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Abstract

We present measurements of branching fractions and direct CP asymmetries for
Bt — K%t B* — K™r% and BT — 7"7” decays. The analysis uses a data
sample containing 387 million bottom-antibottom meson pairs produced in e*e™
collisions at the 7°(45) resonance by the SuperKEKB collider and recorded with

the Belle IT detector. The measured branching fractions are:

Bt — K%t : (24.37 + 0.71 £ 0.86)x 1075,
BT — K™x%:(13.93 £ 0.38 £ 0.71)x107%, and
Bt — 0 (5.10 £ 0.29 + 0.27)x 1075,

The corresponding direct CP asymmetries are:

BT — K%t : 0.046 4 0.029 4 0.007,
BT — K*t7%: 0.013 £ 0.027 4+ 0.005, and
BT — 7mx% :-0.081 + 0.054 + 0.008,

where the first uncertainties are statistical and the second are systematic.
To test the standard model, we combine our results with Belle IT measurements
for B® - K*7~ and B° — K°1° conducted on the same data set to evaluate an

isospin-based sum rule. We find

—0.03 £0.13 £0.04

for the sum rule, consistent with the standard model expectation of zero.
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Zusammenfassung

Wir prasentieren Messungen des Verzweigungsverhéltnisses und des CP-verletzenden
Parameters fiir BY — K%, Bt — K*7% und BT — nt7" Zerfille. Die Anal-
yse nutzt einen Datensatz, der 387 Millionen Bottom-Antibottom-Mesonenpaare
enthélt, die in e*e™-Kollisionen an der 7°(45)-Resonanz vom SuperKEKB Beschle-
uniger erzeugt und vom Belle II Detektor aufgezeichnet wurden. Die gemessenen

Verzweigungsverhaltnisse sind:

BY = K°%* : (24.37 £ 0.71 £ 0.86)x 105,
BT — K*x%: (13.93 4 0.38 £ 0.71)x107%, und
BY s ata® ¢ (510 £ 0.29 % 0.27)x 107,

Die entsprechenden CP-verletzenden Parameter sind:

Bt — K%t : 0.046 & 0.029 + 0.007,
Bt — K*7%: 0.013 4+ 0.027 £ 0.005, und
Bt — 770 1 -0.081 4+ 0.054 + 0.008,

wobei die erste Unsicherheit die statistische und die zweite die systematische
Unsicherheit angibt.

Um das Standardmodel zu testen, berechnen wir eine auf Isospin-Symmetrie
basierende Summenregel mit unseren Ergebnissen und den Resultaten weitere

Belle II Messungen fiir B — K™7~ und B — K% Zerfillen, die mit dem

gleichen Datensatz durchgefithrt wurden. Wir erhalten

—0.03 £0.13£0.04

fiir die Summenregel. Das Ergebnis stimmt dem dem Erwartungswert des

Standardmodell von Null iiberein.
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Chapter 1
Introduction

The standard model of particle physics (SM) was completed in 2012 with the dis-
covery of the Higgs boson by the ATLAS and CMS experiments. It is a remarkably
successful theory. In its minimal form, the SM describes the fundamental parti-
cles and their interactions using only 19 free parameter. Its predictions have been
tested in thousands of measurements with precision reaching better than one part

in a trillion.

Despite these successes, the SM is known to be incomplete. For example, it
does not incorporate the gravitational interaction, nor does it provide a viable
candidate for dark matter. Furthermore, it offers no explanation for the matter-
antimatter asymmetry observed in the universe. These shortcomings motivate
searches for physics beyond the SM. A especially fruitful approach are indirect

searches in the flavor sector.

The B-factory experiments BABAR at SLAC in the United States and Belle at
KEK in Japan were constructed to test the Cabibbo-Kobayashi-Maskawa (CKM)
structure of the universe. Their measurement of time-dependent CP violation in
B — J/p K? decays established the validity of the CKM description. Kobayashi
and Maskawa earned the Nobel prize for their prediction in 2008. Yet, many open
questions remain. The amount of CP violation predicted by the SM is insufficient
to explain the mattter-antimatter asymmetry observed in the universe. Moreover,
several anomalies in measurements of B decays have been observed over the past

two decades, which may hint at contributions from physics beyond the SM.



1 Introduction

In this context, the Belle II experiment at KEK in Japan is the successor of
the original B-factories. Designed to integrate a data sample 50 times larger than
that of Belle, it will perform precision measurements of rare B decays. Belle 11
will either reveal deviations from the SM or place some of the most stringent
constraints to date on possible physics beyond the SM scenarios.

In this thesis, the branching fraction and direct CP asymmetries for Bt —
7T, Bt = K*t7% and BY — K%t decays will be measured. Unless otherwise
stated, charge conjugation is implied throughout this thesis. In these decays,
tree-level amplitudes are suppressed in the SM. Hence, they are sensitive to the
CKM structure in interference between tree- and loop-level amplitudes as well as
contributions from physics beyond the SM entering as virtual heavy particles in
the loop. Together with measurement for other B — 77 decays, the measurement
for BT — 770 allows the extraction of the CKM angle ¢ (). The measurement
for BT — K+7% and B* — K% allow to test the SM with an isospin based sum
rule when combined with measurements for other B — K7 decays.

This thesis is structured as follows: Chapter [2| gives a brief description of the
SM with an emphasis on flavor physics. Chapter [3| discusses the experimental
setup of the Belle IT detector and the SuperKEKB accelerator. Chapter [4] outlines
the reconstruction and analysis techniques to measure the branching fractions
and direct CP asymmetries. Chapter [5| summarizes the findings and provides an

outlook for future studies.



Chapter 2

Charmless Hadronic B Decays in
the Standard Model

2.1 The Standard Model of Particle Physics

The standard model of particle physics (SM) is an effective quantum field theory
describing the known particles and interactions (bar the gravitational interaction)
[1, 2, [8]. Historically, the SM emerged from efforts to incorporate special relativity
into quantum theory, which led to the framework of quantum field theory. It has
been experimentally tested to be valid up to an energy scale of O(1TeV). It is not
expected to remain valid at higher energies, where quantum gravity effects become
important, which are currently not incorporated in the SM. Hence, the SM is an
effective quantum field theory.

In quantum field theory, fields assign values to every point in spacetime. Parti-
cles arise as excitations of these fields, i.e., pertubations around the ground state.
Due to the quantized nature of the fields, only excitations fulfilling energy and mo-
mentum conditions are allowed. Hence, it is not possible to create an excitation
corresponding to, for example, half a particle.

The SM describes the interactions and dynamics of these quantum fields. Math-
ematically, this is achieved using the Lagrangian formalism, constrained by local
gauge symmetry under the group SU(3)¢ x SU(2) x U(1)y. Here, SU(3)¢ is the

unitary group describing the strong interaction and C' is the color charge. The
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2 Charmless Hadronic B Decays in the Standard Model

product of groups SU(2); x U(1)y describes the unification of weak and electro-
magnetic interaction, L stands for left, and Y for the weak hypercharge.

The mediators of the strong interaction are eight massless gauge bosons, called
gluons, which correspond to the generators of SU(3)c. The strong interaction
occurs between particles carrying color charge. Gluons themselves carry color
charge, hence they are able to directly interact with each other. The gauge bosons
associated to the generators of SU(2); are W', W2 and W3, while the gauge
bosons corresponding to the generator of U(1)y is B. They mix to form the
physical mediators of the weak and electromagnetic interactions. The mediators
of the weak interaction are two massive charged bosons, W=, and a neutral boson,
Z". The mediator of the electromagnetic interaction is the massless photon, ~.
The electromagnetic interaction acts on charged particles. The gauge bosons and

the physical mediators are related via the following equations:

W — L(Wl = W) and 7 _ co§(0W) sin(Oy) B |
V2 A —sin(fy) cos(Oy) ) \W3
where 0y is the so called Weinberg angle. The masses of the mediators are

related via

my
z= cos0.
where my is the mass of the Z° and myy is the mass of the W*. Particles
acquire mass through their interaction with the Higgs field, whose excitation is
the spin-0 Higgs boson.
Matter is composed of spin-half fermions. For each fermion, there is an associ-
ated anti-particle with the same mass but opposite quantum numbers. Fermions

are subdivided into two groups:

e Quarks: There are six types of quarks, grouped into three generations, each

forming a weak isospin doublet:



2.1 The Standard Model of Particle Physics

The up-type quarks (u, ¢, t) carry an electric charge of +2/3 and the down-
type quarks (d, s, b) have an electric charge of —1/3. Each quark carries
both a flavor and a baryon quantum number. The flavor quantum number
is conserved in electromagnetic and strong interactions but can be violated
by the weak interaction, while the baryon quantum number is conserved
in the SM. In addition, quarks also carry color charge, which causes them
to participate in the strong interaction. Due to color confinement [4], free
quarks are not observable. They can only be observed in color-neutral bound
states. The primary type of such bound states are mesons, consisting of a

quark-antiquark pair, and baryons, composed of three quarks.

e Leptons: Similar to quarks, leptons are grouped into three generations of

() ()(C)

The massive leptons (e, u, 7) carry an electric charge of —1. The neutrinos

weak isospin doublets:

(Ve, vy, V) are electrically neutral. Observed neutrino oscillations indicate
at least two of the three neutrinos have nonzero mass [5]. However, the
SM does not include a mechanism to generate neutrino masses. Each lep-
ton has a lepton-family quantum number corresponding to its generation.
This quantum numbers are conserved in the SM but known to be broken by

neutrino oscillations. The total lepton number is conserved.

The particle content of the SM is summarized in Fig.



2 Charmless Hadronic B Decays in the Standard Model

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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Figure 2.1: Particle content of the standard model of particle physics [6].



2.2 Open Questions in the Standard Model

2.2 Open Questions in the Standard Model

The Standard Model of Particle Physics
Years from indirect to direct observation of new particles

Neutrino |- = = Indirect
= Direct

Charm quark | —a
Beauty quark [ —a

W boson | =

Z boson | =

Top quark L m—
Higgs boson | ‘ - ‘ ‘ a
1920 1940 1960 1980 2000 2020

Year

Figure 2.2: Inference of the presence of particles from the effects they have on other
observables (indirect observation, red bars) and direct (blue bar) observation of
particles.

The final fundamental particle of the SM, the Higgs boson, was discovered by the
ATLAS and CMS collaborations in 2012 [7, [§]. The SM is remarkably successful
in predicting a wide range of subatomic processes. These predictions have been
tested in thousands of experimental measurements, some of which reach a relative
precision better than one part per trillion [9, [10].

Despite this success, we know mainly from cosmological observation the SM is
incomplete. For example, the outskirts of galaxies rotate faster than expected from
their observed mass [11]. In the standard model of cosmology (the ACDM model),
this observation is explained by the introduction of so-called dark matter, which
does not interact electromagnetically [12), 13]. The standard model of particle
physics does not contain any viable dark matter candidate. In addition, the SM can
not explain the observed matter-antimatter asymmetry observed in the universe
[14]. Currently, the SM also does not incorporate general relativity. It also contains
no mechanism for neutrinos to aquire mass nor does it explain why the weak

interaction is much stronger than gravity.
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2 Charmless Hadronic B Decays in the Standard Model

These unexplained phenomena motivate to further probe the SM and searches
for physics beyond it. To this end, two complementary approaches are pursued:
direct and indirect searches.

Direct searches aim to produce particles not included in the SM in high-energy
collisions and to detect their decay products. These searches are limited by the
maximum center-of-mass energy available at particle colliders.

Indirect searches, in contrast, search for deviations between precise experimen-
tal measurements and SM predictions. The conceptual idea is that heavy particles
beyond the SM can contribute virtually to certain processes, modifying observable
quantities. Indirect searches often have a higher mass reach than direct searches.
Historically, several fundamental particles were observed indirectly before being
detected directly (see Fig. [2.2).

2.3 Flavor Physics

Indirect searches are a central focus of flavor physics, which investigates processes
involving quark and lepton flavor transitions. Here, only quark flavor transitions
are discussed, and among them, only those phenomena relevant to the measure-
ments presented in this thesis.

Historically, the concept of flavor physics originates from the observation that
kaons exhibit a large difference in production and decay rate. To explain this phe-
nomenon, Gell-Mann introduced the strangeness quantum number [I5]. Particles
containing strangeness are produced in pairs in the strong interaction, which con-
serves strangeness, but decay via the weak interaction, which allows strangeness to
change. Hence explaining the difference in production and decay rate. Nowadays,
strangeness is recognized as a flavor quantum number. To explain the violation of
strangeness in the weak interactions, Cabbibo introduced the concept of destinct
mass and weak eigenstates. Cabibbo postulated the down (d) and strange (s)
quark mix through a rotation by a mixing angle, now known as the Cabibbo an-
gle [16]. This theory successfully described the strangeness-changing weak decays.
However, the theory also predicted a rate of K° — u* i~ decays incompatible with
experimental observations. In 1970, Glashow, Iliopoulos, and Maiani postulated a

fourth yet undiscovered quark, the charm quark (c¢). Contributions of the charm

8



2.3 Flavor Physics

quark suppress flavor changing neutral currents, bringing theoretical predictions
into agreement with experimental data [I7]. The subsequent discovery of the J /1,
a bound c¢ state, confirmed these predictions [I8], [19]. The successful resolution

of this inconsistency through flavor physics shows the power of indirect searches.

At this time, it was already discovered that the weak interaction violates C, P,
and T symmetry. The C transformation replaces particles with their anti-particles,
the P transformation flips the sign of spatial coordinates, and the T transformation
reverses the direction of time [20]. In addition, it was also known that the weak
interaction violates CP symmetry [2I]. To explain CP violation Kobayashi and
Maskawa postulated a third, yet undiscovered, generation of quarks and introduced
the unitary Cabibbo-Kobayashi-Maskawa matrix (CKM matrix) [22]. The CKM
matrix relates the weak (d', ', ') and mass (d, s,b) quark eigenstates. The matrix

is parameterized as follows:

d Vaa Vis Vb d
s = Vea Ve Vb S
v Via Vis Vi b

where |Vjj|? is the probability of a quark of flavor j transitioning into a quark
of flavor i. The CKM matrix has (N — 1)? free parameter, where N is the number
of quark generations. For two quark generations, there is only one free parameter,
the Cabibbo angle. For three quark generations, there are four free parameter,
three Euler angle and a complex phase which is responsible for CP-violation phe-
nomena. Hence the introduction of new quark generation was needed to explain

CP violation.

The CKM is hierarchical, therefor it is convenient to expand it in the small
parameter A = sin(Vys) ~ 0.23. This parameterization is called the Wolfenstein

parametrization 23], the resulting CKM matrix is:

1—A?/2 A AN (p —in)
-\ 1—)%/2 AN? + O\,
AN(1—p—in) —AN 1



2 Charmless Hadronic B Decays in the Standard Model

where v v
_ us 2y | Vceh 3 AN e
)\—m,A)\ = i , and AN (p +1in) = V.

The unitarity of the CKM matrix imposes the condition

Vudvu’i) + VCdVT) + VDthE = 0.

C

It is possible to depict this condition graphically as a triangle, where the area of
the triangle is related to the amount of CP violation. It is convenient to normalize
the sides of the triangle by V.4V such that two of its vertices are aligned at
(0,0) and (1,0). The final vertex is situated at (p,7), where p = p(1 — A\?/2) and
7 =n(1 — A\?/2) are related to the Wolfenstein parameter p and 7. Fig. shows
the resulting triangle, commonly referred to as the unitarity triangle. The sizes
and angles of this triangle are measurable in B decays, determining them is one
of the main aims of B-factories.

In principle, the unitarity of the CKM matrix imposes five additional condi-
tions, each of which can also be represented as a triangle. However, these triangles
are usually squashed, since opposed to the triangle associated to B decays, their
sides have different order in the Wolfenstein parameter A\. An exception is the
triangle involving top quark transitions, but experimental access to the top quark

is limited due to its short lifetime and production challenges.

10



2.4 Charmless Hadronic B Decays

ViaV,
Vea Vay

(0,0) (1,0)
Figure 2.3: The unitary triangle [9].

2.4 Charmless Hadronic B Decays

Hadronic B decays into a final state without charm quarks (charmless hadronic B
decays) provide an interesting playground for indirect searches for physics beyond
the SM. In these decays, the tree-level amplitude is suppressed due to the smallness
of Vi, = A3 & 0.23% describing the b — u transition. Hence, loop-level amplitudes,
which are susceptible to contributions from virtual heavy particles not included in
the SM, contribute significantly. In Fig. [2.4] Feynman diagrams of the amplitudes
expected to dominate are shown.

Quantitative predictions of charmless hadronic B decays require the calculation
of hadronic matrix elements. These calculations are difficult, since they involve
a wide range of energy scales. In particular, computations involving the strong
interaction are challenging, as it cannot be treated perturbatively at the hadronic
scale (=~ 0.5 GeV). Two complementary approaches have been developed to ad-
dress this issue. The first is based on factorization, and separates the hadronic
matrix elements into perturbatively calculable and non-pertubative elements. The
second approach relates groups of decays through approximate symmetries in the
strong interaction. This approach cannot predict individual branching fractions
or direct CP asymmetries but predictions for groups of decays only require a few

reduced matrix elements. Since both approaches are complementary, they can be

11



2 Charmless Hadronic B Decays in the Standard Model

a u b ”
K+, ot
W 5,d b—% 553 o
g ’ e
B+, B0 g
B+, BO 7o, - _
’ u .7'[0 T
u, d > u, d u, d ud ™’

Figure 2.4: Feynman diagram for B — nm and B — K decays [24].

used to crosscheck each other.

2.4.1 The B — Km Decays

The B — K decays receive contributions of similar magnitude from tree-level
and loop-level amplitudes. Since these amplitudes carry a different weak phase,
they enable the measurement of CP violation. Historically, direct CP violation in
B decays was first observed in B® — K7~ decays |25, 26]. Soon after, it was
realized the degree of direct CP violation between B — K*7% and B — K*n~
decays (0(K)) differs. The significance of this difference eventually exceeded 5o
[9]. Both decays differ only by the present spectator quark (see Fig. [2.4)). Hence,
from SU(3) symmetry, it was expected for the direct CP violation in both decays
to be similar. This observation is often dubbed the "K7 puzzle" in literature.

Many theoretical models have been brought forward to explain the K7 puz-
zle. Usually, enhancing the contribution of color-suppressed tree-level ampli-
tudes [27), 28, 29] or electroweak loop-level amplitudes [30, 31] to BT — KT x°.
While these models are able to explain the K7 puzzle they are associated with
large uncertainties and leave room for contributions from physics beyond the SM
[30, B1L 29]. Recent calculation based on SU(3) symmetry but including SU(3)
breaking effects for §(Kn) predict (11.0712)% [32] which is in agreement with
experimental measurements [9]. On the other hand, NNLO QCD factorization
predicts (2.107355)% [33]. The unclear understanding of B — K decays moti-
vates further measurements.

A more complete examination of K7 decays via SU(3) symmetry is the follow-

ing sum rule [34]

12



2.4 Charmless Hadronic B Decays

Table 2.1: Branching fractions (x107%) and direct CP asymmetries (%) for
B — K decays measured in this thesis. The first uncertainty is the statisti-
cal uncertainty and the second is the systematic uncertainty.

Observable  LHCD [36, 37]  BABAR |38, 39] Belle [35]
B(K 1) 136 £0.6£0.7 12.62+038+0.71
A(K*7%) 25£15+£07 3.0+£39+£1.0 43+244+0.2
B(K7) 299£11+£1.0 23.07£0.53=£0.71
AK°7%)  —22425+10 —-29+39+1.0 —-1.1+£21+06

A(Kr) = A(K*77) + A(K%—)g((f((—;_))%
+ o\ B(K*Tn°%) 70 o o\ B(K7°
(K )WF — 2A(K'% )13((K—+7r—))’

where A(X) and B(X) denote the direct CP violation and branching fraction
for the specified decay, 7° is the B° lifetime, and 7+ is the BT lifetime. In the
SM, A(K) is predicted to be 0 with an uncertainty of the order of 1% [33, [34].
The Belle collaboration measured the sum rule to be —0.270 4 0.132 £ 0.060 [35],
where the first uncertainty is the statistical uncertainty and the second is the
systematic uncertainty. A determination using current world averages for the
input parameter yields a value of —0.13 + 0.11 [9], where correlations between
measurements are neglected. In Table[2.1| measurements of the branching fractions
and direct CP violation for B — K decays studied in this thesis are summarized.
Since the determination of the sum rule itself as well as the direct CP asymmetry
for the individual decay channels are limited by the statistical uncertainty, further

measurements of these channels are required.

2.4.2 The B — 7w Decays

The determination of the sides and angles of the CKM triangle is one of the
cornerstones of the Belle II physics program. Among the angles, ¢, and ¢3 are
considerably less well measured than ¢; (see Fig. . For the decay B — ntn—,

13



2 Charmless Hadronic B Decays in the Standard Model

the mixing-induced CP violation parameter would, in the absence of contributions
from loop-level amplitudes, be equal to sin2¢, [40]. However, loop-level ampli-
tudes contribute considerably. Hence the measured angle ¢5** is shifted from the

physical angle ¢ via

5= o+ Ady,

where A is the shift induced by the loop-level amplitudes. To disentangle this
effect, several B — 7 decays are measured and isospin symmetry is employed [41].

The decay amplitude for a given B — 7m decay can be written as

Ay = |Tyle' + |Pyle”,

where ij denotes the charge configuration of the final state (+—, +0, or 00),
|T| is the magnitude of the tree-level amplitude with weak phase ¢3, and |P| the
magnitude of the loop-level amplitude with strong phase 9.

Since the decaying B is spinless, the two-pion system is produced predominately
without angular momentum. Hence, the total isospin [ of the two-pion system is
even (zero or two). For odd isospin, the wave function would be anti-symmetric
under particle exchange which is forbidden by Bose-Symmetry. The n+70 state is
a pure I = 2 state, while the 77~ and 77" states are both I =0 and I = 2.

The loop-level amplitudes mediate only isospin 1/2 transitions, while the tree-
level amplitude mediates isospin 1/2 as well as 3/2 transitions. Hence, for the
Bt — 777% decay, only the tree level amplitude contribute while for the other
two decays both tree- and loop-level amplitudes contribute.

Expanding the decay amplitudes in terms of the total isospin pieces then yields

the relationship:

(1/\/§)A+’ + A% — +0
and for the CP conjugated amplitudes
(1/v2)AT™ + A% =4,
where A7 are obtained from A% by changing the sign of the CKM phases.

14



2.4 Charmless Hadronic B Decays
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Figure 2.5: Constraints on the CKM triangle from measurements of the angles
only [42].

Both of these relations can be displayed as a triangle in the complex plane.
Since the AT amplitude for B™ — 777 receives no loop-level amplitude contri-

bution, it differs from its CP conjugate A’ only by a weak phase. Explicitly,

A0 = i g0

By rotating the A7 triangle by a weak phase €23, the bases of the two triangles
can be brought to overlap. The rotated amplitudes are donated as AXX. The
angle between the side of the triangle associated with B® — 7*7~ (A7~ /4/2 and
AT~ /4/2) is then equal to Ags.

The sides and angels of the triangles can be measured my measuring the branch-
ing fractions and direct CP asymmetries for the different B — w7 decays. In
Table , the current status of measurements of B* — 77" which is the decay
measured in this thesis is summarized. At present, the precision of the mea-
surements for Bt — 777% and the isospin analysis are limited by the statistical
uncertainty. Further measurements with the larger Belle IT dataset are essential

to reduce these uncertainties and improve the determination of ¢,.
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2 Charmless Hadronic B Decays in the Standard Model

Figure 2.6: Triangles constructed via the isospin relation between the B — 7w
decay amplitudes. The triangles have been rotated to that the At~ /ZJF* are
aligned. Hence, the triangle belonging to A" is indicated with a tilde [43].

Table 2.2: Branching fractions (x107%) and direct CP asymmetries (%) for B* —
aT7Y. The first uncertainty is the statistical uncertainty and the second is the
systematic uncertainty.

Observable BABAR [38] Belle [35]
B(rt7Y)  5.02+0.46 4+ 0.26 5.86 £ 0.26 £ 0.38
A(rT7%)  0.0340.0840.01  0.025 £ 0.043 £ 0.007
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Chapter 3

The Belle II Experiment at the
SuperKEKB Collider

The B-factories, such as Belle I1, are collider based particle physics experiments.
They were originally designed to measure B decays, but nowadays have a much
broader physics program including measurements in the charm, tau, quarkonium,
and dark sectors. Currently, two types of B-factories are in operation, distin-

guished by the type of collider they use:

e The LHCD experiment [44] at the large hadron collider at CERN near Geneva,

Switzerland.

e The Belle IT experiment [45] at the SuperKEKB electron-positron collider.

The remainder of this section discusses briefly advantages of B-factories situ-
ated at electron-positron colliders compared to those at hadron colliders.

At electron-positron accelerators based B-factories, beams are collided with a
center-of-mass energy of 10.58 GeV. This energy is at the mass of the 7°(45) res-
onance, which almost exclusively decays into BB pairs [9], enhancing the BB
production cross section. In addition, the B mesons are produced almost at
rest, simplifying their reconstruction. Due to the low background environment
in electron-positron collisions, reconstruction of decays is possible with high effi-

ciency and low trigger biases. This is especially important for the reconstruction

0

s, which are comparatively

of final states with neutral particles such as 7¥ or K
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3 The Belle IT Experiment at the SuperKEKB Collider

harder to reconstruct at hadron collider due to ubiquitous background. Moreover,
the knowledge of the initial-state conditions and almost 47 hermiticity of the de-
tector allows to infer missing energy and momenta from, e.g., neutrinos. This is
especially important for analyses involving semileptonic B decays. Finally, since
the absolute number of produced B mesons can be measured at electron-positron
colliders, they enable the measurement of absolute branching fractions.

In the following sections, the SuperKEKB collider, the Belle II detector, and

the software packages used are discussed in more detail.

3.1 SuperKEKB Collider

SuperKEKB [45, 46] is a double-ring positron-electron collider. Positrons are ac-
celerated to an energy of 4 GeV before they are stored in the low-energy ring.
Electrons are stored in the high-energy ring with an energy of 7 GeV. Fig.
shows a schematic of the collider.

Positrons and electrons collide at a center-of-mass energy of 10.58 GeV, near
the mass of the 7°(45) resonance. At this energy, the production of BB pairs is
enhanced. Table summarizes the cross section for dominant processes in ete”
collisions at this energy.

Due to the asymmetric beam energies, produced BB pairs are boosted in the
direction of the electron beam. The Lorentz boost is Sy = 0.28 and increases
the average flight length for B to 130 pm, enabling the determination of their
decay time difference via measurements of the decay vertex positions. Compared
to its predecessor KEKB, the Lorentz boost is reduced (Lorentz boost at KEKB
py = 0.425), necessitating upgrades to the tracking system to recover the precision
required for analyses of the decay-time evolution. These upgrades are discussed in
Section 3.2.2l The beam boost was chosen to reduce the emittance and increase
the beam lifetime.

A measure for the performance of a collider is the luminosity £. The luminosity

is proportional to
Jn

By

where [ is the beam current, § is the vertical beam-beam parameter, and §; is

L x (3.1)
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3.1 SuperKEKB Collider
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Figure 3.1: Schematic of the SuperKEKB collider. Modified from [46].

the beta function at the interaction point. The suffix + (—) denotes the positron
(electron) beam parameter. SuperKEKB aims to reach a luminosity 30 times
higher than that of KEKB. To achieve this goal, the aim is to double the beam
currents and reduce 3; by a factor of 20 compared to KEKB. The vertical beam-
beam parameter is kept at a value already achieved at KEKB. The reduction of
3 is achieved by adopting the nanobeam scheme [47].

SuperKEKB and the Belle II detector are in operation since 2018 and scheduled
to operate until 2043. Since 2018, SuperKEKB achieved a world record luminosity
of 5.1 x 103*ecm™2s7! (2.4 times that of KEKB) and Belle II integrated a data
set of 575fb~*. Current projections for the integration of further data consider
two scenarios: A scenario where the focusing magnet in front of the interaction
point is upgraded and a second scenario where it is not. In the first scenario,
SuperKEKB reaches a luminosity 30 times higher than that of its predecessor and
Belle 1T collects 50ab ™! of data. In the second scenario, SuperKEKB achieves a
luminosity 15 times higher than its predecessor and Belle II integrates a data set

of 35ab~!. The luminosity projections are shown in Fig. 3.2
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3 The Belle IT Experiment at the SuperKEKB Collider

Table 3.1: The eTe™ cross section at 10.58 GeV [48].

Process Cross Section [nb]

ete” — bb 1.05

ete” — cc 1.30

ete” — 55 0.35

ete” = uu 1.39

ete” — dd 0.35

ete” — 77~ 0.94

ete” = utp~ 1.16

ete” — ete 40
Es P70
o i Peak luminosity _ %
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Figure 3.2: Luminosity (red colors) and integrated luminosity (blue colors) pro-
jection for SuperKEKB and Belle II under two scenarios [49]. One where the final
focusing magnet is upgraded and one where it is not.
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3.2 Belle II Detector

3.2 Belle II Detector

The Belle IT detector (Fig. is a general-purpose, large-solid-angle detector
surrounding SuperKEKB’s interaction point. It measures the energy as well as
the momentum of a broad range of neutral and charged particles produced in
SuperKEKB’s collision and infers their species. The detector is approximately
cylindrical, with a width and height of about 8 m and a weight of around 1400 t.

From the interaction point outward, the detector comprises several subdetec-
tors: two-layer silicon-pixel sensors (PXD), four-layer silicon-strip sensors (SVD),
a wire chamber (CDC), photomultiplier tubes with quartz-radiator bars (TOP),
photosensors with an aerogel radiator (TOP), CsI(T1) crystals (ECL), and multi-
ple layers of resistive plate counters (KLM). A comprehensive description of the
detector can be found in [45] [50], upon which the following detailed sections are
based.

3.2.1 Coordinate System

The Belle II experiment uses a right-handed coordinate system, with the origin at
the interaction point. The z-axis, defined as the bisector of the two beams, aligns
positively with the electron-beam direction. The y-axis points vertically upwards,
while the x-axis is perpendicular to both the y- and z-axes.

In the coordinate system, the azimuth angle ¢ is measured counterclockwise
around the z-axis, beginning from the x-axis at the 0 position. The zenith angle 6
is determined by the angle between the z-axis and the radial line. In Fig. [3.4] the

coordinate system is superimposed on the detector.
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3 The Belle IT Experiment at the SuperKEKB Collider
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Figure 3.3: Top view of the Belle IT detector [50].
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x: Horizontal outward of tunnel
y: Vertical upward
z: Solenoid axis (== bisector of two beams); ~direction of electron beam

electron (7GeV)

positron (4GeV)

¢: azimuthal angle around z-axis, ¢=0 for (x,y,z)=(1,0,0)
0: zenith angle; 6 =0 for (x,y,z)=(0,0,1)

Figure 3.4: The Belle II coordinate system [51].
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3 The Belle IT Experiment at the SuperKEKB Collider

3.2.2 Tracking System

Track reconstruction is essential in Belle II, as the majority of decays of interest
involve charged particles. It plays a particularly important role in identifying
the decay vertices of short-lived particles such as B, D, and 7. Accurate vertex
reconstruction enables time-dependent analyses and precise lifetime measurements.

The Belle II tracking system, like ancient Gaul, is divided into three parts: the
Pixel Detector (PXD), the Silicon Vertex Detector (SVD), and the Central Drift
Chamber (CDC). The entire system is submerged in a 1.5 T magnetic field. Due to
the magnetic field, trajectories of charged particle traversing the tracking system
are bent by the Lorentz force. Measuring the curvature allows their momentum
to be determined.

The PXD is the innermost subdetector. The design of the PXD has been
driven by considerations of the vertex resolution, beam background level, and
material budget.

Due to the lower beam boost of SuperKEKB compared to KEKB (5~ = 0.28 vs.
0.43), the separation between the B meson decay vertices is reduced. Consequently,
improved vertex resolution is required to match or surpass the resolution of time-
dependent analyses achieved at Belle. Thanks to the nano-beam scheme, the beam
pipe at Belle IT has a radius of 10 mm only two thirds of that of Belle. This allows
the innermost layer of the tracking system to be positioned closer to the interaction
point than at Belle, improving vertex resolution. However, since beam background
scales with the inverse square of the radius, the first detector layers are subject to
higher background rates. In addition, beam backgrounds are generally expected to
be higher at Belle IT compared to Belle due to the higher instantaneous luminosity.

To address this challenge, the PXD consists of silicon pixel sensors instead of
silicon strip sensors. Pixel sensors provide a finer granularity due to a much higher
number of read-out channels. Using strip sensors would result in a high fraction
of read-out channels being triggered in the same event, increasing the likelihood
of ambiguities in track reconstruction.

Another design considerations is the low material budget to reduce multiple
scattering. The PXD consists of pixelated DEPFET sensors [52], which integrate

signal detection and amplification into a thin sensor. These sensors allow read-out
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3.2 Belle II Detector

electronics to be placed outside the acceptance region hence them not contributing
to the material budget. This design fulfills the low material budget requirement:
the PXD contributes 0.21% radiation length per layer to the budget [53], while for
comparison the beam pipe contributes 0.7%.

The PXD consists of two layers located at radii of 14 mm and 22 mm. These
layers are composed of 20 ladders in total, arranged in a windmill geometry. The
detector covers a polar angle acceptance region from 17° to 155° in zenith angle.
During taking of the data used in this thesis, only the first layer as well as one
sixth of the second layer was instrumented, see Fig. 3.5 In 2023, the PXD was
replaced by a new PXD which is fully instrumented.

The SVD surrounds the PXD and consists of four layers of silicon strip detec-
tors located at radii of 38 mm, 80 mm, 115 mm, and 140 mm. These layers cover
a zenith angle range from 17° to 150°. To maximize the acceptance and reduce
the amount of material needed, the sensors are slated in direction of the electron
beam (in beam boost direction). A schematic of the SVD is shown in Fig. 3.5

As with the PXD, one of the main design considerations is the beam back-
ground. To keep the the fraction of triggered strips in a signal event below 10%,
the layer closest to the interaction point is farther away than for Belle’s SVD2
and the number of read-out chips has been more than doubled. At the same time,
the outermost layer extends farther than in SVD2, as placing the drift chamber
at that position would result in a too high background level for a wire chamber.
Furthermore, SVD provides timing information. This enables the suppression of
hits out of event time caused by the beam background.

Together, PXD and SVD provide a momentum resolution of the order of tens
of MeV /c. This resolution is essential to reconstruct low-momentum pions from
D* — D decays which often do not reach the CDC. High efficiency in the recon-
struction of these decays is needed, as they provide information about the flavor
of the decaying B. In addition, CDC and SVD allow to reconstruct K2 which typ-
ically decay outside the PXD and leave no hits in it. This capability is especially
important for the B¥ — K% decays studied in this thesis.

The CDC is the outermost subdetector of Belle II's tracking system. It is a
wire chamber composed of nine superlayers, each consisting of six layers of sense

wires. The wire orientations alternate with respect to the beam axis, allowing
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Figure 3.5: Left: PXD instrumentation during data taking relevant for this thesis
[56]. Right: Schematic layout of the SVD (layer 3-6). Individual sensors and their
properties are shown in blue and green. Slanted sensors and their properties in
orange [57].

three-dimensional track reconstruction. The superlayer closest to the interaction
point is more compact due to the high beam background level and includes two
additional guard wires for the same reason. Compared to the Belle CDC, the
Belle IT CDC begins at a larger radius to avoid the beam background level close
to the interaction point. The Belle IT CDC also extends to a larger outer radius,
due to the more compact design of the particle identification system. The wire
configurations of the Belle and Belle IT CDCs are compared in Fig. [3.6]

The CDC also contributes to particle identification, since charged particles
loose energy in the CDC due to ionization. The energy loss per unit length depends
on its velocity or alternatively p/m, where p is the particles momentum and m
its mass. Hence measuring the energy loss and momentum of a particle allows to
determine its species. In Fig. [3.6] the energy loss as function of momentum for
different species of particles in the CDC is shown. Especially for momenta below

1 GeV/c, the energy loss provides strong discriminating power.

Performance studies of the tracking system show a transverse impact parameter
resolution of (13.64 4+ 0.08) pm and a longitudinal impact parameter resolution
of (14.92 £+ 0.07) pm [54]. Studies of the D° and DT lifetime show a decay-time
resolution of 70 fs and 60 fs [55]. Compared to Belle, these parameters are improved

by a factor of two.

26



3.2 Belle II Detector

< 1200m—— — . ¥
c

=}

el

2

R . ©
Axial wire ~
. X

Stereo wire kel
w

©

Belle-Il

«—250mm ¢ 250mm

. 3
p/ GeV

Figure 3.6: Left: Wire configuration of the Belle CDC (upper) and Belle IT CDC
(lower) [58]. Right: Scatter plot of the energy loss per unit length as a function of
the particles momentum in the CDC for pions (black), kaons (red), protons (gold),
electrons (blue), muons (cyan) [59].

3.2.3 Particle Identification System

The particle identification system consists of two complementary subdetectors.
The TOP covers the central part of the detector, corresponding to a zenith angle
range from 31° to 128°. The ARICH is located in the direction of the beam boost
(electron beam), covering a zenith angle range from 14° to 30°. Both detectors
are designed to separate pions and kaons over a wide momentum range, but also
provide discrimination for other particle species. TOP and ARICH follow a similar
design principle (Fig. : Cherenkov photons are generated in a radiator (quartz
in case of TOP, aerogel in case of ARICH) and detected by photon detectors. In
the TOP, photons are internally reflected within the quartz bars until they reach
the photon detectors. The impact position as well as the arrival time are used for
particle identification. In the ARICH, the photon detectors are positioned 20 cm
away from the radiator, allowing Cherenkov rings to form. The measured radius

of the rings enables particle identification.

3.2.4 Electromagnetic Calorimeter

The ECL measures the energy of particles and is essential for detecting photons
and other neutral particles such as the 7°. Neutral particles make up about one

third of all particles produced in B decays. They do not leave a signal in the
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Figure 3.7: Schematic of the TOP (left) and ARICH (right) detectors [45]. Both
detectors follow a similar design principle: Cherenkov photons are generated in
a radiator (quartz in case of TOP, aerogel in case of ARICH) and detected by
photon detectors. The arrival time of the photons (only TOP) and their impact
position are used for particle identification.

tracking signal hence it is crucial to observe them with high efficiency in the ECL.
Belle II reuses the CsI(T1) crystals and photon detectors of the Belle ECL, while
read-out electronics are upgraded to provide timing information which allows to
suppress background. The ECL is subdivided into three distinct regions, covering
the zenith ranges [12.5°, 31.4°], [32.2°, 128.7°|, and [130.7°, 155.1°].

3.2.5 K? and p Detector

The KLM is the outermost subdetector of Belle II. Its primary function is the
detection of K? and p that deposit no or only a part of their energy in the ECL.
To achieve this, the KLM provides 3.9 interaction lengths of material, compared
to the 0.8 interaction lengths of the ECL. It consists of glass-electrode resistive
plate chambers as detectors sandwiched between iron plates as absorbers. The
iron plates also serve as flux return for the magnetic field. The KLM covers a

zenith angle range of [25°, 155°].
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3.3 Trigger System

The data rate and absolute data size produced by the Belle II detecor is too
large for all the data to be stored. A trigger system is used to suppress beam
background events as well as select physics events of interest, and consequently
reduce the data rate and size. For hadronic events, the trigger logic is inclusive,
meaning no hadronic events are discarded. The Belle II trigger system consists
of two layers: A hardware-based trigger (L1) followed by a software-based trigger
(HLT) [60] 61].

The L1 is implemented on field-programmable gate arrays to allow configura-
tion of the trigger logic. A global decision logic receives subtrigger information
from the CDC, TOP, ECL, and KLM and decides whether to keep an event. The
L1 trigger reduces the data rate to 30 kHz with a latency of 5 ps.

The HLT receives events passing the L1 and further reduces the data rate to
10 kHz. The HLT performs a full event reconstruction (excluding the PXD) similar
to offline analysis and selects physics events of interest. In addition to reducing the
event rate, the HLT also decreases the data size by discarding PXD hit information
that is unlikely to be associated with a reconstructed track. This results in a factor

of five reduction in the amount of data saved.

29



3 The Belle IT Experiment at the SuperKEKB Collider

3.4 The Belle 11 Analysis Software Framework

The Belle II analysis software framework is the central data processing software
used at Belle 1T [62, [63]. The framework is written in C++ and interfaced with
python. It is responsible for generation of simulated data as well as processing
of experimental and simulated data. During data processing, it handles low-level
task such as track reconstruction and clustering, but also high-level tasks like
reconstruction of specific decays, application of selection criteria, and vertex fitting.

To process data, user define a sequence of modules and set their parameters.
These modules are executed along a so-called path. Data is stored into a com-
mon exchange container and shared between modules. This setup allows subtasks
(e.g., track or decay reconstruction) to be split into different independent and
interchangeable modules.

After reconstruction, variables of interest for events passing the selection cri-

teria are stored in a ROOT ntuple [64] 65] and made available for further analysis.

3.5 Simulation

In this thesis, we use simulated data to establish the analysis strategy prior to
looking at experimental data. The simulated data is produced using the Monte
Carlo method. We utilize EvtGen to simulate known B meson decays and their
time evolution [66], KKMC to generate ete™ — ¢q, where q = u, d, ¢, s, events [67],
PYTHIA8 to simulate hadronization [68], PHOTOS to simulate final state radiation
[69], and GEANT4 to model the detector response [70]. Additionally, we overlay

beam-induced background on the simulated events [71].
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Chapter 4

Measurements

4.1 Analysis Strategy

We aim to measure the branching fraction and direct CP asymmetries for BY — K%+,
BT — K*7% and Bt — 7t7% decays with K® — K? — 77~ and 7° — 7. Un-
less stated otherwise, charge conjugation is implied during throughout this thesis.
For these measurements, we use a data set corresponding to an integrated luminos-
ity of 362fb~" taken by the Belle II detector on-resonance from March 2019 until
July 2022. The analysis presented herein is a blind analysis, the analysis is devel-
oped on simulated data and validated using control channels. The experimental
data containing the signal region is only analyzed after the analysis procedure has
been finalized and validated. These steps are undertaken to reduce the chance of
accidentally biasing the result.

To perform the analysis, we reconstruct the decays from tracks and energy
clusters measured in the detector. During the reconstruction, selection require-
ments are applied to separate the signal from background. A key challenge of
this analysis is the treatment of background from e*e™ — ¢g, where ¢ = u, d, c, s,
(continuum background) which is strongly predominant compared to signal. To
suppress continuum background, we identify 48 discriminating observables and
train a multivariate algorithm that combines them non-linearly.

After the selection, the reconstructed samples still contain contributions from

background processes. We perform a multidimensional fit to determine the sample
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composition and direct CP asymmetry. Another key challenge in the fit is the
correct treatment of peaking background, where the charged track has been mis-
identified as a pion or kaon. This type of background peaks at the same or close to
the same position as signal, hence it is challenging for the fit to disentangle these
components. We fit the Bt — K™7% and BT — 777" samples simultaneously to
properly account for events where a charged kaon or pion as been misidentified as
the other. We perform several test of our estimator to test its robustness.

As the analysis is developed blind, it relies heavily on the accurateness of the
simulation. We study several control channels to assess differences between the
experimental data and simulation and correct for them. Finally, we evaluate the
systematic uncertainties.

After the whole analysis procedure has been developed and validated, we fit

the experimental data and extract the physics parameter.

4.2 Data Sample

In this analysis, we use experimental and simulated data. The experimental data
has been collected from March 2019 until July 2022 by the Belle II detector.
The data contains 387 million bottom-antibottom meson pairs produced in ete™
collisions at the 7°(4S5) resonance by the SuperKEKB collider, corresponding to an
integrated luminosity of (362 + 2)fb".

The simulated sample corresponds to 1000 fb™! and contains ete~ — ¢g, where
q = u,d, c, s, events in appropriate proportions. Furthermore, dedicated simulation
samples are generated for the signal modes and control channels. These samples
contain over a million events for each respective decay, exceeding the amount

expected in data by more than three orders of magnitude.

4.3 Reconstruction and Selection

We reconstruct BY — K7+, BY — K*7° and Bt — 77 7% decays with K —
K? — 77~ and 7 — ~7. The reconstruction follows a bottom-up approach

where KT, 7" and ~ are first reconstructed from tracks as well as energy clusters
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in the calorimeter and then combined in kinematic fits to reconstruct the decay

chains.

4.3.1 Signal B Candidate Reconstruction and Selection

To suppress tracks from beam background not originating from the interaction
point, tracks must have a distance of closest approach to the interaction point
of less than 2.0 cm along the z axis and less than 0.5 cm in the transverse plane.
In addition, tracks are required to have a polar angle within the drift-chamber
acceptance and be associated with atleast 20 measurement points therein. The
later two requirements are applied as they improve the reliability of the particle
identification calibration. A track is identified as kaon (pion) candidate if the
binary particle identification likelihood Lk /= = Lx/(Lx + L), where L and L
are the particle identification likelihoods for a kaon and pion, is greater (lower)
than 0.4. This requirement correctly identifies 86 % of kaons and pions.

We reconstruct K through the decay channel K? — 77 7~. Neutral kaon can-
didates are retained if the dipion mass satisfies 450 < m(77) < 550 MeV/c?. The
mass requirement effectively suppresses tracks originating from charged kaons,
and K¢ fly on average 10cm. Hence, for tracks used in the K9 reconstruction,
we do not impose a particle identification requirement, nor do we require tracks
originate from the interaction point. A vertex fit using the TreeFit algorithm
[72] is performed and only candidates with a converged fit are retained. After-
wards a fit using the kFit algorithm [73] is performed, where the mass of the
K? candidate is constrained to its nominal value. Within basf2 two boosted
decision tree classifiers [74] are available that distinguish KY from background,
the VOSelector and the LambdaVeto. Both provide an output between 0 (un-
ambiguous identification of background) and 1 (unambiguous identification of a
K?). The V0Selector is trained to distinguish K2 from random combination of
tracks. The classifier takes 15 variables as input that describe the kinematics of
the K? candidate and the associated pion pair. Real K have a well-reconstructed
vertex separated from interaction point due to the considerable K2 flight length
while random combination of tracks have a reconstructed vertex of poorer quality

closer to the interaction point. In addition, since the K2 is moving directly away
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from the interaction point, the pointing angle between the vector connecting the
interaction point and the K9 flight direction is small for real K2 but tends to
larger values for random combination of tracks. Hence the significance of the K°
flight distance and the pointing angle are the two most discriminating variables
in the VOSelector. The LambdaVeto suppresses background from A° — ptn~
decays, where the proton is reconstructed as a pion. The LambdaVeto uses eight
input variables: the particle identification likelihood of the associated pions to be a
proton, kinematic information of the reconstructed pions, and the invariant mass
distribution of the pion pair if either particle is assumed to be a proton. With
the latter being the most discriminating variable in the classifier. To optimize
the requirements on the invariant mass, VOSelector output, and the LambdaVeto
output a random cut optimization is performed. For all three variables, a million
sets of cut values are drawn simultaneously from a uniform distribution and the
significance defined as S/v/S + B, where S is the number of signal and B the num-
ber of continuum background events (ete™ — ¢q, where ¢ = u, d, ¢, s) in the signal
region defined as —0.13 < AF < 0.10 GeV, where AF is difference of the energy of
the reconstructed B candidate and the beam center of mass energy, is calculated.
The requirements on the variables are tightened to the subset of 100 require-
ments with highest significance. The final selection is 480 < m(77) < 510 MeV/c?,
V0Selector output > 0.2, and LambdaVeto output > 0.06. This selection increase
the significance for B* — K27 decays from 3.5 to 7.9.

We form 7° candidates via 7% — 77, reconstructing photons from ECL clusters
not associated to a track. To suppress beam-background, we require clusters to in-
volve more than one crystal and to have an energy deposit greater than 30 MeV/c?.
An additional background source arises from events in which a large amount of en-
ergy is deposited in the ECL. Due to the decay time of ECL signals, a high-energy
signal may persist into the next event, mimicking a photon. We require the cluster
time to be within 200 ns of the estimated event time to reduce this background.
We use a boosted decision-tree (BDT) originally trained for B® — 7%7° decays
at Belle IT to suppress background from misreconstructed photons. This BDT,
which employs 10 cluster shape variables, is applied to our data with a threshold
requirement of output greater than 0.2. The angle between the photon momenta

must be smaller than 0.4 radians, and the diphoton mass must be between 115
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and 150 MeV/c?. This range corresponds to roughly 2.5 times the diphoton mass
resolution.

We form signal B candidates by combining a K° or 7° with a KT or 7", de-
pending on the reconstructed decay chain. We perform a vertex fit using TreeFit
of each B candidate, constraining the B to originate from the interaction point
and the K? and 7° to their known masses. To select signal B candidates, we
define two variables. The beam-constrained mass Mye = v/(Epeam/c?)? — (|p]/c)?
and the energy difference AE = E — Epeam, Where the beam energy Epeam, the

B momentum p and its energy E are in the center-of-mass frame. The M, dis-
tribution of correctly reconstructed signal events peaks at the B mass and their
AF distribution at zero. For misreconstructed B events, where one of the charged
pions is identified as a kaon or vice versa, the distribution peaks at the B mass in
My, but is shifted by 30-50 MeV in AFE. For signal B candidates, My, must be in
the range [5.272,5.288] GeV/c? and AF in the range [—0.3,0.3] GeV.

4.3.2 Tag B Candidate Reconstruction and Selection

Next to information from the signal candidate B, the continuum suppression ex-
plained in Section [4.3.3] uses also information from the other B in the event. For
this purpose, it is necessary to reconstruct also the latter. In this reconstruction,
all tracks not used for the signal B candidate reconstruction are combined. These
tracks must have a distance of closest approach to the interaction point of less
than 2.0 cm along the z axis, less than 0.5cm in the transverse plane, at least 1
measurement point in the CDC and the SVD and a momentum above 50 MeV/c.
After the reconstruction, the B vertex is fitted using the kFit algorithm. In the
fit, the tag B vertex is constrained to lie within a tube defined by the overlap of
the interaction point and the signal B vertex projected towards the tag B flight

direction. The flavor tagger is used to determine the flavor of the B.

4.3.3 Continuum Suppression

After reconstructing and selecting signal, the samples are predominantly composed
of background from ete~ — ¢g, where ¢ = u,d, ¢, s, known as continuum back-

ground. In ete™ collisions at the center-of-mass energy of the 7°(4S) resonance,
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less than 25% of the hadronic cross section is due to the production of the reso-
nance itself. The remaining 75% or more is attributed to continuum background
as shown in Fig. 4.1} In these events, random combinations of tracks and energy
clusters can mimic signal. Given the high production cross section and the low
expected branching fraction for the signal, this background outnumbers signal by
several orders of magnitude. To suppress continuum background, we identify sev-
eral discriminating observables and train a boosted decision tree (BDT) using the
light GBM framework [75].

For training, we use observables related to the event shape, flavor tagger, vertex
fits, and M,.. Below, we briefly explain why these observables are able to discrim-
inate between signal and background. Event shape observables describe the topo-
logical signature of events. In the eTe™ collisions, the center-of-mass energy is just
above the BB production threshold. As a result, BB pairs are produced almost at
rest in the 7°(4S5) frame, leading to isotropically distributed decay products. Con-
versely, quark pairs in continuum background are produced with high momentum
and hadronize in two back-to-back jets. Fig. shows the different topological
signature of a BB and a continuum background event captured by event shape
observables. Belle IT's flavor tagging algorithms infers the flavor of the bottom
quark in a B by exploiting information about its decay products [76]. This is pos-
sible since many neutral B decays provide flavor-specific signatures. For example,
in semileptonic B decays to a final state X ¢*v, where X~ is a D~ or D*~ and
¢t a charged lepton, the positive charge of the lepton determines the decayed B
was a B. Similarly, a negatively charged lepton tags a B. The algorithm’s output
also allows to distinguish continuum background, since it is much less likely such
background contains leptons with the same kinematic properties as those from
B decays. Observables related to the vertex fits can help to discriminate signal
from continuum background, as reconstructed Bs have a well-defined vertex and a
specific flight length. In contrast, continuum background often results in a poorly
fitted vertex as it arises from a random combination of tracks and has no distinct
vertex. Finally, M,. is suitable to differentiate signal and continuum background
as signal events peak at the B mass, whereas continuum background events exhibit

a flat distribution.

We reconstruct the BT — D(— K7~ 7%) 7+ decay channel to check the data-
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simulation agreement for each observable. In addition, we check the correlation
between each observable in AFE and exclude observables which exhibit a high
correlation to circumvent a correlation between the BDT output and AFE. Both
are fit variables in the fit of sample composition and a correlation would make the
fit modeling much more complicated. In total, we converge on 48 observables for

BDT training. The variables used in training are:

e foxWolframR1 — ratio of the first to the zeroth fox wolfram moment [77]
(1 variable)

¢ KSFWVariablesXX — modified Super Fox Wolfram moments also called

Kakuno’s super Fox Wolfram moments [78] (11 variables)

e CleoConeCSXX - the first to ninth Cleo cone [79] calculated only from

tracks and clusters used for the tag B reconstruction (9 variables)

e thrustAxisCosTheta — cosine of the polar angle of the thrust axis [80] (1

variable)

e cosTBz — cosine of the angle between the thrust axis of the signal and tag
B (1 variable)

e cosTBTO — cosine of the angle between the thrust axis of the signal B and

the z-axis (1 variable)

e CMS cosTheta — cosine of the signal B polar angle in the center-of-mass

frame (1 variable)

e FBDT qrCombined — product of the flavor of the tag B times probability
of the flavor being correctly assigned as estimated by the flavor tagger (1

variable)

e gpSlowPion — product of the charge of the track with highest probability
of being a slow pion and the corresponding probability as estimated by the

flavor tagger (1 variable)
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e gpKinLepton — product of the charge of the track with highest probability
of being a primary lepton and the corresponding probability as estimated by
the flavor tagger (1 variable)

e TagDXX — distance between the tag B vertex, its uncertainty and its sig-
nificance of distance from the interaction point in z, y, and z direction (9

variables)

e DeltaXX — the distance between the signal and tag B vertex and the sig-
nificance of distance in z, y, and z direction as well as the uncertainty in z

direction (7 variables)
e nTracks — number of tracks in the event (1 variable)
e TagVpVal - the p-value of the tag B vertex fit (1 variable)
e chiProb — the x? of the signal B vertex fit (1 variable)

e My~ beam-constrained mass (1 variable)

We train two separate discriminators. One for the BT — K27 channel and one
jointly for the Bt — 77 7% and BT — K™ 7Y channels. We use 250000 (1000000)
signal and 250000 (1000000) continuum background events to train the algorithm
for B — K2r" (B* — n™7° and BT — K*7%). Half of the signal and contin-
uum background events are used for training and half of the events are used for
testing. In Appendix [A.T] the data-simulation agreement for the input variables
in a control channel is shown. After training, the distribution of the BDT output
in the training and test set is compared to check for overtraining. In addition, it
is checked whether applying the BDT sculpts the AE distribution. The result of
both is shown in Fig. [4.3] No significant overtraining and sculpting is observed.
The feature importance is shown in Fig. In Fig. and Fig. [4.6] the BDT
output and the transformed BDT output between data and simulation for the

BT — D(— K*7~7%) 7" control mode are compared.
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Figure 4.1: Hadron production cross section in e*e™ collisions as a function of
center-of-mass energy. The T resonances are visible as prominent peaks above flat
background, attributed to lighter quark production (continuum background). The
continuum background level is indicated by a red horizontal line.
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Figure 4.2: Topological signature of a continuum background (left) and a BB
(right) event. The quark pair in continuum background are produced with high

momentum, resulting in two back-to-back jets after hadronization. The B are
produced almost at rest and decay isotropically.
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Figure 4.6: Comparison of the data and simulation distribution of the transformed
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4.3.4 Final Sample Composition

The AFE and transformed continuum suppression output distribution after the full
selection are shown in Fig. [4.7]

In all samples four components are visible:

e Signal from the decay we do want to measure. This components peaks at 0
in AE and by construction follows a uniform distribution in the transformed

continuum suppression output.

e Peaking background from decays where a pion has been misidentified as a
kaon or vice versa and otherwise the decay has been correctly reconstructed.
This component peaks in AFE, hence the name, but is shifted from 0 by 30—
50 MeV due to the wrong mass hypothesis used in the reconstruction. In the
transformed continuum suppression output this component follows a linear

function.

e BB background from B decays which are not signal or peaking back-
ground. This component clusters at lower AFE values since usually the B
decay is not fully reconstructed and a track or cluster is missed. In the
transformed continuum suppression output this component follows a linear

function.

e Continuum background from e*e™ — ¢g, where ¢ = u,d,c,s. The AE
distribution of this component follows a linear function and the transformed

continuum suppression output distribution an exponential.
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4.4 Fit of Sample Composition

4.4 Fit of Sample Composition

After the selection described in Section [4.3] the reconstructed samples are ex-
pected to still contain background events. To determine the physics parameter
and background contribution, we perform fits of the sample composition using the
maximum likelihood method. We use zfit [81] to construct the likelihood function
and Minuit [82] for its minimization.

We perform two extended fits to the unbinned energy-difference AE and trans-
formed CS classifier C" distributions: One simultaneous to the samples of BT —
K*7% and BT — 77 7% decays and one to the sample of BT — Ko7 decays. To
measure Acp, all samples are split according to the charge of the B candidate.
In these fits, we consider three components: signal, continuum background, peak-
ing background, and background from other B decays. For more details on each
component, see Section [4.3]

We obtain the shape for each component empirically based on pure simulated
samples of these components. We obtain the two dimensional shapes describing
the AE and C’ distributions as product of the one dimensional shapes, i.e., it is
assumed all fit components can be fully factorized. This assumption is valid if
correlations between AE and C’ can be neglected. The correlations are shown
in Table 4.1 We model the AE distribution of the signal component using the
sum a double-sided Crystal ball and a Gaussian, allowing the fraction between
both components to vary. The Crystal ball function consists of a Gaussian core
component and a power-law tail on the left side [83]. The double-sided Crystal
ball has an additional power-law tail on the right side. The C’ shape of the
signal is described using a linear function. The peaking background component is
described using the same shapes as the signal with the the exception of the AF
distribution for BT — K27* which is modeled using the sum of a Crystal ball
function and a Gaussian. The BB background is modeled using a shape obtained
via kernel density estimation [84] to describe AE and a linear function for C’.
The continuum background is modeled using a linear function to describe AE and
an exponential function defined as f(x) = exp(ax + bx?), where a and b are free
parameter, for C’. In Table[4.2] all shapes are summarized and in Figs. to[4.11],

a comparison between the shapes and simulated events are shown. Differences are
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observed for the AE distribution for some of the signal and peaking background
components. These differences are deemed acceptable, as the simulated samples
for those components are three orders of magnitude larger than what is expected
to be observed in data.

We fit directly for the physics parameter, i.e., the branching fractions and direct
CP asymmetries. The respective signal yields can be computed from the physics
parameter in the following way,

1FA

]\fi = 2NB+B— € Bsub Bsig T, (41)

where N is the respective signal yield for positively/negatively charged signal B
candidates, Np+p- is the number of produced B*B~ pairs (centrally provided),
¢ is the reconstruction efficiency (estimated from simulation), By, are the sub
branching fractions of decays happening in the reconstruction chain (taken from
PDG), in the case of BT — K% and B* — 77 this is 7° — v and for BT —
K% it it includes the fraction of K2 in K° and the branching fraction of K2 —
mtm™, Bgg is the signal branching fractions (fit parameter) and A is the direct CP
asymmetry (fit parameter). In the simultaneous fit to the samples of Bt — K*70
and Bt — 7770 decays, we also calculate the yield of the peaking background
using this formula. In the B* — K*7% sample, the peaking background consists
of Bt — 7+7% decays, where the 7+ was misidentified as a Kaon, and vice versa
for the Bt — 7t7% sample. By also calculating the peaking background this
way, we constrain the fraction of peaking background and signal and determine
the amount of peaking background in a data-driven way. For other components,
we let the yields free floating separate for each charge. In addition, we let the
continuum background shape parameter free to float in the fit, as the distributions
are known to be not well reproduced in simulation.

For B* — K7 and Bt — 7#77°, we end up with 18 fit parameter. They are:
e The branching fractions of Bt — K™7% and BT — 77" (2 parameters)
e The direct CP asymmetries of BT — KT7% and BT — 770 (2 parameters)

e The continuum background, AF and C’ shape parameter (6 parameter)
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e The continuum background yields separate for each sample and charge (4

parameters)
e The BB yields separate for each sample and charge (4 parameters)
For Bt — K%r", we end up with 11 fit parameter. They are:
e The branching fractions of BT — K7™ (1 parameter)

e The direct CP asymmetries of Bt — K27 (1 parameter)

The continuum background AFE and C’ shape parameter (3 parameter)

The peaking background yields separate for each charge (2 parameter)

The continuum background yields separate for each charge (2 parameter)

The BB yields separate for each charge (2 parameter)
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Table 4.1: Correlations coefficient between AFE and the transformed continuum
suppression output for the different samples and fit components.

signal peaking bkg BB bkg cont. bkg
Bt — atx® | 0.03 0.03 0.06 0.01
Bt — K*t7% | 0.03 0.03 0.07 0.01
BT — K% | 0.02 0.01 0.08 0.02

Table 4.2: Summary of fit models for Bt — h™7® and BT — K27 ™. CB denotes
a Crystal Ball function, DCB a double-sided Crystall Ball function, and KDE a
kernel density estimator.

Fit shapes for BT — 777" and Bt — K*x°.

AFE '
Signal DCB + Gaussian 1st degree polynomial
peaking bkg DCB + Gaussian 1st degree polynomial
BB bkg KDE 1st degree polynomial
cont. bkg  1st degree polynomial exp(ax + bz?)

Fit shapes for B* — Kort.

AFE o
BT — K7 signal DCB + Gaussian 1st degree polynomial
peaking bkg CB + Gaussian 1st degree polynomial
BB bkg KDE 1st degree polynomial
cont. bkg 1st degree polynomial exp(ax + bz?)
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Figure 4.8: Left: The AE distribution (black dots with errorbars) for signal in the
BT — K7 (top), BT — 7™ 7° (center), and Bt — K°r" (bottom) sample. The
result of a fit is shown as a solid blue line. Below differences between simulated
data and the fit results, normalized by fit uncertainties, (pulls) are shown. Right:
Same but for the transformed continuum suppression output C”.
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Figure 4.11: Left: The AFE distribution (black dots with errorbars) for continuum
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C'.
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4.4 Fit of Sample Composition

4.4.1 Estimator Properties

Due to several reasons, for example, over simplification of the fit model the max-
imum likelihood fits might exhibit biases or non Gaussian uncertainties. In this
section, we study the properties of the estimators to identify possible biases and

to estimate the statistical precision expected on real data.

Estimation Using Large Simulated Sample

We perform a fit to a large sample of simulated data corresponding to 1000 fb~*,
roughly three times size of the data sample. Due to the larger size of the sam-
ple effects due to mismodeling of the fit shapes, for example due to neglect of
correlations between AE and C” are enhanced compared to data. The simulated
sample contains a signal and background composition similar to what we expect
to observe in data. We run the fit on the simulation sample as it is run on data.

We show the result of a fit to the simulation samples for Bt — 7F7° and
Bt — K*7° in Fig. [4.12] In addition, we show signal- and background-enhanced
fit projections in Fig. and Fig. [4.14] Similar fit projections for a fit to the
Bt — K% sample are shown in Fig. 1.15] The agreement between the fit
projections and the data is good in the nominal plot as well as in the signal-
and background-enhanced plots, reassuring that the overall fit modeling as well
as the modeling of individual components is working well. The fitted parameters
agree also well with the simulation expectation as shown in Tables [f.3|and [£.4] In
Tables and we show the correlation between fit parameters.

Estimation Using Ensemble Tests

We use ensemble tests to determine our estimators properties. A commonly used
method for estimation is analyzing the standardized residual, also known as pull
distribution. For a set of ensembles generated with parameter values that vary
according to a Poisson distribution, the pull distribution is defined as the difference
between the observed fit result and the parameter value used in the generation
process, divided by the estimated uncertainty. For an unbiased estimator with

Gaussian uncertainties, the pull distribution follows a Gaussian with a mean of
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Figure 4.12: Top: The AF distribution (left) and transformed continuum suppres-
sion output (right) in the simulation sample corresponding to 1000 fb~! of data for
Bt — K*7°% The result of a fit to the sample is shown as a solid black line. In-
dividual fit components are shown as black dashed line (signal), blue shaded area
(peaking background), red shaded area (BB background) and purple shaded area
(continuum background). Below differences between simulated data and the fit

results, normalized by fit uncertainties, (pulls) are shown. Bottom: Same but for
Bt — 7tx0.
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Figure 4.13: Top: The AFE distribution (left) and transformed continuum suppres-
sion output (right) in the simulation sample corresponding to 1000 fb ™' of data for
Bt — K*7° The result of a fit to the sample is shown as a solid black line.
Individual fit components are shown as black dashed line (signal), blue shaded
area (peaking background), red shaded area (BB background) and purple shaded
area (continuum background). Below differences between simulated data and the
fit results, normalized by fit uncertainties, (pulls) are shown. Bottom: Same but
for BY — 7t7%. The distributions are shown in signal-enhanced projection. The
signal-enhanced region is defined as —0.13 < AE < 0.10 GeV/c? and C' > 0.6 if
the respective variable is not plotted.
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Figure 4.14: Top: The AF distribution (left) and transformed continuum suppres-
sion output (right) in the simulation sample corresponding to 1000 fb~* of data for
Bt — K*7% The result of a fit to the sample is shown as a solid black line.
Individual fit components are shown as black dashed line (signal), blue shaded
area (peaking background), red shaded area (BB background) and purple shaded
area (continuum background). Below differences between simulated data and the
fit results, normalized by fit uncertainties, (pulls) are shown. Bottom: Same but
for Bt — 7t7%. The distributions are shown in background-enhanced projection.
The background-enhanced region is defined as AE < —0.13GeV/c? and C' < 0.2
if the respective variable is not plotted.
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Figure 4.15: Top: The AFE distribution (left) and transformed continuum sup-
pression output (right) in the simulation sample corresponding to 1000fb™" of
data for BT — K%". The result of a fit to the sample is shown as a solid
black line. The fit components are shown as black dashed line (signal), blue
shaded area (peaking background), red shaded area (BB background) and purple
shaded area (continuum background). Below differences between simulated data
and the fit results, normalized by fit uncertainties, (pulls) are shown. Middle:
Same but in signal-enhanced projection. The signal-enhanced region is defined as
—0.05 < AE < 0.05GeV/c? and C" > 0.6 if the respective variable is not plotted.
Bottom: Same but in background-enhanced projection. The background-enhanced
region is defined as AE < 0.05GeV/c? and C’ < 0.6 if the respective variable is
not plotted.
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Table 4.3: Fit result for the fit to the 1000 fb~! simulation sample for Bt — K+7°
and BT — ntr°.

Parameter Fit Result Simulation Truth
B¢+ 0 (12.85 £0.22) x 107° 12.71 x 107°
Bt 70 (5.34 4+ 0.17) x 107° 5.43 x 107°
A0 -0.020 + 0.016 -0.009
At z0 0.016 + 0.030 0.006
BB}, , yield 383 + 41 409
BB, , yield 369 £ 41 418
BB, , yield 630 + 43 620
BB_, , yield 653 + 43 634
cont. bkg}'@r7r0 yield 2652 + 69 2666
cont. bkg, o yield 2702 + 70 2609
cont. bkg;’ﬂrO yield 3884 £+ 76 3937
cont. bkg ., yield 3865 + 76 3918
cont. bkgz 0 AE 1st param -0.2683 + 0.028 -

cont. bkgyi.0 C a -7.65 + 0.36 -

cont. bkgi.0 C'b 0.52 + 0.80 -

cont. bkg .0 AF 1st param -0.1976 + 0.023 -

cont. bkg_+ 0 C a -7.03 £ 0.29 -

cont. bkg_+.0 C'b -1.20 = 0.65 -

Table 4.4: Fit result for the fit to the 1000 fb~" simulation sample for B¥ — K7 .

Parameter Fit Result Simulation Truth
Byor+ (2.343 £0.040) x 107 2.352 x 107
AK%W+ 0.021 + 0.017 0.006
peaking bkg™ yield 128 £+ 23 115
peaking bkg* yield 171 + 24 138
BBT yield 520 & 37 494
BB~ yield 532 £ 36 508
cont. bkg™ yield 4948 + 81 4946
cont. bkg™ yield 4862 + 79 4903
cont. bkg C" a -10.07 £ 0.23 -

cont. bkg C’" b 2.64 + 0.49 -

cont. bkg AFE 1st param -0.453 £ 0.018 -

o8



4.4 Fit of Sample Composition

zero and a standard deviation of one. A deviation from a mean of zero indicates a
biased estimator. Similarly, a deviation from a standard deviation of one indicates
an over- or underestimation of the uncertainties. The mean value of the estimated
uncertainties is an estimate of the statistical uncertainty.

In addition to pull distributions, we also use linearity tests to assess the proper-
ties of our estimators. In the linearity tests, we generate several sets of ensembles
by deviating the parameter values used in the generation process from their nom-
inal values. We then allow them to fluctuate according to a Poisson distribution
around these deviated values. For each ensemble, we plot the average of the fitted
parameter values with their standard deviation as uncertainty against the parame-
ter value used in the generation process. For an unbiased fitter, a linear fit through
the set of points has a slope of one and an offset of zero. Deviations from this
behavior indicate a bias [85]. In our linearity tests, we vary the branching frac-
tions from 60% to 140% of their nominal value in steps of 20% and the direct CP
asymmetries from -0.150 to 0.150 in steps of 0.005. These variations correspond
to more than 3¢ around the current world averages.

We generate ensembles using two different methods:

1. Toy ensembles: These are created by generating samples from the shape of
each fit component. They serve as preliminary tests, for example to check

whether the estimators can distinguish between different fit components.

2. Secondly bootstrapped ensembles: These are generated by bootstrapping
[86], i.e., sampling with replacement, from the large simulation sample. The
ensembles created by bootstrapping more closely resemble the data. They
are used to assess the ability of the fit models to generalize to new data
with features that are missing in the fit models themselves, for example

correlations.

In Fig. [£.16] Gaussian fits to the pull distributions of toy ensembles are shown.
All pull distributions follow a Gaussian shape and have a mean compatible with
zero and a standard deviation compatible with one, indicating no bias. This is
supported by the results of linearity tests using toy ensembles (see Fig. ,

which also shows no bias. The statistical uncertainty on the branching fractions
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4 Measurements

estimated from these toy ensembles is 2.8% for Bt — K*x°, 5.1% for Bt — 7t Y,
and 2.9% for Bt — KQn*. The estimated statistical uncertainty on the direct CP
asymmetry is 0.0274 for B* — K*7° 0.0491 for Bt — 7t#° and 0.0287 for
BT — Ko+,

The results of linearity tests using bootstrapped ensembles are shown in Fig. |4.18|
Small deviations from an intercept of zero for the direct CP asymmetries of
BT — 7t7% and BT — K2r" are visible. Since these deviations are small com-
pared to the estimated statistical uncertainty, we assign them as a systematic un-
certainty. For the branching fraction of B* — 777" a deviation of 2.3% from an
intercept of zero is visible. This value is not negligible compared to the statistical
uncertainty but small compared to the systematic uncertainties, see Section 4.6
The deviation disappears when the continuum background component is sampled
from the shape, while all other components remain bootstrapped (see Fig. |4.19)).
This indicates the continuum background shape insufficiently describing features
present in the data, is the cause of this bias. We correct this bias by scaling the

fit result by its value.
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Figure 4.16: Distribution of differences between the fit result and simulated data,
normalized by fit uncertainties, (pull distribution) for the branching fraction (left)
and direct CP asymmetry (right) for B* — K7°. Middle (Bottom): Same but
for Bf — 7% (BT — Kon).
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Figure 4.17: Upper: Result of the linearity test using toy ensembles for the branch-
ing fraction (left) and direct CP asymmetry (right) of Bt — K*7°. Middle (Bot-
tom): Same but for BY — 770 (BT — K27T).

62



4.4 Fit of Sample Composition
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Figure 4.18: Upper: Result of the linearity test using bootstrapped ensembles for
the branching fraction (left) and direct CP asymmetry (right) of BT — K0,
Middle (Bottom): Same but for Bt — 7+7° (BT — Ko7T).
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Figure 4.19: Linerarity test for the branching fraction of BT — K7+ when the
continuum-background component is sampled from the fit model while all other
components are bootstrapped.
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4.5 Simulation Correction

4.5 Simulation Correction

For the computation of the reconstruction efficiencies introduced in Section
and the fit modeling introduced in Section we rely solely on simulated data.
However, the simulation shows discrepancies to the experimental data. This is due
to difficulties in simulating the physics processes and imperfect detector calibra-
tion. If not accounted for, these discrepancies impair the reliable extraction of the
physics parameters. We use control modes with a topology similar to the signal
modes and a higher branching fraction to correct these discrepancies.

We adjust the reconstruction efficiencies for data-simulation differences in sev-
eral areas: The efficiency of the track reconstruction, continuum suppression and
particle identification requirements, the K9 reconstruction, and the 7° reconstruc-
tion. We also account for discrepancies in the instrumental asymmetries, i.e.,
discrepancies related to the differences in reconstruction efficiency between parti-
cles and antiparticles. To correct the signal and peaking background fit model, we
introduce shift and scaling (fudge) factors. The shift factor shifts the mean of the
Gaussian component of the models and the scale factor scales their widths.

In the remainder of this section, we describe the extraction of the different

correction factors.

4.5.1 Tracking Efficiency Correction

The performance of Belle II's track finding algorithm may differ between data
and simulation, e.g., due to poorly modeled beam background. A correction for
such effects is centrally provided by the Belle II Collaboration. The correction is
obtained from ete™ — 777 events, where one 7 decays into an electron or a muon
and corresponding neutrinos, and the other 7 decays into three charged pions, a
7 neutrino, and any number of neutral pions. The electron/muon as well as two
of the three charged pions are reconstructed to tag 7-pair events. The efficiency
of the track finding algorithm is then calculated by dividing the number of events
in which the fourth track is found by the total number of events. The ratio of
track finding efficiency between data and simulation is (99.94 4+ 0.24)%, where

the uncertainty includes the statistical and systematic uncertainty. This ratio is
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consistent with 100%), i.e., no correction, hence we do not scale with this ratio and

assign the uncertainty as systematic uncertainty per track.

4.5.2 Continuum Suppression Correction

The efficiency of the continuum suppression requirement differs between data and
simulation due to small differences in the input variables. We use B* — D%(—
K+tr=m%)7nt decays to assess the difference in continuum suppression response
and extract correction factors. We use this decay because its branching fraction
is more than an order of magnitude greater than that of the signal decays [9] and
also contains a neutral particle.

The reconstruction follows the same approach as for the signal decays (see
Section , where appropriate we use the same selection criteria. Compared to
the signal decays, the amount of background is greatly reduced since we place a
mass window requirement around the nominal D° mass. The width of this window
corresponds to three times the detector mass resolution. We split the reconstructed
sample into two disjoint samples: one that passes and one that fails the continuum
suppression criterion. We then perform a simultaneous fit the AFE distribution of
both. Using the fit result, the continuum suppression correction factor is calculated

from the following double ratio:

N, ass N, ass
(e ) (e )y
N, pass + Nfaﬂ data NpaSS + Nfail simulation

where Ny is the number of events passing the continuum suppression requirement
and Ng,; is the number of events failing it. The subscript “data” and “simulation”
refers to the ratio being computed using real or simulated data. The double ratio
approach has the advantage that systematic uncertainties, such as the uncertainty
on the number of produced B pairs, cancel.

The fit procedure follows the same approach as for the signal decays. We extract
shapes for each component (signal, BB background and continuum background)
by fitting dedicated simulation samples. In the fit to data, the signal as well as
the BB shape parameter are fixed and only the continuum shape parameter is

allowed to vary. Additional fit parameter are the yield of each component and
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Figure 4.20: Result of the fit to the AE distribution of B¥ — D(— K*r 7%)n+
for the extraction of the efficiency of the continuum suppression cut for the
BT — K*7% and Bt — 7t7Y (left) and BT — K%' (right) continuum suppres-
sion. Above (Below) the fit to the sample failing (passing) the continuum sup-
pression requirement is shown. The data is shown as black dots with errorbars.
The result of the fit is overlaid as a solid black line, the signal component as black
dashed line, the BB background as red shaded area and the continuum background
as blue shaded are.

fudge factors for the signal model.

In Fig. [4.20] fit projections on the simulation and data sample are shown for the
continuum suppression of the BY — K79 and BT — 77 7% samples, as well for
the continuum suppression of the K°r+ sample. For the continuum suppression
of Bt = KTn% and Bt — 77 7% we obtain a correction factor of (96.81 4 0.66)%
and for the continuum suppression of Bt — K21 we obtain a correction factor
of (99.10 £ 0.51)%. The uncertainties represent statistical uncertainties, which we

assign as systematic uncertainty.
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4.5.3 Particle Identification Correction

We identify a track as kaon or pion candidate via a requirement on the binary kaon—
pion particle identification likelihood. The efficiency of this requirement differs
between data and simulation. We derive a correction factor for the simulation-
based efficiency estimate by measuring the efficiency in data and simulation. For
these measurements, we use D** — D% — K—n")r™ and K? — 77~ decays,

where the species of the tracks is inferred from kinematic information.

During reconstruction, we apply the same requirements on the tracks as for
the signal decays bar the particle identification requirement. After reconstruction,
we perform a fit to the mass distribution of the DY and the KY. Using the fit
result and the sWeight technique [87], we obtain the particle identification likeli-
hood, momentum, and polar angle distribution of signal events. We calculate the
efficiency of the particle identification criterion by summing the signal sWeights of
events meeting the criterion and dividing by the total sum of all signal sWeights.

This procedure is repeated for both data and simulation.

The correction factor is determined by dividing the efficiency obtained from
data and simulation. This analysis is conducted across bins of track momen-
tum and polar angle, as the correction factor depends on these variables. The
entire procedure is automated within the Systematic Corrections Framework
[88] provided by the Belle II Collaboration.

We apply the correction factors to our signal samples and determine the nec-
essary scaling of the simulation-based efficiency estimate to match the data effi-
ciency. The efficiency estimate for correctly identified Bt — K 7% events needs
to be scaled by (97.34 + 0.10)%, and for correctly identified BT — 777" events
by (97.22 + 0.13)%. For mis-identified BT — K*7° events, the scale factor is
(120.40 £ 0.72)% and for mis-identified BT — 77 7% events the scale factor is
(116.70 £ 0.70)%. The scaling factors for BT — K*7° and BT — 7"7" events
show similar behavior. We are overestimating, the number of correctly identified
events and are underestimating the number of mis-identified events. In addition,
the corrections for mis-identified events are larger than for correctly identified

events. This behavior is expected.
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4.5.4 Efficiency Correction of K‘S) Reconstruction

In this section, we investigate differences in the K reconstruction efficiency be-
tween data and simulation. First, we study discrepancies due to the displaced-
vertex reconstruction, i.e., finding two tracks from a K decay displaced from the
interaction point and reconstructing the corresponding vertex. Second, we examine

whether the KY selection causes a difference in reconstruction efficiency.

Displaced Vertex K Efficiency Correction

The K? flies on average 10 cm before it decays, hence its decay vertex is far dis-
placed from the interaction point. As a consequence, most pions generated in
the K2 decay traverse only parts of the tracking system. This makes the K re-
construction especially susceptible to beam background effects. These effects are
known to be badly modeled in the simulation, necessitating a correction of the K?
reconstruction efficiency.

We use D*t — D%(— K(— ntn )ntm )n" decays to derive a correction
factor for the K? reconstruction efficiency. For the reconstruction, we use the
same approach as for the signal decays (see Section . Due to requirements on
the DY mass and the mass difference between D and D** background is greatly
reduced. After reconstruction and selection, we compare the momentum distribu-
tion of K? in the D* — D(— K%(— 7#Fn " )rTn " )r™ and BT — K%' sample.
This comparison is shown in Fig. [£.21] Since both distributions differ and the
K? reconstruction efficiency depends on the K? momentum, we require the K?
momentum to be greater than two GeV/c?

To derive the reconstruction efficiency correction, we obtain the yield for re-
constructed K2 candidates in simulation and data by fitting the K2 mass distri-
bution. In the fits, two components are considered: signal, containing correctly
reconstructed K?, and background, containing all other events. We model the
signal using a double-sided Crystal Ball function and the background using a first-
order polynomial. In Fig. [£.22] the fit result of the signal and background model
to dedicated simulation samples are shown. In the fits to extract the yields, the
tail parameter of the double-sided Crystal Ball are fixed to those derived by fitting

the signal simulation sample. All other signal and background shape parameter
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are left free.

To account for the dependence of the reconstruction efficiency correction on
the K9 kinematics, fits are performed in bins of flight distance and flight direc-
tion (polar angle). The bins in flight direction are chosen in such a way to have
the same number of signal candidates in each bin. The bins in flight distance have
been inherited from a previous internal Belle IT study of the K? reconstruction
efficiency correction. The binning scheme is summarized in Section [£.5.4 We
extract independent fit models for each bin.

In each bin, we calculate the ratio between the fitted K2 candidate yield in
simulation and data. We normalize the ratio in the first flight distance bin to
one and scale the ratio in all other bins accordingly, assuming the reconstruction
efficiency correction in the first flight distance bin is given by the tracking effi-
ciency (see Section . In addition, we assume there is no dependence of the
correction in flight direction for the first flight distance bin, hence each first flight
distance bin is independently normalized. In Fig. the ratios between data
and simulation for the first flight-distance bin as a function of flight direction are
shown, supporting our assumption.

We consider two sources of systematic uncertainty: The first is due to normal-
izing the first bin of flight distance; the second is due to mismodeling of tails of
the K? mass distribution in simulation. To account for the first source, we assign
the statistical uncertainty of the ratio of yields in the first bin of flight distance as
systematic uncertainty. There are three such bins (one per bin in flight direction).
We compute the total uncertainty as the weighted sum of them, using following

equation:

3

Oﬁorm = Z fzzo-%,i (43>

i=1
where oy, is the uncertainty of the K? yield ratio in the first bin of flight
distance of the i-th bin of flight direction, and f? is the fraction of total K?
candidates in the 7-th bin of flight direction integrated over flight distance. This
uncertainty is considered as an overall systematic uncertainty.
We account for the second source by repeating the study using the sum of
two Gaussians as signal model. In Fig. [£.22] the alternative model alongside the
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Figure 4.21: Comparison of the momentum of signal KO for the D** — [D° —
K2rtn~]r" channel (blue dots) and one of the signal channels (red dots).

nominal model is shown. The alternative model does not describe the tails of the
K? mass distribution. We take the difference in result to our nominal model as
systematic uncertainty. This uncertainty is conservative, as we compare our model
to a model that does not describe the tails of the K? mass distribution.

The K? reconstruction efficiency factors as a function of flight direction and
flight distance are shown in Fig. [£.24] As expected, the correction factors vary
depending on both. We apply the correction factors to our signal sample and find
we need to scale the KU reconstruction efficiency resulting from the simulation by
(95.2+0.3(stat) & 1.2(norm) £ 1.5(fit))% to match the efficiency in data. The first
uncertainty is the statistical uncertainty, the second is due to the normalization
uncertainty and the third due to the fit model uncertainty. The sum in quadrature

of all uncertainties is 1.9%.
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Figure 4.22: Upper: Fit to the signal K mass distribution in the first flight
distance bin for cos(f) < 0.3 using a double-sided Crystal Ball (left) and two
Gaussians (right). Below differences between simulated data and the fit results,
normalized by fit uncertainties, (pulls) are shown. Lower: Fit to the background
distribution in the same bin using a first-order Chebyshev polynomial.
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Figure 4.23: Ratio of K2 reconstruction efficiency between data and simulation
for the first flight-distance bin, divided into ten cos(f) bins with equal number of
candidates. The displayed uncertainty represents the statistical uncertainty only.
The grey dashed line shows the averages of all bins.

Table 4.5: Binning scheme for the displaced vertex K efficiency correction study.
We remind the cut p(K?) > 2 GeV/c? that is also applied.

3D flight distance [cm |  cos(¢
(0.5,1.4) (-1,
(1.4,2.4)
(2.4,3.6)
(3.6,5.2)
(5.2,7.0)
(7.0,9.0)
( )
( )
( )
( )

9.0,13.
13.,22.
22..35.
35.,55.
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Selection K Efficiency Correction

During the K? reconstruction, we apply requirements on the K2 mass distribution
and the VOSelector as well as LambdaVeto boosted decision trees. Due to mis-
modeling of the K? mass distribution or input variables of the boosted decision
trees, the efficiency of these requirements can differ between data and simulation.

We use D** — D°(— K97%) 7" decays to assess these differences.

To evaluate the correction factor, we use the double-ratio approached intro-
duced for the continuum suppression efficiency correction (see Section . Dur-
ing reconstruction, we apply a loose selection on the K? to obtain an almost
unbiased sample. Afterwards, we apply the VOSelector and LambdaVeto require-
ments as for the signal channels to define pass and fail samples. The K? yield in
both samples is obtained by fitting the K? mass distribution. After the fit, the
signal shape is integrated across a mass window that corresponds to that of the
signal channels. This integration is carried out instead of directly applying the
mass window requirement as the fit is otherwise unstable. Using the result of the

integration, we evaluate the double ratio.

Apart from the K9 selection, we place similar selection requirements as in our
signal modes during reconstruction. The amount of background is greatly reduced
due to requirements on the D° mass and the mass difference between D° and D**.
To suppress BB events, the D** momentum must be greater than 2.5 GeV/c?.
We require the K momentum to be in the range [2.0,3.5] GeV/c?, to restrict it to
a region populated by the signal channel (see Fig. .

Two components are taken into account in the fit: signal, containing correctly
reconstructed K9, and background, containing all other events. The signal is
modeled with a double-sided Crystal Ball function. We use separate shapes for the
signal passing and failing the K9 selection. For background failing the K? selection
we use a second-order polynomial, and for background passing the K9 selection
the sum of a second-order polynomial and a Gaussian. All shape parameter are
determined using dedicated simulation samples. The Gaussian of the background
peaks at the same position as the signal which could lead to background events
being misidentified as signal. Such an effect is neglected since the signal is three

orders of magnitude more abundant than the portion of the background contained
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Figure 4.25: Comparison of the momentum of signal K9 for the D** — [D° —
K297 channel (blue dots) and one of the signal channels (red dots). The vertical
solid black lines indicate the cuts applied in this analysis.

in the Gaussian. In the fits to extract the yields, we introduce parameter shifting
and smearing the mean and width of the Gaussian core of the signal shape, which
are shared between the signal shape for the events failing and passing the K°
selection.

The fit is carried out in bins of the K2 flight distance and direction (polar angle),
due to a possible dependence of the correction on both. In Fig.[4.26] an example for
a fit in one of the bins is shown. Applying the correction factors to the BT — K%z+
signal sample, yields a scaling factor for the branching fraction of (99.56 4 0.25)%,
which is in agreement with 1, i.e., no correction within two standard deviations.
Hence we do not scale using this factor and assign the uncertainty on it as a

systematic uncertainty.
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4.5.5 Efficiency Correction of m° Reconstruction

Due to mismodeling of cluster variables used in the 7° selection, the 7° reconstruc-
tion efficiency differs between data and simulation. The Belle II Collaboration
provides centrally corrections for the 7° reconstruction efficiency. For the calcula-
tion of the correction, D° — K~7t and D° — K7t 7" decays are reconstructed
and fits to the invariant mass distribution are performed to estimate their yields in
data and simulation. The correction factor is determined by comparing the ratio
of yields in data and simulation for both decays and taking the known values of
their branching fractions as input [9]. The correction factors are determined as a
function of the 7° momentum and polar angle as it depends on both. We apply the
correction factors to our simulation and obtain a scaling factor of (99.24+3.8)% for
K*7% and (99.3 4+ 3.8)% for 7™ 7%, where the uncertainties include the statistical
and systematic uncertainty. The biggest contribution to the uncertainty stems

from the uncertainty of the D° — K7t and D° — K7 7% branching fraction.

4.5.6 Corrections for Instrumental Charge-Asymmetries

The measured asymmetry for BT and B~ decays is the raw asymmetry A,.y, it
is the sum of the direct CP asymmetry Acp, we want to measure, and the in-
strumental asymmetry Aqe;. The instrumental asymmetry is caused by differences
in interaction and reconstruction probabilities between particles and antiparticles.
One known cause is that positively charged tracks have on average one associated
hit less in the central drift chamber in data due to the non-uniform electric field
around the sense wires. Due to drift-time mismodeling this effect is opposite in
simulation compared to data. To measure the direct CP asymmetry, we need to
subtract the instrumental asymmetry from the measured raw asymmetry. Estima-
tions of the instrumental asymmetry are provided by the Belle II Collaboration.
For the estimation of the charged pion instrumental asymmetry D+ — K"
decays are reconstructed and the DT mass distribution is fitted. The known value

of the direct CP asymmetry is subtracted from the measured value [9]. Due to
+

*

~v* — ZY interference in ete~ — c¢ are produced antisymmetrically in forward-
backward direction. To account for this effect, the instrumental asymmetry is

measured in bins of the polar angle in the center-of-mass system and averaged over
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4.5 Simulation Correction

bins with opposite sign, since the asymmetry is anti-symmetric in this variable.
The charged kaon instrumental asymmetry is measured by reconstructing D° —
K~7t events. Here, the same strategy is followed to remove the effect from the
production asymmetry. The direct CP asymmetry is measured to be below 0.1%
and hence neglected. The charged kaon asymmetry can than be obtained from
the measured value of the D° — K~ asymmetry by subtracting the measured
asymmetry for charged pions.

Since the instrumental asymmetry depends on the flight direction, momen-
tum, and number of hits in the drift chamber, we reweight these distributions to
match those of our signal channels. We find as value of instrumental asymme-
try Aget(7 1) (for BT — K2rT) = (0.78 4+ 0.42)%, Aget(nT)(for Bt — nt7Y) =
(0.78 + 0.42)%, and Aget(K 1) (for BT — KT7%) = (1.41 4+ 0.46)%.
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4.5.7 Correction for AE Fit Model

Due to an imperfect energy calibration, the AFE distribution differs between data
and simulation. This leads to a shift and smearing of the peaks in the AE dis-
tribution. To correct the signal and peaking background fit model, we introduce
shift and scaling (fudge) factors. The shift factor shifts the mean of the Gaussian
component of the models and the scale factor scales their widths. We analyze
B — D(— K*77)n° decays to extract fudge factors for the B¥ — K70 and
Bt — 7t7% channel. To extract fudge factors for the BT — K27 channel, we
use BT — D(— K%t a7 )7t and B® — D~ (— K97~ )7" decays.

During reconstruction, we apply selection requirements as for the signal chan-
nels. Compared to the signal channels, the background is greatly reduced due to a
mass window requirement on the D° mass. For the BY — D(— K77~ )r+ chan-
nel, we require the K2 momentum to be greater than 0.5 GeV/c. This requirement
suppresses background from other BB decays.

After reconstruction, we perform a two dimensional fit of the AF and C" dis-
tribution. The fit procedure follows that for the signal channels. First, we extract
models by fitting dedicated simulation samples for each of the fit components (sig-
nal, BB background and continuum background). Afterwards, we introduce fudge
factors to the signal shape. In the fit to data, the yields, the fudge factors, and
the continuum background shape parameter are free to float.

Since the fudge factor might depend on the 7° or K2 momentum, we compare
them between the control channels and the signal channels (see Fig. . The
momentum distribution shows adequate agreement for the 7°. For the K9, the
control channel contains more low momentum events than the signal channel. We
assess the momentum dependence by dividing the sample into two bins of K?
momentum (One above and one below 1.5GeV/c) and perform the fit in both
bins. The fit results for the fudge factors agree within uncertainty, therefore we do
not divide the sample into different momentum bins for the nominal fit to extract

the shift and scale parameter.
In Figs. to fit projections to the fit to data for the various chan-

nels are shown. All show good agreement between the fit result and data. For
B® — D(— K*77)n°, the extracted shift parameter is (—0.0005 & 0.0017) GeV
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Figure 4.27: The 7 momentum distribution for simulated B® — D(— K*7x~)x°
(blue dots with errorbars), BT — 77 (red dots with errorbars) and BT —
K*7Y (purple dots with errobars) signal events. The K momentum distribution
for simulated B* — D(— K%r+7~)n* (blue dots with errorbars), B® — D~ (—
K2r)7™ (purple dots with errorbars), and BT — K27 (red dots with errorbars)
signal events.

and the scaling parameter is 1.034 £ 0.046. For B* — D(— K%r+7 " )nt (B® —
D~ (— K21 )r"), the extracted shift parameter is (—0.96+0.18) MeV/c ((—0.71+
0.22) MeV/c) and the scaling parameter is 1.120 4+ 0.017 (1.086 £ 0.020). By com-
bining the measurements we obtain a shift of (—0.84 & 0.14) MeV/c and a scale of
1.10 = 0.013.
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Figure 4.28: Left: AFE distribution for B — D(— K*7~)7° shown as black dots
with errorbars. Right: Transformed continuum suppression output distribution
for B® — D(— K+~ )n® shown as black dots with errorbars. The result of fits
to the distributions is shown as a solid black line. Individual fit components
are shown as black dashed line (signal), red shaded area (BB background) and
purple shaded (continuum background). Below differences between data and the
fit results, normalized by fit uncertainties, (pulls) are shown.
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Figure 4.29: Left: AFE distribution for BT — D(— K%" 7~ )7" shown as black
dots with errorbars. Right: Transformed continuum suppression output distribu-
tion for BT — D(— K77~ )7" shown as black dots with errorbars. The result
of fits to the distributions is shown as a solid black line. Individual fit components
are shown as black dashed line (signal), red shaded area (BB background) and
purple shaded (continuum background). Below differences between data and the
fit results, normalized by fit uncertainties, (pulls) are shown.
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Figure 4.30: Left: AFE distribution for B — D~ (— K7~ )7 " shown as black dots
with errorbars. Right: Transformed continuum suppression output distribution
for B® — D~ (— K27 )n™ shown as black dots with errorbars. The result of
fits to the distributions is shown as a solid black line. Individual fit components
are shown as black dashed line (signal), red shaded area (BB background) and
purple shaded (continuum background). Below differences between data and the
fit results, normalized by fit uncertainties, (pulls) are shown.
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4.5.8 Correction for C’ Fit Model

Due to differences between data and simulation in the continuum suppression input
variables, the transformed continuum suppression output C’ can differ between
data and simulation. This leads to a non zero slope for the signal C’ shape, where
the slope in simulation is zero by construction. Using B — D° [ K77 7+
decays, we extract a parameter that adjust the slope of the signal C” shape and
evaluate its impact on the fit result with a Pearson’s chi-squared test.

We reconstruct the control channel with selection requirements similar to that
of the signal modes and subsequently fit their AFE distribution. For the fit to
data, we first extract fit models for our fit components (signal, BB background,
and continuum background) using dedicated simulation samples and fix them.
Afterwards, we introduce fudge factors to the signal model. In the fit to data, the
yields, continuum background shape, and the fudge factors are free to float.

After fitting, we use the sWeight technique [87] to obtain the C’ distribution of
signal events. We perform a fit using a first order polynomial to the background
free C' distribution to obtain the correction factor for the C’ signal shape. Be-
fore fitting the real data, we perform the analysis procedure with simulated data
corresponding to 1000 fb™. The analysis to the simulation sample, finds a correc-
tion factor of 0.013 4 0.011 for the continuum suppression of BT — K27 and a
correction factor of 0.020 £ 0.011 for the continuum suppression of B* — K+79
and BT — 777% Both parameter are in agreement with the expectation of zero
within two standard deviations. Subsequently, we carry out the analysis using the
real data. Comparisons of the C" distribution from simulation truth information
and the sWeighted distribution from simulation and data are shown in Fig. £.31]
We extract a correction parameter of 0.031 £ 0.018 (0.048 £ 0.017) for the con-
tinuum suppression of BT — K™7% and B* — 777" (BT — K2r"). The Ax?
between the sWeightes distribution and a shape with a slope of zero and a slope
adjusted using the correction factor is 0.10 (0.24) for the continuum suppression
of Bt - K™7% and BT — 7™7% (BT — K2r"). Since the Ax? in both cases is

small, we do not shift the nominal fit shape.
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Figure 4.31: Upper left: The signal simulation transformed continuum suppres-
sion distribution C’ for the continuum suppression trained for B* — K*7° and
BT — 77 7% (blue dots) and the same distribution after fitting and sWeigthing the
simulation sample (red dots). Upper right: Signal simulation C” distribution (red
dots) and C’ distribution obtained by fitting and sWeighting the real data. The
result of a fit to the C’ distribution of the real data is shown as solid blue line.
Lower: Same as upper but for the continuum suppression trained for BT — K9r+.
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4.6 Systematic Uncertainties

In this chapter, we discuss the systematic uncertainties. They are summarized in
Table for the branching fractions and in Table for the direct CP asymme-
tries.

For the branching fractions, the systematic uncertainties are dominating com-
pared to the statistical uncertainty.

The largest contribution for B¥ — K*7% and Bt — 777" originates from
the uncertainty associated to the reconstruction efficiency of 7%. This uncertainty
itself if dominated from the uncertainty of the ratio of branching fractions for the
control channels used in the derivation of the correction factor. Hence, it is not
expected to shrink with an increasing data sample size. Reducing the uncertainty
will either require measuring the branching fractions of the decays or extending
the 70 efficiency correction estimation to additional channels.

The largest uncertainty for the branching fractions of B* — K%zt is domi-
nated by the uncertainty of the K reconstruction efficiency correction and the
uncertainty of the branching fraction of 7°(4S) — B*™B~. While the former is
expected to shrink with increasing data sample size, the latter requires a measure-
ment of the 7°(45) branching fractions.

Table and Table [4.7] summarizes the systematic uncertainties for the mea-
sured branching fractions and direct CP asymmetry. Each contribution is detailed

in the following subsections.

4.6.1 Number of Produced BT B~ Pairs

In the fit to data, we fit directly for the branching fractions and the direct CP
asymmetries. For the purpose of fitting, we need to calculate from those the signal
yields using Eq. . The equation uses the number of produced BT B~ pairs as
input. We calculate the number of produced Bt B~ pairs by multiplying the total
number of produced BB pairs (Npz) with the fraction of 7(4S) — BT*B~ (f*7).

The number of produced B mesons in centrally provided by the Belle II Col-
laboration. It is estimated by subtracting the number of reconstructed hadronic

events in off-resonance data from the number of hadronic events in on-resonance
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4.6 Systematic Uncertainties

Table 4.6: Summary of the fractional uncertainties on the branching fractions |%)].

Source Bt - K" BT - at7® BT - Kzt
Ngg 1.5 1.5 1.5
[t 2.4 2.4 2.4
Tracking 0.2 0.2 0.7
79 efficiency 3.8 3.8 -
K? efficiency - - 2.0
CS efficiency 0.7 0.7 0.5
PID correction 0.1 0.2 -
Fudge Factors 1.2 2.0 0.3
K7 signal model 0.1 <0.1 <0.1
7 signal model <0.1 <0.1 -
K7 CF model <0.1 0.1 -
7w CF model <0.1 0.1 -
K?K™* model - - 0.1
BB model 0.3 0.5 <0.1
Multiple candidates 1.0 0.3 0.1
Total 5.1 5.2 3.6
Stat uncert. 2.8 5.1 2.9

Table 4.7: Summary of the absolute uncertainties on the direct CP asymmetry.

Source B - Kt Bt - at2® Bt - KOn*
AFE shift and scale 0.001 0.002 0.001
K?K™ model - - 0.001
Fitting bias - 0.007 0.006
Instrumental asymmetry 0.007 0.005 0.004
Total 0.005 0.008 0.007
Stat uncert. 0.0274 0.0491 0.0287
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data. During the calculation, variations of the cross section and efficiency as a
function of energy as well as the difference in luminosity between the on- and off-
resonance sample are taken into account. The number of produced BB events is
(387 4+ 6) x 106.

We calculate f™~ using the result of [89] and assuming the 7°(4S) decays only
to BB pairs. It is 0.516 + 0.052.

We assign the uncertainty on Npz and f*~ a systematic uncertainty on the

branching fractions.

4.6.2 Efficiency Correction

We assign the uncertainty on the various corrections factors extracted in Section
as systematic uncertainty on the branching fractions. For the tracking uncertainty,
we assign an uncertainty of 0.24% per track on the signal side. For the 7° effi-
ciency correction, the uncertainty is 3.8% and for the K9 efficiency correction it is
2.0%. A systematic uncertainty of 0.7% is added for the continuum suppression
efficiency correction (CS efficiency) trained for B — K+ and B* — 77", and
an uncertainty of 0.5% for the continuum suppression efficiency correction trained
for Bt — Ko+,

To evaluate the systematic uncertainty associated to the particle identification
(PID) correction, we perform a toy ensemble study. We generate toy ensembles by
sampling from the fit shape of each fit component, where the yield of each com-
ponent varies randomly according to a Poisson distribution. We fit each ensemble
twice: Once with nominal PID corrections and once with varied PID corrections.
We draw the varied PID corrections from a Gaussian distribution centered at the
nominal PID correction and a width corresponding to their uncertainty. After-
wards, the difference between the fit result for the physics parameters using nom-
inal and varied PID corrections is calculated. We assign the standard deviation of

the difference distribution as systematic uncertainty:.

4.6.3 Fudge Factors

We generate toy ensembles to calculate a systematic uncertainty for the fudge

factors extracted in Section [4.5.7] We generate toy ensembles by sampling from
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the fit shape of each fit component, where the yield of each component varies
randomly according to a Poisson distribution. Each ensemble is fitted twice: Once
with nominal fudge factors and once with varied fudge factors. We draw the varied
fudge factors from a two dimensional Gaussian distribution which is centered at
the nominal fudge factor and takes the correlation between them into account. We
calculate the difference of the fit result for the physics parameter using nominal and
varied fudge factors. We assign the standard deviation of the difference distribution

as systematic uncertainty.

4.6.4 Signal and Peaking Background Modelling

To assess a systematic uncertainty associated to the modeling of the signal and
peaking background component, we generate toy ensembles. We generate toy
ensembles by sampling from the nominal fit shape of each fit component, where
the yield of each component varies randomly according to a Poisson distribution.
Afterwards, we fit the generated ensembles twice: Once with the nominal fit shape
and once with an alternative fit shape. The alternative fit shape is determined
by varying the shape parameter according to a Gaussian centered at the nominal
value and width corresponding to the respective uncertainty as obtained by a fit
to a dedicated simulation sample. We calculate the difference of the fit result for
the physics parameter using nominal and the alternative fit shape. We assign the

standard deviation of the difference distribution as systematic uncertainty.

4.6.5 Uncertainty of BB Modelling

We assess a systematic uncertainty associated to the BB shape modeling by re-
placing the nominal AFE shape (a kenerl density estimator) with a Gaussian. In
Fig. the alternative fit shape is imposed over a dedicated simulation sam-
ple. In addition, we vary the C” shape within its uncertainties. Afterwards, we
generate toy ensembles by sampling from his alternative shape with yields of each
component fluctuated according to a Poisson distribution. The toy ensembles are
fitted twice, once with the nominal and once with the alternative fit shape. The
difference of the fit results is computed. The mean of the resulting distribution is

assigned as a systematic uncertainty.
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Figure 4.32: Alternative BB AE model consisting of a Gaussian + Ist degree
polynomial for Bt — K7 (top left), Bt — 7*x° (top right), and B* — K2x*
(bottom). Below differences between data and the fit results, normalized by fit
uncertainties, (pulls) are shown.
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4.6.6 Multiple Candidates

We do not perform a best candidate selection. To assess a systematic uncertainty
associated to this choice, we fit the data with a random best candidate selection.

The difference to the nominal fit result is assigned as systematic uncertainty.

4.6.7 Instrumental Asymmetries

The uncertainty on the correction of the instrumental asymmetry (see Section [4.5.6)
is assigned as a systematic uncertainty on the measurement of the direct CP asym-

metry.
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4.7 Fit on Data

After developing and validating the analysis, we perform a fit of sample compo-
sition to the real data sample. The fit contains four components, signal, peaking
background, background from BB events and continuum background. The fit
to data is two-dimensional, we fit the energy difference AFE and the transformed
continuum suppression output C” distributions. We perform two fits, one simulta-
neously to the BY — K+7% and Bt — 7t samples and one to the Bt — K%z
sample. The former fit has 18 free parameter and the latter 11. Free parameter are
branching fractions and direct CP asymmetries of the signal decays, background
yields and the continuum background shape parameter.

In Fig. [4.33] the result of the fits to data are shown. The data samples contain
5658 (BT — K%r"), 4148 (B* — K'7"), and 4135 (BT — 7'n") events. We

obtain branching fractions of

BT — K" : (24.37 + 0.71 + 0.86)x 10,
BT — K*+7°: (13.93 + 0.38 4 0.71)x107%, and
Bt — atr® © (5.10 + 0.29 + 0.27)x 1079,

and direct CP asymmetries of

Bt — K% : 0.046 + 0.029 + 0.007,
BT — K*tx%: 0.013 4+ 0.027 4 0.005, and
BT — 7rx% :-0.081 4 0.054 4 0.008,

where the first uncertainties are statistical and the second are systematic.
These branching fraction correspond to a signal yield of 2052457 for B¥ — K%,
1547 £ 45 for BT — K+7° and 785 4 44 for B — nt70.

We combine our results with measurements of B — K*7~ and B — K%°
conducted on the same data set [90, OI] to calculate an isospin-based sum rule to
test the standard model. In the calculation, we take (anti-)correlations between
common systematic uncertainties such as the tracking uncertainty and the number

of produced B mesons into account. We obtain a result of

A(Km) = —0.03 £ 0.13 4 0.04,

which is in agreement with the standard model expectation of zero.
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Figure 4.33: The AFE (left) and transformed continuum suppression output
C’ (right) distribution (black dots with error bars) for Bt — KTn° (Top),
BT — 777° (center), and Bt — K% (bottom). The result of a fit to the
sample is shown as a solid black line. Individual fit components are shown as
black dashed line (signal), blue shaded area (peaking background), red shaded
area (BB background), and purple shaded area (continuum background). Below
differences between data and the fit results, normalized by fit uncertainties, (pulls)
are shown.
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Chapter 5
Conclusion

Due to the smallness of the CKM matrix element |V,|, tree-level amplitudes for
B — Km and B — nrw decays are suppressed in the standard model of particle
physics (SM). Hence, these decays receive non-negligible contribution from loop-
level amplitudes and are therefor sensitive to contributions from non-SM physics.
Measurements of these decays are currently limited by the statistical precision.

The Belle II experiment started data taking in 2019 and collected a data set
containing 387 million bottom-antibottom meson pairs before the 2022 shutdown.
This data set is approximately half of that collected by its predecessor Belle. Using
this data set, we measure the branching fraction and direct CP asymmetry for
Bt — Kt BY — K*7° and Bt — 7770 decays. A key challenge is the
treatment of background from ete™ — ¢g(q = u,d, s, c), which is the dominant
background source. To address this, discriminating observables are identified and
fed into a multivariate algorithm. Physics parameter are determined by a two-
dimensional maximum-likelihood fit to the unbinned transformed output of the
multivariate algorithm and the energy difference between the center-of-mass beam
energy and the energy of the reconstructed signal B candidate.

We obtain branching fractions of

Bt — K7+ : (24.37 £ 0.71 + 0.86)x 1079,
Bt — K+x0: (13.93 + 0.38 £ 0.71)x 107, and
Bt = atn® ¢ (5.10 + 0.29 & 0.27)x107C.

and direct CP asymmetries of
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BT — K% : 0.046 4 0.029 4 0.007,
BT — KTx%: 0.013 4 0.027 4 0.005, and
Bt — 7t7% 1 -0.081 £ 0.054 + 0.008,

where the first uncertainties are statistical and the second are systematic. To
test the standard model, we combine our results with Belle II measurements of
B - K*7~ and B° — K% conducted on the same data set to evaluate an

isospin-based sum rule. We find

A(Km) = —0.03 £ 0.13 4 0.04

for the sum rule, consistent with the standard model expectation of zero.

The determination of the isospin-based sum rule and the individual input mea-
surements are competitive with the best current determinations. The determina-
tion of the sum rule and the direct CP asymmetries are still statistically limited.
The branching fraction measurements are dominated by systematic uncertainties
but the dominant contributions are expected to decrease in the future with increas-
ing data set size. The Belle II experiment is still in its startup phase. Following
the shutdown from 2022-2024, data taking has resumed, and the experiment is in-
creasing its data set. In the future, further measurements of B — 7w and B — K7
decays by the Belle II experiment will be crucial to test the SM. This is especially
true for decay channels involving neutral particles, which are difficult or impossible

to access at other experiments.
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Figure A.7: Comparison between data (blue dots) and simulation (red dots) for the
continuum suppression input variables in the BT — D°[— KT7~ 7% 7% control
channel.
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Figure A.8: Comparison between data (blue dots) and simulation (red dots) for the
continuum suppression input variables in the BT — D°[— KT7~ 7% 7+ control
channel.
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Figure A.9: Comparison between data (blue dots) and simulation (red dots) for the
continuum suppression input variables in the BT — D°[— KT7~ 7% 7% control

channel.
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Figure A.10: Comparison between data (blue dots) and simulation (red dots) for
the continuum suppression input variables in the B¥ — D[— K7~ 7% 7T control
channel.
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Figure A.11: Comparison between data (blue dots) and simulation (red dots) for

the continuum suppression input variables in the BT — D°[— KT7— 7

channel.
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Figure A.12: Comparison between data (blue dots) and simulation (red dots) for
the continuum suppression input variables in the B¥ — D[— K7~ 7% 7T control

channel.
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A.2 Correlation between Fit Parameter

Table A.1: Correlations between fit parameter for a fit to 1000fb~' of simulated
data for Bt — K.

Bro.+ Ago,+ BBt yield Ko7 yield ¢gt yield ¢g C’ a
Bror+ 1.00 -0.01 0.03 -0.10 -0.08 -0.01
Agoq+ 1.00 -0.01 0.11 0.07 -0.00
BB* yield 1.00 0.02 -0.30 -0.03
Ko7 yield 1.00 -0.12 -0.02
qq* yield 1.00 0.03
qq C" a 1.00
q@ C'b qq AE 1st param BB~ yield K97~ yield g yield
Byoq+ -0.03 0.02 0.03 -0.11 -0.08
Agoq+ 0.01 -0.00 0.00 -0.12 -0.06
BB yield -0.13 0.21 0.12 0.04 -0.08
K%+ yield -0.04 0.05 0.04 0.01 -0.03
qq* yield 0.09 -0.12 -0.08 -0.03 0.05
qq C" a -0.86 -0.02 -0.03 -0.02 0.03
qq C'b 1.00 -0.08 -0.13 -0.04 0.08
qgbar AFE 1st param 1.00 0.20 0.05 -0.11
BB~ yield 1.00 0.02 -0.29
K% yield 1.00 -0.12
qq~ yield 1.00
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A .2 Correlation between Fit Parameter

Table A.2: Correlations between fit parameter for a fit to 1000fb™" of simulated
data for Bt — K*7% and BT — nr°.

Bictxo A0 Bt ro Ao BB, yield .o yield
B+ 0 1.00 0.01 -0.22 0.01 -0.00 -0.19
Agct 70 1.00 -0.00 -0.23 0.09 0.11
Bt o 1.00 -0.02 0.01 0.01
At 0 1.00 -0.02 -0.01
BB, , yield 1.00 041
G+ 0 yield 1.00

QGx+m0 Ca Qg0 Cb

qGx+n0 AFE 1st param

BB, yield

45+ 0 yield

BBY,_, yield

Bircqo 0.01 -0.10 0.10 -0.01 -0.19 -0.01
Agc+ 0 0.01 -0.01 0.00 -0.09 -0.12 0.01
Bt o 0.00 -0.00 -0.01 0.01 0.01 0.00
A0 0.00 -0.00 0.00 0.02 0.01 0.06
BB}, , yield -0.00 -0.16 0.32 0.17 -0.16 0.00
G+ 0 yield -0.00 0.16 -0.25 -0.16 0.15 0.01
qQr+m0 C a 1.00 -0.89 -0.00 0.02 -0.02 0.00
qG+m0 C'b 1.00 -0.13 -0.18 0.18 0.00
qGg+m0 AFE 1st param 1.00 0.32 -0.25 -0.00
BBy, yield 1.00 -0.40 -0.00
Qg+ po Yield 1.00 -0.00
BB}, , yield 1.00
G .o yield G0 C a qQriq0 C'b qGripo AE 1st param BB, , yield  qq_, , yield
Bict 0 0.01 -0.00 0.01 0.00 -0.01 0.01
A0 -0.01 -0.00 -0.00 0.00 -0.01 0.01
Bt ro -0.19 0.00 -0.11 0.09 0.01 -0.18
A0 0.13 0.01 0.00 -0.00 -0.07 -0.11
BB}, _, yield -0.00 -0.00 -0.00 0.00 -0.00 -0.00
G+ 0 yield 0.01 0.00 0.00 -0.00 0.00 0.00
qGr+qm0 C a -0.00 0.00 -0.00 0.00 -0.00 -0.00
qQ+z0 C'b 0.00 0.00 0.00 -0.00 0.00 0.00
qGx+r0 AE 1st param -0.00 -0.00 -0.00 0.00 -0.00 -0.00
BBy, yield -0.00 0.00 -0.00 0.00 0.00 -0.00
(x40 yield 0.00 0.00 0.00 -0.00 0.01 0.01
BB}, , yield -0.31 -0.01 -0.11 0.27 0.12 -0.10
G5, o yield 1.00 0.01 0.11 -0.20 -0.10 0.09
(im0 C a 1.00 -0.89 -0.01 -0.00 -0.00
qGriqo C'b 1.00 -0.10 -0.12 0.12
qr+n0 AE 1st param 1.00 0.27 -0.20
BB, , yield 1.00 -0.32
Qs o yield 1.00
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A.3 Normalized Residuals for Background Yields
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Figure A.13: Top: Distribution of differences between the fit result and simulated
data, normalized by fit uncertainties, (pull distribution) for the BB background
yield for negative (left) and positive (right) charge in the BT — K*7% sample.
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Bottom: Same but for the continuum background yields.
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Figure A.14: Top: Distribution of differences between the fit result and simulated
data, normalized by fit uncertainties, (pull distribution) for the BB background
yield for negative (left) and positive (right) charge in the BT — 77" sample.
Bottom: Same but for the continuum background yields.
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Figure A.15: Top: Distribution of differences between the fit result and simulated
data, normalized by fit uncertainties, (pull distribution) for the BB background
yield for negative (left) and positive (right) charge in the BT — K%rT sample.
Bottom: Same but for the continuum background yields.
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