figure C.2: Fit of the background-free At distribution of 1ab™" of fully simulated
data projected in the second r-bin for the case where the flavor of the B mesons
in the event is the same (a) and opposite (b) at the time of their decay. The
asymmetry between same-flavor (SF) and opposite-flavor (OF) events is also shown

in (c).
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Figure C.3: Fit of the background-free At distribution of 1ab™! of fully simulated
data projected in the third r-bin for the case where the flavor of the B mesons in the
event is the same (a) and opposite (b) at the time of their decay. The asymmetry
between same-flavor (SF) and opposite-flavor (OF) events is also shown in (c).
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Figure C.4: Fit of the background-free At distribution of 1ab™" of fully simulated
data projected in the fourth r-bin for the case where the flavor of the B mesons
in the event is the same (a) and opposite (b) at the time of their decay. The
asymmetry between same-flavor (SF) and opposite-flavor (OF) events is also shown
in (c).
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Figure C.5: Fit of the background-free At distribution of 1ab™! of fully simulated
data projected in the fifth r-bin for the case where the flavor of the B mesons in the
event is the same (a) and opposite (b) at the time of their decay. The asymmetry
between same-flavor (SF) and opposite-flavor (OF) events is also shown in (c).
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Figure C.6: Fit of the background-free At distribution of 1ab™" of fully simulated
data projected in the sixth r-bin for the case where the flavor of the B mesons in the
event is the same (a) and opposite (b) at the time of their decay. The asymmetry
between same-flavor (SF) and opposite-flavor (OF) events is also shown in (c).
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Appendix D

Time-dependent CP asymmetry
measurement

D.1 Signal-side B vertex reconstruction
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Figure D.1: (a) At and (b) At residual distribution of signal MC candidates where
the position of the By, vertex was determined with or without considering the pion
tracks coming from the KQ.
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D.2 BDT input variable distributions for signal
and background events
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Figure D.2: Distributions of the input variables of the continuum suppression BDT
for true signal and continuum background events in simulation.
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Figure D.4: Variable importance for the BDT classifier.
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D.3 Correlations of fit variables
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Figure D.5: Pair-wise correlations between fit variables for true signal events in
simulation. The numbers quoted for the correlations are the Pearson correlation
coefficients.
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Figure D.7: Pair-wise correlations between fit variables for BB background events
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D.4 (P fit of SCF and BB backgrounds
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Figure D.9: Projections of the fit to the At distribution of simulated SCF back-
ground events to extract the CP parameters S and C together with the corre-
sponding CP asymmetry in all Flavor Tagging r-bins (left) and in the last r-bin

(right).
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D.5 Dalitz plane plots

400 |

200 |

Jandidates

(

ﬂ«fj{gﬁ— [G eV/cQ]

0.5 1.0 1.5 2.0
ﬂ'j!rlr{gﬁ+ [GBV/CQ]

Figure D.11: Distribution of simulated events across the Kg 77 — K2 7~ Dalitz
plane in a signal-enhanced region with [AE| < 0.1 GeV and M, > 5.27 GeV/c?
found in the generic MC sample.
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Figure D.12: Distribution of events across the K% 7t — K2 7~ Dalitz plane in a
signal-enhanced region with |[AE| < 0.1 GeV and M, > 5.27 GeV/c? found in
the Belle IT dataset.
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D.6 Dalitz plane shapes
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D.7 Ensemble test figures
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Figure D.17: Distribution of the fit pull, fit estimate and fit error for (a) S, (b) C,
(c) ST and (d) S, (€) Nsig-tike:s () Np5 g (8) Nogbig and (h) B lifetime for input
(S,C) = (—0.6,0.0). In the fit estimate plots, the red vertical line denotes the true
value of the parameter and the blue line denotes the mean of the distribution.
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Figure D.18: Distribution of the fit pull, fit estimate and fit error for (a) S, (b) C,

(c) S*and (d) S, (e) Nsg-tikes (f) Np5 e (8)

N,

abkg and (h) B lifetime for input

(S,C) = (—=0.4,0.0). In the fit estimate plots, the red vertical line denotes the true
value of the parameter and the blue line denotes the mean of the distribution.
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Figure D.20: Distribution of the fit pull, fit estimate and fit error for (a) S, (b)
C, (¢) ST and (d) S, () Neg-tike, (f) Npziig: (8) Negvkg and (h) B° lifetime for
input (S,C') = (0.0,0.0). In the fit estimate plots, the red vertical line denotes the
true value of the parameter and the blue line denotes the mean of the distribution.
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Figure D.21: Distribution of the fit pull, fit estimate and fit error for (a) S, (b)
C, (¢) S* and (d) S, (e) Neg-tike, (f) Npziug: (8) Negvkg and (h) B° lifetime for
input (S, C) = (0.2,0.0). In the fit estimate plots, the red vertical line denotes the
true value of the parameter and the blue line denotes the mean of the distribution.
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Figure D.22: Distribution of the fit pull, fit estimate and fit error for (a) S, (b)
C, (¢) ST and (d) S, () Neg-tike, (f) Npziig: (8) Negvkg and (h) B° lifetime for
input (S,C') = (0.4,0.0). In the fit estimate plots, the red vertical line denotes the
true value of the parameter and the blue line denotes the mean of the distribution.
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Figure D.23: Distribution of the fit pull, fit estimate and fit error for (a) S, (b)
C, (¢) S* and (d) S, (e) Neg-tike, (f) Npziug: (8) Negvkg and (h) B° lifetime for
input (S, C) = (0.6,0.0). In the fit estimate plots, the red vertical line denotes the
true value of the parameter and the blue line denotes the mean of the distribution.
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D.8 Component shape comparison between signal

and control mode
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Figure D.24: Comparison of the (a) AE, (b) M. and (c) At distributions of
simulated signal events between the signal and control mode.
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Figure D.25: Comparison of the (a) AE, (b) M. and (c¢) At distributions of
simulated SCF background events between the signal and control mode.
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Figure D.26: Comparison of the (a) AE, (b) M. and (c) At distributions of
simulated BB background events between the signal and control mode.
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Figure D.27: Comparison of the (a) AE, (b) My and (c¢) At distributions of
simulated continuum background events between the signal and control mode.
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D.9 Control mode shape fits

. %10* Belle IT simulation % 10% Belle I simulation
= b Simulated Data ) 8F +  Simulated Data
5 — Tt =~ .
© 20 = — it
z ol
S o
= L5 =]
= S
£ 10 -~ i
-~ 5]
= 0.5 = 2r
= =
= 3
~ 0.0 e 0 ) L
5 5
= = of-
£ ° £
_5 1 1 | _5 1 1 1 = Y
—0.2 —0.1 0.0 0.1 0.2 5.20 5.22 5.24 5.26 5.28 5.30
AE [GeV] M, [GeV/c?]
%104 Belle IT simulation

t  Simulated Data
— Fit

Candidates / (0.5 ps)

Pull

—10 —5 0
Al [ps]

10

ot

Figure D.28: Fits of the (a) AE, (b) My and (c) At distributions of simulated
signal events for the control mode.
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Figure D.29: Fits of the (a) AE, (b) M. and (c¢) At distributions of simulated
SCF background events for the control mode.
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Figure D.30: Fits of the (a) AE, (b) My and (c) At distributions of simulated
BB background events for the control mode. For AE and M), the projections of
the 2D KDE are shown.
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Figure D.31: Fits of the (a) AE, (b) M. and (c) At distributions of simulated
continuum background events for the control mode.
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D.10 Comparison between toy and generic MC dis-
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Figure D.32: Comparison between toy MC and generic MC distributions of (a)
AE, (b) M,. and (c) At.
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Résumé en Francais

Cette thése présente les recherches que j’ai menées pendant trois ans dans le cadre
de l'expérience Belle II, une collaboration internationale réunissant plus de 1000
physiciens. Mes travaux ont porté sur la mesure de 'asymétrie CP en fonction
du temps dans les désintégrations B® — K2 77~ a I'aide de ’ensemble de don-
nées 365 fb~' collectées par Belle II. De plus, j’ai calibré les paramétres du Flavor
Tagger et de la fonction de résolution sur At, deux outils essentiels utilisés dans
I’analyse en fonction du temps et largement utilisés dans le cadre de cette collabo-
ration. Enfin, j’ai mené une étude visant a évaluer les performances physiques de la
mise a niveau prévue du détecteur de vertex Belle II, sur la base de désintégrations
B® - K2 nt7~~ simulées.

L’expérience Belle 11

L’expérience Belle II est menée a 'accélérateur SuperKEKB a Tsukuba, au Japon,
ol des collisions a haute luminosité se produisent entre des électrons et des positons
d’énergies asymétriques proches de la résonance 1(4S) (voir Figure D.33). A
cette énergie, des paires de mésons neutres et chargés B sont créés dans un état
quantique cohérent. L’utilisation d’énergies de faisceaux asymétriques, 7 GeV pour
les électrons et 4 GeV pour les positons, entraine une accélération du systéme 7°(4.5)
dans la direction du faisceau d’électrons. Cette accélération est cruciale pour les
études de violation de CP en fonction du temps, car elle permet de déduire la
différence entre les temps de désintégration At entre les deux mésons B & partir
de la séparation spatiale de leurs points de désintégration le long de la direction
du boost.

Le détecteur Belle II est un spectromeétre a grand angle solide entourant le point
d’interaction, composé de plusieurs sous-détecteurs optimisés pour le vertexing, le
suivi et I'identification précise des particules (voir figure D.33). Le plus proche du
point d’interaction se trouve le détecteur de vertex (VXD), composé d’un détecteur
a pixels (PXD) et d’un détecteur a pistes de silicium (SVD). Ceux-ci fournissent
le suivi précis et la résolution de vertex nécessaires pour reconstruire les positions
de désintégration des particules a courte durée de vie telles que le méson B° et le
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K2, qui sont essentielles pour mesurer avec précision At.

A Textérieur du détecteur de vertex se trouve la chambre & dérive centrale
(CDC), qui mesure les impulsions des particules chargées et offre une excellente
résolution pour la reconstruction des trajectoires sur un grand volume. La CDC
contribue également & 'identification des particules grace & des mesures de perte
d’énergie par ionisation. La CDC est entourée de systemes dédiés a I'identification
des particules : le détecteur TOP (Time-Of-Propagation) dans la région du baril
et le détecteur ARICH (Aerogel Ring Imaging Cherenkov) dans la partie avant.
Ensemble, ces systémes permettent une séparation efficace des kaons et des pions,
ce qui est une condition essentielle pour I’étiquetage de la saveur dans les analyses
dépendantes du temps.

Au-dela des systémes d’identification des particules, le calorimétre électromag-
nétique (ECL) constitué de cristaux CsI(T1) détecte les photons et les électrons
avec une grande efficacité et une haute résolution énergétique. Cela est partic-
uliéerement important pour la reconstruction des désintégrations radiatives du B
telles que B® — K9 7w, ot un photon hautement énergétique est présent dans
I’état final. Le sous-détecteur le plus externe est le détecteur K9 et muon (KLM),
qui identifie les muons et détecte les kaons neutres & longue durée de vie, four-
nissant ainsi des informations supplémentaires d’identification et de suppression
du bruit de fond.

ECL Solenoid

TOP + ARICH

§@ | electron-positron
injector linac

(a)

Figure D.33: Vues schématiques (a) de 'accélérateur SuperKEKB et (b) du dé-
tecteur Belle II.

Compte tenu des conditions exigeantes prévues pour la luminosité nominale
du SuperKEKB, une attention particuliére a été accordée au maintien des perfor-
mances du systéme de tracking interne. Cela a motivé une étude spécifique de
la mise a niveau prévue du détecteur de vertex, dont les performances physiques
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attendues sont résumeées dans la section suivante.

Etude de performance du VTX

Les performances du futur détecteur de vertex (VIX) ont été évaluées a I'aide de
désintégrations B — K2 w77~ simulées. Ce mode constitue un excellent critére
de référence pour évaluer les performances du détecteur de vertex, car il permet
de tester simultanément la reconstruction des vertex déplacés a partir des mésons
K? et la précision du vertex de désintégration du B°, qui a un impact direct
sur la résolution sur At essentielle pour les mesures d’asymétrie CP dépendantes
du temps. L’étude visait & quantifier les performances physiques attendues du
détecteur amélioré par rapport au VXD actuel, en se concentrant sur 'efficacité
de la reconstruction et la résolution sur le vertex de désintégration.

La conception VTX remplace les détecteurs PXD et SVD par un seul détecteur
entierement pixellisé basé sur des capteurs CMOS monolithiques. Son objectif
est de maintenir ou d’améliorer les performances physiques de Belle II dans les
conditions d’occupation et de rayonnement nettement plus élevées attendues suite
a l'augmentation de la luminosité du SuperKEKB. La géométrie envisagée au
moment de I’étude comprenait cing couches de détection dont les rayons variaient
entre environ 14 mm et 140 mm, assurant une couverture de suivi continue depuis
le tube a faisceau vers l'extérieur. Deux configurations ont été évaluées : une
géométrie nominale a cing couches et une configuration alternative dans laquelle
la troisiéme couche était décalée de 30 mm vers I'extérieur. Cette modification était
motivée par le désir d’améliorer l'efficacité de la reconstruction du K2, car le rayon
de désintégration typique de K2 — 77~ est de plusieurs centimétres, souvent au-
dela des couches les plus internes du détecteur. En augmentant 1’espacement entre
les troisiéme et quatriéme couches, la probabilité que les deux traces de pions
produisent trois impacts ou plus dans le détecteur de vertex est accrue, ce qui
conduit & une efficacité de reconstruction plus élevée pour ces vertex déplacés
(voir la figure D.34).

Des échantillons Monte Carlo d’événements B® — K2 w77~ ont été générés
pour chaque géométrie, et la simulation Belle IT compléte et la chaine de reconstruc-
tion ont été appliquées a l'aide du framework BASF2. Pour chaque événement, la
désintégration du méson B coté signal a été reconstruite, et les ajustements de ver-
tex ont été effectués a I'aide de I'algorithme standard Belle II TREEFITTER. Trois
niveaux différents de bruit induit par le faisceau ont été superposés, correspondant
a des scénarios optimiste, intermédiaire et pessimiste pour un fonctionnement a la
luminosité nominale du SuperKEKB de 6 x 10%° cm™2s™ .

Les résultats ont montré une nette amélioration de l'efficacité globale de re-
construction du BY pour les géométries VIX améliorées, principalement grace
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Figure D.34: Illustration de 'amélioration attendue de l'efficacité de reconstruc-
tion du K2 grace au déplacement vers l'extérieur de la troisiéme couche VTX. A
gauche : géométrie VI'X nominale. A droite : géométrie VI'X alternative.

& de meilleures performances de reconstruction du K9. Le tableau D.1 résume
lefficacité de reconstruction de la chaine compléte de désintégration du B° dans
chacune des conditions de fond induites par le faisceau pour chacune des géométries
du détecteur de vertex. Dans le scénario pessimiste de fond induit par le faisceau,
la configuration VTX alternative apporte une amélioration relative d’environ 10%
par rapport au VXD actuel. Cette amélioration est conforme aux attentes liées
a la couverture spatiale accrue pour les désintégrations du K2 et a la granularité
plus élevée des capteurs de pixels.

Efficacité de reconstruction (%)

Géométrie

Optimiste

Intermédiaire

Pessimiste

VXD
VTX nominal
VTX alternatif

36.636 £ 0.068
33.970 £ 0.067
35.904 £ 0.068

32.127 £ 0.066
29.972 £ 0.065
31.940 £ 0.066

21.571 £ 0.058
21.039 £ 0.058
23.020 £+ 0.060

Table D.1: Efficacité de reconstruction de B® — K37 7~ pour chacune des trois
géométries de détecteur de vertex dans trois scénarios différents de fond induit par
le faisceau.

Au-dela de Iefficacité de la reconstruction, I’étude a également examiné I'impact
de la mise & niveau sur la résolution sur At, qui est un aspect crucial des mesures
d’asymétrie CP dépendantes du temps, ayant un impact direct sur la sensibilité
aux observables violant CP. La figure D.35 montre la largeur centrale de la résolu-
tion sur At pour chacune des trois géométries en fonction du niveau de fond induit
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par le faisceau. Les résultats indiquent que les géométries VI'X offrent une réso-
lution comparable ou légérement améliorée par rapport au détecteur actuel dans
toutes les conditions, malgré un environnement de fond plus difficile. De plus, le
déplacement vers 'extérieur de la troisieme couche dans la géométrie alternative
ne dégrade pas significativement la résolution, ce qui confirme que ’amélioration
de Tefficacité de reconstruction du K2 peut étre obtenue sans compromettre la
résolution du vertex de désintégration.

At resolutions per background scenario

+ VXD
B VTX 5 layer

131 & VTX5layer L3 mod

= =
= [N
L I
[
—_——

At reselution [ps]
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Figure D.35: Indicateurs de résolution sur At pour chaque géométrie de détecteur
de vertex dans les trois scénarios de bruit induit par le faisceau.

Dans I’ensemble, les résultats démontrent que la mise a niveau VI'X permet de
maintenir, voire d’améliorer a certains égards, les performances de détection des
vertex du détecteur Belle II, méme dans les conditions plus exigeantes attendues a
la luminosité nominale du SuperKEKB. Les conclusions de cette étude ont joué un
role clé dans I’élaboration des considérations de conception du détecteur de vertex
de nouvelle génération et ont été incluses dans les études de performance physique
présentées dans le rapport de conception conceptuelle du cadre de mise & niveau
du détecteur Belle IT [98].

Calibrage du Flavor Tagger et de la fonction de ré-
solution sur At
Les mesures de la violation de CP en fonction du temps a Belle IT reposent essen-

tiellement sur la détermination de la saveur du méson B coté signal au moment
de sa désintégration. Cela est réalisé grace I'étiquetage de la saveur, qui consiste



RESUME EN FRANCAIS 309

a déduire la saveur du méson B coté tag (Bi.g) & partir des informations issues
de ses produits de désintégration reconstruits. Au niveau de la résonance 1°(45),
les deux mésons neutres B sont produits dans un état quantique intriqué, de sorte
que l'identification de la saveur de By,, au moment de sa désintégration permet de
déterminer directement la saveur du méson B coté signal (Bsjg) au méme moment.
Une étiquetage de la saveur précis et efficace est donc 'un des éléments les plus
importants pour mesurer les asymétries CP et les paramétres de mélange.

Jusqu’en 2023, Belle II utilisait un Flavor Tagger basé sur les catégories, un
algorithme d’apprentissage automatique fondé sur une série d’arbres de décision
boostés qui classait les événements dans 'une des 13 catégories reflétant différentes
signatures de saveur, telles que la charge des leptons a haute impulsion ou des kaons
dans la désintégration By,,. Chaque événement se voit attribuer une prédiction de
saveur ¢ = £1 et une valeur de confiance r € [0, 1], dont le produit, ¢-r, quantifie &
la fois la saveur prédite et la fiabilité de ’étiquetage. La distribution de la réponse
du Flavor Tagger est généralement divisée en sept classes r de pureté croissante, et
la performance globale de I'algorithme est exprimée en termes d’efficacité effective
de I’étiquetage :

Etag = Zfi(l —w;)?, (D.1)
7
ol ¢; désigne la fraction d’événements dans le i-iéme intervalle r et w; la probabilité
de I'étiquetage erroné correspondante. Le Flavor Tagger basé sur les catégories a
atteint une efficacité effective de 'étiquetage de (31.68 £ 0.45)%.

Une avancée majeure a été réalisée avec le développement d'un nouvel algo-
rithme d’étiquetage de la saveur, basé sur un réseau de neurones en graphes (GNN),
appelé GFlaT. En codant les relations géométriques et cinématiques entre les partic-
ules de I'état final dans la désintégration du Bi,e, GF1aT dépasse les performances
limites de la méthode basée sur les catégories. La figure D.36 montre une compara-
ison entre la distribution ¢ - r du Flavor Tagger basé sur les catégories et celle de
GF1aT pour des événements de signal simulés, démontrant que I’approche basée sur
le GNN produit une meilleure séparation entre les vrais mésons B et B°. Cette
amélioration est particulierement prononcée dans les cas ou la désintégration du
B coté tag ne contient pas de signature de saveur claire, démontrant ainsi la ca-
pacité du Flavor Tagger basé sur GNN a récupérer des informations auparavant
inaccessibles.

Les performances de GFlaT ont été évaluées a 'aide de 365 fb™' de données
Belle II collectées lors de la série de mesures Run 1. La procédure de calibration
repose sur la reconstruction des désintégrations auto-étiquetées, B® — D —gt,
qui déterminent sans ambiguité la saveur réelle du Bgg. Ces désintégrations per-
mettent une comparaison directe entre les prédictions de 'algorithme et la réalité
des données. Aprés avoir reconstruit les candidats de signal et supprimé le bruit
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Figure D.36: Comparaison entre la distribution ¢ - du Flavor Tagger basé sur les
catégories et celle de GFlaT pour des événements de signaux simulés. La distri-
bution est divisée selon que le By, dans I'événement est un B (rouge) ou un B°
(bleu).

de fond continu a I’aide de variables de forme d’événement, les efficacités pour le
signal et du bruit de fond ont été déterminées a partir d’ajustements de la distri-
bution de AFE. La figure D.37 montre I'ajustement aux données dans les régions
du signal et de la bande latérale.

Le résultat de 'ajustement de AFE est ensuite utilisé pour soustraire statis-
tiquement le bruit de fond de la distribution de At a l'aide de la méthode sPlot.
Les fractions de mauvaises étiquetages et les asymétries de mauvaises étiquetages
dans chaque bin r sont ensuite extraites en ajustant simultanément la distribution
de At dont le bruit de fond & été soustrait, pour chaque bin et chaque configuration
de saveur. Les ajustements ont été effectués a ’aide d’'une méthode de maximum
de vraisemblance non binée utilisant la fonction décrivant 1’oscillation convoluée
avec la fonction de résolution sur At, qui est utilisée pour modéliser la résolu-
tion du détecteur dans la détermination de At. Parallélement aux parameétres du
Flavor Tagger, les paramétres de la fonction de résolution sur At ont également
été déterminés selon la méme procédure. La figure D.38 montre la projection de
I’ajustement dans le bin r de la plus haute qualité de prediction, o le comporte-
ment oscillatoire entre les événements de saveur opposée (B° B°) et de saveur
identique (B B° ou B® BY) est le plus clairement visible. L’étalonnage a démon-
tré que les fractions de les étiquetages erronées dans les données sont systéma-



RESUME EN FRANCAIS 311

tiquement plus importantes que dans la simulation, soulignant la nécessité d’une
détermination basée sur les données.

A partir de ces ajustements, Uefficacité effective de 1’étiquetage dans les données
a été déterminée comme suit :

Etag = (37.40 £ 0.43 + 0.36)% , (D.2)

ou la premiére incertitude est statistique et la seconde systématique. La com-
posante systématique tient compte d’effets tels que 'alignement du détecteur,
I’étalonnage du spot du faisceau, la modélisation des distributions de AFE et les
incertitudes liées a la fonction de résolution, bien que son ampleur totale reste
secondaire par rapport a l'erreur statistique.

L’amélioration par rapport a I’algorithme basé sur les catégories est significa-
tive : GFlaT permet un gain relatif de 18% en termes d’efficacité d’étiquetage.
Cela se traduit directement par une sensibilité accrue pour toutes les mesures de
violation de C'P dépendantes du temps, puisque la précision statistique est pro-
portionnelle &  /E,,. Les premieres applications démontrent déja ce gain : dans le
“canal en or” BY — J/ip K9, la précision des paramétres de CP S et C' s’améliore
respectivement de 8 % et 7 % par rapport a ce qui aurait été possible avec I’ancien
algorithme d’équitage [100].

En conclusion, I’étalonnage du Flavor Tagger basé sur le GNN et de la fonction
de résolution sur At a démontré la supériorité du premier dans les données réelles
et a fourni a la collaboration un ensemble fiable de paramétres & utiliser dans
toutes les analyses de violation de CP.
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Figure D.38: Ajustement de la distribution de At aprés soustraction du bruit
de fond dans le bin r de plus haute qualité de I'étiquetage pour 365 fb~' de
données, montrant (a) les événements de méme saveur, (b) les événements de
saveurs opposées et (c) 'asymétrie entre eux.
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Mesure de ’asymétrie CP en fonction du temps dans
les désintégrations B — KY w1y

Les processus radiatifs a courant neutre changeant la saveur (FCNC) tels que
b — sv sont fortement supprimés au niveau de ’arbre dans le Modéle standard
(MS) et se déroulent wvia des diagrammes pingouin électrofaibles au niveau de
la boucle. Ces transitions sont particuliérement sensibles & la nouvelle physique
(NP), car les particules virtuelles au-dela du MS peuvent contribuer & la boucle
et modifier I'hélicité du photon. Dans le MS, le photon émis est principalement
gaucher dans les désintégrations de b (et droitier dans les désintégrations de b),
avec seulement des petites corrections provenant des masses des quarks légers. Par
conséquent, la mesure de la polarisation du photon dans les transitions b — sv
fournit un test unique du MS et un moyen de contraindre les courants droitiers
prédits dans plusieurs scénarios de NP.

Une sonde puissante de la polarisation des photons est I’asymétrie C'P en fonc-
tion du temps dans les désintégrations telles que B — Ko 77~ v. Cette désinté-
gration se produit via la transition radiative b — sy et se caractérise par un état
final qui comprend un K3, une paire de pions chargés et un photon. Dans le MS, la
suppression de ’amplitude droite conduit & une faible asymétrie C'P. Cependant,
les contributions de NP peuvent renforcer cette asymétrie par des modifications
de la polarisation des photons. L’asymétrie CP en fonction du temps est définie
comme suit :

I (E()(At) — Kg 7T+7r_'y) —T'(BY(At) — Kg atn™y)
T (BY(At) = K m+m—) + T (BY(At) — K9 wtm—r)
= Ssin(AmgAt) — C cos(AmyAt) . (D.3)

ACP(At) =

Ici, S et C représentent les observables violant la symétrie CP : S résulte
de linterférence entre le mélange et la désintégration, tandis que C' quantifie la
violation directe de la symétrie CP.

Une innovation de cette analyse est I'utilisation du plan de Dalitz K2+t — K27~
pour définir deux nouvelles observables, ST et S™, qui améliorent la sensibilité a
la polarisation des photons. Comme lillustre la figure D.39, le plan de Dalitz est

divisé par la bissectrice mi(gﬁ L= migr en deux régions désignées I et I. Les
paramétres de CP correspondants dans chaque moitié du plan de Dalitz, ST et S,

sont combinés en :

St=5"+57, (D.4)
S-=5"—g. (D.5)
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Ces observables peuvent étre combinées avec les résultats d’une analyse en ampli-
tudes du mode partenaire d’isospin, B* — K77+, afin d'imposer de nouvelles
contraintes sur les parties réelles et imaginaires du rapport des coefficients de Wil-
son C%/C7, qui codifie les contributions des courants droits et gauches [27].
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Figure D.39: Tllustration représentant le plan de Dalitz K3 7™ — Ko 7~. La bissec-
trice migﬂ L= mi{gﬂ_ divise le plan en deux moitiés et les paramétres mesurés S™
et S sont des combinaisons linéaires des paramétres S mesurés simultanément
dans les deux moitiés.

La mesure est effectuée a1’aide de 365 fb~! de données Belle II. Les candidats de
signal B® — K2 "7~ sont reconstruits en combinant un K3 — 77~ avec deux
pions supplémentaires de charges opposées et un photon. Le bruit de fond continu
provenant des processus ete” — g a été supprimé a 'aide d’un arbre de décision
boosté multivarié (BDT) entrainé sur des variables de forme d’événement. La
saveur du By, dans chaque événement a été déterminée a 'aide du Flavor Tagger
basé sur GNN, GFlaT, ce qui a permis d’améliorer la sensibilité des paramétres de
CP mesurés, comme indiqué précédemment.

Le rendement du signal et les paramétres de CP ont été extraits en utilisant
une méthode de maximum de vraisemblance non binnée avec trois variables : la
différence d’énergie AFE, la masse contrainte par le faisceau M, et la différence
entre les temps de désintégration At. Les formes du signal et du bruit de fond ont
été déterminées a partir d'une simulation. La figure D.40 montre les projections
de I'ajustement 3D sur chacune des trois observables. Dans le bin r de plus haute
pureté (0.875 < r < 1) de l'étiquetage de la saveur, des oscillations claires entre
les désintégrations BY et B° sont visibles dans les distributions de At, comme le
montre la figure D.41.
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Figure D.41: Ajustement de l’échantillon de données B® — K9 mt7— v projeté
sur At pour (a) les événements étiquetés comme B?, (b) les événements étiquetés
comme B et (c) tous les événements présentant une asymétrie associée entre les
événements étiquetés B? et B, dans une région enrichie en signal définie par
IAE| < 0.1 GV, My, > 5.27 GeV/c? et 0.875 < r < 1.
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Pour mesurer les observables ST, ’ensemble de données a été divisé selon le plan
de Dalitz comme décrit ci-dessus et l'ajustement 3D a été effectué simultanément
dans les régions I (ol m2, Ky > m2_ KO ) et I (la région complémentaire). Les
projections de 'ajustement sont présentées dans les figures D.42-D.45. Ces figures
montrent que la majeure partie de l'asymétrie CP induite par le mélange provient
de la région I, bien que les statistiques soient trés limitées.

Afin de garantir la robustesse de la stratégie d’ajustement et 'interprétation
statistique des résultats, plusieurs études de validation ont été menées. Elles ont
notamment consisté a générer et a ajuster des ensembles de données bootstrappées
avec des paramétres d’entrée connus afin d’évaluer la stabilité du modele ajusté
et de vérifier 'absence de biais. De légers biais ont été détectés dans les distribu-
tions des pulls des parameétres de CP ajustés, qui ont également été utilisés pour
confirmer que les incertitudes statistiques étaient correctement estimées. Ces biais
sont de l'ordre de ~ 30% de l'incertitude statistique.

Des ensembles de données Toy Monte Carlo générés a partir du modéle PDF
ont également été ajustés afin de vérifier si les biais observés avec la méthode
de bootstrapping étaient dis au modéle ajusté ou a une mauvaise modélisation
de certaines composantes de fond dans le Monte Carlo. Ce test semble indiquer
que le modéle ajusté en lui-méme n’entraine aucun biais significatif. Néanmoins,
une incertitude systématique a été attribuée afin de couvrir le biais d’ajustement
observé.

L’analyse compléte a également été réalisée avec un canal de controle, Bt —
K*rt7~~, qui présente une topologie similaire mais sans asymétrie CP en fonction
du temps, ce qui permet de tester directement I’ensemble de la stratégie d’analyse.
La reconstruction et la sélection du canal de contrdle ont été congues pour étre
aussi similaires que possible a celles du canal de signal afin de garantir une valida-
tion équitable de la stratégie d’ajustement. Comme prévu, aucune asymétrie C'P
significative n’a été observée dans le canal de controle.

Les incertitudes systématiques ont été évaluées pour toutes les sources perti-
nentes, incluant la modélisation des formes du signal et du bruit de fond, ’alignement
des détecteurs, les paramétres de la fonction de résolution sur At, ainsi que I'impact
des interférences du coté du By,s. Les contributions dominantes sont dues au bi-
ais d’ajustement et a la possible violation de CP dans le bruit de fond BB qui
n’est pas prise en compte dans ’ajustement. Cependant, dans tous les cas, les
incertitudes systématiques ne représentent qu'une petite fraction des incertitudes
statistiques.
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Figure D.42: Ajustement de ’échantillon de données B® — K3 77~ projeté sur
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Figure D.43: Ajustement de I'échantillon de données B® — K2 7wt7 v projeté
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Figure D.45: Ajustement de I'échantillon de données B® — K2 7wtm v projeté
sur At pour (a) les événements étiquetés comme B, (b) les événements étiquetés
comme B et (c) tous les événements présentant une asymeétrie associée entre B
et BY étiquetés dans la région de Dalitz I et dans une région enrichie en signal
définie par |AE] < 0.1 GeV, My, > 5.27 GeV/c? et 0.875 < r < 1.
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Les paramétres de CP obtenus sont les suivants :

C =-029+0.13+0.06, (D.6)
S = -0.36+0.16 +0.05, (D.7)
St =—0.724£0.31+0.12, (D.8)
S™ = 0.70 £ 0.30 + 0.05 , (D.9)

ou la premiére incertitude est statistique et la seconde systématique. Un léger écart
de T'ordre de 2.30 par rapport au MS est observé. Les résultats de Belle II ont
également été combinés avec une nouvelle mesure utilisant 1’ensemble complet des
données de Belle représentant a 711 fb™', selon une stratégie de mesure similaire.
Les valeurs combinées sont les suivantes :

C = —0.17+0.09 £ 0.04 , (D.10)
S =—02940.11+0.05, (D.11)
St = —0.57+0.23+0.10, (D.12)
ST = 0.31£0.24+0.05. (D.13)

Il s’agit des mesures les plus précises a ce jour de 'asymétrie CP en fonction du
temps dans les désintégrations B® — K2 nrm .

Conclusion et perspectives

Dans cette thése, une étude compléte de la violation de CP en fonction du temps
dans la désintégration rare B® — K3 w7~ est présentée, a partir de 365 fb~!
de données collectées par l'expérience Belle II. En tant que transition radiative
b — s, cette désintégration fournit un outil sensible pour étudier la physique au-
delad du Modéle standard grace a des modifications potentielles de la polarisation
des photons. Les paramétres ST et S, définis a I'aide du plan de Dalitz Ko7+ —
K2 m~, sont également mesurés pour la premiere fois. Ces observables pourront
étre utilisées ultérieurement en combinaison avec une analyse en amplitudes du
mode partenaire d’isospin pour imposer des contraintes sur le plan complexe des
coefficients de Wilson.

En paralléle, un travail d’étalonnage essentiel a été effectué afin de préparer les
algorithmes nécessaires a cette analyse et & d’autres. Les performances d’un nou-
veau Flavor Tagger basé sur des GNN, GF1aT, ont été évaluées a partir des données,
démontrant un gain relatif de 18 % en termes d’efficacité d’étiquetage par rapport
a l'algorithme précédent basé sur les catégories. Cela se traduit directement par
une sensibilité accrue pour toutes les analyses dépendantes du temps a Belle II.
Les paramétres de la fonction de résolution sur At ont également été calibrés selon
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la méme procédure, garantissant une modélisation précise de la résolution sur les
temps de désintégration mesurés par le détecteur.

Une étude dédiée aux performances de la future mise a niveau du détecteur
de vertex Belle II, VTX, a également été réalisée. A 1'aide de désintégrations
B — K2 ntm v simulées, étude a évalué Defficacité de la reconstruction et
la résolution sur At dans diverses conditions de fond induit par le faisceau pour
différentes géométries VI'X. Les résultats montrent que ’amélioration du détecteur
de vertex proposée permet une meilleure efficacité de reconstruction des KSO sans
dégrader la résolution sur le vertex, en particulier dans I'option avec une troisiéme
couche déplacée. Ces résultats ont contribué au document décrivant la conception
du VTX et montrent que 'amélioration du détecteur de vertex améliorera les
précisions des mesures de physique.

Les résultats présentés dans cette thése constituent une avancée significative
vers des analyses plus sensibles & 'avenir. A mesure que Belle II collecte des
ensembles de données de plus en plus volumineux et bénéficie de I’amélioration
des performances des détecteurs, le potentiel d’observation des écarts par rapport
aux prédictions du Modeéle standard continuera de croitre. De plus, ’analyse future
de I'amplitude du mode partenaire d’isospin permettra de traduire la mesure de
I'asymétrie CP en fonction du temps dans les désintégrations B® — K3 77~ en
contraintes significatives sur les modéles de nouvelle physique.
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Measurement of the time—dependent CP asymmetry in
B — Klnt7 v decays in the Belle IT experiment

Résumé

Cette thése présente trois études interconnectées au sein de 'expérience Belle II. Premiérement, la
performance expérimentale du futur détecteur de vertex VIT'X est évaluée a l’aide de désintégrations
simulées BY — K9 777~ v; une géométrie enticrement pixellisée & 5 couches améliore la résolution
sur les vertex par rapport a la conception actuelle & 6 couches et reste robuste face aux bruits
de fond induits par les faisceaux a trés haute luminosité instantanée. Deuxiémement, le Flavor
Tagger de Belle II et les paramétres de la fonction de résolution en At sont calibrés en utilisant
directement les données. Le nouveau Flavor Tagger basé sur des GNN montre une amélioration
de 18% de la performance d’étiquetage. Enfin, 'asymétrie CP dépendante du temps dans les
désintégrations B — K3 777 est mesurée a laide de 365 fb~! de données du Run 1, résultant
en les paramétres de CP C = —0.294+0.134+0.06 et S = —0.36£0.16£0.05, ainsi que les premiéres
déterminations des observables ST = —0.72+0.31+0.12 et S~ = 0.70 £0.30 £ 0.05. Ces résultats
permettront de contraindre d’éventuelles contributions de physique au-dela du Modéle Standard
dans les transitions b — s7.

Mots-clés: Belle 11, SuperKEKB, VTX, Flavor Tagging, GNN, Physique des Particules, Modéle
Standard, mésons B, violation de CP, transitions b — sy, Nouvelle Physique

Résumé en anglais

This thesis presents three interconnected studies within Belle II. First, the physics performance
of the future VTX vertex detector is evaluated using simulated B® — K2 777~ decays; a
fully pixelated 5-layer geometry improves the decay vertex resolution compared to the cur-
rent 6-layer design and remains robust against beam-induced backgrounds at high instanta-
neous luminosity. Second, the Belle II Flavor Tagger and At Resolution Function parameters
are calibrated using data-driven methods, with the newly developed GNN-based Flavor Tag-
ger achieving an 18% improvement in tagging performance. Finally, the time-dependent CP
asymmetry in B® — K% 7777y decays is measured using 365 fb™' of Run 1 data, yielding
C =-029+0.13£0.06 and S = —0.36 & 0.16 4 0.05, together with the first determinations
of the observables ST = —0.72£0.31 £0.12 and S~ = 0.70 &= 0.30 & 0.05. These results will allow
to constrain possible contributions in b — s transitions from physics beyond the Standard Model.

Keywords: Belle I1, SuperKEKB, VTX, Flavor Tagging, GNN, Particle Physics, Standard Model,
B mesons, CP violation, b — s transitions, New Physics
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