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Zusammenfassung
Das Belle II Experiment befindet sich am neuen Elektron-Positron Beschleuniger SuperKEKB,
eine B-Mesonenfabrik der zweiten Generation am Forschungszentrum KEK in Tsukuba, Ja-
pan. Mit einer Design-Luminosität von 8 · 1035 cm−2s−1 wird SuperKEKB um ca. zwei Grö-
ßenordnungen den Weltrekord seines Vorgängers KEKB übertreffen. Dies wird schließlich zu
einem Datensatz führen, der einer integrierten Luminosität von ca. 50 ab−1 entsprechen wird,
einem Wert, fünfzig mal größer als der des Vorgängerexperimentes Belle. Der neue Belle II
Detektor ist ausgestattet mit modernster Technik, um den Herausforderungen aufgrund der
hohen Luminosität und des erhöten Untergrunds standhalten zu können. Das Hauptziel des
Belle II Experimentes ist die Entdeckung möglicher Beiträge von neuer Physik jenseits des
Standard Modells, in dem die Eigenschaften vonB- undD-Mesonen als auch von τ -Leptonen,
die am SuperKEKB Beschleuniger produziert werden, präzise untersucht werden.

Ein Großteil des Belle II Physikprogramms ist fokussiert auf Messungen derCP -Verletzung
in B-Mesonzerfällen. Für diese Analysen, muss das Flavor von einem der zwei ausschließlich
produzierten B0-Mesonen bestimmt werden, eine Aufgabe, die mit Hilfe von speziellen Algo-
rithmen durchgeführt wird. Im Rahmen dieser Dissertation wurde für das Belle II Experiment
ein neuer Algorithmus zur Flavor-Bestimmung entwickelt. Dieser wurde sorgfältig optimiert,
um die Fähigkeiten des neuen Detektors auszunutzen. Der Algorithmus basiert auf neuen,
multivariaten Methoden, welche von den spezifischen Flavor-Signaturen von B0-Zerfällen op-
timalen Gebrauch machen. Da Belle II Daten noch nicht zur Verfügung stehen, wurde der neue
Algorithmus mit Belle Daten ausführlich validiert. Die effektive Effizienz, die der neue Algo-
rithmus mit Belle Daten erreichte, ist εeff =

(
33.5± 0.5 (stat)

)
%, ein Wert, der um ca. 10% die

Leistung des Vorgängeralgorithmus von Belle übertrifft. Mit Belle II Monte Carlo Ereignissen,
die mit Untergrund simuliert wurden, erreicht der neue Algorithmus eine effektive Effizienz
von εeff =

(
33.89± 0.04 (stat)

)
%.

Aufgrund der Größe des erwarteten Datensatzes und des Präzissionsvermögens für die Ver-
texrekonstruktion wird Belle II im Stande sein, Messungen durchzuführen, die bei Vorgän-
gerexperimenten nicht möglich waren. Ein weiterer, wesentlicher Teil dieser Dissertation ist
der Vorbereitung der Datenanalyse für die Vermessung des CP -Verleztungsparameters SCP
im Zerfall B0→ π0π0 gewidmet. Diese Messung ist essenziell für die Reduktion der 8-fachen
Ambiguität in der Bestimmung des Unitaritätswinkels φ2/α, wenn man B → ππ Zerfälle be-
trachtet. Die Vermessung von Sπ0π0 benötigt eine präzisse Bestimmung des B0-Zerfallvertex,
welche im dominanten Endzustand mit vier Photonen nicht erreicht werden kann. Aus diesem
Grund wurde eine Analysemethode entwickelt, die seltene Zerfälle mit Dalitz-Zerfällen oder
mit in der Strahlröhre konvertierten Photonen nutzt. Die Studien zeigten, dass mit dem gesam-
ten Belle II Datensatz von 50 ab−1 die Vermessung von Sπ0π0 machbar sein wird. Die erwartete
Unsicherheit von Sπ0π0 wurde zu Sπ0π0

= ±0.28 (stat)± 0.03 (syst) bestimmt. Mit dieser Prä-
zision führt Sπ0π0 zu einer Reduktion der 8-fachen φ2-Ambiguität zu einer 2-fachen. Bei einer
gleichzeitigen Betrachtung der Isospin-Analysen von den Zerfällen B → ππ und B → ρρ
wurde die erwartete Belle II Präzision für φ2 auf insgesamt δφ2 ≈ 0.6◦ abgeschätzt, eine
Genauigkeit, die mehr als fünfmal kleiner ist, als die des jetzigen Weltmittelwertes.
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Abstract
The Belle II experiment is located at the energy-asymmetric electron-positron collider Su-
perKEKB, the next-generation B factory at KEK in Tsukuba, Japan. With a design luminosity
of 8 · 1035 cm−2s−1, SuperKEKB will overtake by nearly two orders of magnitude the record
reached by its predecessor KEKB, leading ultimately to a data sample corresponding to a
recorded integrated luminosity of about 50 ab−1, which is fifty times larger than the one col-
lected by the predecessor experiment Belle. The Belle II detector is a new state-of-the-art
detector designed to cope with the challenging high-luminosity conditions and with the larger
beam-backgrounds. The primary goal of the Belle II experiment is to reveal, or to impose
stringent constraints on, possible new physics contributions beyond the Standard Model (SM)
by studying accurately the properties of B and D mesons as well as of τ leptons produced at
SuperKEKB.

A major part of the Belle II physics program is focused on measuring the violation of
CP symmetry in B-meson decays. For a CP analysis of neutral B-meson decays at B fac-
tories, the flavor of one of the two exclusively produced neutral B mesons has to be deter-
mined, a task that is performed by flavor tagging algorithms, or shortly flavor taggers. In
this thesis, a new flavor tagging algorithm was developed for Belle II with a specific and
dedicated optimization to exploit the capabilities of the new detector and to cope with the
harsher experimental conditions at SuperKEKB. The new Belle II flavor tagger developed in
this thesis is based on novel multivariate methods exploiting the flavor specific signatures of
B0 decays. In the absence of Belle II data, the new Belle II flavor tagger was comprehensively
validated using Belle data, on which the algorithm reached an effective tagging efficiency of
εeff =

(
33.5± 0.5 (stat)

)
%, outperforming the previous algorithm at Belle by about 10%. On

Belle II Monte Carlo events simulated with background, the algorithm reaches an effective
tagging efficiency of εeff =

(
33.89± 0.04 (stat)

)
%.

Thanks to the expected large size of its data sample and to its vertex reconstruction ca-
pabilities, Belle II will be able to make measurements that were not possible at its prede-
cessors. A substantial part of this thesis is dedicated to prepare the data analysis for the
measurement of the time-dependent CP -violation parameter SCP of the decay B0→ π0π0,
which is essential to reduce the 8-fold ambiguity in the determination of the unitarity an-
gle φ2/α considering B → ππ decays. The time-dependent CP analysis of B0→ π0π0

requires a precise determination of the B0-decay position, which cannot be achieved in the
dominant four-photons final state. Thus, a novel analysis method was developed to make
use of rare events with photons converting into e+e− pairs or neutral pions undergoing Dalitz
π0→ e+e−γ decays. The studies showed that, with the full Belle II data sample of 50 ab−1,
the measurement of Sπ0π0 will be feasible. The expected uncertainty of Sπ0π0 was estimated
to be δSπ0π0

= ±0.28 (stat)± 0.03 (syst), resulting in a reduction of the current 8-fold φ2-
ambiguity to a 2-fold one. Considering the isospin analyses of both B → ππ and B → ρρ
decays, the overall expected Belle II precision for φ2 at 50 ab−1 was estimated to be around
δφ2 ≈ 0.6◦, which is more than five times smaller than the current world average.





1 Introduction

The standard model of particle physics (SM) succeeds in describing all known particles and the
interactions relevant for their dynamics, passing all the experimental tests to date. However,
a wide range of observations and several open questions of theoretical and phenomenological
nature indicate that the SM is an effective theory that is accurate at the energy scales probed
so far, but is incomplete at higher scales. The SM does not, for example, include gravity, nor
offers an explanation for the existence of Dark Matter or Dark Energy, and cannot, based on
the well-founded Big Bang scenario, explain the dominance of matter over anti-matter in the
observable universe.

The key goal of particle physics today is to find experimental indications of non-SM pheno-
mena. The two largest experiments at the Large Hadron Collider (LHC) at CERN, ATLAS and
CMS, aim at discovering new particles produced directly in proton-proton collisions at center-
of-mass energies up to 14 TeV. The direct searches at LHC, however, have yielded null results
so far. Since more powerful colliders are not foreseen in the near future, indirect searches at
the precision frontier offer promising opportunities to find physics beyond the SM in the next
decade.

Indirect searches rely on comparing precise measurements with similarly precise SM pre-
dictions to reveal significant deviations, indicating New Physics (NP). Located at the next-
generation B factory SuperKEKB, the Belle II experiment is one of the leading facilities for
precision indirect searches. A major part of the Belle II physics program is focused on the
study of quark-flavor dynamics with emphasis in the B-meson sector. Because of its rich
phenomenology, quark-flavor physics offers unique opportunities to test a broad class of hy-
pothetical SM extensions. Typically, SM extensions introduce new heavy particles that, for
example, may enhance the violation of CP symmetry in B-meson decays via quantum-loop
effects, a condition necessary to explain the matter-antimatter asymmetry in the universe. The
high-precision measurements at Belle II have the potential to be sensitive to additional very
high mass contributions in the quantum loops far beyond the range that is directly accessible
at LHC.

The ultimate precision and probing power in many key measurements associated with
B-meson dynamics requires the identification of the B-meson flavor, i.e. to discriminate
between neutral B mesons and their antiparticles. This task is referred to as flavor tagging
and is accomplished using dedicated flavor tagging algorithms. Due to the challenging high-
luminosity conditions and the expected large beam backgrounds at SuperKEKB, a novel flavor
tagging algorithm had to be developed for Belle II with a specific and dedicated optimization
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in order to cope with the new harsh experimental conditions and to exploit the capabilities
of the new Belle II detector. A major part of this thesis is devoted to the development, op-
timization, performance characterization, and validation of the new flavor tagging algorithm
which has now become the official Belle II flavor tagger. Because of unexpected delays of the
SuperKEKB machine, the algorithm could not be tested with data from Belle II, but had to be
validated using simulated Monte Carlo events as well as data from the predecessor experiment
Belle. Due to the novel small size of the interaction region at SuperKEKB, the performance
of the flavor tagger at Belle II was found to be influenced by the amount of CP violation. This
small but interesting new effect was carefully studied for the first time in this thesis.

One of the currently limiting factors for testing the SM description of quark-flavor dynamics
is the unitarity angle φ2/α. Important channels to measure this angle are the B → ππ decays.
Here, however, a crucial measurement is missing, namely the observable Sπ0π0, for which a
time-dependent CP -violation analysis of the decay B0 → π0π0 is required. A measurement
of Sπ0π0, which has not been feasible yet, would offer the opportunity to make substantial
advancements in understanding the consistency of the model.

This thesis presents a comprehensive study launched to prepare the data analysis for the
measurement of the physical observables associated with the B0→ π0π0 decay. The aim of
the study was to prove that Belle II will be able to measure Sπ0π0 and to assess the future
Belle II precision for this observable. The analysis served also to apply for the first time the
developed flavor tagging algorithm. The final part of this thesis is dedicated to study the impact
of the novel measurement of Sπ0π0 on the determination of φ2 and to assess the overall Belle II
precision for φ2.

The outline of this thesis is as follows:

Chapter 2 gives a brief introduction into the Standard Model of particle physics focusing on
the study of discrete symmetries in quark-flavor dynamics, and especially on the
study of CP violation in the B-meson sector.

Chapter 3 will introduce the KEKB accelerator and its upgrade to SuperKEKB, together with
the Belle and the Belle II experiments.

Chapter 4 is devoted to the Belle II flavor tagger, covering in detail the concept behind the
algorithm, as well as its optimization, performance characterization, and validation.

Chapter 5 presents the performance characterization of the flavor tagger on Belle II Monte
Carlo events simulated with background.

Chapter 6 is dedicated to the analysis of the decay B0→ π0π0, and to assess the Belle II pre-
cision for the measurement of the physical observables associated with this decay.

Chapter 7 is devoted to study the impact of the measurement of Sπ0π0 on the determination of
the unitarity angle φ2, and to assess the overall Belle II precision for φ2.

Chapter 8 summarizes the studies and the results presented in this thesis, giving an outlook to
future measurements at Belle II.



2 Physics at Belle II

The Belle experiment, together with its competitor experiment BaBar, succeeded in establish-
ing the violation of CP symmetry in the B-meson sector. The results of both experiments,
along with those from kaon and hadron-collider experiments, agree with the SM predictions.
However, further measurements are required to increase the sensitivity on possible non-SM
contributions. The primary motivation of the upgrade of the Belle experiment to Belle II is the
search for deviations providing a hint at such contributions.

This chapter introduces the SM of particle physics and focuses on the violation of CP sym-
metry. The chapter sets the theoretical basis for the studies presented in this thesis covering the
CP violation in the B-meson system, its measurement at B factories, and the determination
of the so-called unitarity angles. An emphasis is placed on the unitarity angle φ2, which plays
a central role in this thesis.

The Belle II experiment has a rich physics program which goes beyond the CP violation
in the B-meson sector. A comprehensive overview of the full Belle II program can be found
in [1].

2.1 The Standard Model of particle physics
The SM is a quantum field theory (QFT) based on a special class of continuous symmetries
such as local gauge invariance and Lorentz invariance. It describes the three fundamental
forces relevant for the description of dynamics at the microscopic level: the electromagnetic,
the weak, and the strong force. The forces are mediated by the exchange of virtual spin-1
particles called gauge bosons. The gauge bosons result from the invariance under local gauge
transformations which generate mathematical symmetry groups. The strength of the interac-
tion is determined by a constant of the gauge transformation and corresponds to the charge on
which the force acts.

Tab. 2.1 presents a list with the four known fundamental interactions in nature and their
mediators. They are listed in ascending order according to their strength relative to the strong
force. The range of the forces is inversely proportional to the mediator mass [2]. The only
massive mediators are the W+, the W− and the Z0 bosons; their masses give a natural scale
for the range of the weak interaction. Since the strong-force mediator, the gluon, has zero
mass, the strong force has an infinite range. However, due to the dynamics of the strong force,
the effective range at which its effect manifests is around 2 fm (about a proton diameter),
corresponding to the mass of the pion which can be considered as effective mediator [2].
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Table 2.1: The four fundamental forces in nature. They are ordered according to their strength
values, which are determined by their respective coupling constants, and normalized to the
strength of the strong force at a distance of ca. 1 fm (about the size of a proton). The strongest
force is in the bottom. The question mark (?) means that the graviton is a hypothetical particle
that has not been observed yet.

Interaction Acts on Relative strength Range [m] Mediator

Gravity Mass 10−38 ∞ Graviton (?)
Weak Weak isospin 10−5 10−18 W+, W−, Z0

Electromagnetic Electric charge 1/137 ∞ Photon (γ)
Strong Color charge 1 ∞ Gluon (g)

The constituents of matter are elementary spin-1
2

particles, which can be sorted into two
types: quarks and leptons. The interactions of quarks and leptons with the photon are de-
scribed by the theory of quantum electrodynamics (QED) which is based on the Abelian, i.e.
commutative, symmetry group of unitary 1 × 1 operators called U(1)EM. Here, the subscript
EM stays for electromagnetic. The strength of the interaction corresponds to the electric charge
of the particle.

Quarks have never been observed as free particles, they exist only within hadrons. The
force responsible for holding hadrons (and atomic nuclei) together is the strong force. Strong
interactions are described by quantum chromodynamics (QCD) which is based on the non-
Abelian symmetry group SU(3)c. The subscript c stands for color charge, or just color, which
is the quantum number corresponding to the charge of the interaction. The three degrees of
freedom of the symmetry group are the degrees of freedom of the color charge, which are
labeled in analogy to the three kinds of colors humans perceive: red, green, blue. Apart from
electric charge, every quark carries one of the three different color charges.

In contrast to the photon, the gluon carries the interaction charge. This property allows a
gluon to interact with other gluons. In the SU(3)c group, there are 32 − 1 = 8 independent
generators (color octets), where the term −1 refers to an excluded not-observed color-neutral
gluon (color singlet). Each generator gives rise to a gluon with a specific color-anticolor
combination.

Both quarks and gluons form hadrons, which are color-neutral, or “white”, composite parti-
cles. There are two known types of hadrons: mesons and baryons. Mesons are bound states of
a quark and an antiquark, where the first carries one of the three possible colors and the second
the respective anti-color. Baryons, on the other hand, are composed of three quarks, each one
with a different color; antibaryons are composed of three antiquarks, each one with a different
anti-color.

A striking phenomenon in QCD is the asymptotic freedom associated with the non-Abelian
(non-commutative) nature of the SU(3)c symmetry group [3, 4]. Asymptotic freedom means
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that the strength of the interaction tends to vanish at small distances (large energy scales). If the
distance between two colored objects increases, the strength of the strong interaction increases
indefinitely. When two colored objects try to move apart, a flux tube of gluons is created. If
the distance increases, the flux tube becomes “stretched” and the gluon force increases until
the flux tube breaks by the generation of a quark-antiquark pair. In such wise, a color-neutral
hadron breaks up into one or more color-neutral hadrons. The fact that colored objects do not
exist as free particles is called color confinement.

Considering now weak interactions, they differ drastically from the electromagnetic and the
strong interactions. The symmetry group of the weak interaction is the non-Abelian SU(2)L

group, where the subscript L stays for left-handed, indicating that the fermions participating in
weak interactions are left-handed (see Sect. 2.4). Left-handed fermions form so-called weak
isospin doublets (I = 1

2
) with third isospin component I3 = ±1

2
, such as

I3 = +1
2

I3 = −1
2

(
u

d

)
L

,

(
νe

e−

)
L

,

while right-handed fermions, such as uR, dR and e−R, are weak isospin singlets (I = 0)
with I3 = 0. The charged mediators of the weak interaction, the W± bosons, couple to all
quark and lepton doublets; they are the only gauge bosons in the SM that can change the flavor
of particles and are therefore responsible for most of the particle decays.

The SU(2)L symmetry group requires three massless spin-1 bosons as carriers of the in-
teraction; they form the W -boson triplet (I = 1) W+, W− and W 0 (W i

µ, i = 1, 2, 3) which
couples only to left-handed fermions. Experiments have shown, however, that the three bosons
mediating the weak interactions are W+, W− and Z0, where the Z0 couples partially to right-
handed fermions, indicating that it is not a pure W 0. The Z0 boson results from the unification
of electromagnetic and weak interactions. The unified interaction is called electroweak in-
teraction and is described by the electroweak theory which is based on the symmetry group
SU(2)L ⊗ U(1)Y , where the subscript Y stays for hypercharge [5–7]. In addition to the W -
boson triplet, this symmetry group requires a neutral gauge boson singlet associated with the
group U(1)Y : the gauge field B0 (B0

µ). In the electroweak theory, the observed photon γ and
the observed Z0 boson are linear combinations of the two electrically neutral components W 0

and B0. In terms of the neutral fields W 3
µ and B0

µ, the photon field Aµ and the Z-boson field Zµ
are equivalent to

Aµ = B0
µ cos θW +W 3

µ sin θW,

Zµ = −B0
µ sin θW +W 3

µ cos θW,

where the mixing angle θW is called Weinberg angle. The triplet of W bosons couples with the
strength g of the SU(2)L group to the doublets of left-handed fermions, while the neutral gauge
fieldB0

µ couples with the strength g′ of the groupU(1)Y to left- and to right-handed fermions in
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proportion to their respective hypercharges Y = 2(QEM − I3), whereQEM denotes the electric
charge. The strengths g and g′ fulfill g sin θW = g′ cos θW = e, where e is the elementary
electric charge.

In the electroweak theory, the mechanism explaining how the SU(2)L ⊗ U(1)Y symmetry
is spontaneously broken is the Higgs mechanism [8–10]. The Higgs mechanism introduces
a complex scalar field giving rise to a scalar spin-0 particle, the Higgs boson. The scalar
field is symmetric under global gauge transformations, but has a non-zero vacuum expectation
value v, breaking the gauge invariance locally. Through the spontaneous symmetry breaking,
the Higgs mechanism provides masses for the W+, the W− and the Z0 bosons. Additionally,
the fermions acquire mass by coupling to the Higgs field.

By grouping together QCD and the electroweak theory, one obtains the Standard Model of
particle physics, which is based on the combined symmetry group

SU(3)c ⊗ SU(2)L ⊗ U(1)Y .

The SM describes a number of quantum fields whose excitations are the observed elemen-
tary particles. Figure 2.1 shows a diagram with all the elementary particles of the SM: three
generations of quarks and leptons (spin-1

2
fermions), four spin-1 gauge bosons and the scalar

spin-0 Higgs boson. Each of the different fermions is associated with a flavor quantum num-
ber. For each of the fermions, there is a corresponding antiparticle with opposite flavor. The

Figure 2.1: The elementary particles of the Standard Model [11]. They are divided into three
generations of quarks and leptons, gauge bosons as force carriers, and the Higgs boson. The
fermions are shown in the same order as in the weak isospin doublets.
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three generations of fermions represent a mass hierarchy. The first generation corresponds to
the lightest fermions: the two quarks of this family, together with the electron, build all the
visible matter. The heavier particles of the second and the third generations are unstable; they
decay into the lighter particles of the first generation.

The ultimate piece of the standard model was the Higgs boson, which was discovered in
2012 by the ATLAS and the CMS collaborations [12, 13]. However, there are several open
questions suggesting that the SM cannot be the ultimate theory. Extensions of the SM most
likely consist in new massive particles not contained in it.

Finding the first indications for New Physics (NP) beyond the SM is the chief goal of par-
ticle physics today. To search for such indications, there are two complementary approaches.
The first one are direct searches for new heavy particles at high-energy colliders (energy fron-
tier), an approach that have been successful since the invention of colliders. The second one
are indirect searches for non-SM particles by comparing precise measurements with precise
SM predictions (intensity frontier). Indirect searches have been also successful in the past;
these searches are focused on processes where new particles can contribute as virtual particles
via quantum-loop corrections. Since the masses of new particles can be arbitrarily high, indi-
rect searches offer a way to explore energy scales that are higher than those directly accessible
at colliders. At present, direct searches at LHC have yielded null results. Thus, the indirect
approach is a very promising one in the next decade.

The quark-flavor dynamics in the standard model is described by the CKM mechanism.
Quark-flavor dynamics offers a large variety and abundance of processes that are both, sen-
sitive to non-SM dynamics up to much higher energies than directly reachable at LHC and
stringently constrained into a simple structure with only four free parameters. Thus, quark-
flavor dynamics offers among the most promising opportunities for indirect searches exploring
the next energy scale in the next decade and beyond. This thesis targets at making an essen-
tial contribution to the indirect searches at Belle II and is focused on the flavor dynamics of
B mesons, in particular, on the phenomena related to the violation of the discrete charge-parity
symmetry in this system.

2.2 Discrete symmetries

Symmetries are fundamental in physics. They give rise to conservation laws [14], and pro-
vide an insight into the dynamics of a given system. Symmetries help simplify models and
calculations, making them solvable in most of the cases. A symmetry exists when a physical
law is invariant under certain transformations. There are two types of transformations: contin-
uous transformations, such as rotations or translations, and discrete transformations, such as
reflections or charge conjugations. The parity transformation P , the charge conjugation C, the
time inversion T as well as the product transformations CP and CPT belong to the discrete
transformations and will be introduced in the following.
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2.2.1 Parity inversion

The parity transformation P is defined as an inversion of the spatial coordinates at the origin,
i.e. (x, y, z) → (−x,−y,−z). This is equivalent to a mirror reflection followed by a 180◦

rotation, as illustrated in Fig. 2.2. Physical observables can be classified into four types ac-
cording to their transformation properties with respect to P : vectors, axial vectors, scalars and
pseudoscalars. Polar vectors (called usually just vectors), like the momentum p pointing in
the direction of motion of a particle, are reversed under a P transformation. Axial vectors like
the angular momentum L and the spin s remain constant. Scalar observables like the squared
momentum p · p are invariant under parity transformations, while pseudoscalar observables
like the helicity p̂ · ŝ = p·s

|p|·|s| flip sign under P . If a parity transformation is applied for a
second time, the spatial coordinates are transformed back to their original directions. In quan-
tum mechanics a parity transformation corresponds thus to an operator P , which is unitary and
Hermitian1, fulfilling P 2 = 1. Consequently, the possible eigenvalues of an eigenstate of P
are ηP = ±1.

p p

p

L

L

L

x

y

z

x

−y

z −x
−y

−z

Figure 2.2: A mirror reflection at an arbitrary plane followed by a rotation of 180◦ around the
axis orthogonal to the plane corresponds to the parity transformation P . The graphic illustrates
the effect of P on linear and angular momenta p and L.

The angular momentum part of a particle wave function ψ(t,x) can be expressed in terms
of spherical harmonic functions, which are either symmetric or antisymmetric under parity
transformation, with respective eigenvalues +1 or −1. Additionally, an intrinsic parity of ±1

can be assigned to particles. For a system of several particles, the total parity eigenvalue is the
product of the intrinsic parities times (−1)L, where L is the quantum number corresponding
to the angular momentum of the system. By convention, the intrinsic parity of the proton was
defined to be positive as its electric charge.

1In QFT, the parity symmetry corresponds in general to some discrete internal symmetry, and in very spe-
cial cases, which are not relevant for the SM particles considered in this thesis, the parity operator fulfills
P 2 = −1 (see e.g. [15, chapter 3]).
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Parity symmetry is conserved in strong and in electromagnetic interactions. The conserva-
tion of parity was considered as a dogma until the so-called θ−τ puzzle motivated a rethinking
in the mid 1950s. By 1956, two strange particles, called at that time θ+ and τ+ (not to be con-
fused with the τ lepton), had been observed and they appeared to be identical in every respect
(mass, lifetime, production cross section, spin and charge) except in their decay: θ+ decayed
into two pions (positive parity) and τ+ into three pions (negative parity). In the same year,
Tsung-Dao Lee and Chen-Ning Yang suggested that θ+ and τ+ could be just different decay
modes of the same particle, which today is called K+. They noted that parity conservation in
weak interactions had not been accurately tested before and proposed several experiments to
perform this [16]. In particular, they proposed to test parity conservation in β decays.

By the end of 1956, Chien-Shiung Wu and collaborators carried out the proposed experiment
testing parity conservation in β decays; the experiment was was based on the β− decay 60

27Co→
60
28Ni∗ + e− + νe [17]. 60

27Co has a total nuclear spin J = 5, and 60
28Ni∗ has J = 4. The nuclear

spins were aligned in a magnetic field. Due to conservation of angular momentum, the spins
of the anti-neutrino and the electron had to be parallel to the magnetic field. The observation
was that electrons were emitted predominantly opposite to the magnetic field, i.e. opposite to
the spin direction. This means that the emission of electrons with negative helicity p̂ · ŝ = −1

is favored, while the emission of electrons with positive helicity is suppressed. Since parity
transformation flips the sign of the helicity, the experiment proved that parity symmetry is
maximally violated in β decays. In turn, Lee and Yang received the Nobel Prize in 1957.

2.2.2 Charge conjugation

The charge conjugation C transforms a particle into its anti-particle, and vice-versa. It re-
verts all additive quantum numbers such as electric charge, flavor, baryon number and lepton
number, leaving unchanged the mass, the momentum, the angular momentum and the spin. In
quantum mechanics this corresponds to the charge conjugation operator C, which is unitary
and Hermitian, and thus idempotent (C2 = 1). Consequently, the possible eigenvalues (charge
parity) are ηC = ±1. Only particles for which all additive quantum numbers are zero, i.e.
particles that are their own antiparticles, are eigenstates of C. Examples are the photon γ and
the neutral pion π0.

The charge parity of the photon is ηC(γ) = −1 as it is described by a vector potentialA pro-
duced by charges and currents which change sign under charge conjugation2. A neutral pion
decays electromagnetically into two photons and thus ηC(π0) = +1, since
C|π0〉 = (−1)(−1)|γγ〉. In the case of charged pions, they are transformed by C into each
other, i.e. C|π±〉 = |π∓〉.

In general, eigenstates of C can be formed from linear combinations of particle and antipar-
ticle states, e.g. a fermion-antifermion bound state |ff̄〉. Application of charge conjugation
to this system exchanges effectively the two particles. The corresponding eigenvalue is given

2This argument leads to the right charge parity of the photon. However, a sufficient argument requires to
consider the effect of C on a massless spin-1 particle in QFT (see e.g. [15, chapter 5]).
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by (−1) · (−1)L · (−1)S+1 = (−1)L+S , where L and S are the quantum numbers for the total
orbital angular momentum and the total spin. The first factor (−1) results from the swap of
the fermion charges due to Fermi-Dirac symmetry, the second factor (−1)L from the swap of
the positions, and the third factor (−1)S+1 from the swap of the spin states. For a two-boson
system, the eigenvalue is (−1)L(−1)S = (−1)L+S , where the (−1)S factor results from the
spin exchange for bosons. In the case of two identical neutral bosons like photons or neutral
pions, L must be even and thus the charge parity is always +1. Since ηC(π0) = +1, the charge
parity of any system composed only of neutral pions is +1.

Charge conjugation symmetry requires that particles and antiparticles behave identically
within fundamental interactions. This means that any process should occur with the same rate
as its respective charge conjugated process. The only fundamental force that has been found
to violate C symmetry, is the weak force. Just after the discovery of P symmetry violation
in weak interactions, Lee and Yang together with Reinhard Oehme [18] indicated that charge
conjugation symmetry is also violated in nature. Their argument was based on the fact that the
combined CPT symmetry, which will be introduced in Sect. 2.2.4, has to be conserved.

2.2.3 Time reversal

The time reversal T transforms the time t as t → −t. This means that it transforms a process
into one which is occurring backwards in time (time-reverted). Position and charge of a particle
remain unchanged, while the direction of motion and the angular momentum change sign
under T .

While T symmetry is apparently violated at the macroscopic scale due to the second law of
thermodynamics (entropy increases with time), at the microscopic scale, T symmetry is found
to be conserved in strong and in electromagnetic interactions. The first hint of T violation at
the microscopic scale was the discovery of CP violation in weak decays: in order to conserve
the combined symmetry CPT , T symmetry has to be violated if CP symmetry is violated.
To directly proof T violation one has for example to measure that a given reaction and its
respective inverse reaction occur at different rates. As it will be discussed in Sect. 2.2.5,
CP violation was discovered in decays of neutral kaons to final states containing only pions.
These final states do not allow to unambiguously determine the final flavor of the kaon, i.e. if
the final-state kaon is aK0 or aK 0. A way to determine the final flavor is to reconstruct flavor-
specific semileptonic decays K0→ e+νeπ

− (K 0 → e−νeπ+) which have a small branching
fraction of order 10−4.

In 1998, the CPLEAR experiment at CERN succeed in measuring for the first time an asym-
metry between the rates of the transitions K0 → K 0 and K 0 → K0 using semileptonic de-
cays [19]. In this experiment, the initial neutral kaon was produced strongly together with an
accompanying charged kaon (associated ss production); the flavor of the initial neutral kaon
could be unambiguously determined by the charge of the charged kaon.

The observation of T symmetry violation at CPLEAR is the only one considered as a direct
evidence [20]. Other observations of T asymmetries in KL → π+π−e+e− decays at the KTEV
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experiment [21], and in the B-meson sector at BaBar [22] are considered to be doubtful as
direct evidence [23, 24]. The violation of T symmetry measured by the CPLEAR experiment,
however, is equivalent to the violation of CP symmetry in mixing (see Sect. 2.5 and 2.6).
At present, there is no evidence of T symmetry violation which is uncorrelated with the CP
violation in weak interactions: a violation of T symmetry involving a conservation of CP
symmetry would necessarily violate CPT symmetry.

2.2.4 CPT symmetry
The CPT transformation is the product of the three discrete transformations introduced in the
previous sections: charge conjugation C, parity transformation P and time reversal T . The
CPT transformation is connected with the CPT theorem. This theorem states that any QFT
that is invariant under Lorentz transformations automatically conserves symmetry under CPT
transformations (the order of the C, P and T operators is irrelevant). In simplified words,
if Lorentz invariance is given, every conceivable Hermitian Hamiltonian commutes with the
CPT operator, implying that particles and their respective antiparticles have exactly the same
mass and the same lifetime [15, 25]. If CPT symmetry is conserved, every process involving
particles should occur with the same rate as the parity-reflected time-reversed process involv-
ing antiparticles.

The first proof of the CPT theorem was provided in 1954 by Gerhart Lüders [26], and then
generalized one year later by Pauli [27]. When the violation of P symmetry was discovered in
weak interactions (see Sect. 2.2.1), the CPT theorem gained relevance, since, based on it, Lee,
Yang and Oehme [18] showed that C symmetry is also violated in weak interactions. After the
discovery of CP violation, it became clear that T symmetry is violated if CPT symmetry is
conserved. Meanwhile, the violation of T symmetry has been also observed (see Sect. 2.2.3).
CPT invariance can be tested for example by measuring the mass and the lifetime of a par-

ticle and of its respective antiparticle. Any difference would be an evidence of CPT violation.
Several experiments have searched for such differences between K0 and K 0 mesons [28], and
between B0 and B0 mesons [29]. At present, there is no evidence of CPT violation.

2.2.5 CP symmetry
The product transformation of charge conjugation C and parity inversion P corresponds to a
CP transformation. Experiments testing P symmetry in the mid 1950’s indicated that C and P
symmetries are not conserved in weak interactions. However, they left open the possibility that
the combined CP symmetry is conserved. And for some years, it seemed that CP symmetry
was generally conserved until 1964, when James Harlowe Christenson, James Watson Cronin,
Val Logsdon Fitch and René Turlay observed for the first time the violation of CP symmetry
in the neutral kaon system [30].

A neutral kaon K0(ds) and its antiparticle K 0(ds) are flavor eigenstates. This means that
they can be distinguished by their flavor quantum number, corresponding in this case to their
strangeness. Linear combinations of the flavor eigenstates K0 and K 0 form the eigenstates of
the weak interaction, K0

1 and K0
2, which are states of definite mass and lifetime (mass eigen-
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states). After the discovery of P and C violation, it was assumed that the weak eigenstates K0
1

and K0
2 were CP eigenstates, since the first one had been observed to decay to two pions in

s-wave (L = 0), i.e. to a CP even state, while the second had been observed to decay to three
pions, i.e. to a CP odd state. Under this assumption, the weak (mass) eigenstates are

|K0
1〉 =

1√
2

(
|K0〉+ |K 0〉

)
CP |K0

1〉 = +|K0
1〉,

|K0
2〉 =

1√
2

(
|K0〉 − |K 0〉

)
CP |K0

2〉 = −|K0
2〉.

The mass of three pions of about 420 MeV/c2 is slightly below the mass of the kaon of about
500 MeV/c2. Therefore, the kinematic phase space available for the decay K0

2 → πππ is con-
siderably smaller than for the decay K0

1 → ππ, resulting in a mean lifetime of K0
2 (51.16 ns)

of about three orders of magnitude larger than that ofK0
1 (89.56 ps) [28]. The mass eigenstates

are called therefore short (S) and long (L): K0
1 ≡ K0

S and K0
2 ≡ K0

L .

Around 1964, two groups, one from Princeton [30] and one from Illinois [31], performed
experiments to set a lower limit on the decay of a K0

2 into two pions. Both experiments
were run at the Brookhaven Alternating Gradient Synchrotron (AGS). They prepared neutral
kaon beams by hitting fixed targets with protons. Neutral kaons were produced via strong
interactions in an admixture of K0

1 and K0
2. Both experiments made use of the large lifetime

difference between the two mass eigenstates by placing their detectors at distances from the
target corresponding to more than 500 lifetimes of theK0

1. The detectors were used to measure
the three momentum of the charged products, assuming that they had the mass of the charged
pion. Both groups reconstructed kaon candidates using pairs of oppositely charged particles
with an invariant mass mπ+π− in the range of the kaon mass. Both found surprisingly that
the decay K0

2 → π+π− in fact occur. The Princeton group of Cronin and Fitch observed the
decay two weeks before the Illinois group and gave a more precise estimation of the branching
fraction B(K0

2 → π+π−/K0
2 → all charged modes) = (2.0± 0.4) · 10−3. For their discovery

of CP violation Cronin and Fitch received the Nobel Prize in 1980.

The conclusion after the CP experiments was that CP symmetry is an approximative sym-
metry, i.e. it is only slightly violated in weak interactions (the effect is of order O(10−3)),
while the individual C and P symmetries are maximally violated. The weak eigenstates are
thus not exactly CP eigenstates. However, they can be parametrized in terms of the CP eigen-
states introducing a small complex mixing parameter ε:

|K0
S 〉 =

1√
1 + |ε|2

(
|K0

1〉+ ε|K0
2〉
)

=
1√

2(1 + |ε|2)

(
(1 + ε)|K0〉+ (1− ε)|K 0〉

)
,

|K0
L〉 =

1√
1 + |ε|2

(
ε|K0

1〉+ |K0
2〉
)

=
1√

2(1 + |ε|2)

(
(1 + ε)|K0〉 − (1− ε)|K 0〉

)
.
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The parameter ε is related to the so-called CP violation in mixing (see Sect. 2.6) and can be
measured by comparing the decay rate of the K0

L with the flavor-specific semileptonic decays
K0→ e+νeπ

− (K 0→ e−νeπ+). The current value is |ε| = (2.228± 0.011) · 10−3 [28].

2.3 The Cabibbo angle and the GIM mechanism
About a decade before the discovery of CP violation, the strangeness quantum number had
been introduced to describe those particles whose weak decay rates were much smaller than
predicted by the weak theory of Enrico Fermi [32] (Nobel Prize, 1938). Fermi’s theory can be
regarded as an effective theory in which the interaction mediated by a W boson is described
as a point interaction of four fermions with a universal coupling constant GF ≡

√
2g2/(8m2

W ).
Fermi’s theory provides a good description of low energy phenomena, such as β decays, if
one takes into account the violation of discrete symmetries. For high energies, Fermi’s theory
leads to inconsistent predictions.

Experiments in the 1950’s and 1960’s were still far below the electroweak scale. The striking
observation at that time was that the decay rates of strange particles to leptonic final states, such
asK+(us)→ µ+νµ, were considerably smaller than the rates for similar decays of non-strange
particles, such as π+(ud)→ µ+νµ. To explain this, Nicola Cabibbo suggested in 1963 that the
weak current of hadronic particles Jµ is a linear combination of a strangeness conserving
current J (0)

µ and a strangeness changing current J (1)
µ [33]

Jµ = cos θ · J (0)
µ + sin θ · J (1)

µ ,

where he introduced a mixing angle θ, which became to be called Cabibbo angle θC, to con-
serve the norm of the total current. The coupling constant g had to be corrected to g · sin θC for
decays of strange hadrons, and to g · cos θC for decays of non-strange hadrons. By comparing
the decay rates of several channels measured at different experiments, Cabibbo found a con-
sistent value of θC around 0.26 rad. Additionally, his hypothesis could explain the difference
between the decay rates of β decays, and the decays rates of muon decays. In terms of the
quark model, the Cabibbo angle corresponds to a mixing angle between quark flavors. Thus,
the weak interaction couples to the linear combination

|d′〉 = cos θC · |d〉+ sin θC · |s〉.

Another striking effect in the strange sector was the suppression of flavor changing neutral
currents, such as the decay K0 → µ+µ−. Around 1970, the experimental limit for the bran-
ching fraction of this decay was 10−4 [34]. Today, the measured value is 6.84 · 10−9 [28].
This indicates that there are no first order contributions to this process. However, this decay is
possible as a second-order loop processes, as Fig. 2.3 shows.

Considering only the diagram with the up quark in the loop, the expected branching fraction
is several orders of magnitude larger than the measured branching fraction. In 1970, Glashow
together with John Iliopoulos and Luciano Maiani noticed that such processes could be sup-
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pressed if there was an additional quark with the same charge as the up quark, but with a new
flavor quantum number, which they called charm [35]. They proposed a four-quark model,
which became to be called Glashow-Iliopoulos-Maiani (GIM) model, with the three quarks
known at that time and the new charm quark. In their new model, the mixing angle introduced
by Cabibbo was extended to a rotation matrix VC (Cabibbo matrix) mixing the down and the
strange quarks: (

d′

s′

)
= VC

(
d

s

)
=

(
cos θC sin θC

− sin θC cos θC

)(
d

s

)
. (2.1)

Consequently, in weak interactions, the u quark couples to d′ and the charm quark couples
to s′. This model gives rise to two important effects. First, since the Cabibbo matrix VC

is unitary, the interacting states d′ and s′ are orthogonal to each other, explaining why first-
order flavor-changing neutral currents do not exist. Second, in the higher-order processes,
additional diagrams appear with a charm quark instead of an up quark inside the loop, such as
in Fig. 2.3 (right). Up and charm diagrams interfere destructively due to the minus sign in the
Cabibbo matrix; just a small contribution remains due to the mass difference between the up
and the charm quarks, explaining why processes such as K0 → µ+µ− are highly suppressed.
This way of suppressing flavor-changing neutral currents is referred to as GIM mechanism.

d

s W+

νµ

W−

uK0

µ−

µ+

sin θC

cos θC

d

s W+

νµ

W−

cK0

µ−

µ+

cos θC

− sin θC

Figure 2.3: Feynman diagrams contributing to the process K0 → µ+µ−: the diagram on the
left (with an up quark in the loop) and the diagram on the right (with a charm quark in the
loop) cancel each other almost exactly, resulting in a large suppression of the decay.

2.4 The CKM matrix
As observed in nature, CP symmetry is violated in the SM by the charged weak interactions
of quarks. The charged-current Lagrangian describing the coupling of charged W bosons to
quarks is given by [36]

Lcc = − g√
2

(
uiγ

µ1− γ5

2
VijdjW

+
µ + diγ

µ1− γ5

2
V †ijujW

−
µ

)
CP−→ LCPcc = − g√

2

(
djγ

µ1− γ5

2
VijuiW

−
µ + ujγ

µ1− γ5

2
V †ijdiW

+
µ

)
,
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where the triplet of up-type quarks u is coupled through the Dirac matrices γµ to the triplet of
down-type quarks d. Here, the chirality operator PL acts on a Dirac field ψ as

PLψ =
1− γ5

2
ψ = ψL ⇒ ψ̄γµ

1− γ5

2
ψ = ψ̄Lγ

µψL,

projecting the left-handed components of the quark triplets. Since γµ is a vector (V) oper-
ator and γµγ5 is an axial vector (A) operator, the resulting weak operator γµPL is a V−A
superposition. The V−A structure of the weak interactions violates maximally P and C sym-
metries, since it allows only the left-handed chirality components of fermions (right-handed
components of antifermions) to participate in weak interactions.

The matrix V in the charged-current Lagrangian Lcc is the generalized version of the Ca-
bibbo matrix VC in eq. (2.1). It is a unitary matrix which mixes the down-type quarks of the
different generations. The Lagrangian Lcc is invariant under CP transformations if V †ij = Vji,
i.e. if it is real. Thus, in order to include the observed violation of CP symmetry, the mixing
matrix has to contain at least one irreducible complex phase. A complex phase is irreducible
if it cannot be removed by adjusting the phase of the quark fields (see next section).

In 1973, Makoto Kobayashi and Toshihide Maskawa noticed that the mixing matrix could
bear an irreducible complex phase if there are at least three generations of quarks. They pro-
posed to incorporate a mixing matrix for three generations into the electroweak theory, pre-
dicting at that time three new quarks. This matrix became to be called the Cabibbo-Kobayashi-
Maskawa matrix VCKM:

d′

s′

b′

 = VCKM


d

s

b

 =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb




d

s

b

 .

In the expression above, the physical quarks (d, s, b) are called mass eigenstates, while the ro-
tated quark states (d′, s′, b′) are called flavor eigenstates. Fig. 2.4 shows an example illustrating
the effect of a CP transformation on a weak interaction vertex: the mixing matrix coefficient
in the coupling becomes complex conjugated.

2.4.1 Parameters in a mixing matrix

In general, a unitary n × n matrix V contains n2 free parameters. An easy way to see this
is to write V as eiH , where H is a Hermitian matrix. Both V and H have equal number of
free parameters. The parameters of H can be counted easily: n real values in the diagonal,
1
2
n(n− 1) real values above the diagonal and 1

2
n(n− 1) imaginary values above the diagonal,

yielding in total n2 free parameters.
Considering now the matrix V , unitarity requires that the column vectors are normalized

and orthogonal to each other. Thus, in the first column, there are (n − 1) degrees of freedom
for the magnitude of the entries; in the second column, there are (n− 2), and so forth, giving
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c

d

W+

Vcd CP
−−−−→

W−

d

c V ∗cd

Figure 2.4: For the decay of the charm quark, the coupling to a down quark is proportional to
the mixing matrix coefficient Vcd. In the charge-parity conjugated decay (right), the complex
conjugated coefficient V ∗cd appears.

in total 1
2
n(n − 1) real parameters, which are expressed commonly as mixing angles, i.e.

generalized Cabibbo angles. The remaining 1
2
n(n + 1) degrees of freedom of V correspond

to complex phases.

From the physical point of view, not all of these phases are observable. The Lagrangian
Lcc is invariant under simultaneous phase transformations of the quark-mass-eigenstates fields
such as

ui → eiφi ui, dj → eiφj dj , Vij → ei(φi−φj) Vij .

The phase differences (φi − φj) can be chosen such that the transformation above eliminates
(2n−1) phases of the total number of phases in V [36]. This can be seen in the following way:
there are n generations of quarks with 2n quarks in total. Since the effect of one single global
phase for all quarks does not change the properties of V , there are 2n− 1 degrees of freedom
that can be eliminated by adjusting the phase factors of the quark fields. The net number of
irreducible complex phases with potential to cause CP violation is then

nCP =
n (n+ 1)

2
− (2n− 1) =

1

2
(n− 2) (n− 1) .

If n = 1, or n = 2, this number vanishes. If n = 3, i.e. in the six-quark model proposed by
Kobayashi and Maskawa, there is exactly one irreducible complex phase in the mixing matrix.
Thus, the CKM matrix entails only four free parameters, three real parameters (rotation angles)
and one complex phase.

2.4.2 Parametrization of the CKM matrix

Depending on the definition of the quark-field phases and the order of rotations, the CKM
matrix can be parametrized in different ways leading to the same physical results. A widely
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used parametrization first proposed by [37], but following the notation in [36], is given by

VCKM =


c12c13 s12c13 s13 e−iδ

−s12c23 − c12c23s13 eiδ c12c23 − s12s23s13 eiδ s23c13

s12s23 − c12c23s13 eiδ −c12s23 − s12c23s13 eiδ c23c13

 , (2.2)

where cij ≡ cos θij and sij ≡ sin θij for i, j = 1, 2, 3. The phase δ is the irreducible complex
phase causing CP violation unless δ ∈ {0,π}. One advantage of this parametrization is that
the three angles θij ∈ [0, π

2
] correspond to mixing angles between the quark generations i

and j. If one angle vanishes, i.e. θij = 0, the generations i and j are decoupled. In the limit
θ23 = θ13 = 0, the angle θ12 is equal to the Cabibbo angle θC.

For phenomenological analyses, especially for B physics, a useful and widely spread para-
metrization is the one proposed by Lincoln Wolfenstein [38]. He expanded the CKM matrix in
powers of a parameter λ = sin(θ12) ≈ 0.22, where the angle θ12 corresponds to the Cabibbo
angle θC, the largest mixing angle in the CKM matrix. Wolfenstein noted that |Vcb| ≈ O(λ2)

and introduced four parameters λ, A, ρ and η, such that

sin θ12 = λ, ⇒ cos θ12 =
√

1− λ2,

sin θ23 = Aλ2, ⇒ cos θ23 =
√

1− A2λ4,

sin θ13 e−iδ = Aλ3(ρ− iη), ⇒ cos θ13 =
√

1− A2λ3(ρ2 + η2),

where A, ρ and η are real parameters in the range (0, 1). If η 6= 0, CP symmetry is violated.
Up to O(λ3), the CKM matrix is given by

VCKM =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 =


1− 1

2
λ2 λ Aλ3(ρ− iη)

−λ 1− 1
2
λ2 Aλ2

Aλ3[1− ρ− iη] −Aλ2 1

+O(λ4). (2.3)

The main advantage of this so-called Wolfenstein’s parametrization is that it makes directly
visible the nearly diagonal structure of the matrix and the hierarchy between generations: the
largest coupling (O(1)) is the one between quarks of the same generation; the second largest
(O(λ)) between the first and the second generation; the third largest (O(λ2)) between between
the second and the third generation; and the smallest (O(λ3)) between the first and the third
generation. The CP violation parameter η appears only in the smallest parameter as well as in
other higher order terms. Especially for K-meson physics, one has to be aware that η enters in
Vcd and Vcs at higher order. This reflects that the CP violation in the SM is a very small effect.
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2.4.3 The unitarity triangle

The model with three quark generations proposed by Kobayashi and Maskawa is the mini-
mal possible model that includes CP violation. It can be tested by measuring the individual
coefficients of the CKM matrix and proofing if the resulting matrix fulfills unitarity.

The unitarity condition gives rise to twelve distinct complex relations among the matrix
coefficients:

V†CKMVCKM = 1 ⇒
∑

j∈{u,c,t}
V ∗jiVjk= δik with i, k ∈ {d, s, b}, (2.4)

VCKMV†CKM = 1 ⇒
∑

j∈{d,s,b}
VijV

∗
kj= δik with i, k ∈ {u, c, t}. (2.5)

Six of the relations above, those with i 6= k, can be represented geometrically as triangles in the
complex plane. They are called unitarity triangles. Their interior angles represent observable
quantities that measure CP violation. The geometrical consequence of CP violation is that
these triangles are not degenerate into lines, i.e. that the three vectors describing the sides
cannot be made real. All triangles have the same area, commonly written as JCP/2, where
JCP is the so-called Jarlskog parameter, which is a parametrization independent and universal
measure of CP violation in the SM [39]. Using the parametrization in eq. (2.2), the Jarlskog
parameter depends on the CP violating phase as JCP ∝ sin δ. In the SM, all CP violation
phenomena are correlated since the CP violation is generated by the same irreducible complex
phase.

Using Wolfenstein’s parametrization (see previous subsection), the sides of the six triangles
can be expressed in powers of λ. From the unitarity condition in eq. (2.4), one obtains three
triangles which are relevant for the physics ofK ,B andBs mesons. The sides of these triangles
contain CKM coefficients related to processes involving the aforementioned mesons. The
K triangle is obtained by multiplying columns 1 and 2 of the CKM matrix; the B triangle
by multiplying columns 1 and 3; and the Bs triangle by multiplying columns 2 and 3. The
triangles are

K triangle: VudV
∗
us + VcdV

∗
cs + VtdV

∗
ts = 0 ⇒ O(λ) + O(λ) +O(λ5) = 0, (2.6)

B triangle: VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 ⇒ O(λ3) +O(λ3) +O(λ3) = 0, (2.7)

Bs triangle: VusV
∗
ub + VcsV

∗
cb + VtsV

∗
tb = 0 ⇒ O(λ4) +O(λ2) +O(λ2) = 0. (2.8)

By comparing the orders of magnitude of the triangle sides, it is evident that the B triangle
has sides of about the same size (angles of similar size), while the K and the Bs triangles are
almost degenerate to lines (one angle is close to zero). For the K triangle one side is four
orders of magnitude smaller than the other sides, and for the Bs triangle one side is two orders
of magnitude smaller than the others. Thus, the CP violation effects in the B-meson system
are expected to be larger than in the other systems. This has been one of the main motivations
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(ρ̄, η̄)

(0, 0) (0, 1)

φ3

φ2

φ1

VcdV
∗
cb

−VcdV ∗cb
= −1

VtdV
∗
tb

−VcdV ∗cb
= 1− (ρ̄+ iη̄)

VudV
∗
ub

−VcdV ∗cb
= ρ̄+ iη̄

Re

Im
(ρ̄+ iη̄) + (1− (ρ̄+ iη̄))− 1 = 0

Figure 2.5: Visualization of the unitarity triangle for the B-meson system (eq. (2.7)) in the
complex plane. The sides are normalized by −VcdV ∗cb, fixing two corners of the triangle at
(0, 0) and (1, 0).

for the construction of experiments focused on exploring the physics of B-meson decays.
Fig. 2.5 shows a visualization of theB triangle. By convention, all sides are divided by−VcdV ∗cb,
such that one side is real with unit length. This fixes two of the corners of the triangle. The
position of the third corner is determined by the parameters

ρ̄ = ρ

(
1− λ2

2
+ . . .

)
, and η̄ = η

(
1− λ2

2
+ . . .

)
,

which can be expanded to different orders in powers of λ. In the same way, the area below the
triangle can be written as

JCP
2

=
λ6A2η̄

2
+ . . . .

The inner angles of the triangle, the so-called unitarity angles, are defined as

φ1 ≡β ≡ arg

(
−VcdV

∗
cb

VtdV ∗tb

)
= arg

(
1

1− ρ̄− iη̄

)
, (2.9)

φ2 ≡α ≡ arg

(
− VtdV

∗
tb

VudV ∗ub

)
= arg

(
−1− ρ̄− iη̄

ρ̄+ iη̄

)
, (2.10)

φ3 ≡γ ≡ arg

(
−VudV

∗
ub

VcdV ∗cb

)
= arg (ρ̄+ iη̄) , (2.11)

where the angle φ3 coincides to a good approximation with the phase δ of the parametrization
in eq. (2.2). In the literature, the unitarity angles are usually called β, α, and γ. However,
in this thesis, the angles are called φ1, φ2 and φ3 since this is the convention at Belle and at
Belle II.
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The position of the corner (ρ̄, η̄) can be determined by measuring the three angles and the
length of the two non-normalized sides. Since the normalized triangle is unambiguously de-
fined by two of these parameters, the system is evidently over-constrained, offering an excel-
lent test of the SM: if the model is correct and complete, the unitarity condition of the CKM
matrix must be fulfilled, implying that the triangle closes.

2.5 Flavor mixing of flavored neutral mesons

Flavored neutral mesons have a characteristic flavor quantum number referring to their quark
compositions: “strangeness”, related to s quarks; “charm”, related to c quarks; and “beauty”,
related to b quarks. By convention, the sign of the flavor quantum number agrees with the
sign of the electric charge of the quark determining the flavor. For example, K0(ds), D0(uc)

and B0(db) have positive flavor, while their antiparticles K 0(ds), D0(uc) and B0(db) have
negative flavor. In the following, the flavor eigenstate of a flavored neutral meson with flavor
positive will be denoted by |M〉. Since |M〉 is not its own antiparticle, it is not an eigenstate
of the charge conjugation operator:

C|M〉 = |M̄〉.

Flavor quantum numbers are conserved in strong interactions and thus the flavor eigenstates
are simultaneously eigenstates of strong interactions. In contrast, weak interactions do not
conserve flavor quantum numbers allowing |M〉 to undergo a transition into |M̄〉 (or vice
versa), changing the flavor quantum number by two units. Since flavored neutral mesons are
subjected to oscillations in the flavor space, the mass eigenstates are superpositions of the
pure flavor eigenstates |M〉 and |M̄〉. This phenomenon is the so-called flavor mixing. As
an example, Figure 2.6 shows the leading order Feynman diagrams contributing to neutral
B0−B0 mixing.

A flavored neutral meson can be considered as a two-state quantum system with the generic
wave function:

|ψ(t)〉 =

(
a(t)

b(t)

)
= a(t)|M〉+ b(t)|M̄〉.

The corresponding time evolution is approximated by the time-dependent Schrödinger equa-
tion (Weisskopf-Wigner approximation)

i~
d
dt
|ψ〉 = Heff|ψ〉,

where the effective HamiltonianHeff is a 2× 2 matrix that can be decomposed into a mass and
a decay matrix

Heff = M − i
2
Γ ,
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b

b

u,c,t

W−

d

d

u,c,t

W+B0 B0

b

b

W+

u,c,t

d

d

W−

u,c,tB0 B0

Figure 2.6: Leading order Feynman diagrams contributing to neutral B0 − B0 mixing. A B0

meson can transform into a B0 and viceversa by the exchange of two W -bosons and a virtual
u, c, or t quark.

where M and Γ are hermitian matrices. The effective Hamiltonian Heff is not hermitian and
thus probability is not conserved. This corresponds to the decrease in the total number of M
and M̄ mesons since the mesons decay as time evolves. The diagonal elements ofM and Γ are
related respectively to the mass and the lifetime of the pure flavor eigenstates. Conservation
of CPT symmetry (see Sect. 2.2.4) requires that the M and the M̄ mesons have the same
mass and the same lifetime implying that M11 = M22 = M and Γ11 = Γ22 = Γ . These
diagonal elements are determined by the quark masses and by strong and electromagnetic
(EM) interactions. Thus, the diagonal elements of Heff can be identified as the strong and
electromagnetic (EM) Hamiltonian H0. On the other hand, the off-diagonal elements have to
fulfill M12 = M∗

21 and Γ12 = Γ ∗21 due to hermiticity. These elements involve weak interactions
and can be merged into a weak perturbation HamiltonianHw. One obtains

Heff =

(
H0 0

0 H0

)
+Hw =

(
M − i

2
Γ M12 − i

2
Γ12

M∗
12 − i

2
Γ ∗12 M − i

2
Γ

)
. (2.12)

Since the phase factors of |M〉 and |M̄〉 can be arbitrarily adjusted without changing the
physics results, only the difference between them is relevant. The phase difference can be
quantified by a complex weak phase φ12. In total, the flavor mixing can be parametrized by
five real parameters, by convention, these are [40]

M11, Γ11, |M12|, |Γ12| and φ12 = arg

(
−M12

Γ12

)
.

By diagonalizing the Hamilton operator in eq. (2.12), the time evolution of the meson-antimeson
system can be described in terms of its eigenvalues and eigenstates. The eigenvalues ω±, are
given by

ω± = M − i
2
Γ ±

√
(M12 −

i
2
Γ12)(M∗

12 −
i
2
Γ ∗12) = M − i

2
Γ ± pq. (2.13)
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The two associated eigenstates v± = (1,± q
p
)T represent the physical mass eigenstates

|M+(t)〉 ≡ p|M(t)〉+ q|M̄(t)〉,
|M−(t)〉 ≡ p|M(t)〉 − q|M̄(t)〉. (2.14)

The complex numbers p and q satisfy

q

p
=

√
M∗

12 − i
2
Γ ∗12

M12 − i
2
Γ12

= e−iφM

√
|M12|+ i

2
|Γ12| eiφ12

|M12|+ i
2
|Γ12| e−iφ12

with |p|2 + |q|2 = 1, (2.15)

where the absolute mixing weak phase φM ≡ arg(M12) is introduced. The mass eigenstates
|M±(t)〉 are pure CP eigenstates if they are orthogonal to each other (even and odd states).
This is the case when the phase φ12 is zero or an odd multiple of π, i.e. if the absolute value
of |q/p| is equal to 1.

The masses m± and the lifetimes Γ± for the mass eigenstates states can be derived from the
eigenvalues in eq. (2.13),

m+ = Re(ω+), Γ+ = −2Im(ω+),

m− = Re(ω−), Γ− = −2Im(ω−),

which can be recasted in terms of the following observables

m ≡ 1

2
(m+ +m−) = M , Γ ≡ 1

2
(Γ+ + Γ−) = Γ =

1

τ
,

∆m ≡ m− −m+ = −2Re (pq) , ∆Γ ≡ Γ− − Γ+ = 4Im (pq) .

Subsequently, the time evolution of |M±〉 is given by

|M+(t)〉 = e−iω+t
(
p|M〉+ q|M̄〉

)
,

|M−(t)〉 = e−iω−t
(
p|M〉 − q|M̄〉

)
, (2.16)

where both mass eigenstates decay as e−Γ±t with a modulation generated by the complex phase
eim± . Considering now eq. (2.14), the time evolution of the pure flavor states can be written as

|M(t)〉 ≡ 1

2p
(|M+(t)〉+ |M−(t)〉) ,

|M̄(t)〉 ≡ 1

2q
(|M+(t)〉 − |M−(t)〉) .
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Insertion of the time evolution in 2.16 yields

|M(t)〉 =
1

2

((
e−iω+t + e−iω−t

)
|M〉+

q

p

(
e−iω+t− e−iω−t

)
|M̄〉

)
=

1

2
e−iω+t

((
1 + e−i(∆m− i

2
∆Γ)t

)
|M〉+

q

p

(
1− e−i(∆m− i

2
∆Γ)t

)
|M̄〉

)
, (2.17)

|M̄(t)〉 =
1

2

(
p

q

(
e−iω+t− e−iω−t

)
|M〉+

(
e−iω+t + e−iω−t

)
|M̄〉

)
=

1

2
e−iω+t

(
p

q

(
1− e−i(∆m− i

2
∆Γ)t

)
|M〉+

(
1 + e−i(∆m− i

2
∆Γ)t

)
|M̄〉

)
. (2.18)

With non vanishing ∆m and ∆Γ , which are related to the weak off-diagonal components of
the Hamiltonian M12 and Γ12, an initial pure flavor state will mix with its opposite flavor state
before it decays. Thus, decay rates can be only properly defined, if the initial state is specified
either as |M〉 or as |M̄〉 [41]. Starting with a specific flavor eigenstate |M〉 at t = 0, and taking
into account the orthogonality between flavor eigenstates, the probability to observe the state
|M̄〉 at time t is

|〈M̄ |M(t)〉|2 =
1

2

qp
2

e−Γ t
(

cosh(
∆Γ t

2
)− cos(∆mt)

)
, (2.19)

and to observe |M〉 is

|〈M |M(t)〉|2 =
1

2
e−Γ t

(
cosh(

∆Γ t

2
) + cos(∆mt)

)
. (2.20)

Fig. 2.7 shows flavor oscillations for K0, D0, B0 and B0
s mesons basing on the measured

oscillation parameters in Tab. 2.2. In the B-meson system, the mass eigenstates |M±〉 are
commonly called |B0

H,L〉, where H stand for heavy and L for light. In the kaon system the
convention light and heavy is interchanged with short and long, i.e. |K0

S,L〉. In the case of
K0 and D0 mesons, the M12 and Γ12 are dominated by long-distance contributions making the
theoretical estimates for ∆m and ∆Γ difficult to compute. For B0 mesons, the long-distance
effects are CKM suppressed simplifying the estimation of ∆m and ∆Γ [29].

Historically, flavor mixing was predicted in 1954 by Gell-Mann together with
Abraham Pais [43]. They assumed that the mass eigenstates of flavored neutral mesons were
C eigenstates. In 1956, a Columbia-Brookhaven group could observe this effect for the first
time in theK0−K 0 system [44]. Few months later, the P and the C violation in weak interac-
tions was discovered. And it was thought then that the mass eigenstates were CP eigenstates.
Only after the discovery of the CP violation in 1964, it became clear that the neutral kaon
mass eigenstates are neither C nor CP eigenstates. In the B0− B0 system, flavor mixing was
discovered in 1987 by the ARGUS collaboration [45]. In the B0

s -meson system, flavor mixing
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Table 2.2: Oscillation parameters for K0, B0, B0
s and D0 mesons [28].

Parameter K0 D0

∆m [~ · s−1] (0.5293± 0.0009) · 1010 0.95+0.41
−0.44 · 1010

τS = 1
ΓS

[s] (0.8954± 0.0004) · 10−10

(410.1± 1.5) · 10−15

τL = 1
ΓL

[s] (5.1116± 0.021) · 10−8

∆Γ [s−1] (−1.115± 0.001) · 1010 1.29+0.14
−0.18 · Γ

x = ∆m
Γ

0.946± 0.002 0.0046+0.0014
−0.0015 [42]

y = ∆Γ
2Γ

−0.997± 0.001 0.0062± 0.0008 [42]

Parameter B0 B0
s

∆m [~ · s−1] (0.5096± 0.0034) · 1012 (17.757± 0.021) · 1012

τ = 1
Γ

[s] (1.520± 0.004) · 10−12 (1.510± 0.005) · 10−12

∆Γ [s−1] (−0.002± 0.010) · Γ [42] (0.082± 0.007) · 1012

x = ∆m
Γ

0.775± 0.006 26.81± 0.10

y = ∆Γ
2Γ

< 0.001 [42] 0.062± 0.006
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Figure 2.7: Mixing probabilities (eqs. (2.19) and (2.20)) for initial pure K0 (top left), D0 (top
right), B0(bottom left) and B0

s (bottom right) mesons as functions of their lifetimes.
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was identified as an important effect already after the first measurements [46]. However, its
mixing frequency could be resolved first in 2006 by the CDF collaboration [47]. Finally, the
D0−D0 mixing was first observed in 2007 at the B factories [29].

2.6 Types of CP Violation
Depending on the way how theCP violation complex phase appears, the differentCP violation
mechanisms can be classified into three types. For this purpose, one considers the amplitudes
of the transitions of a flavored meson |M〉 and of its antiparticle |M̄〉, into a final state |f〉 and
into the CP conjugate |f̄〉,

Af = 〈f |Heff|M〉 = A (|M〉 → |f〉) , Āf = 〈f |Heff|M̄〉 = A
(
|M̄〉 → |f〉

)
,

Af̄ = 〈f̄ |Heff|M〉 = A
(
|M〉 → |f̄〉

)
, Āf̄ = 〈f̄ |Heff|M̄〉 = A

(
|M̄〉 → |f̄〉

)
,

with the effective Hamiltonian operatorHeff. The different types of CP violation are then:

a) CP violation in decay also called direct CP violation, occurs ifAfĀf̄
 6= 1 or

ĀfAf̄
 6= 1. (2.21)

This is the only kind of CP violation that is possible for both, neutral mesons and
charged mesons. Other types of CP violation exclude charged mesons, since they do
not mix with their antiparticles. The phase difference between the decay amplitudes
Af and Āf̄ can be quantified by a complex phase φD, which is the superposition of the
complex weak phases and the strong phases involved in the process. Considering that,
in general, different intermediate states contribute to a decay, the total decay amplitudes
Af and Āf̄ can be written as

Af =
∑
i

|Ai| ei(δi+φi) , Āf̄ =
∑
i

|Ai| ei(δi−φi) ,

where the phases δi are strong phases, and the phases φi are weak phases. Since strong
processes do not violate CP symmetry, the strong phases remain invariant under CP
transformation. On the other hand, the weak phases are associated with the coefficients
of the CKM matrix that appear in the amplitudes of a given decay. Since a CP transfor-
mation turns CKM coefficients into their complex conjugate, the weak phases flip sign
under CP transformations. The direct CP violation condition in eq. (2.21) can be also
formulated as

|Af |2 − |Āf |2 = −2
∑
i,j

|Ai||Aj| sin (δi − δj) sin (φi − φj) 6= 0.
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Thus, CP violation in decay can occur only if at least two intermediate states with diffe-
rent strong and weak phases contribute to a decay process. The squared absolute value
of the total decay amplitudes |Af |2 and |Āf̄ |2 can be accessed experimentally since they
are proportional to the total decay rates, while the individual amplitudes |Ai| and the
strong phases δi are very difficult to compute theoretically leading to large uncertainties.
Thus, observables that depend only on the weak phases, such as the CKM angles, allow
to test the SM predictions in a much cleaner way.

b) CP violation in mixing or indirect CP violation means,qp
 =

1− ε
1 + ε

 6= 1 ⇒ |ε| 6= 0. (2.22)

In this case, CP violation arises as a consequence of an asymmetry in the flavor os-
cillation |M〉 → |M̄〉 → |M〉, meaning that physical mass eigenstates are not CP
eigenstates, as explained in Sect. 2.5. In other words, there is a complex weak phase
φ12 between M12 and Γ12. The ε parameter corresponds to the parametrization used in
Sect. 2.2.5.

c) CP violation by interference of mixing and decay is possible to be observed when
the neutral mesons |M〉 and |M̄〉 have both a common final state |f〉, preferentially a
pure CP eigenstate

CP |fCP 〉 = ±|fCP 〉.
Even if there is no CP violation in mixing and decay separately, i.e. if |ĀfCP /AfCP | =

|q/p| = 1, the sum of the decay and the mixing phases φD and φM can give rise to a total
phase difference and thus to an interference between these two processes, generating
consequently a violation of CP symmetry. Introducing a new complex quantity λCP , the
condition for this kind of CP violation can be written as

Im (λCP ) 6= 0, where λCP ≡
q

p
· ĀfCP
AfCP

=

qp
 · ĀfCPAfCP

 e−i(φM+φD) .

2.7 The B-meson sector
B mesons consist of a heavy b or b quark and a lighter quark. Depending on the lighter quark,
they can be classified into two families, a neutral and a charged one. The neutral B mesons
are3: B0, represented by B0(db) and B0(db), with a mass mB0 = 5.28 GeV/c2; and B0

s , repre-
sented by B0

s (sb) and B0
s(sb), with a mass mB0

s
= 5.37 GeV/c2. Analogously, the charged B

mesons are: B±, represented by B+(ub) and B−(ub), with a mass mB± = 5.28 GeV/c2; and
B±c , represented by B+

c (cb) and B−c (cb), with a mass mB±c
= 6.28 GeV/c2.

3The particle data in this section is taken from the Particle Data Group (PDG) [28].
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As they are the major topic of study in this thesis, the discussions in the following will focus
on the B mesons B0 and B±, which form SU(2) isospin doublets (I = 1

2
):

• B0(db), B+(ub) with I3 = −1
2
,+1

2
, and

• B−(ub), B0(db) with I3 = −1
2
,+1

2
,

with a very small mass difference ∆mB0B± = 0.31 ± 0.06 MeV/c2 between charged and
neutral B mesons.

As explained in Sect. 2.4.3, the B-meson system offers the possibility to accurately test
the CKM mechanism which predicts a large CP violation in it. For the study of CP viola-
tion and for the search for NP, some key properties of B mesons are advantageous from the
experimental and from the theoretical point of view.

From the experimental point of view,B mesons have relatively long lifetimes (τB0 = 1.52 ps
and τB± = 1.64 ps), facilitating the study of B0−B0 oscillations as well as of B decays. The
long lifetimes of B mesons are a consequence of the small couplings between the third quark
family (t, b) and the other two, (c, s) and (u, d) (Vcb ∼ O(10−2), Vub ∼ O(10−3)). Due to this
“hierarchical” structure of the CKM matrix, decays via b→ c transitions have larger branching
fractions than those via b→ u transitions. The hierarchy of the CKM matrix (Vtd ∼ O(10−3),
Vts ∼ O(10−2)) is also responsible for the fact that the oscillation frequency of B0 mesons is
lower than the oscillation frequency of B0

s mesons (see 2.7 in Sect. 2.7.1). Consequently, it is
easier to measure the oscillation of neutral B0 mesons.

From the theoretical point of view, the high mass of the b quark makes the calculations of
hadronic corrections more reliable. The mass mb(MS) ≈ 4.2 GeV is relatively far from the
hadronic scale ΛQCD ≈ 0.34 GeV/c2 [48], at which the effects of strong interactions cannot
be treated perturbatively anymore. This, together with the property of asymptotic freedom
of QCD (see Sect. 2.1), and the fact that αs(mb) << 1, opens the possibility of systematic
approximations that can be exploited in various theoretical applications [49].

The following subsections are dedicated to the B0 − B0 flavor mixing as well as to the
CP violation in B0(B0) and in B± decays. These phenomena play a central role at Belle II,
and in the studies performed in this thesis.

2.7.1 B0−B0 mixing

ForB0 mesons and their antiparticlesB0, the time evolution description expressed in eq. (2.17)
and eq. (2.18) can be simplified because the lifetime difference between the two physical
eigenstates, B0

H and B0
L, is practically negligible [42]:

∆Γ

Γ


B0

= −0.002± 0.010.
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Thus, one can set ∆Γ = 0 and redefine the lifetime as Γ ≡ ΓH = ΓL. The time evolution for
neutral B mesons, starting as a pure flavor state, can be then written as

|B0(t)〉 =
1

2
e−

Γ
2
t

((
1 + e−i∆mt) |B0〉+

q

p

(
1− e−i∆mt) |B̄0〉

)
, (2.23)

|B̄0(t)〉 =
1

2
e−

Γ
2
t

(
p

q

(
1− e−i∆mt) |B0〉+

(
1 + e−i∆mt) |B̄0〉

)
, (2.24)

where e−imH t was removed by phase convention. Considering the leading order amplitudes
contributing to B0 − B̄0 mixing (Fig. 2.6), there are virtual u, c and t quarks inside loops.
However, on the scale of the B-meson mass, the light u and c quarks have nearly the same
mass and their contributions cancel out due to the GIM-mechanism [50]. Consequently, the
t-quark contributions dominate. It follows from eq. (2.15) that

q

p


B0

=

√
M∗

12

M12

+O
(

Γ12

M12

)
B0

' V ∗tbVtd
VtbV ∗td

, ⇒
qp

B0

≈ 1,

since Γ12/M12 ' O(m2
b/m

2
t ) v O(10−3) [51]. This is experimentally confirmed [42]:qp


B0

= 1.0010± 0.0008.

Thus, CP violation in B0 − B̄0 mixing is very small and the eigenstates B0
H and B0

L can be
considered to a good approximation as pure CP eigenstates. Moreover, in the neutralB meson
system, the complex parameter λCP can be written as

λCP = e−iφM (B) ·ĀfCP
AfCP

=
V ∗tbVtd
VtbV ∗td

· ĀfCP
AfCP

, (2.25)

⇒ |λCP | =
ĀfCPAfCP

 .

2.7.2 Time-dependent CP violation

Considering now the decay of a B0(B̄0) meson into a CP eigenstate fCP , the corresponding
decay amplitudes are given by

ACP = 〈fCP |H|B0〉, ĀCP = 〈fCP |H|B̄0〉.

Application of the time evolution in eqs. (2.23) and (2.24) yields

ACP (t) = 〈fCP |H|B0(t)〉 =
1

2
e−

Γ
2
t

((
1 + e−i∆mt)ACP +

q

p

(
1− e−i∆mt) ĀCP)
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=
1

2
e−

Γ
2
tACP

[(
1 + e−i∆mt)+ λCP

(
1− e−i∆mt)] ,

ĀCP (t) = 〈fCP |H|B̄0(t)〉 =
1

2
e−

Γ
2
t

(
p

q

(
1− e−i∆mt)ACP +

(
1 + e−i∆mt) ĀCP)

=
1

2
e−

Γ
2
tACP

p

q

[(
1− e−i∆mt)+ λCP

(
1 + e−i∆mt)] .

This leads to the time-dependent decay rates

Γ (B0(t)→ fCP ) =
〈fCP |H|B0(t)〉

2

=
1

2
e−Γ t |ACP |2

·
[
1 + cos(∆mt)− 2Im(λCP ) sin(∆mt) + (1− cos(∆mt)) |λCP |2

]
,

Γ (B̄0(t)→ fCP ) =
〈fCP |H|B̄0(t)〉

2

=
1

2
e−Γ t |ACP |2

·
[
1− cos(∆mt) + 2Im(λCP ) sin(∆mt) + (1 + cos(∆mt)) |λCP |2

]
.

CP violation gives rise to a difference between the decay rates above. Since the effect can
be very small, the asymmetry between the decay rates is considered as observable, with the
advantage that in this way many systematic effects cancel out reciprocally. The time-dependent
CP asymmetry between decay rates is defined as

aCP (t) ≡ Γ (B̄0(t)→ fCP )− Γ (B0(t)→ fCP )

Γ (B̄0(t)→ fCP ) + Γ (B0(t)→ fCP )

=
(|λCP |2 − 1) cos(∆mt) + 2Im(λCP ) sin(∆mt)

1 + |λCP |2

= ACP cos(∆mt) + SCP sin(∆mt), (2.26)

where the CP -violation parameters

ACP ≡
|λCP |2 − 1

|λCP |2 + 1
and SCP ≡

2 · Im(λCP )

|λCP |2 + 1
, (2.27)

have been introduced. Since in this case |λCP | = |ĀCP/ACP |, the ACP parameter corresponds
to direct violation of CP symmetry, i.e. ACP 6= 0 if |λCP | 6= 1. Respectively, SCP is related to
the mixing-induced CP violation, i.e. to CP violation effects by interference between mixing
and decay. Due to the approximation ∆ΓB ≈ 0 in eqs. (2.23) and (2.24), a third CP violation
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parameter is neglected in aCP (t) (eq. (2.26)), that is

A∆Γ =
2 · Re(λCP )

|λCP |2 + 1

∆Γ=0≈ 0.

Since aCP (t) is normalized, the CP violation parameters have to fulfill

A2
CP + S2

CP +A2
∆Γ = 1 ⇒ A2

CP + S2
CP ≤ 1.

The experimental challenge is then to measure precisely the time-dependent rates of B0 and
B̄0 decaying into CP eigenstates.

2.7.3 Measurements of CP violation
Since B mesons have a relatively large mass, they have myriad possible decay modes. Those
that are useful for CP violation analyses are very rare with branching fractions around
10−4 − 10−6. Significant measurements require thus a huge amount of B meson events of
the order of 108.
B mesons can be produced in hadron colliders together with many other hadrons; or ex-

clusively in a very clean environment at B factories (see detailed comparison in Sect. 2.8).
B factories are asymmetric-energy e+e− colliders optimized for time-dependent studies of
B meson decays. The first B factories were the KEKB at KEK in Tsukuba, Japan and the
Positron-Electron Project IIs (PEP-II) at SLAC, California4. In the following, the discussion
will focus on the measurement of CP violation at B factories.

At B factories, electrons and positrons collide with a center of mass of 10.58 GeV cor-
responding to the rest energy of the Υ(4S) resonance. The Υ(4S) is the third radially excited
3S1 bb bound state, and the first hadronic bb resonance above theBB production threshold (see
Fig. 2.8). Thus, B mesons are essentially at rest in the Υ(4S) center-of-mass frame. The
Υ(4S) decays to more than 96% of the cases into BB meson pairs, and roughly into equal
amounts of charged and neutral pairs, namely Γ (B+B−)/Γ (B0B0) = 1.058± 0.024 [28].
Charged B+B− meson pairs allow to measure the direct CP violation, whereas B0B0 allow to
measure the direct, and the mixing-induced CP violation.

The quantum numbers of the Υ(4S) resonance are JPC = 1−−, and the quantum numbers
of a B meson are JP = 0−. Conservation of angular momentum dictates the BB system to
be in a p-wave configuration, i.e. the orbital angular momentum is L = 1. Since P and C
are conserved in strong interactions, the quantum numbers of the BB pair are the same of the
Υ(4S) resonance. The wave function of the Υ(4S) is antisymmetric, forbidding the final states
B0B0 and B0B0, which are symmetric by means of Bose-Einstein statistics.

Considering a neutral pair B0B0, if the two mesons in the system are allowed to oscillate
independently, there is a non vanishing probability to find a B0B0 or a B0B0 meson pair at

4KEK stays for High Energy Accelerator Research Organisation in Japanese: Kō Eneruḡı Kasokuki kenkyū
kikou. SLAC stays for Stanford Linear Accelerator Center.
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Figure 2.8: Hadronic cross section for e+e− collisions as a function of the e+e− center-of-mass
energy in the region at and above the Υ(1S) resonance [52].

a given time. Since its wave function has to be anti-symmetric as well, when a neutral B0B0

pair is produced, the two-meson system has to be in a quantum entangled state. The entangled
state can be written as

|B0
1(t1), B0

2(t2)〉 =
1√
2

(
|B0

1(t1)〉|B̄0
2(t2)〉 − |B̄0

1(t1)〉|B0
2(t2)〉

)
. (2.28)

The entanglement prevails until one of the two mesons decays at a time t1. At t1, theB mesons
have opposite flavors, for example if one is a B0, then the other is a B0. The second meson is
free to oscillate up to its decay at a time t2. Therefore, events with two B0 or two B0 decays
are possible. The probability that this occurs depends on the time difference ∆t between the
two decays. Using eqs. (2.23) and (2.24), and defining ∆t ≡ t1 − t2, eq. (2.28) becomes

|B0
1(t1), B0

2(t2)〉 =
1

2
√

2
e−

Γ
2

(t1+t2)

[ (
1 + e−i∆m∆t

) (
|B0

1〉|B̄0
2〉 − |B̄0

1〉|B0
2〉
)

+
(
1− e−i∆m∆t

)(q
p
|B̄0

1〉|B̄0
2〉 −

p

q
|B0

1〉|B0
2〉
)]

. (2.29)

If the flavor of one of the two B mesons can be determined by a flavor-specific decay, the
flavor and the time evolution of the other B is known. Considering a B0B0 pair, if one meson
(B0

CP) decays into a CP eigenstate, and the other (B0
tag) is tagged by a flavor-specific decay, the
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time-dependent decay rates can be written as

Γ (fCP , ftag) =
〈fCP , ftag|H|B0

CP(tCP ), B0
tag(ttag)〉

2

=
1

4
e−Γ (tCP+ttag) |ACP |2 |Atag|2

pq
2

·
[
1− cos(∆m∆t) + 2Im(λCP ) sin(∆m∆t) + (1 + cos(∆m∆t)) |λCP |2

]
,

(2.30)

Γ (fCP , f̄tag) =
〈fCP , f̄tag|H|B0

CP(tCP ), B0
tag(ttag)〉

2

=
1

4
e−Γ (tCP+ttag) |ACP |2 |Atag|2

·
[
1 + cos(∆m∆t)− 2Im(λCP ) sin(∆m∆t) + (1− cos(∆m∆t)) |λCP |2

]
,

(2.31)

where the decay amplitude Atag = 〈ftag|H|B0〉 = 〈f̄tag|H|B̄0〉 was introduced. Considering
that CP violation in B meson mixing is negligible, i.e. |p/q| ≈ 1 (eq. (2.25)), for the time-
dependent CP asymmetry one obtains

aCP (∆t) ≡ Γ (fCP , ftag)− Γ (fCP , f̄tag)

Γ (fCP , ftag) + Γ (fCP , f̄tag)

= ACP cos(∆m∆t) + SCP sin(∆m∆t). (2.32)

Normalizing eqs. (2.30) and (2.31) to unity in the region −∞ < ∆t < ∞ (see derivation in
App. A.1), the ∆t probability for a flavor q = +1(−1) corresponding to B0

tag = B0(B0) is
given by

P(∆t, q) =
e
− |∆t|
τ
B0

4τB0

[1 + q (ACP cos(∆m∆t) + SCP sin(∆m∆t))] , (2.33)

where τB0 is the B0 lifetime. The CP violation parameters ACP and SCP can be measured
by comparing the ∆t distributions for q = +1 and q = −1. Fig. 2.9 shows the probability
P(∆t, q) together with the resulting CP asymmetry aCP for two different values of the CP -
violation parameters ACP and SCP . A time-dependent CP violation analysis requires then to
accomplish three tasks: the reconstruction of the B0

CP decay to a specific fCP final state, the
determination of the flavor q of B0

tag, and the measurement of the decay time difference ∆t.

The reconstruction of the signal requires special techniques which depend on the consid-
ered CP -decay mode. The determination of the flavor of B0

tag is performed extracting flavor
signatures from flavor-specific B0 decays. A prominent example is the semileptonic decay
B0

tag → X`+(B0
tag → X`−), where the charge of the lepton “tags” unambiguously the fla-

vor q = −1(+1). One of the goals of this work was the development and the validation of a
flavor tagging algorithm for the Belle II experiment. The algorithm will be introduced in
chapter 4.
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Figure 2.9: Two different examples of how CP violation can manifest in the probability
P(∆t, q) and the relatedCP asymmetry aCP . The distributions are shown for two differentB0

CP
decay channels. They were obtained from simulated events used for the studies in Chapter 4
and 6. The generated ∆t distributions are shown for events where B0

tag is a B0 (q = +1), and
where B0

tag is a B0 (q = −1) at the time of its decay. No CP violation means no asymmetry,
i.e. perfect matching of the distributions for B0 and for B0.

The measurement of the decay time difference ∆t requires to achieve a precision at the
order of magnitude of the B-meson lifetime, ∆t ∼ O(ps). The reason why B factories have
asymmetric beam energies is to translate this tiny time difference into a measurable decay
length: the Υ(4S) system is produced with a Lorentz boost βγ which amplifies the separation
between decay vertices. Since the B mesons are produced almost at rest in the Υ(4S) frame,
they travel to a good approximation along the boost direction. The time difference can be then
measured as

∆t =
∆l

βγc
, (2.34)

where ∆l is the difference between the decay vertex positions projected on the boost axis, and
c is the speed of light. Fig. 2.10 shows a simple schematic of the production of two neutral B
mesons at the Υ(4S).

In cases where tracks are absent in the final state, like in the decay B0
CP → π0π0 → 4γ (if

no photon converts), the vertex location ofB0
CP cannot be reconstructed and the time-dependent

CP analysis is not possible. However, the directCP -violation parameterACP can be measured
performing a time-integrated CP -violation analysis. The probability function for this analysis
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Figure 2.10: Simple schematic of production of a B0B0 pair at the Υ(4S). One of the mesons
decays semileptonically and the other into the CP eigenstate J/ψK0

S .

is obtained integrating eq. (2.33) over −∞ < ∆t <∞ (see details in App. A.2),

P(q) =
1

2

[
1 + qACP

1

(τB0∆m)2 + 1

]
=

1

2
[1 + qACP (1− 2 · χd)] , (2.35)

and the corresponding CP asymmetry is

aCP =
P(q)− P(−q)
P(q) + P(−q) = ACP (1− 2 · χd), (2.36)

where
1− 2 · χd =

1

1 + (τB0∆m)2
.

The parameter χd = 0.1860± 0.0011 [42] is defined as

χd =
x2 + y2

2(x2 + 1)
,

where (see Tab. 2.2)

x =
∆m

Γ
= τB0∆m, and y =

∆Γ

2Γ

∣∣∣∣
B0

≈ 0.

Considering decays of charged B mesons, the direct CP violation parameter ACP is given by,

ACP =
Γ (B−→ f−)− Γ (B+→ f+)

Γ (B−→ f−) + Γ (B+→ f+)
,

where Γ (B± → f±) are the decay rates of B± to a specific final state f±. Since the electric
charge of the B meson is the same of the final state, measurements of CP violation in charged
B meson decays require only the full reconstruction of the signal B decay.
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2.7.4 Measurements of B0−B0 mixing

The measurement of B0−B0 oscillations allows the determination of the lifetime τB0 and the
oscillation frequency ∆m, which corresponds to the mass difference between the two mass
eigenstates of a neutralB-meson. These measurements are essential to validate and to calibrate
the algorithms used for the reconstruction of B-decay vertices and for the determination of the
B0-flavor.

Focusing again on the experimental environment at B factories, for the measurement of
B0−B0 mixing, one considers events where the flavor of the two exclusively producedB me-
sons can be determined. Usually, one reconstructs one of the B mesons to a flavor specific
decay (B0

sig) and tags the flavor of the other (B0
tag) using a flavor tagging algorithm. Denoting

the full-reconstructed final state as fsig and the final state of the accompanying B meson as
ftag, one obtains the following decay rates using eq. (2.28)

Γ (fsig, ftag) =
〈fsig, ftag|H|B0

sig(tsig), B0
tag(ttag)〉

2

=
1

4
e−Γ (tsig+ttag) |Asig|2 |Atag|2

pq
2

[1− cos(∆m∆t)] , (2.37)

Γ (f̄sig, f̄tag) =
〈f̄sig, f̄tag|H|B0

sig(tsig), B0
tag(ttag)〉

2

=
1

4
e−Γ (tsig+ttag) |Asig|2 |Atag|2

qp
2

[1− cos(∆m∆t)] , (2.38)

Γ (fsig, f̄tag) =
〈fsig, f̄tag|H|B0

sig(tsig), B0
tag(ttag)〉

2

=
1

4
e−Γ (tsig+ttag) |Asig|2 |Atag|2 [1 + cos(∆m∆t)] = Γ (f̄sigftag), (2.39)

where Asig = 〈fsig|H|B0〉 = 〈f̄sig|H|B̄0〉. Considering again that |p/q| ≈ 1, one defines the
mixing asymmetry as

amix(∆t) ≡
Γ (fsig, f̄tag) + Γ (f̄sig, ftag)−

(
Γ (fsig, ftag) + Γ (f̄sig, f̄tag)

)
Γ (fsig, f̄tag) + Γ (f̄sig, ftag) +

(
Γ (fsig, ftag) + Γ (f̄sig, f̄tag)

) = cos(∆m∆t).

The eqs. (2.37) to (2.39) can be normalized to unity in the region−∞ < ∆t <∞, in the same
way as eqs. (2.30) and (2.31) in Sect. 2.7.3. This leads to a ∆t probability which is given by

P(∆t, qsig, qtag) =
e
− |∆t|
τ
B0

4τB0

[1− qsig · qtag · cos(∆m∆t)] , (2.40)

where the flavor qsig = +1(−1) corresponds to B0
sig = B0(B0), and a flavor qtag = +1(−1)

corresponds to B0
tag = B0(B0). For time-integrated validation and calibration studies, the

equation above can be integrated in the same way as eq. (2.33) in Sect. 2.7.3 (the calculation
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is performed in App. A.2). One obtains,

P(qsig, qtag) =
1

2
[1− qsig · qtag · (1− 2 · χd)] . (2.41)

2.8 LHCb and Belle II
For the next ten years the only experiments specialized to explore the physics of b hadrons, and
especially the CP -violation in the B system, will be the Belle II and the LHCb experiments.
As its name indicates, the large hadron collider beauty (LHCb) experiment [53] is located at
the LHC at CERN.

While at B factories the B mesons are produced resonantly in e+e− collisions at the Υ(4S)

(exactly at the BB threshold), at LHCb they are produced in proton-proton collisions at a
high center-of-mass energy (currently 13 TeV). At an energy of 13 TeV, the hadronic bb cross
section is about 560 µb [54] which is about six orders of magnitudes larger than the BB cross
section atB factories (∼ 1 nb). This allows LHCb to collect large data samples while operating
at a relatively low luminosity of about 2 · 1032 cm−2s−1 (the world record reached at KEKB is
2.11 · 1034 cm−2s−1). The low luminosity at LHCb is important to avoid events with multiple
proton-proton interactions per bunch crossing. Such events are very difficult to analyze; events
with single interactions are thus preferred. The relatively low luminosity helps reduce the
detector occupancy and the radiation damage. By changing the beam focus at the interaction
point, LHCb can tune the luminosity independently from the interaction points of the other
experiments at the LHC.

In proton-proton collisions, bb pairs are produced together with several other particles which
form a so-called underlying event. The large number of particles per event complicates the
reconstruction of b-hadron decays and has in particular a negative impact on the B-flavor
tagging: the effective B-tagging efficiency obtained at LHCb is about ten times lower than at
B factories, where BB pairs are produced without additional particles.

The bb production at LHCb occurs mainly through gluon-gluon fusions in which the mo-
menta of the incoming partons is highly asymmetric in the lab frame [55]. This results in a
large boost of the bb pair along the direction of the gluon with the higher momentum, which
can be either in forward or in backward direction. The LHCb detector is a single arm spec-
trometer, covering only the forward region, such that about 35% of the produced bb pairs are
in the detector acceptance [56].

A positive consequence of the large boost is the excellent time resolution: LHCb can reach
resolutions of about 50 fs and resolve the frequency of B0

s flavor oscillations [56]. This is not
possible at B factories where the time resolution is around 1 ps. The large boost at LHCb,
however, is counterproductive for the reconstruction of K0

S particles since a considerable frac-
tion of them decay after the vertex detector. Several decay channels with K0

S particles in the
final state are not covered by LHCb. For example the b → sss channels, which are highly
sensitive to NP effects (see Sect. 2.9).
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Table 2.3: Past, current and future LHCb run periods and their characteristics: center-of-mass
energy

√
s, collected/projected integrated luminosity, estimated cumulative yields of hadronic

B decays with respect to Run 1, and the year of completion. The cumulative yields take into
account the integrated luminosity, the bb cross section in dependence of the energy, and the
expected higher trigger efficiency after the phase-1 upgrade. The high-luminosity upgrade
phase-2 is currently at the conceptual level [57].

Run period
√
s [TeV] Collected / Projected Cum. Yield Year attained∫

L dt [fb−1] w.r.t. Run 1

Run 1 7, 8 3 1 2012
Run 2 13 5 4 2018
Phase-1 upgrade 14 50 60 2030
Phase-2 upgrade (?) 14 300 ∼ 400 2035

Due to the harsh hadronic environment at LHCb, the reconstruction of final states with
neutral particles like neutrinos, photons or K0

L particles is very difficult, in particular in the
case of channels with several photons in the final state like those including neutral pions and
η mesons. Due to the large boost, a considerable fraction of neutral pions cannot be resolved
as pairs of photons in the electromagnetic calorimeter. An additional difficulty is to determine
the direction of the momentum of neutral particles since the detector geometry is squeezed
toward the interaction point: small angular uncertainties result in large spatial uncertainties
when the particles’ direction is pointed back to the interaction point. Therefore, LHCb does
not cover most of the channels with one neutral particle and none of the channels with more
than one.

An advantage at LHCb is the possibility to study b hadrons that are heavier than the B0
s ,

like the Λb and the B+
c . Due to the huge number of produced bb pairs, LHCb offers also

unique opportunities for the search of rare decays, such as B0→ µ+µ−. However, rare decays
to invisible final states, such as B → νν , need a full event reconstruction: a task that only
Belle II can fulfill due to the tight kinematical constraints on the initial state at a B factory.

For the measurement of absolute branching fractions, the total number of produced B me-
sons is required. At B factories, this can be performed to a good level of precision (the mea-
surement is explained in Sect. 7.3). At LHCb, the complexity of the hadronic interactions in
the proton-proton collision impedes the estimation of the total number of produced B mesons.
LHCb circumvents this obstacle by measuring ratios between two branching fractions.

LHCb started to operate in March 2010. The data collected until 2012 (Run 1) corresponds
to 3 fb−1 and to about 3 · 1011 bb pairs in the detector acceptance [56]. Just for a comparison,
the Belle experiment recorded about 0.8 · 109 BB pairs with a dataset of about 0.8 ab−1 at the
Υ(4S); and Belle II aims to collect about 5 · 1010 BB pairs with full integrated luminosity (by
2025). Tab. 2.3 [57] details the past, current and future LHCb run periods with an estimate of
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the increase in the cumulative yields of hadronic B decays in comparison with those attained
during the first run period. These increases take into account the integrated luminosity, the bb
cross section in dependence of the energy, and the expected higher trigger efficiency after the
phase-1 upgrade [57].

The previous discussion summarizes only few key points which are important for further
discussions in this thesis. Belle II and LHCb have comprehensive physics programs which
cannot be compared here in full extent. In addition to b-hadron physics, both experiments
include charm physics, τ -physics and hadron spectroscopy. Depending on the particular de-
cay channel or physics observable, the experiments will compete against or complement each
other.

2.9 The unitarity angles φ1 and φ3

At the current level of experimental precision, the CKM mechanism gives a remarkably good
description of quark-flavor dynamics and in particular of the CP violation in the B me-
son system, which was established by the Belle and the BaBar experiments, an achievement
that, along with the discovery of the six quarks, merited the Nobel Prize for Kobayashi and
Maskawa in 2008.

Fig. 2.11 shows the unitarity triangle for the B-meson system calculated using the available
data [58]. Among the three unitarity angles, φ1 is currently the one determined with the highest
precision. The least determined one is φ3. Within the uncertainties, the unitarity condition
is fulfilled. However, many constraints on the triangle, especially those associated with loop-
processes, are still limited by the experimental precision. Therefore, Belle II aims at improving
the precision on the determination of the sides and the angles of the unitary triangle, especially
of φ2, φ3 and Vub, which, along with concurrent lattice and phenomenological advances, will
give a sharper insight into possible NP contributions.

In the following, the determination of the unitary triangles φ1 and φ3 is briefly discussed
putting emphasis on φ1 since the flavor tagger developed in this thesis plays an essential role
in its determination. The discussion is based on the general ones in [1, 29, 36, 42]. Since
the unitarity angle φ2 plays a central role in this thesis, its determination will be discussed in
detail in Sect. 2.10.

The unitarity angle φ1

For the measurement of the unitarity angle φ1, the useful B0
CP decay modes can be classified

into four main groups according to the underlying quark transitions. These transitions are
b → ccs, b → ccd, b → cud, and b → qqs. Especially interesting are the b → ccs and
the b → qqs transitions, which will be discussed in the following. The b → ccs transitions
are the sources of the most precise measurement of φ1; and b → qqs transitions offer unique
opportunities for the search of NP effects.
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Figure 2.11: Current constraints on the unitarity triangle for the B-meson system using mea-
surements up to 2016 [58].

Color-suppressed b → cc̄s transitions: these processes include B0
CP decays into a char-

monium resonance (cc) and a K0 (K0
S or K0

L ), or a K∗0 that decays into a CP eigenstate
(K0

Sπ
0 or K0

Lπ
0). Fig. 2.12 shows the leading order Feynman diagrams contributing to these

processes. In the SM, the contributions of the penguin diagrams are doubly CKM-suppressed
and can be neglected to an approximation of the order of 1% [1]. Considering the K0 − K 0

mixing in the case of (cc)K0 decays, the CP violation complex quantity λ(cc)K0 is a product
of three phases:

λ(cc̄)K0 =

(
q

p

)
B0

·
(
Ā(cc̄)K0

A(cc̄)K0

)
·
(
q

p

)
K0

' V ∗tbVtd
VtbV ∗td

· VcbV
∗
cs

V ∗cbVcs
· VcsV

∗
cd

V ∗csVcd
=
V ∗tbVtdVcbV

∗
cd

VtbV ∗tdV
∗
cbVcd

=

(
−VcdV

∗
cb

VtdV ∗tb

)−1(
−VcdV

∗
cb

VtdV ∗tb

)∗
=
(
eiφ1
)−1 ·

(
eiφ1
)∗

= e−2iφ1 , (2.42)

where φ1 is the unitarity angle defined in eq. (2.9) of Sect. 2.4.3. For the CP violation para-
meters (eq. (2.27)), one obtains

λCP = ηCPλ(cc̄)K0 , ⇒ ACP = 0, SCP = −ηCP sin(2φ1),

where ηCP is the CP eigenvalue of the final state. The ηCP eigenvalue is given by the product
of the individual CP eigenvalues of the final state mesons times (−1)L ( L is the orbital an-
gular momentum). Since a B0 is a spin-0 particle, the total angular momentum of the final
state must be zero. For example, in the case of vector-pseudoscalar final states (spin-1-spin-0),
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Figure 2.12: Leading order Feynman diagrams contributing to decays via b→ ccs transitions.
The contribution of the penguin diagram can be neglected to an approximation that is better
than one percent.

the mesons are emitted in a p-wave configuration (L = 1). Considering the K0
S and the K0

L

as nearly CP -even and CP -odd states, the decay channels analyzed by Belle and BaBar can
be classified into CP -odd and CP -even channels. The channels J/ψK0

S , ψ(2S)K0
S , χc1K

0
S ,

ηcK
0
S are CP -odd channels, while the J/ψK0

L channel is CP -even. The vector-vector channels,
such as the J/ψK∗0, are admixtures of CP -odd and CP -even channels and require an angular
analysis to separate the amplitudes of definite CP . Among all these channels, the channel
B0

CP→ J/ψK0
S is regarded as the golden channel because of the small theoretical uncertain-

ties, the relatively large branching fraction (around 8 ·10−4), the high reconstruction efficiency,
the large signal-to-background ratio, and the good resolution achievable for the vertex recon-
struction of B0

CP. A precise determination of sin(2φ1), however, is achieved by considering
simultaneously CP -odd and CP -even channels.

Exploiting their full integrated luminosities, Belle and BaBar measured the following CP -
violation parameters combining the b→ ccs channels:

Belle [59]: sin(2φ1) = 0.667± 0.023± 0.12, ACP = 0.006± 0.016± 0.012,

BaBar [60]: sin(2φ1) = 0.687± 0.028± 0.012, ACP = −0.024± 0.020± 0.016.

On the other hand, the LHCb collaboration has covered only the B0→ J/ψK0
S channel. Using

the full Run 1 data set, LHCb measures

LHCb [61]: sin(2φ1) = 0.731± 0.035± 0.020, ACP = 0.038± 0.032± 0.005.

At B factories, the precision for ACP , is close to be dominated by systematic uncertainties:
the dominating source in the case of ACP is the tag-side interference effect, which will be
discussed in Sect. 4.10.

Extrapolating the precision of Belle to the full Belle II data sample, the Belle II collaboration
estimates the expected uncertainties δ sin(2φ1) = 0.0052 and δACP = 0.0090 (statistical and
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systematic uncertainties are added in quadrature) [1]. To extract the value of φ1 at this level
of precision, penguin contributions have to be taken into account. This can be performed by
adding a correction term, such as in

SJ/ψK
0
S

CP ≡ sin(2φ1 + δφJ/ψK0
S ).

However, the value of δφJ/ψK0
S is very difficult to determine. Different ways to perform this

are currently studied. Very promising are sophisticated data-driven techniques which rely on
approximative flavor symmetries to extract the value of δφJ/ψK0

S (an example is [62]). Most
of the flavor-symmetric channels, like B0 → J/ψπ0, are not covered by LHCb. Thus, further
studies will have to wait for high-precision measurements at Belle II.

Considering now the extraction of φ1 from sin(2φ1), there are four possible solutions:

(φ1)↔ (
π

2
− φ1), (φ1 + π), (

3π

2
− φ1).

To partially resolve the ambiguities (φ1) ↔ (φ1 + π) and (3π
2
− φ1), one performs time-

dependent analyses of decays where the probability function describing the ∆t distribution
contains sin(2φ1) as well as cos(2φ1) terms. For example one can perform full angular ana-
lyses of vector-vector decays such as B0

CP→ J/ψK∗0, time-dependent Dalitz-plot analyses of
three-body decays such as B0

CP→ D(∗)0h0 (a b → cud transition with an unflavored meson
h0), or time-dependent analysis in two Dalitz regions such as B0

CP → D∗+D∗−K0 (a three-
body b→ ccs transition). On the other hand, the (π

2
−φ1) ambiguity can be removed only by

combining φ1 with other CKM measurements.
The φ1 measurements performed by Belle and BaBar dominate the precision of the cur-

rent world average; combining the b → ccs measurements, the SM compatible value of φ1 is
φ1 = (21.9± 0.7)◦ [42].

Penguin-only or penguin-dominated b→ qq̄s transitions: the penguin amplitude dom-
inating these processes is shown in Fig. 2.13. For some of these processes, like for most of
those occurring via b → sss transitions, for example the B0→ φK0

S decay, tree level contri-
butions are completely absent. For others, like in the case of b→ uus transitions, for example
the decay B → η′K0

S , color-suppressed and Cabibbo-suppressed tree diagrams may contribute
too, however, their contributions are expected to be negligible with respect to the penguin
contributions. The dominant penguin contribution has exactly the same weak phase as the
b→ ccs tree diagram and leads to the same complex quantity λCP (eq. (2.42)). Thus, any tiny
deviation of sin(2φ1) from the value obtained using b→ ccs processes is a clear indication of
a NP effect, as soon as it is beyond the theoretical uncertainties for the predicted deviation

∆Sf = −ηCPSCP − sin(2φ1)ccs.
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Figure 2.13: Feynman diagram for penguin-only or penguin-dominated b→ qqs processes.

The value of ∆Sf is predicted to be very small, especially for the final states η′K0
S and φK0

S .
At present, the measurements of ∆Sf are still dominated by statistical uncertainties: the total
experimental uncertainties are about an order of magnitude above the theoretical ones [42]. At
this level of precision, there are no significant tensions between the data and the predictions.
Since the theoretical uncertainties on ∆Sf are very small, these channels are optimal for the
search of NP effects.

The unitarity angle φ3

Several approaches have been proposed to measure the unitarity angle φ3 (see discussions in
[29, 36]). The theoretically clean ones base on the interference between the tree amplitudes
b → cus and b → ucs in charged B-meson decays B±→ D(∗)K(∗)±, where D(∗) represents
a superposition of D(∗)0 and D(∗)0. Fig. 2.14 shows the contributing Feynman diagrams. With
respect to the b → cus amplitude, the b → ucs amplitude is color-suppressed by a factor
cf ≈ 0.1. The D0 − D0 mixing can be neglected to a good approximation. There are also
no penguin contributions: the channels arise solely from the interference of the two tree level
diagrams, which differ in their weak and their strong phases. Considering for example the final
state DK−, the ratio between color-suppressed and color-favored amplitudes can be written as

A(B−→ D0K−)

A(B−→ D0K−)
= rB ei(δB−φ3) ,

where rB = cf |VcsV ∗ub/VusV ∗cb| is the ratio of the magnitudes and δB is the strong phase differ-
ence. The same expression applies for the CP conjugated decay with aB+; the only difference
is that the relative weak phase becomes complex conjugate: φ3 → −φ3. The parameters rB ,
δB and φ3 can be determined experimentally and, due to the absence of penguin contributions,
they are free of theoretical uncertainties.

There are three established methods to extract φ3 basing on different D decay channels.
They are known by the initials of their proponents. The Gronau-London-Wyler method (GLW)
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Figure 2.14: Dominant Feynman diagrams contributing to B± → D(∗)K∗± decays. The
color-suppressed diagram (b → ucs) is suppressed additionally by the small value of |Vub|.
The color-favored diagram on the left (b→ cus transition) is only singly Cabibbo suppressed.
The total ratio |VcsV ∗ub/VusV ∗cb| is of order O(1).

bases on Cabibbo-suppressed D decays to CP eigenstates, such as K+K− (CP -even) and
K0

Sπ
0 (CP -odd) [63]. The Atwood-Dunietz-Soni method considers the case when D0 and

D0 decay to a common final state which is doubly Cabibbo-suppressed for one of the two,
for example when the color-favored decay B− → D0K− is followed by the doubly-Cabibbo
suppressed D0 → K+π− decay, while the color-suppressed decay B− → D0K− is followed
by the Cabibbo favored D0 → K+π− decay (ADS) [64]. In this way, the double Cabibbo
suppression in one diagram compensates the color-suppression in the other, such that the ra-
tio rB can get close to unity, potentially giving rise to large CP -violation effects. The third
method is the Giri-Grossman-Soffer-Zupan method (GGSZ) [65] which bases on the Dalitz-
plot distribution of the products of D decays to self-conjugate multi-bodi final states, such
as D0(D0) → K0

Sπ
+π−. The GGSZ method exploits the entire resonant structure of the

three-body D decay, with interference of doubly Cabibbo-suppressed, Cabibbo-allowed, and
CP eigenstate amplitudes. This results in a large sensitivity to φ3. Additionally, the bran-
ching fraction of such decays is larger with respect to the decays considered by the other
methods. However, the common problem for all the three methods are the small overall bran-
ching fractions within 5 · 10−6 to 5 · 10−9. A precise determination of φ3 requires thus large
data samples. Combining all the measurements of Belle and BaBar, the average value is
φ3 = (67± 11)◦ [29]. The achieved precision is still limited by the sample sizes and is about
one order of magnitude worse than for φ1.

At B factories, the Golden Channel for the determination of φ3 is the channel
B±→ D(→ K0

Sπ
+π−)K±, which is analyzed following the GGSZ method. This analysis

requires as input the strong D-decay phases, which can be determined in different ways. The
Belle II collaboration plans to employ auxiliary measurements of the strong D-decay phases
that will be performed at the Beijing Spectrometer III (BES III), a charm factory running at
the ψ(3770) resonance (DD production threshold).

At LHCb, the ADS/GLW and the GGSZ decay channels are almost equally accessible, be-
cause of the larger production cross section with respect to B factories (compensating the
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small branching fractions), and because of the lower selection efficiency and the worse vertex
and mass resolutions for K0

S particles decaying beyond the vertex detector (thus lower per-
formance in GGSZ analyses). Combining all LHCb measurements, the average φ3 value is
the most precise value from a single experiment φ3 = (72.2+6.8

−7.3)◦ [66]. LHCb has performed
extrapolations and predicts a precision around 4◦ with the Run 2 data set (attained by 2018),
and aims at reaching a precision of 1◦ with the full dataset collected by 2030 [57]. On the other
hand, the Belle II collaboration predicts a precision around 1.6◦ with its full data set collected
by 2025 [1].

2.10 The unitarity angle φ2

Any B decay mode induced by a b → uud transition is sensitive to φ2. Thus, decays of
charged and neutral B mesons to two, three or four pions in the final state can be used to
measure φ2. Useful decays with three and four pions in the final state occur through inter-
mediate resonances, for example B → ρπ → 3π, B → ρρ→ 4π and B → a1(1260)π → 4π.
Fig. 2.15 shows the leading order tree and QCD-penguin Feynman diagrams, together with the
color-suppressed EW penguin diagrams, contributing to the decays Bi+j → hi1h

j
2 of charged

and neutral B mesons. The final state hi1h
j
2 stays for a pair of unflavoured light mesons such

that h ∈ {π, ρ} and i, j, i + j ∈ {−, 0,+}. An overview with more higher order Feynman
diagrams can be found in [67, 68].
Considering for an instant only the decays of neutral B0 mesons, one can assume for a first
approximation that only tree level diagrams contribute (Figs. 2.15(a) and 2.15(b)). Taking into
account the B0 meson mixing, one obtains for the CP quantity λhh (eq. (2.25)),

λhh =

(
q

p

)
B0

·
(
Āhh

Ahh

)
=
V ∗tbVtd
VtbV ∗td

V ∗udVub
VudV ∗ub

= e2iφ2 , (2.43)

where the definition of the φ2 angle in eq. (2.10) was used. For the correspondingCP violation
parameters one obtains

λCP = ηCPλhh ⇒ ACP = 0, SCP = ηCP sin(2φ2).

The measured direct CP -violation parameter ACP for the decay B0 → ρ+ρ− is
Aρ+ρ− = 0.05± 0.13. This shows that the penguin contributions are very small for this de-
cay. However, for the decay B0 → π+π− the measured value of Aπ+π− = 0.31± 0.05 differs
considerably from zero, revealing that penguin contributions are not negligible in general5. For
the decays B0 → h0h0, penguin contributions are expected to be even larger, as the leading
order tree contribution is color suppressed. Despite the relatively large experimental uncer-
tainties, the measured value of Aπ0π0

= 0.43± 0.24 confirms this expectation.
Coming back to the general case of Bi+j → hi1h

j
2 decays, penguin contributions have to be

5The values for the measured CP -violation parameters given in this section are the current world averages by
the Particle Data Group (PDG) [28].
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Figure 2.15: The dominant tree level and QCD-penguin Feynman diagrams together with
the color-suppressed EW penguin diagrams contributing to B+ → h−h0 (left) and to
B0→ h+h−, h0h0 (right). The generic h stays for a pion or for a ρ meson.
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considered. Since the EM coupling coefficient α is smaller than the strong coupling coef-
ficient αs, EW penguin amplitudes are expected to be of O(10%) with respect to the QCD
penguin amplitudes [69, 70] and, therefore, they can be neglected to a good approximation.
Accounting for the CKM coefficients in the tree diagrams and in the QCD-penguin diagrams,
the decay amplitude for decays B → hi1h

j
2 can be written as [71]

Aij = 〈hi1hj2|Heff|B〉 = VudV
∗
ub(T

ij
u + P ij

u ) + VcdV
∗
cbP

ij
c + VtdV

∗
tbP

ij
t ,

where Heff is the effective Hamiltonian describing the transition, T iju is the hadronic tree am-
plitude, and P ij

u , P ij
c and P ij

t are the hadronic QCD-penguin amplitudes with quarks u, c, and
t in the W loop. Using the unitarity relation of the CKM matrix given in eq. (2.7), the decay
amplitude Aij can be rewritten for three different conventions:

U convention: Aij = VcdV
∗
cb(P

ij
c − T iju − P ij

u ) + VtdV
∗
tb(P

ij
t − T iju − P ij

u ),

C convention: Aij = VudV
∗
ub(T

ij
u + P ij

u − P ij
c ) + VtdV

∗
tb(P

ij
t − P ij

c ),

T convention: Aij = VtdV
∗
tb(T

ij
u + P ij

u − P ij
t ) + VcdV

∗
cb(P

ij
c − P ij

t ).

Being all three conventions equivalent, the choice of convention can be done arbitrary without
any physical implication. This is referred to as CKM ambiguity [72]. In the following, the
C convention is adopted. Defining the tree and the penguin amplitudes as T ijuc = T iju +P ij

u −P ij
c

and P ij
tc = P ij

t − P ij
c , one obtains

Aij = VudV
∗
ubT

ij
uc + VtdV

∗
tbP

ij
tc .

Including the magnitudes squared of the CKM products in the amplitudes, i.e. using
T ijuc = T ij/|VudV ∗ub|2 and P ij

tc = −P ij/|VtdV ∗tb|2, the CP -violation quantity λhh can be writ-
ten as

λhh =
q

p
· Ā

ij

Aij
=
V ∗tbVtd
VtbV ∗td

1
VudV

∗
ub
T̄ ij − 1

VtdV
∗
tb
P̄ ij

1
V ∗udVub

T ij − 1
V ∗tdVtb

P ij
=
V ∗tbVtd
VtbV ∗td

V ∗cdVcb
VcdV ∗cb

VcdV
∗
cb

VudV
∗
ub
T̄ ij − VcdV

∗
cb

VtdV
∗
tb
P̄ ij

V ∗cdVcb
V ∗udVub

T ij − V ∗cdVcb
V ∗tdVtb

P ij

= e−2iφ1
e−iφ3 T̄ ij − eiφ1 P̄ ij

eiφ3 T ij − e−iφ1 P ij
,

where the definitions of the unitarity triangles φ1 and φ3 (eqs. (2.9) and (2.11)) were used.
The amplitudes T ij and P ij can be written in terms of magnitude and hadronic phase, leading
to

Aij = eiφ3 eiδT |T ij| − e−iφ1 eiδP |P ij|.
The CP invariance of strong interaction requires the hadronic amplitudes T ij and P ij to be
invariant under CP transformations. Thus, a CP transformation on Aij applies a complex
conjugation on weak phases only. Rotating consistently all CP transformed amplitudes Āij in
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order to absorb the mixing phase, i.e. Ãij = e−2iφ1 Āij , the ratio between amplitudes Ãij and
Aij yields

Ãij

Aij
= λhh =

e−i(φ1+φ3) ei(δT−δP ) |T ij| − |P ij|
ei(φ1+φ3) ei(δT−δP ) |T ij| − |P ij| =

ei(δ+φ2) |T ij|+ |P ij|
ei(δ−φ2) |T ij|+ |P ij| , (2.44)

where δ = δT − δP and φ2 − π = −φ1 − φ3 (see Sect. 2.4.3). In case of negligible penguin
contributions, i.e. |P ij| ' 0, one obtains the same result for λhh as in eq. (2.43). In case of
non-negligible penguin contributions, one introduces an effective angle φ2,eff, which is also
referred to as penguin polluted angle, obtaining

Ãij

Aij
= λhh =

∣∣∣∣ĀijAij

∣∣∣∣ e2iφ2,eff . (2.45)

The non-negligible penguin contributions prevent a direct determination of φ2 from measured
CP -violation parameters. In 1990, two days before the birth of this thesis’ author, Michael
Gronau and David London proposed to determine the amount of penguin pollution from data
making use of relations among the hadronic amplitudes [73]. These relations were obtained
through an SU(2) isospin analysis of the decay systemB → ππ. A later review of the Gronau-
London isospin analysis, clarified that the method could be used as well to extract amplitude
relations for the decay systems B → ρρ and B → ρπ [74].

A further approach to determine the penguin contribution is to make use of the approxi-
mate flavor symmetry SU(3)f between the decays B → Kπ, B → KK and B → ππ [75,
76]. This approach works similarly for the decays B → K∗ρ and B → ρρ [77]. For the
system B → ρπ, isospin symmetry in a Dalitz plot analysis, and flavour symmetry SU(3)f

have been applied to determine φ2 [78, 79]. A treatment based on SU(3)f was proposed
also for the B → a(1260)+−

1 π system [80]. Other approaches consider the extraction of φ2

fromB → a0(980)π → ηππ, B → a0(980)ρ→ ηπππ, and otherB decays to resonances with
isospin I = 1 [81].

With the available data samples, the determination of φ2 is dominated by the B → ρρ

system, and to a lesser extent, by the B → ππ system [71]. Considering the data of Belle,
BaBar and LHCb for the systems B → ππ, B → ρρ and B → ρπ, the current SM value of
φ2 obtained by the CKMfitter group is (86.2+4.4

−4.0)◦ [71]. One of the main goals of this thesis’
work was to estimate the precision for φ2 by projecting the measurements associated with
the B → ππ and B → ρρ systems. The estimated Belle II precision is ∆φ2 ≈ 0.6◦ (see
chapter 7).

In the following, the determination of φ2 performing isospin analyses of the systems B →
ππ and B → ρρ will be discussed in depth. Subsequently, the determination of φ2 using
B → ρπ decays will be discussed briefly.
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2.10.1 Properties of π and ρ mesons

To address the isospin analyses of B → ππ and B → ρρ, one needs first to consider the
properties of the final-state particles in these decays. The π and the ρ mesons are respectively
the lightest pseudoscalar (spin-0) and vector (spin-1) mesons. Both particles build SU(2)

isospin triplets (I = 1):

• π+(ud), π0(uu−dd√
2

), π−(ud) with I3 = −1, 0,+1, and

• ρ+(ud), ρ0(uu−dd√
2

), ρ−(ud) with I3 = −1, 0,+1.

Charged pions π± have a mass mπ± = 139.6 MeV/c2 and decay weakly to about 99.99% into
µ+νµ(µ

−νµ). The mean lifetime is τπ± = 2.6 · 10−8 s, corresponding to cτπ± ≈ 7.8 m. The
quantum numbers are JP = 0−.
Neutral pions π0 have a mass mπ0 = 135 MeV/c2 which differs by about 4.6 MeV/c2 from
the charged pion mass. Neutral pions decay electromagnetically to (98.823 ± 0.034)% into
two photons and to 1.174 ± 0.035% into e+e−γ. The latter decay is referred to as Dalitz de-
cay, after R. H. Dalitz, who suggested in 1951 that a π0 could decay into a real and a virtual
photon; The latter then produces directly an e+e− pair (Dalitz pair) [82]. The mean lifetime is
τπ0 = 8.4 · 10−17 s, corresponding to cτπ0 ≈ 25 nm. Being its own antiparticle, the quantum
numbers of a π0 are JPC = 0−+.

The ρ mesons decay via the strong interaction and have therefore a very short lifetime cor-
responding to a broad width of Γρ = 149.1 MeV, which is approximately a fifth of its mass
mρ = 775.3 MeV/c2. The quantum numbers of ρ± are JP = 1−, and those of ρ0, which is
its own antiparticle, are JPC = 1−−. The ρ mesons decay almost exclusively into two pions.
Since charge parity is conserved in strong interactions, ρ0 decays only into π+π−.

The particle properties quoted above are world averages by the Particle Data Group [28].

2.10.2 Isospin analysis for B → ππ and B → ρρ

The validity of the Gronau-London isospin analysis relies on the fact that isospin symmetry
is almost fully conserved during the hadronization process in B → ππ and B → ρρ decays.
Thus, the relations between the decay amplitudes derived from the isospin symmetry can be
used to disentangle the effects of the tree and the strong penguin contributions to obtain the
unpolluted value of φ2 [73].
Given a final state hi1h

j
2 with two identical mesons h1 = h2 = h ∈ π, ρ, the decay amplitudes

A+0, A+− and A00 can be written as

Aij ≡ 〈hihj|Heff|Bi+j〉, (2.46)

where Heff is the effective Hamiltonian describing the transition. Since the final-state pions
and ρ mesons are bosons, the total wave function of the final state hi1h

j
2 must be symmetric
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under particle exchange. For i 6= j, the symmetrized final states can be written as

|hihj〉 =

√
1

2

(
|hi1hj2〉+ |hj1hi2〉

)
.

Since B mesons are spin-0 particles, the total angular momentum of the final state is J = 0.
Regarding now the isospin, for a single π or ρ the value is 1. Spin sum rules dictate that the
total final-state isospin If for a pair ππ or ρρ can be 0, 1 or 2. However, due to Bose statistics
only final states with If = 0 or 2 are allowed. A final state If = 1 would be antisymmetric
as the symmetry under particle exchange considering isospin is (−1)J+I [74]. This statement
is exact if the particles in the final state have equal masses. In the case of ρ mesons, which
have a significant width, the possible mass difference between the particles in the final state
could give rise to a final state with If = 1 [83]. Nevertheless, it was shown that in absence of
a particular enhancement of the If = 1 amplitude, the results for φ2 are completely insensitive
to the ρ width [84]: the possible If = 1 contribution can be precisely estimated only with high
statistics data at SuperKEKB and will be therefore neglected in this work. Considering now
the possible values for If, the three relevant final states are,

|h+h0〉 =

√
1

2

(
|h+

1 h
0
2〉+ |h0

1h
+
2 〉
)

= |2, 1〉, (2.47)

|h+h−〉 =

√
1

2

(
|h+

1 h
−
2 〉+ |h+

1 h
−
2 〉
)

=

√
1

3
|2, 0〉+

√
2

3
|0, 0〉, (2.48)

|h0h0〉 =

√
2

3
|2, 0〉 −

√
1

3
|0, 0〉. (2.49)

For the isospin analysis, the decay amplitudes in eq. (2.46) can be factorized in two parts: the
weak decay b→ uud corresponding to an isospin transition ∆I , and the hadronization into
two light mesons [71]. Following Harry Lipkin, Helen Quinn et al. [74], the Hamiltonian for
the quark transition b → uud, in terms of A∆I amplitudes, is of the form

Heff = A 3
2

∣∣∣∣32 ,+1

2

〉
+ A 1

2

∣∣∣∣12 ,+1

2

〉
, (2.50)

Multiplication with the initial states B+ and B0 gives,

Heff|B+〉 = Heff|
1

2
,+

1

2
〉 =

√
3

4
A 3

2
|2, 1〉+ (A 1

2
− 1

2
A 3

2
)|1, 1〉, (2.51)

Heff|B0〉 = Heff|
1

2
,−1

2
〉 =

√
1

2
A 3

2
|2, 0〉+

√
1

2
(A 1

2
+ A 3

2
)|1, 0〉+

√
1

2
A 1

2
|0, 0〉. (2.52)

The equations above correspond to four-quark states |uud, q〉 with q = u or d, while the states
in eqs. (2.47) to (2.49) are two-meson states. The transition between the two necessarily
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involves hadronization and other rescattering effects. Applying the Wigner-Eckhart theorem,
these amplitudes can be expressed in terms of reduced matrix elements A∆I,If , where ∆I is
the isospin shift and If is the final-state isospin. Hadronization and strong rescattering effects
absent in the amplitudes A∆I are included into the amplitudes A∆I,If . A detailed derivation of
eqs. (2.47) to (2.52) can be found in App. A.4. The projection of the statesHeff|Bi+j〉 onto the
final states gives,

A+0 = 〈h+h0|Heff|B+〉 =

√
3

4
A 3

2
,2, (2.53)

A+− = 〈h+h−|Heff|B0〉 =

√
1

6
A 3

2
,2 +

√
1

3
A 1

2
,0, (2.54)

A00 = 〈h0h0|Heff|B0〉 =

√
1

3
A 3

2
,2 −

√
1

6
A 1

2
,0. (2.55)

Similarly, one obtains for the CP conjugated decay amplitudes Āij (see App. A.4)

Ā+0 = 〈h−h0|Heff|B−〉 =

√
3

4
Ā 3

2
,2, (2.56)

Ā+− = 〈h+h−|Heff|B̄0〉 =

√
1

6
Ā 3

2
,2 −

√
1

3
Ā 1

2
,0, (2.57)

Ā00 = 〈h0h0|Heff|B̄0〉 =

√
1

3
Ā 3

2
,2 +

√
1

6
Ā 1

2
,0. (2.58)

The CP conjugated amplitudes Ā∆I,If carry strong phases identical to those of A∆I,If , but
opposite weak phases. From eqs. (2.53) to (2.55) and eqs. (2.56) to (2.58), one obtains finally
two relations among the hadronic amplitudes, which allow to extract the penguin pollution,

A+0 − A00 =

√
1

2
A+−,

Ā+0 − Ā00 =

√
1

2
Ā+−. (2.59)

These equations are referred to as isospin triangles since they can be represented as triangles
in the complex space. The triangle relations hold also for consistently rotated amplitudes. In
this work, the convention Ãij = e−2iφ1 Āij is used.
Strong penguin diagrams can lead only to ∆I = 1

2
transitions. Since the amplitudes in

eqs. (2.53) and (2.56) lack of ∆I = 1
2

components, the decay B± → h±h0 occurs purely
as a tree diagram. Using equation eq. (2.44), one obtains

Ã+0

A+0
=

ei(δ+φ2)

ei(δ−φ2)
= e2iφ2 ⇒ Ah+h− = 0. (2.60)
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In this case, the imaginary component of the ratio cannot be measured since there is no mixing-
induced CP Parameter. However, the measured CP parameters Aπ+π0

= 0.03 ± 0.04 and
Aρ+ρ0

= −0.05 ± 0.05 show good agreement with zero (PDG world averages [28]). There-
fore,Ah+h− is not taken into account for the determination of φ2. Using now eq. (2.45) for the
penguin polluted decay B0 → h+h−, the triangle relations in eq. (2.59), and the relation in
eq. (2.60), one obtains all ingredients to determine φ2 considering isospin symmetry. By con-
vention, one amplitude can be chosen to be real; in this case A+− is chosen. One obtains [85],

A+0 = |A+0| ei(δ−φ2) , Ã+0 = |A+0| ei(δ+φ2) ,

A+− = |A+−|, Ã+− = |Ā+−| e2iφ2,eff ,

A00 = A+0 − A+−
√

2
= ei(δ−φ2)

(
|A+0| − |A

+−|√
2

e−i(δ−φ2)

)
,

Ã00 = Ã+0 − Ã+−
√

2
= ei(δ+φ2)

(
|A+0| − |Ā

+−|√
2

e−i(δ+φ2−2φ2,eff)

)
. (2.61)

For the branching fractions Bij and the CP parameters Aij and S ij it follows

B+0 = τB+|A+0|2, B+− = τB0

|A+−|2 + |Ā+−|2
2

,

B00 = τB0

(
|A+0|2 +

|A+−|2 + |Ā+−|2
4

− |A
+0|√
2

(
|A+−|c+ |Ā+−|c̄

))
,

A+− =
|Ā+−|2 − |A+−|2
|Ā+−|2 + |A+−|2 , S+− =

2|Ā+−||A+−| sin(2φ2,eff)

|Ā+−|2 + |A+−|2 ,

A00 =
|Ā+−|2 − |A+−|2 − 2

√
2|A+0|

(
|Ā+−|c̄− |A+−|c

)
4|A+0|2 + |Ā+−|2 + |A+−|2 − 2

√
2|A+0|

(
|Ā+−|c̄+ |A+−|c

) , (2.62)

where c = cos(φ2 − δ) and c̄ = cos(φ2 + δ − 2φ2,eff). The different lifetimes for charged
and neutral B mesons τB+ and τB0 are included in the branching fractions. In case that all
branching fractions and CP -violation parameters in eq. (2.62) are measured, one obtains a
system of 6 linear independent equations with 6 real positive variables: |A+0|, |A+−|, |Ā+−|,
δ, φ2,eff and φ2. From these equations, the value of φ2 can be determined up to an 8-fold
ambiguity in the range [0,π] because of two reasons. First, each isospin triangle can have two
possible orientations, leading to a 4-fold trigonometric ambiguity

(φ2, δ)↔ (δ,φ2), (2φ2,eff − φ2, 2φ2,eff − δ), (2φ2,eff − δ, 2φ2,eff − φ2). (2.63)

Second, there is an additional symmetry involving also φ2,eff: the functions c, c̄ and S+− are
invariant under the reflection:

(φ2,eff,φ2, δ)↔
(π

2
− φ2,eff,

π

2
− φ2,

π

2
− δ
)

. (2.64)
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An illustration of the 8-fold φ2 ambiguity is shown in Fig. 2.16.
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Ã+−
√
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Ã
+
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Re(A)

Im(A)

2φ
2

2φ2,eff
2φ2,eff

Figure 2.16: Geometrical representation of the isospin triangular relations (eq. (2.59)) in the
complex plane of Bi+j → hihj amplitudes. The blue and the red shaded areas correspond to
the isospin triangles. The angle between the CP conjugate charged amplitudes A+− and Ã+−

corresponds to twice the weak phase φ2,eff (orange solid lines). The angle between the CP
conjugate charged amplitudes A+0 and Ã+0 corresponds to twice the CKM angle φ2 (green
solid line). The other triangles with lighter shade represent the mirror solutions allowed by
the discrete ambiguities in eq. (2.62), with the corresponding values for φ2 represented by the
green dashed lines.

The S00 constraint

An additional constraint can partially lift the 8-fold ambiguity in the determination of φ2: the
mixing-induced CP -violation parameter of the decay B0→ h0h0,

S00 =
4|A+0|2 sin(2φ2) + 2|A+−||Ā+−| sin(2φ2,eff)− 2

√
2|A+0|

(
|Ā+−|s̄+ |A+−|s

)
4|A+0|2 + |Ā+−|2 + |A+−|2 − 2

√
2|A+0|

(
|Ā+−|c̄+ |A+−|c

) ,

(2.65)
where s = sin(φ2+δ) and s̄ = sin(φ2−δ+2φ2,eff) are not invariant under the transformations
of (φ2, δ) in eq. (2.63), thus fixing the orientation of each isospin triangle.

Since the postulation of the isospin analysis in 1990, the measurement of S00 for the decay
B0 → π0π0 has not been feasible. Its measurement is a real experimental challenge because
the time-dependent analysis of B0→ π0π0 requires a precise reconstruction of the B0-decay
vertex, which cannot be achieved in the dominant four-photons final state. To make use of rare
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events with photon conversions γc → e+e− or with neutral pions undergoing Dalitz decays
π0→ e+e−γ, large samples of B0→ π0π0 decays are needed. At present, the size of the Belle
and the BaBar data samples is insufficient and, at LHCb, the reconstruction of these kind of
events is impossible due to the harsh hadronic environment (see Sect. 2.8). In this thesis, a
novel analysis method was developed to make use of e+e− pairs to reconstruct the B0-decay
vertex. The goal was to figure out if Belle II will be able to measure Sπ0π0. The study will be
presented in chapter 6.

For the decay B0 → ρ0ρ0, a single measurement of Sρ0ρ0 by BaBar is available with large
uncertainties Sρ0ρ0

= 0.3±0.7±0.2 [86]. However, for B → ρρ, the sides A00 and Ã00 of the
isospin triangles are much smaller than the other sides, and the triangles are shrunk into lines.
The 8-fold ambiguity is therefore already reduced by a factor four (see Fig. 7.5 in Sect. 7.5.2).

Differences between ππ and ρρ

A major difference between the ππ and the ρρ final states are the possible angular momentum
configurations. This is important because the CP eigenvalue of the final state hihj is given
by ηCP = (−1)L. In the case of ππ, the CP eigenvalue is even: the total spin S is zero, and
the orbital angular momentum L has to be zero to conserve the initial J = L + S = 0. On
the contrary, the pair of spin-1 ρ mesons can have spin configurations S = 0, 1 and 2. The
conservation of J = 0 imposes the orbital angular momentum L to be equal and oppositely
aligned to S, leading to L = 0, 1 or 2; where L = 0 and 2 correspond to CP -even, and
L = 1 to CP -odd final states. Thus, independent isospin analyses have to be performed for the
CP -even and the CP -odd modes, requiring the branching fractions and the CP asymmetries
in eqs. (2.62) and (2.65) to be measured in both cases.

Performing an angular analysis of the decays B0→ ρ+ρ− and B+→ ρ+ρ0, it was measured
that the fraction fL of decays leading to longitudinally polarized mesons ρLρL, i.e. withL = 0,
dominates over a negligible fraction of events leading to final states with L 6= 0 [87–90]. The
current world averages are fL,ρ+ρ0 = 0.95 ± 0.016 and fL,ρ+ρ− = 0.990+0.021

−0.019 [28]. Conse-
quently, the isospin analysis of B → ρρ is performed only for decays leading to longitudinally
polarized ρL mesons.

Isospin breaking effects

In chapter 7, the Gronau-London isospin analysis is applied to estimate the Belle II precision
for the determination of φ2. However, for a precise determination of φ2, one needs to consider
isospin-breaking effects coming mainly from electroweak contributions and from the small
mass difference between the u and the d quarks.

EW penguins contribute for example to ∆I = 1
2

and ∆I = 3
2

transitions, leaving the
isospin relations (eq. (2.59)) invariant, but affecting the additional relation A+0 = e−2iφ2 Ã+0

in eq. (2.60), as these amplitudes are no longer pure tree level processes [91, 92]. Other contri-
butions from EW penguins introduce A 5

2
,2 amplitudes in eqs. (2.53) to (2.58) invalidating the

isospin relations [93, 94].
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Considering the mass difference between u and d quarks, this difference indicates that there
is a mismatch between isospin eigenstates and mass eigenstates. This mismatch causes mixing
between mesons: π0− η, η′ [95] and ρ− ω mixing [96]. Furthermore, in the B → ππ system,
the π0− η, η′ mixing introduces an additional If = 1 amplitude [92].

At present, the CKMfitter group considers only part of the isospin-breaking effects affecting
the isospin analyses of B → ππ and B → ρρ; the group estimates a shift ∆φ2 around −2◦

near the SM-compatible solution and an increase in the uncertainty at 68% confidence level
of around 1.5◦ [71]. At Belle II, the precision for φ2 performing isospin analyses is expected
to be . 1◦ (see chapter 7) and, therefore, isospin-breaking effects will have to be covered
accurately in the determination of φ2. For this, detailed studies analyzing the inclusion of
isospin-breaking effects are still needed [97].

2.10.3 Determination from B → ρπ

The determination of φ2 from B → ρπ is more complicated than the determination from
B → ππ and B → ρρ. The reason is that the final states ρ±π∓ are not CP eigenstates. Fol-
lowing Jure Zupan [98], there are essentially two approaches: to perform a full time-dependent
Dalitz plot analysis of B → π+π−π0 considering isospin symmetry [74, 78], or to con-
sider only the ρ±π∓ region together with SU(3)f related modes of the type B → K∗π and
B → ρK [79]. The first method requires a particular analysis which has been pioneered
by Belle [99] and by BaBar [100], and will be briefly discussed hereafter. The second re-
quires only the individual measurement of the branching fractions and the CP parameters of
the respective modes, but suffers from larger theoretical uncertainties due to SU(3)f-breaking
effects which have been only partially studied [79, 98].

For the isospin analysis of B → ρπ, one has again the possible transitions ∆I = 1
2
, 3

2
and

eqs. (2.50) to (2.52) hold. However, for the final states one has If ∈ {0, 1, 2}. The analy-
sis leads to two independent relations, one among the hadronic Aij amplitudes and another
among the Ãij amplitudes, which can be represented as pentagons in the complex space and
are therefore called, in analogy to the isospin triangles, isospin pentagons. The phases be-
tween the amplitudes Aij , and the CP conjugated amplitudes Ãij can be extracted through a
time-dependent Dalitz plot analysis. This analysis is sensitive to the interference between the
strong and the weak amplitudes in the regions where the ρ+, ρ− and ρ0 resonances overlap.

Unlike for B → ππ and B → ρρ, the isospin relations for B → ρπ relate only the penguin
amplitudes. Since the penguin amplitudes are smaller than the tree amplitudes, the uncertainty
on φ2 due to isospin-breaking effects is expected to very small around 0.1◦ [92]. Furthermore,
φ2 can be unambiguously determined from B → ρπ. There are eleven independent observ-
ables, which are obtained from a set of 27 mutually dependent measurable coefficients [101].
The observables are described by 12 variables: φ2, 6 magnitudes of tree and penguin am-
plitudes, and 5 strong phases between these amplitudes. Due to the pentagon relations, the
number of free variables are only 6 including φ2 and, thus, the system is over-constrained
providing φ2 without ambiguities.
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Both collaborations, Belle and BaBar, succeeded in extracting meaningful information
about φ2 and discovered the existence of two “secondary solutions” on either side of the ex-
pected primary solution [99, 100]. The secondary solutions do not arise from ambiguities,
but are rather artifacts resulting from the small amount of signal events and are expected to
vanish with more data. This strongly motivates the repetition of the analysis at Belle II, with a
data sample of at least few ab−1. Experimentally, the major challenge will consist in modeling
correctly the tails of the ρ bands and in distinguishing the ρπ signal among the interfering
resonant and non-resonant contributions.

It is very difficult to simulate the interfering resonant and non-resonant contributions to the
B → π+π−π0 decay, and to realize a performance study of the full time-dependent Dalitz-plot
analysis. Furthermore, the uncertainties of the 27 measurable coefficients, which are needed
as input to extract φ2, cannot be projected in a simple way. Therefore, the decay B → ρπ is
not considered in this work for the projection of the φ2 sensitivity at Belle II.

2.11 Prospects for the unitarity angles
Since the projection of the measurement of the unitarity angle φ2 at Belle II plays a central role
in this thesis, it is interesting to compare briefly which are the prospects for the measurements
of all the three unitarity angles. Considering the unitarity angles φ1 and φ2, the precision on
the value of these two angles will be certainly dominated by Belle II. Regarding the angle φ1,
LHCb potentially will be competitive in the case of the golden channel B0 → J/ψK0

S . How-
ever, a precise determination of φ1 will require other measurements that are not covered by
LHCb, such as B0→ J/ψK0

L , which are fundamental part of the Belle II program.
In the case of the angle φ2, most of the useful channels contain one or two neutral pions.

Thus LHCb will not be able to compete for φ2 with Belle II. However, at the level of precision
expected at Belle II, which is . 0.10 for φ1 and . 10 for φ2, it is possible that the values of
these angles will be dominated by theoretical uncertainties (see Sect. 2.9 and Sect. 2.10.2).

This is not the case for φ3. Its determination is free of theoretical uncertainties, but, at the
same time, it requires huge sample sizes, and (depending on the method) also auxiliary charm
factory measurements to reach a precision around few degrees. To be able to reach a high
precision in φ3, Belle II and LHCb plan to make use of auxiliary measurements provided by
BES III, and aim to reach a precision around 1◦ on similar time scales [1, 57]. Thus, in the
area of flavor physics, the race for φ3 will be a very exciting one. Keep your seat belts fasten!





3 From Belle to Belle II

The Belle experiment was designed to precisely measure the CP -aymmetries in the decays
of the B mesons that were produced at the KEKB collider. Thanks to the high instantaneous
luminosity at KEKB, whose peak luminosity around 2.11 · 1034 cm−2s−1 is the current world
record, Belle was able to collect a data sample corresponding to about 1 ab−1 at five Υ(nS)

resonances. Of this sample, about 0.8 ab−1 where collected at the Υ(4S).
Despite the large integrated luminosity, the precision at Belle is still limited by the size of

the data sample (see Sect. 2.9). To increase the luminosity, the KEKB collider was shut down
in June of 2010, after more than ten years of running, to be upgraded to the new SuperKEKB
collider. SuperKEKB is scheduled to start the physics run in spring of 2019 and is designed
to reach an instantaneous luminosity of 80 · 1034 cm−2s−1, leading ultimately to an integrated
luminosity of 50 ab−1 by 2025.

To cope with the challenging new experimental conditions, the Belle detector was substan-
tially upgraded to become the new Belle II detector. The new Belle II detector is equipped
with novel sub-detectors for particle identification and particle track reconstruction, especially
a novel pixel detector, which will provide position measurements for the precise reconstruction
of the decay vertex of short-lived particles. To maximally exploit the capabilities of the new
detector, the Belle II collaboration started the development of completely new reconstruction
and analysis algorithms.

Thanks to the expected large integrated luminosity at SuperKEKB, to the improvements in
the detector, in the reconstruction algorithms, and in the analysis algorithms, and thanks to the
novel triggers, Belle II will be able to reach a much higher precision than Belle, and to search
for New Physics in sectors that remained uncovered at Belle.

In this thesis, most of the studies were performed using Belle II MC events. Belle MC and
Belle data were used to validate the developed flavor tagging algorithm (chapter 4). Addi-
tionally, Belle measurements served as reference to find reconstruction criteria for the decay
B0→ π0π0 (chapter 6), and to estimate the Belle II precision for the unitarity angle φ2 (chap-
ter 7). Therefore, this chapter aims at briefly introducing the Belle and the Belle II experiments
together with the KEKB and the SuperKEKB colliders, basing on the comprehensive descrip-
tions in [102–105].

3.1 From KEKB to SuperKEKB
KEKB was an asymmetric e+e− collider, where the term “asymmetric” refers to the energy dif-
ference between the colliding electrons and positrons. Fig. 3.1 shows an schematic overview
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Figure 3.1: The KEKB double-ring structure. Shown are the low energy ring (LER), the high
energy ring (HER), and the injection tunnel leading to the linear accelerator. The electrons and
positrons collide at the interaction point (IP), which is surrounded by the Belle II detector.

of KEKB. It consisted of a linear accelerator and a double storage ring of about 3 km circum-
ference [104]. The linear accelerator brought the electrons and the positrons to their respective
target energies before injecting them in bunches into the independent storage rings: the high-
energy ring (HER) for the electrons, and the low-energy ring (LER) for the positrons. The
electrons and positrons were brought to collision at the interaction point (IP), which was sur-
rounded by the Belle detector. The electron and the positron beams crossed with an angle of
22 mrad.

The SuperKEKB collider adopted the linear accelerator and the double storage ring of
KEKB. However, several modifications were needed in order to reach the design instanta-
neous luminosity. Tab. 3.1 presents a summary of the most significant machine parameters
at KEKB and at SuperKEKB. These parameters and the respective modifications will be dis-
cussed briefly in the following.

The instantaneous luminosity L is a measure for the collider’s performance. Given L, the
event rate for a process with cross section σ can be written as

dN
dt

= L · σ .

To increase the event rate, SuperKEKB aims at increasing the instantaneous luminosity by a
factor 40 compared to the peak luminosity at KEKB. For two beams with a Gaussian profile
of horizontal and vertical size σx and σy, the instantaneous luminosity is given by

L =
Ne+Ne−fc

4πσxσy
·RL ,
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Table 3.1: Fundamental parameters at KEKB and at SuperKEKB [104, 105].

KEKB SuperKEKB

Energy (LER/HER) [GeV] E 3.5/8.0 4.0/7.0

Instantaneous luminosity [1034 cm−2s−1] L 2.11 80

Beam current (LER/HER) [A] I 1.64/1.19 3.60/2.62

Vertical Beta Function at IP [mm] β∗y 5.9/5.9 0.27/0.41

Beam crossing angle [mrad] φc 22 (≈ 1.3◦) 83 (≈ 4.8◦)

Horizontal beam size at IP [µm] σ∗x 90 9

Vertical beam size at IP [nm] σ∗y 1900 60

Boost βγ 0.425 0.287

where Ne+ and Ne− are the number of particles in a positron and in an electron bunch, fc
is the bunch crossing frequency, and RL is a reduction factor accounting for geometrical ef-
fects associated with the finite crossing angle and the bunch length. To increase the lumi-
nosity, SuperKEKB aims at reducing the beam sizes, and at increasing the beam currents
Ie+/e− ∝ Ne−/e+fc by a factor of two compared to KEKB.

At any given point s along the accelerator ring, the beam sizes can be written as

σx/y(s) =
√
εx/yβx/y(s) ,

where ε is the emittance and β is the so-called beta function. The beta function is a measure
of the transverse beam size along the ideal trajectory, describing the effect of focusing and
defocusing magnets, and it is minimized at the collision point. The emittance is associated
with the initial beam divergence at the injection into the storage ring and remains unaffected
by the focusing system. To achieve a low emittance, a new damping ring was constructed for
the positrons in order to cool their transverse momentum. Since it is easier to achieve a low
emittance with a higher energy, the beam energies at SuperKEKB were modified to further
reduce the emittance of the positron beam.

The major new feature in the luminosity upgrade of SuperKEKB is the so-called nano beam
scheme, where the vertical beta function at the IP, β∗y , is squeezed down to about 0.3 mm
(around 20 times smaller than at KEKB) resulting in a vertical beam size of only σ∗y ≈ 60 nm.
To achieve the nano beam scheme, the beam crossing angle φc was increased by about a factor
of four compared to KEKB. Figure 3.2 shows a schematic view of the beam crossing at KEKB
and at SuperKEKB. At SuperKEKB, the size of the interaction region in z-direction σz is about
20 times smaller than at KEKB [106]. This novel experimental condition has an impact on the
performance of the flavor tagger, as it will be discussed in Sect. 4.6 and chapter 5.

The most important running mode of SuperKEKB is at the Υ(4S), corresponding to a center-
of-mass energy of

√
s = 2

√
ELEREHER = 10.58 GeV. Due to the asymmetric beam energies
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Figure 3.2: Schematic view of the beam crossing at KEKB (top) and at SuperKEKB (bottom).
The definition of the crossing angle is shown in the top. The beam directions are shown in the
bottom. The size of the interaction region in z-direction at KEKB was around 10 mm, while at
SuperKEKB it is around 0.5 mm [106].

of the electron and the positron beams, the Υ(4S) is produced with a boost βγ. The boost
depends on the beam energies and on the crossing angle between them. For a head-on collision,
the boost magnitude is given by

β =
pΥ(4S)c

EΥ(4S)

=
EHER − ELER

EHER + ELER

, γ =
1√

1− β2
, βγ =

EHER − ELER√
s

.

As discussed in Sect. 2.7.3, the boost is needed to measure the time difference between the
decays of the two B mesons produced at the Υ(4S) (eq. (2.34)). Due to the reduction of the
beam-energy asymmetry at SuperKEKB, the boost is reduced by factor ≈ 2/3 compared to
KEKB. Thus, the average distance ∆l (in boost direction) between the two decay vertices, of
about 190 µm at KEKB, is reduced to about 130 µm at SuperKEKB. To avoid a deterioration of
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the ∆t resolution, the new Belle II experiment has a novel vertex detector, as well as improved
track and vertex reconstruction algorithms.

3.2 From the Belle to the Belle II detector
The Belle detector was a large solid-angle magnetic spectrometer installed at the interaction
point of KEKB [102]. Besides being able to precisely measure the time-dependent CP -
asymmetries in B-meson decays, Belle was able to cover many other topics thanks to its
detector capabilities [29]. It contained various charged particle tracking and particle identi-
fication (PID) detectors as well as an electromagnetic calorimeter. These components were
enclosed in a magnetic solenoid with an instrumented iron return yoke.

Before reaching the Belle detector, all particles had to traverse a double-walled beryllium
beam pipe, which had a small radius of 20 mm (15 mm after 2003) to optimize the vertexing
performance. The gap between the beryllium layers served as cooling channel. To shield
the detector against synchrotron radiation (< 5 keV), the outer surface of the beam pipe was
covered with a 20 µm gold foil. The total material thickness of the beryllium was about 0.3%

of a radiation length, and the one of the gold foil was about 0.6%.
The innermost part of the detector was a silicon vertex detector (SVD). The task of the SVD

was to provide position measurements for the precise reconstruction of the vertex location of
short lived particles. It had a barrel design and consisted of three layers of double-sided silicon
strip detectors (SVD1) until 2003, when it was replaced by one with four layers (SVD2). The
layers of the SVD were reinforced with support ribs.

The major charged particle tracking detector was the central drift chamber (CDC). It served
to precisely measure the momentum of charged particles from their track curvature. The CDC
provided also particle identification by measuring the energy loss per unit length of the parti-
cles, dE/dx, which depends on the particle velocity. This information was specially important
for low-momentum particles that did not reach the outer PID detectors. The CDC had 50 cylin-
drical layers of sense wires. Approximately half of them were parallel to the z-axis to measure
the transverse momentum pt (axial wires), while the other half was slanted by a small angle of
about ±50 mrad to measure the polar angle θ of the tracks (stereo wires).

For charged particle identification, Belle had two dedicated sub-detectors: an aerogel Che-
renkov counter (ACC) and a time of flight counter (TOF). These detectors exploited the Che-
renkov effect: a particle emits a cone of Cherenkov photons when it passes through a dielectric
medium at a speed greater than the speed of light in the medium. Since the emission angle
depends only on the particle’s velocity, the velocity can be measured independently from the
momentum to obtain the particle’s mass. A part of the ACC was located in the barrel region
surrounding the CDC, and another part in the front-end cap. The TOF was placed in the barrel
region surrounding the ACC.

The electromagnetic calorimeter (ECL) enclosed all the previously mentioned sub-detectors.
The task of the ECL was to detect photons, which are invisible for the tracking detectors, and
to measure their energy and position. The ECL was also an important source of particle iden-
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tification for electrons, which can be identified by comparing the momentum and the energy
deposition of particles. Additionally, the ECL served to detect K0

L particles. Its structure was
divided into three parts: a barrel, a front-end cap, and a back-end cap part. It consisted of 8736

thallium-doped cesium iodide (CsI(Tl)) crystals with a cross section of about 6× 6 cm2, and a
length of 30 cm, which corresponds to 16.2 radiation lengths. The crystals pointed towards a
narrow region around the IP.

Surrounding the ECL, the superconducting solenoid was placed. It produced an homoge-
nous magnetic field of 1.5 T parallel to the z-direction. The magnetic field is needed to measure
the momentum of charged particles. Charged particles experience a Lorentz force in the plane
transverse to the field. The trajectory of the particles follows a helix, whose radius is pro-
portional to the transverse momentum pt. By measuring pt and the polar angle θ, the total
momentum of a particle can be obtained.

The magnetic flux returned though the iron return yoke, which served as absorber for the
outermost detector, the detector to identify K0

L and muons (KLM). The KLM consisted of
resistive plate counters interleaved in the plates of the iron return yoke. The KLM provided
identification for muons, and for long-lived kaons. Dense material is needed to detect these
particles, as their interaction probability with material is small. Charged kaons and muons are
characterized by tracks in the CDC. Kaons produce hadronic showers in the ECL and in the
iron plates of the KLM. On the contrary, muons do not produce showers, but they are expected
to traverse all KLM layers. Neutral KLM clusters, i.e. those that are not associated with a
track, identify the long-lived K0

L .
The Belle experiment had a trigger system and a global decision logic (GDL) to discriminate

between the events that should be recorded and the background events caused for example by
cosmic rays, synchrotron radiation, beam gas, and “non-interesting” physics processes such as
Bhabha scattering. For hadronic events, the trigger system obtained an efficiency of more than
99.5%.

To be able to operate at much higher occupancies due to the increased luminosity at Su-
perKEKB, the Belle detector had to be substantially upgraded. Despite the harsh experimental
conditions, the new Belle II detector is designed to reach a high overall physics performance
by making use of novel sub-detectors.

Figure 3.3 shows an overview of the Belle II detector, as well as the Belle II coordinate
system. The z-axis points roughly in the direction of the electron beam, the y-axis points
upward, and the x-axis points radially away from the center of the storage ring. The origin
is at the IP. The xy-plane is referred to as transverse plane. In spherical coordinates, the
azimuthal angle φ is measured in the transverse plane from the x-axis; and the polar angle θ is
measured from the z-axis. As its predecessor Belle, the Belle II detector is symmetric around
the z-axis and, to account for the boost, it has an asymmetric acceptance covering the polar
angles 17◦ to 150◦.

To compensate the reduction in the boost, Belle II was designed to reach a more precise
spatial resolution than Belle. For this, a new beam pipe with an outer radius of just 12 mm was
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Figure 3.3: Overview of the Belle II detector with the vertex detector (VXD), the cen-
tral drift chamber (CDC), the time of propagation counter (TOP), the Aerogel RICH detec-
tor (ARICH), the electromagnetic calorimeter (ECL), the solenoid, the K0

L and µ detector
(KLM) and a schematic of the Belle II coordinate system. The origin corresponds to the inter-
action point (IP) [107].

installed; and a new vertex detector (VXD) was mounted directly on the beam pipe at a radius
of only 14 mm from the IP. The total material thickness of beryllium in the beam pipe is the
same as at Belle, but the shielding gold foil covers the inner wall, instead of the outer wall,
and has a thickness of only 10 µm. Thinning the gold foil helps reduce multiple scattering
of charged particles; and placing it in the inner surface helps improve the impact parameter
resolution (the impact parameters will be introduced in Sect. 3.3).

Figure 3.4 shows a schematic overview of the VXD at Belle and at Belle II in the transverse
plane. In the region where the first two VXD layers are mounted at Belle II, the background
is very large and is dominated by an irreducible luminosity dependent component. Silicon
strip detectors in this region would have unacceptable occupancies. Therefore, pixel detec-
tors (PXD) were required for this first two layers. The four outer layers of the VXD employ
silicon strip detectors (SVD) since they are mounted at a radial distance where the occupancy
is tolerable.
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Figure 3.4: Front view of the Belle SVD2 (left) and of the Belle II VXD (right). The beam
pipes are colored black, the novel pixel detectors are colored blue, and the strip detectors are
colored guava. The Belle II illustration is courtesy of Karlheinz Ackermann.

The PXD is based on the novel DEPleted p-channel Field Effect Transistor (DEPFET) tech-
nology [108, 109]. It is designed to fulfill the physics requirements set by time-dependent
CP-violation analyses and to cope with the anticipated large background. An advantage of this
system is its small material budget which reduces the effect of multiple scattering by charged
particles. Due to the internal signal amplification and the high signal-to-noise ratio, DEPFET
sensors can be built very thin; the sensitive part has a thickness of 75 µm. Mechanical stabil-
ity is provided by a narrow unthinned rim surrounding the sensor ladders. Furthermore, the
read out electronics (except for a few control switchers) is mounted outside of the detector
acceptance. A detailed hardware description of the Belle II PXD can be found in [110].

The Belle II SVD has about the same module thickness around 300 µm as the Belle SVD.
However, the Belle II SVD covers a larger radius and, to improve the spatial precision in
boost direction, the forward sensors in the outer three layers are slanted towards the z-axis, as
Figure 3.5 shows.

The CDC at Belle II is also completely new. It covers a larger radius and has 56 layers of
sense wires, 6 more than the Belle CDC. Figure 3.6 shows a comparison of the layer config-
urations at Belle and at Belle II. The layers are arranged in so-called superlayers: at Belle II
there are 9 superlayers, and at Belle there were 11. Within a superlayer, all layers have the
same orientation. In contrast to Belle, at Belle II each superlayer contains the same number of
layers, namely six. Only the innermost superlayer has two additional layers with smaller drift
cells to cope with the higher background level.
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Figure 3.5: Alignment of the Belle II VXD layers around the beam pipe together with
their corresponding numbering. The PXD layers are shown in blue and the SVD layers in
guava [111].
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Figure 3.6: Layer configuration of the CDC at Belle (top) and at Belle II (bottom). The letter A
stays for axial superlayers; the letter U for stereo superlayers with positive stereo angle; and
the letter V for stereo superlayers with negative stereo angle.

To improve the discrimination power between charged particles, especially between kaons
and pions, and to cope with the higher background level, the Cherenkov detectors of Belle
were replaced by the new ARICH and TOP detectors. These new detectors have also a reduced
material budget to improve the ECL response. The aerogel ring-imaging Cherenkov detector
(ARICH) is installed in the front-end cap covering the polar range between 17◦ and 35◦; and
the time of propagation counter (TOP) is installed in the barrel region on the outer wall of the
CDC. It covers the polar angle range between 32◦ and 120◦.
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The Belle II experiment adopted the electromagnetic calorimeter of Belle. However, the
readout system was upgraded to cope with the higher event rate. The ECL has a slightly larger
acceptance than the tracking detectors covering the polar range between 12◦ and 155◦.

The magnetic solenoid and the iron return yoke at Belle II were taken also from Belle. The
resistive plate counters of the KLM in the barrel region were adopted from the Belle detector
as well. To cope with the higher background rate in the front-end and in the back-end parts of
the KLM, the resistive plate counters in these regions were replaced with scintillators.

The trigger system at Belle II is adopted from Belle. However, the trigger system has
been upgraded and made more flexible to accommodate novel subtrigger systems such as the
z-vertex and the single-photon triggers [1, 112] in order to cope with the increased event rate,
and to search for new physics in low-multiplicity sectors that remained uncovered at Belle.

3.3 Track reconstruction
Track reconstruction is essential to reconstruct charged particles originating from primary and
secondary vertices and to distinguish them against background. A precise track reconstruction
is essential also to reconstruct the decay vertices and to align the detector. Precise vertex recon-
struction and precise detector alignment are crucial to perform time-dependent CP violation
analyses and to reduce their systematic uncertainties.

At Belle II, the track reconstruction consists of two steps, track finding and track fitting.
Track finding consists in recognizing the patterns of VXD and CDC hits that belong to the track
of a given charged particle. The trajectory of the charged particle is obtained then in the track
fitting step from a fit to the hit positions. The track reconstruction in Belle II Analysis Software
Framework (BASF2) is continuously under development. It is based on the GENFIT tracking
framework [113], an optimized Kalman filter [114] and novel multivariate methods [115]. A
detailed description can be found in [1].

The trajectory of a charged particle propagating in a constant homogenous magnetic field
follows a helix described by five parameters at a point P of the trajectory. At Belle II, the
point P corresponds to the point of closest approach to the IP. The point of closest approach
is determined by extrapolating the track to the global z-axis. The five track parameters in the
Belle II tracking software are the following:

• d0: the signed distance from the IP to the point of closest approach in the transverse
plane. The sign convention is defined as follows: moving along the track into the di-
rection of the particle’s momentum, the sign is positive (negative) if the origin is to the
right (left) of the track at the point of closest approach.

• z0: the longitudinal signed distance from the IP to the point of closest approach.

• φ0: the φ angle at the point of closest approach.

• tanλ: the tangent of the angle between the momentum at the point of closest approach
an the transverse plane.
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Figure 3.7: The solid green line represents the track of a particle, and the dashed green line its
projection onto the xy plane. The impact parameters are defined as follows: d0 is the signed
distance between the origin and the point of closest approach on the xy plane; z0 is the z
coordinate of the track at the point of closest approach.

• ω: the curvature, whose sign corresponds to the charge of the track.

Figure 3.7 illustrates the definition of the impact parameters d0 and z0 at Belle II. To char-
acterize the precision of the track reconstruction, the impact parameter resolutions σd0 and σz0

are some of the most important quantities. They are given by [116]:

σd0 =

√
a2 +

b2

pβ sin(θ)3/2
, σd0 =

√
a2 +

b2

pβ sin(θ)5/2
,

where a is the intrinsic detector resolution, b is the multiple scattering coefficient, and
pβ sin(θ)3/2 and pβ sin(θ)5/2 are so-called pseudo-momenta chosen to take into account the
effect of multiple scattering. Figure 3.8 shows the impact parameter resolutions expected at
Belle II. The results for Belle II MC events with a single muon track are compared with the
results for Belle cosmic events [117]. In comparison with Belle, Belle II reaches an improve-
ment in the resolution on both impact parameters by almost a factor two.

In general, the trajectories of charged particles are not ideal helices because the particles
interact with the detector material losing a fraction of their energy and undergoing multiple
scattering. Additionally, the solenoid field is not perfectly homogenous. The Belle II track
reconstruction algorithms take these effects into account. To correctly treat the interaction of
particles with matter, the track candidates are fitted with different mass hypotheses depending
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Figure 3.8: Resolution of the transverse d0 (left) and longitudinal z0 (right) impact parameters.
The results for MC events with a single muon track using the Belle II tracking algorithm
are compared with the results for Belle cosmic events [117]. The resolution in each bin is
estimated using the σ value of a single Gaussian function fitted in a region containing 90% of
the data around the mean value of the distributions.

on their momenta. For example, a pion and a kaon with the same momentum have similar
interactions with matter and therefore a single hypothesis is sufficient. While an electron loses
more energy due to bremsstrahlung than a pion with the same momentum.

By default, every track is fitted with the pion mass hypothesis. The five supported hy-
potheses are electron, muon, kaon, pion and proton. When particle candidates are built at the
analysis level, if the track fit result for the corresponding mass hypothesis is available, then
this result is used to form the particle candidate. Otherwise the result for the closest available
mass hypothesis is taken.

3.4 Vertex Reconstruction
The Belle II experiment employs two different implementations of the vertex reconstruction:
the Kinematic Fit (KFit) library developed for the Belle experiment [118], and the Recon-
struction in an Abstract Vertices Environment (RAVE) [119], a standalone package of the
CMS vertexing libraries.

At Belle II, the benchmarkB-decay mode to validate the vertex reconstruction algorithms is
the golden channel B0

sig→ J/ψK0
S , where the B0

sig vertex can be reconstructed with high preci-
sion using the muon tracks produced in the J/ψ decay. Figure 3.9 (left) shows the fit residuals
for the J/ψ vertex. The residuals are the values obtained by subtracting the generated MC
vertex from the reconstructed vertex. Here, lsig = xsig · β̂, where xsig is the three-dimensional
J/ψ vertex in the lab frame, and β̂ is a unit vector in boost direction. Each muon track is
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required to have at least one associated PXD hit. The resolution of 24 µm corresponds to an
improvement in the resolution by about a factor 2 with respect to the Belle MC [120], and
is consistent with the improvement in the resolution of the impact parameters shown in Fi-
gure 3.8.

In measurements of time-dependent CP asymmetries, the precision is strongly correlated
with the ∆t resolution. The time difference ∆t is calculated from the difference ∆l in boost di-
rection between the reconstructed vertices of B0

sig and B0
tag (eq. (2.34)). To exploit the expected

large data sample, the major challenge at Belle II consists in maintaining a ∆t resolution which
should be comparable with that of Belle or better. For the reconstruction of the B0

tag-vertex,
Belle II has a novel algorithm, which will be introduced in Sect. 6.6.2. This algorithm obtains
also a considerable improvement with respect to Belle.

For fully reconstructed B0
sig→ J/ψ(→ µ+µ−)K0

S (→ π+π−) decays, Fig. 3.9 (right) shows
the ∆t residuals. The resolution (81 ps) and the bias (0 ps) represent an improvement with
respect to Belle [120], despite the reduction in the boost. The MC events used to produce
Figure 3.9 correspond to the latest official MC validation sample used for the studies in chap-
ter 5.
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Figure 3.9: Left: J/ψ → µ+µ− vertex fit residuals. Right: ∆t resolution for B0
sig → J/ψK0

S .
Both fits are performed using the sum of three Gaussian functions. The shift µ and the reso-
lution σ given in the figures correspond to the weighted averages of the mean values and the
standard deviations of the three Gaussian functions.

3.5 Particle identification
A good particle identification is crucial for distinguishing between final state hadrons and
leptons, and especially for flavor tagging, as it will be shown in chapter 4. Belle II has an
upgraded PID system consisting of the TOP and the ARICH sub-detectors. The information
from these sub-detectors is combined with measurements of dE/dx obtained from the SVD
and the CDC to provide the primary sources for charged hadron identification. For electron
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identification, the ECL provides the primary source of identification. And for muons, the KLM
provides the primary source.

At Belle II, the charged particle identification relies on likelihood based selectors. The
information from each PID system is analyzed independently to determine a likelihood for
each charged particle hypothesis. These likelihoods can be used individually, or to construct a
combined likelihood ratio.

The likelihood selectors rely on likelihood ratios constructed in the following way. First, the
PID log likelihoods from each sub-detector are summed to create a combined PID likelihood
for each of six long-lived charged particle hypotheses: electron, muon, pion, kaon, proton and
deuteron. Next, the difference in log likelihood between two particle hypotheses is used to
construct a PID value Lα according to

Lα = Lα/β = L(α : β) =

∏
i L(α)∏

i L(α) +
∏

i L(β)
, (3.1)

where α and β represent two different particle types, and i extends over the active sub-detectors
for the PID type of interest. The value L(α : β) is greater than 0.5 for a charged track that
more closely resembles a particle of type α than one of type β, and is less than 0.5 otherwise.
Sect. 3.5 presents the standard combinations of α and β. For a comprehensive description of
the PID algorithms at Belle II see [1].

Le Lµ LK Lπ Lp
α e µ K π p

β π π π K π

Table 3.2: Standard combinations of α and β
for the PID likelihoods defined in eq. (3.1).



4 The Belle II flavor tagger

4.1 Introduction
At B factories, B mesons pairs are produced at the Υ(4S) resonance exclusively, i.e. without
additional particles, and the fraction of events with multiple e+ e− interactions (“pile up”) is
negligible. When the decay of one of the B mesons is fully reconstructed (signal side), the
remaining reconstructed tracks and neutral ECL and KLM clusters in the event necessarily
belong to the decay of the accompanying B meson (tag side). Most measurements of CP -
violation and of B-meson mixing require the full reconstruction of a neutral B meson (B0

sig),
and the determination of the flavor of the accompanying B0 meson (B0

tag) at the time of its
decay. The determination of the B0

tag flavor is referred to as flavor tagging and is accomplished
using so-called flavor tagging algorithms, or shortly flavor taggers.
B mesons have a myriad of possible decay channels. Many of these decays provide flavor

signatures through flavor-specific final states. Flavor signatures correspond to characteristics
of the decay products that are correlated with the electric charge sign of the b-quark in the
B0 meson. Because of the wide range of possible decay channels, it is unfeasible to fully
reconstruct a large fraction of flavor-specificB0

tag decays. Instead of a full reconstruction, flavor
tagging algorithms apply inclusive techniques to maximally exploit the information provided
by the different flavor signatures in flavor-specific decays.

The predecessors of Belle II, the Belle and the BaBar experiments, developed two diffe-
rent flavor taggers [29]. Due to the novel high-luminosity conditions and the increased beam
backgrounds at Belle II, a new flavor tagger had to be developed with a specific and dedicated
optimization in order to cope with the harsher experimental conditions. Within this thesis’
work, a new flavor tagger was developed for Belle II. Since the previous algorithms at Belle
and at BaBar relied on the physics of B meson decays, several useful concepts of these al-
gorithms were adopted for the new Belle II algorithm. The major adopted concept was the
sorting of different flavor signatures into different tagging categories.

The algorithm developed at BaBar was based on multivariate methods and reached a better
performance than the one at Belle. Therefore, the new category-based Belle II algorithm was
developed using multivariate methods as well, exploiting also the capabilities of the new Fast
Boosted Decision Tree (FBDT) developed especially for the Belle II collaboration [115].

The development of the new flavor tagger started almost four years ago. After the first
year, a first version of the algorithm was released in collaboration with Moritz Gelb [121].
Afterwards, the algorithm was further developed and improved to consider more flavor signa-
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tures than the predecessor algorithms and to exploit the improving reconstruction capabilities
at Belle II. About two years ago, a second flavor tagging algorithm started to be developed
at Belle II [122]. This second algorithm takes advantage of deep-learning multivariate meth-
ods [123].

In the category-based approach, the algorithm identifies the decay products that stem from
flavor-specific decays and are correlated with the B0

tag flavor. For this, the algorithm employs
the PID information and the kinematic properties of the tag-side tracks, as well as global in-
formation provided by all the tag-side tracks and clusters. The characteristics of the identified
decay products are then used to determine the flavor of the B0

tag meson. In the deep-learning
algorithm, the B0

tag flavor is determined using the decay products without pre-identification,
employing only the PID information and the kinematic properties of the tag-side tracks. A
deep neural network is assumed to learn the flavor signatures present in flavor-specific decays.

This chapter is organized as follows. First, the quantities characterizing the performance of
a flavor tagger are defined. The sources of flavor information and the corresponding discrim-
inating input variables are explained in the next sections. Subsequently, the category-based
flavor tagging algorithm created in this thesis is introduced. The key steps for its optimization
and the evaluation of its performance are covered afterwards. The performance is evaluated
using Belle II MC without simulated background, and using Belle MC with simulated back-
ground. The evaluation included studies on new possible effects on the performance of the
flavor tagger caused by the amount of CP violation.

The category-based flavor tagger was comprehensively validated using Belle data. The val-
idation included a test of robustness in which the amount of input information was systemati-
cally varied using Belle data. The sections presenting these results are followed by a discussion
about the systematic effect caused by the tag-side interference, and the possible ways to miti-
gate it. Towards the end of this chapter, the category-based flavor tagger is compared with the
alternative deep-learning flavor tagger [122], and with the previous algorithms at Belle and at
BaBar. Finally, the plans for calibration of the flavor taggers at Belle II are discussed.

In the last stage of this thesis, new official MC samples with simulated background became
available. The results of the category-based algorithm using these new samples are presented
in chapter 5.



4.2 Definitions 73

4.2 Definitions

Given a total number of events N , the efficiency ε is defined as the fraction of events to which
the flavor tagging algorithm can assign a flavor tag, i.e.

ε =
N tag

N

where N tag is the number of tagged events. The fraction of wrong identifications over the
number of tagged events is denoted by w. Thus, the number of tagged B and B events is given
by

N tag
B0 = ε(1− w)NB0 + εwNB0

N tag
B0 = ε(1− w)NB0 + εwNB0,

where NB0 and NB0 are the true number of B0 and B0 mesons on the tag side. The asymmetry
observed in CP -violation analysis is then

aobs
CP =

N tag
B0 −N tag

B0

N tag
B0 +N tag

B0

= (1− 2w) ·
NB0 −NB0

NB0 +NB0
= (1− 2w) · aCP ,

where aCP corresponds to the CP asymmetry in CP analyses, i.e. to eq. (2.32) for time-
dependent measurements or to eq. (2.36) for time-integrated (see Sect. 2.7.3). Thus, in order
to minimize systematic uncertainties, the value ofw has to be precisely measured. The strength
of the observed CP asymmetry is proportional to |1 − 2w|, i.e. the CP asymmetry becomes
“diluted” because of the wrong-tag fraction. The so-called dilution factor is defined as

r ≡ |1− 2w|, (4.1)

where r = 0 means no flavor information (w = 0.5) and r = 1 corresponds to an unambiguous
tag (w = 0, 1). The statistical uncertainty of aCP is

δaCP =
δaobs

CP

1− 2w
.

Assuming that aobs
CP is small, i.e. N tag

B0 ≈ N tag
B0, one obtains for the statistical uncertainty of aobs

CP

δaobs
CP

N
tag
B0≈N

tag
B0

=
1√
N tag

.

Thus, one finds that

δaCP =
1√

N tag(1− 2w)
. (4.2)
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The effective tagging efficiency εeff of a flavor tagging algorithm is defined such that the statis-
tical uncertainty on the measured asymmetry aCP is related to the effective number of tagged
events N eff by

δaCP =
1√
N eff

=
1√

εeff ·N
. (4.3)

So, the statistical uncertainty on aCP would be the same if one would haveN eff perfectly tagged
events instead of N events tagged with an effective efficiency εeff. Comparing eq. (4.2) with
eq. (4.3), one obtains

εeff =
N tag

N
· (1− 2w)2 = ε · r2. (4.4)

A maximization of the effective efficiency results in a minimization of the statistical uncer-
tainty. Therefore, CP -violation analyses are performed usually in bins of the dilution factor r:
depending on the choice of the binning, the effective efficiency can increase or decrease since
the flavor discrimination power is minimal in the range where r is close to zero, and maxi-
mal in the range where r is close to 1. When r binning is used, the efficiency in eq. (4.4)
takes a binned form which will be introduced in Sect. 4.5.2. The r binning is required for the
calibration of the flavor tagger, as it will be explained in Sect. 4.14.

In general, the scaling of δaCP with εeff (eq. (4.3)) is only approximate. For a likelihood-
based analysis, the expected statistical uncertainty of an estimated CP or mixing asymme-
try can be obtained from the maximum-likelihood estimator. An example is presented in
Sect. 6.10.6.

Up to now, w and ε have been considered to be equal for q = +1(−1). However, a slight
difference can arise as a result of a charge-asymmetric detector performance. To take this
effect into account, one redefines

ε =
εB0 + εB0

2
, w =

wB0 + wB0

2
, (4.5)

and introduces the differences

∆ε = εB0 − εB0, ∆w = wB0 − wB0, (4.6)

where the index corresponds to the true flavor, e.g. wB0 is the fraction of true B0 mesons that
were wrongly classified as B0. In terms of these quantities, the ∆t probability P(∆t, q) for
time-dependent CP -violation analyses given by eq. (2.33) in Sect. 2.7.3 becomes

Pobs(∆t, q) =
e
− |∆t|
τ
B0

4τB0

ε

[
1− q ·∆w + q · µ · (1− 2w)

+ [q · (1− 2w) + µ · (1− q ·∆w)] · aCP (∆t)

]
, (4.7)
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where µ = ∆ε/(2ε) and aCP (∆t) corresponds to eq. (2.32). For time-integrated CP -violation
analyses, the probability P(q) in eq. (2.35) becomes

Pobs(q) =
1

2
ε

[
1− q ·∆w + q · µ · (1− 2w)

+ [q · (1− 2w) + µ · (1− q ·∆w)] · ACP (1− 2 · χd)
]

. (4.8)

A detailed derivation of eqs. (4.7) and (4.8) is presented in App. B.1. In the same way, the
∆t probability for B0−B0 mixing in eq. (2.40) of Sect. 2.7.4 becomes:

P(∆t, qsig, q) =
e
− |∆t|
τ
B0

4τB0

ε

[
1− q ·∆w + q · µ · (1− 2w)

− [q · (1− 2w) + µ · (1− q ·∆w)] · qsl · cos(∆m∆t)

]
, (4.9)

where qsig is the flavor of the signal B0 decaying into a flavor-specific mode, and q is the flavor
of the accompanying B0

tag determined by the flavor tagger. For time integrated measurements
one obtains

P(qsig, q) =
1

2
ε

[
1− q ·∆w + q · µ · (1− 2w)

− [q · (1− 2w) + µ · (1− q ·∆w)] · qsl · (1− 2 · χd)
]

. (4.10)

In eqs. (4.9) and (4.10) it is assumed that the flavor qsl of B0
sl is always determined correctly.

4.3 Tagging categories
The category-based flavor tagger relies on flavor-specific decay modes with relatively high
branching fractions ( >∼ 2 %). Each decay mode has a particular decay topology and provides
a flavor-specific signature. Some additional signatures are obtained by combining similar or
complementary decay modes. Within a category, a particular flavor signature is considered
separately. The final flavor tagger is based on 13 categories which are presented in Tab. 4.1.

The decay modes are characterized by flavor-specific final state particles. These particles
are treated as targets since their charges are correlated with the flavor of B0

tag. To extract these
flavor-specific signatures, the targets have to be identified among all available particle candi-
dates. To accomplish this task, discriminating input variables are calculated for each particle
candidate. An overview of the input variables for each category is presented in Tab. 4.2. Ex-
cept for the Maximum-p∗ category, particle identification (PID) variables are used for all the
categories. A description of the particle identification at Belle II and the calculation of the PID
variables is provided in Sect. 3.5.
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Table 4.1: Tagging categories and their targets (left) with some characteristic examples of the
considered decay modes (right). Here, p∗ stays for momentum in the centre-of-mass frame
and `± for charged leptons (µ− or e−).

Categories Targets for B0

Electron e−

Intermediate Electron e+

Muon µ−

Intermediate Muon µ+

Kinetic Lepton `−

Intermediate Kinetic Lepton `+

Kaon K−

Kaon-Pion K−, π+

Slow Pion π+

Maximum p∗ `−, π−

Fast-Slow-Correlated (FSC) `−, π+

Fast Hadron π+, K−

Lambda Λ

Underlying decay modes

B0 D∗+ ν` `
−

D0 π+

X K−

B0 D+ π− (K−)

K0 ν̀ `+

B0 Λ+
c X−

Λ π+

p π−

In the following, the flavor signatures and the input variables for each category are explained
in detail. The distributions of the input variables and their correlations on MC are shown for
some characteristic examples. For each category, the particle candidates corresponding to
the targets will be referred to as signal, and all other candidates as background. For a better
visibility, the distributions of the input variables are normalized such that the areas under the
signal and under the background distributions equal unity. The correlations Rij between two
variables xi and xj correspond to

Rij =
Cij√
Cii · Cjj

, (4.11)

where C is the covariance matrix

Cij = 〈(xi − µi)(xj − µj)〉 = 〈xixj〉 − µiµj ,

and µi, and µj are the mean values 〈xi〉, and 〈xj〉.
The distributions and the correlations presented in the following subsections are obtained

from the official Belle II MC used during the development of the flavor tagger. The distri-
butions obtained from Belle MC will be shown in some cases where there are considerable
differences. When Belle MC is used, this is indicated explicitly. The MC samples correspond
to B0B0 events where B0

sig is fully reconstructed and correctly matched with the MC decay
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chain. In these events, B0
tag decays to any possible final state according to the known branching

fractions [28]. Further details about the MC samples will be given in Sect. 4.5. For all the
input variables, the respective distributions are presented in App. B.3 together with detailed
illustrations of their ranking and their correlations.

Table 4.2: Discriminating input variables for each category. For some of the categories the
p-value of the track fit is taken into account. For the Lambda category, the p-value of the
reconstructed Λ decay vertex is used. All variables are calculated for each considered particle
candidate.

Categories Discriminating input variables

Electron Le, LdE/dx
e , LTOP

e , LARICH
e , LECL

e , p∗, p∗t , p, pt, cos θ, d0, ξ0,

Int. Electron M2
rec,E

W
90 , p∗miss, cos θ∗miss, | cos θ∗T|, p-val.

Muon Lµ, LdE/dx
µ , LTOP

µ , LARICH
µ , LKLM

µ , p∗, p∗t , p, pt, cos θ, d0, ξ0,

Int. Muon M2
rec,E

W
90 , p∗miss, cos θ∗miss, | cos θ∗T|, p-val.

Kin. Lepton Le, LdE/dx
e , LTOP

e , LARICH
e , LECL

e , Lµ, LdE/dx
µ , LTOP

µ , LARICH
µ , LKLM

µ ,

Int. Kin. Lep. p∗, p∗t , p, pt, cos θ, d0, ξ0, M2
rec,E

W
90 , p∗miss, cos θ∗miss, | cos θ∗T|, p-val.

Kaon
LK , LdE/dx

K , LTOP
K , LARICH

K , p∗, p∗t , pt, cos θ, d0, ξ0,

nK0
S
,
∑
p2

t , M2
rec,E

W
90 , p∗miss, cos θ∗miss, | cos θ∗T|, p-val.

Slow Pion Lπ , LdE/dx
π , LTOP

π , LARICH
π , LdE/dx

π/e , Le, LK , LdE/dx
K , LTOP

K , LARICH
K ,

Fast Hadron p∗, p∗t , p, pt,cos θ, d0, ξ0, nK0
S
,
∑
p2

t , M2
rec,E

W
90 , p∗miss, cos θ∗miss, | cos θ∗T|, p-val.

Kaon-Pion LK , yKaon, ySlowPion, cos θ∗Kπ, qK · qπ
Maximum p∗ p∗, p∗t , p, pt, d0, ξ0, | cos θ∗T|
FSC LKSlow, p∗Slow, p∗Fast, | cos θ∗T, Slow|, | cos θ∗T, Fast|, cos θ∗SlowFast, qSlow · qFast

Lambda Lp,Lπ , p∗Λ, pΛ, p∗π , pp, p∗π , pπ , qΛ,MΛ, nK0
S
, cos θxΛ ,pΛ , |xΛ|, σzzΛ , p-val.

Leptons

Primary and secondary leptons from B0 decays are used as target particles for different cate-
gories. In the first case, the leptons stem from B0→ X+`−ν` decays occurring via transitions
b → c `−ν`, or b → u `−ν`. A negatively charged primary lepton unambiguously tags a B0

meson, and a positively charged one a B0 meson. Primary electrons and muons are the targets
of the Electron and the Muon categories. Both are considered as targets in the Kinetic Lepton
category.

Secondary leptons that are produced through the decay of charmed mesons and baryons of
the kind B0→ Xc

(
→ `+ν̀ Xs(d)

)
X , occurring via transitions b→ c→ s (d) `+ ν̀ , tag as

well the flavor of the B0 meson. In this case the charge-flavor correspondence is reversed,
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i.e. a positively charged secondary lepton tags a B0 meson, and a negatively charged one a
B0 meson. Since their momentum spectrum is much softer in comparison with the primary
leptons, secondary leptons are referred to as intermediate leptons. Intermediate electrons and
intermediate muons are the targets of the Intermediate Electron and the Intermediate Muon
categories. Both are considered as targets in the Intermediate Kinetic Lepton category.

In order to distinguish primary and secondary leptons from all other candidates, kinematic
and PID variables, are used as input variables. The PID variables have high discrimination
power. For electrons, the PID variables are the individual likelihoods LdE/dx

e , LTOP
e , LARICH

e

and LECL
e , and the combined Le. For muons, the PID variables are the individual likelihoods

LdE/dx
µ , LTOP

µ , LARICH
µ and LKLM

µ , and the combined Lµ. The combined likelihoods have in
general the highest discrimination power within the PID variables. However, the combined
and the individual likelihoods together have a larger discrimination power. Figure 4.1 shows
the individual likelihoods with the lowest and the highest discrimination power as well as the
combined ratios for the Electron and the Muon categories.

Within the kinematic variables, the momentum variables, such as the absolute momentum
p∗ and the transverse momentum p∗t in the Υ(4S) centre-of-mass frame, as well as the absolute
momentum p and the transverse momentum pt in the laboratory frame, have the highest dis-
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Figure 4.1: PID likelihoods for the Electron (top) and the Muon categories (bottom). Individ-
ual likelihoods with the lowest (left) and the highest (center) discrimination power are shown
together with the combined ratios (right). A value of 0.5 is assigned to tracks without available
PID information.
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crimination power, especially for primary leptons. Intermediate leptons are more difficult to
distinguish from other candidates because of their softer momentum spectrum. Additionally,
the kinematic variables include cos θ, the cosine of the polar angle of the momentum in the
laboratory frame.

Primary leptons are produced at the B0
tag decay vertex and have thus small impact para-

meters. In comparison, intermediate leptons have larger ones. The impact parameter corres-
ponds to the distance between the track’s point of closest approach and the interaction point
(IP) (see Sect. 3.3): the impact parameter in the xy-plane is d0, and in three dimensions is
ξ0 =

√
d2

0 + z2
0 . The use of impact parameters enhances the discrimination power of the flavor

tagger. At Belle II, however, the use of impact parameters causes asymmetries in the per-
formance of the flavor tagger giving rise to small systematic effects, which will be discussed
in Sect. 4.6 and 4.7.

Figure 4.2 shows the distributions of p∗, cos θ and ξ0 for the Kinetic Lepton and the Inter-
mediate Kinetic Lepton categories. In the cos θ distributions, one can recognize small dips
around cos θ = 0, i.e. around θ ≈ 90◦. Around this angle, soft momentum tracks curl multiple
times through the tracking subdetectors1, potentially crossing the same detector cells or pixels

1A charged particle needs at least a tranverse momentum of about 0.25 GeV/c to traverse all tracking subdetec-
tors at Belle II (VXD and CDC).
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Figure 4.2: Distributions of p∗, cos θ and ξ0 for the Kinetic Lepton (top) and the Intermediate
Kinetic Lepton categories (bottom).
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(or those close by), difficulting the track identification, and causing thus a loss of track finding
efficiency.

Further discrimination power is obtained from the following kinematic variables calculated
in the Υ(4S) centre-of-mass frame:

• M2
rec, the squared invariant mass of the recoiling system X whose four-momentum is

defined by:
pµX =

∑
i 6=`

pµi ,

where the index i goes over all charged and neutral candidates in the tag side and `

corresponds to the index of the lepton candidate. The squared recoil invariant mass is
then

M2
rec = m2

X =gµ,νp
µ
Xp

ν
X .

• p∗miss, the absolute value of the missing momentum p∗miss which is defined by

p∗miss = p∗B0
tag
− p∗X − p∗` .

Taking into account that the B0
tag meson is produced at rest in the Υ(4S) frame, i.e.

p∗
B0

tag
≈ 0, one obtains

p∗miss ≈ −
(
p∗X + p∗`

)
. (4.12)

• cos θ∗miss, the cosine of the angle between the momentum p∗` of the lepton candidate and
the missing momentum p∗miss.

• EW
90 , the energy in the hemisphere defined by the direction of the virtual W± in the

B0
tag meson decay. The momentum of the virtual W± is given by

p∗W = p∗` + p∗ν ≈ p∗` + p∗miss = −p∗X ,

where the momentum pν of the neutrino is estimated using the missing momentum
p∗miss. The sum of energies for EW

90 extends over all charged and neutral candidates in
the recoiling system X that are in the same hemisphere with respect to the W±:

E
W
90 =

∑
i∈X, p∗i ·p∗W>0

Ei.

• | cos θ∗T|, the cosine of the angle between the lepton candidate’s momentum p∗` and the
thrust axis of the B0

tag in the Υ(4S) center-of-mass frame (see Sect. 6.7.1). The calcula-
tion of Ttag involves all charged and neutral candidates in the tag side.
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Figure 4.3 shows the distributions of M2
rec and Mrec = |M2

rec|
1
2 for the Kinetic Lepton category.

The distributions show tails toward the lower side due to missing particles. The Mrec distribu-
tion for the signal (target leptons) peaks around the mass of a D meson (mD ≈ 1.87 GeV/c2),
and the background (all other candidates) peaks around half of the mass of a B meson. The
M2

rec distributions are much broader and peak at slightly lower values, but preserve the same
discrimination power. In order to save computing resources, only M2

rec is used.
Figure 4.4 shows the distributions of p∗miss, cos θ∗miss and | cos θ∗T| for the Kinetic Lepton

category. The p∗miss and the cos θ∗miss signal distributions correspond to the high momentum
neutrino emitted back-to-back with the target lepton in the frame of the virtualW±. Therefore,
it propagates almost in opposite direction to the target lepton in the Υ(4S) frame. On the other
hand, the | cos θ∗T| signal distribution corresponds to the target lepton, which is emitted almost
in opposite direction to the remaining B0

tag decay products in the Υ(4S) frame. Therefore, its
momentum is almost parallel (or antiparallel) to the thrust axis, which corresponds to a good
approximation to the direction of the remaining B0

tag decay products.
For target electrons and muons, the distributions of M2

rec, p
∗
miss, cos θ∗miss and | cos θ∗T| are

similar, and the distributions of EW
90 are different. Figure 4.5 shows EW

90 distributions for
the Electron and the Muon category obtained from Belle II and Belle MC. Primary electrons
deposit a large amount of energy in the ECL and, therefore, the energy in the direction of the
virtual W± peaks at a larger value for the signal. A second peak in the signal distribution
at lower energies is caused by inefficiencies in the ECL clustering, which is currently under
development. As Fig. 4.5 (top right) shows, the peak at lower energies is less pronounced on
Belle MC. Considering now the muons, they leave small energy depositions in the ECL and,
therefore, the distribution peaks for them at a lower value than for the background.

Figure 4.6 shows the correlations between the input variables used for the Kinetic Lepton
category. High correlations are present among the momentum variables p∗, p∗t , p and pt. The
missing momentum p∗miss is highly negatively correlated with M2

rec as expected from the defi-
nition in eq. (4.12). Other relatively high correlations are present among EW

90 and some PID
variables, as well as among PID variables themselves.
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Figure 4.3: Distributions of M2
rec and Mrec = |M2

rec|
1
2 for the Kinetic Lepton category.
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Figure 4.4: Distributions of p∗miss, cos θ∗miss and | cos θ∗T| for the Kinetic Lepton category.

For all categories considering leptons as targets, Fig. 4.9 shows the ranking of the input
variables provided by the FBDT algorithm. This ranking is estimated as explained
in [115, 124] and is a relative ranking. This means that the variable with the highest dis-
crimination power has a ranking equal to 100 and the lowest a ranking equal to 0. To be noted
is that in cases where several variables having large discrimination power are highly correlated,
one of the variables is ranked high, while the others are ranked low. In general, the kinematic
variables have relatively high discrimination power for direct leptons. Intermediate leptons
are kinematically more similar to the background and thus the kinematic variables have rather
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Figure 4.5: Distributions of EW
90 for the Electron (top) and the Muon categories (bottom)

obtained from Belle II (left) and Belle MC (right).
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Figure 4.6: Correlations between the input variables used for the Kinetic Lepton category in
percent.

low discrimination power for them. On the other hand, the PID variables have in both cases
relatively high discrimination power, and dominate in the case of intermediate leptons.

Kaons

Kaons are produced predominantly through decays of charmed mesons via b → c → s

transitions, e.g. B0 → D0 (→ K− π+π0) X . Kaons stemming from such decays, and from
decays of charmed baryons via b→ c→ s transitions, tag aB0 if they are negatively charged,
and a B0 if they are positively charged. These kaons are referred to as right sign kaons.

The kaon category has the highest power to identify the B0
tag flavor because of the high

inclusive branching fraction B (B±/B0→ K±) = (78.9± 2.5)%, and because the fraction of
right sign kaons (∼ 66%) is much higher than the fraction of wrong sign kaons (∼ 13%) [28].
Wrong sign kaons are produced through CKM-suppressed processes of the kind

b → W+
(
→ cs/cd

)
X , with c→ s→ K−,

and they have the opposite charge-flavor correspondence, i.e. they stem from a B0 decay if
they are positively charged, and from a B0 decay if they are negatively charged.

To identify target kaons, the input variables include the PID variables (LK , LdE/dx
K , LTOP

K

and LARICH
K ), the momentum variables (p∗, p∗t , p, pt, and cos θ) and the impact parameters (d0

and ξ0). The following variables provide additional discrimination power:
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Figure 4.7: Distributions of nK0
S

and
∑
p2

t for the Kaon category.

• nK0
S
, the number of reconstructed K0

S on the tag side.

• ∑ p2
t , the sum of the squared transverse momentum of all tracks on the tag side in the

laboratory frame.

• M2
rec,E

W
90 , p∗miss, cos θ∗miss and | cos θ∗T|, the variables in the Υ(4S) frame which distinguish

the lepton background.

Figure 4.7 shows the distributions of nK0
S

and
∑
p2

t for the Kaon category. As the signal dis-
tribution of nK0

S
shows, a charged kaon without K0

S has a higher probability to be the target
right sign kaon. Charged kaons produced through b→ ccs/ccd transitions or through hadro-
nisation of ss out of the vacuum are usually accompanied by one or more K0

S . An example of
a b→ ccs process with hadronisation of ss out of the vacuum is

B0→ (cc)
(
→ K+K−K0

S

)
(ss)

(
→ K+K−

)
K0

S .

Considering now the variable
∑
p2

t , its signal distribution is less broad and peaks at a slightly
lower value in comparison with the background distribution.

Figure 4.8 shows the correlations between the input variables used for the Kaon category.
High correlations are present between the momentum variables, as well as between M2

rec, p
∗
miss

and
∑
p2

t . These last correlations are expected from the definition in eq. (4.12). The ranking
of the input variables for the Kaon category is presented in Fig. 4.9. In this case, the PID
variables and the impact parameters have the highest discrimination power.

Slow Pions

Pions are the most common final state particles. Primary and secondary pions are consid-
ered as target particles for several categories. The charge of secondary pions from decays
B0→ XD∗+ (→ D0π+) provides tagging information. Due to the small mass difference be-
tweenD∗+ andD0 (∼ 145 MeV/c2), the secondary pions have a soft momentum spectrum and
are therefore referred to as slow pions.
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Figure 4.8: Correlations between the input variables used for the Kaon category in percent.
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The Slow Pion category uses all the variables of the Kaon category, which include some
variables of the Kinetic Lepton category. Additionally, the Slow Pion category uses the pion
and the electron PID variables Lπ , LdE/dx

π , LdE/dx
π/e , Le, LTOP

π and LARICH
π . The electron PID

variables help to discriminate the target slow pions from the electrons created either through
photon conversions, or through π0→ e+ e− γ Dalitz decays.

Figure 4.10 shows the distributions of p∗, ξ0, cos θ and | cos θ∗T| for the Slow Pion category.
The soft momentum spectrum of the slow pions can be recognized in the signal p∗ distribution.
The signal distribution peaks at around 100 MeV/c. For soft momentum particles, the effect
of multiple scattering increases as it is proportional to ∼ (βcp)−1. Thus, the reconstruction of
the slow pion tracks is more difficult than e.g. for primary leptons, resulting in relatively large
impact parameters as the signal distribution of ξ0 shows.

A considerable discrimination power is provided by the variables cos θ and | cos θ∗T|. Slow
pions are produced nearly at rest in the D∗+ frame together with the D0 meson. Therefore,
in the Υ(4S) frame the slow pions fly close to the D0 decay products and opposite to the
other B0

tag decay products, while in the lab frame they travel close to the beam boost direction.
Consequently, slow pions can be distinguished considering the θ angle in the lab frame, and the
angle to the thrust axis θ∗T in the Υ(4S) frame, as the signal distributions of cos θ and | cos θ∗T|
show.
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Figure 4.10: Distributions of p∗, ξ0, cos θ and | cos θ∗T| for the Slow Pion category.
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Fast Hadrons

The targets of the Fast Hadron category are kaons and pions from theW boson in b→ c W− de-
cays, or in b→ u W− decays, and from one-prong decays of primary tauons, i.e.

B0→ τ−
(
→ h− ντ

)
ντ X ,

where h− stays for a π− or a K− meson. The category considers as targets also those kaons
and pions that are produced through intermediate resonances, which decay via strong processes
conserving the flavor information, for example

B0→ K∗−
(
→ K−π0

)
X+,

and
B0→ τ−

(
→ ρ−

(
→ π−π0

)
ντ
)
ντ X

+.

The target kaons and pions are referred to as fast hadrons because of their hard momentum
spectrum. A negatively (positively) charged fast hadron indicates a B0 (B0) meson.

The Fast Hadron category uses the same set of variables applied within the Slow Pion cate-
gory since these variables distinguish also fast kaons and fast pions among the background of
slow pions, kaons from decays of charmed hadrons and leptons.

Correlation between kaons and slow pions (Kaon-Pion)

If an event contains both a target kaon and a target slow pion, as for example in the decay

B0→ D∗+
(
→ D0

(
→ K− X ′

)
π+
)
X−,

additional flavor information can be gained by exploiting the angular and the charge correla-
tions between both targets. For this, the targets have to be identified. For this, the simplest way
is to use the output information of the Kaon and the Slow Pion categories.

The Kaon-Pion category uses the following variables:

• LK , the combined kaon PID likelihood.

• yKaon, the probability of being a target kaon obtained from the individual kaon category.

• ySlowPion, the probability of being a target slow pion obtained from the individual slow
pion category.

• cos θKπ , the cosine of the angle between the kaon and the slow pion momentum in the
Υ(4S) frame.

• qK · qπ , the charge product of the kaon and the slow pion candidates.

Figure 4.11 shows the distributions of yKaon, ySlowPion, cos θKπ and qK ·qπ . The discrimination
power of the individual outputs from the Kaon and the Slow Pion categories can be recognized



88 4. The Belle II flavor tagger

0.0 0.5 1.0
yKaon

10−5

10−3

10−1

F
ra

ct
io

n
of

E
ve

nt
s
/

(
0.

02
)

Signal

Bkgr.

0.0 0.5 1.0
ySlowPion

10−4

10−3

10−2

10−1

F
ra

ct
io

n
of

E
ve

nt
s
/

(
0.

02
)

Signal

Bkgr.

−1 0 1
cos θ∗Kπ

0.00

0.02

0.04

0.06

0.08

F
ra

ct
io

n
of

E
ve

nt
s
/

(
0.

04
)

Signal

Bkgr.

0.0 0.5 1.0
1−qK·qπ

2

0.00

0.20

0.40

0.60

0.80

1.00

F
ra

ct
io

n
of

E
ve

nt
s
/

(
0.

02
)

Signal

Bkgr.

Figure 4.11: Distributions of yKaon, ySlowPion, cos θKπ and qK · qπ for the Kaon-Pion category.
The last variable is transformed to be in the region between 0 and 1.

in the distributions of yKaon and ySlowPion. As the signal cos θKπ distribution shows, a right sign
kaon and the corresponding slow pion are emitted in approximately the same direction in the
Υ(4S) frame, and they are produced with opposite charges in agreement with their individual
charge-flavor correspondence, as the signal distribution in Fig. 4.11 (bottom right) shows.

High momentum particles (Maximum p∗)

Primary hadrons and leptons from the W± boson in b → c W−, or in b → u W−, are
characterised by a very hard momentum spectrum. A very inclusive tag can be performed by
selecting the track with the highest momentum in the Υ(4S) frame and using its charge as a
flavor tag. A negatively charged fast particle indicates a B0, and a positively charged a B0

meson.
The purpose is to recover flavor tagging information from primary particles that may have

not been selected either as a primary lepton or as a fast hadron. The discriminating input
variables are the momentum variables (p∗, p∗t , p, pt, and cos θ), the impact parameters (d0 and
ξ0) and | cos θ∗T|.
Correlation between fast and slow particles (FSC)

Events of the kind B0 → D∗+ W− contain both a target slow pion and a high momentum
primary particle originating from the W± boson. In that case, additional flavor tagging infor-
mation can be gained by using the correlations between the slow pion and the high momentum
particle.
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The W− and the D∗+ are produced back-to-back in the B0
tag center-of-mass frame. There-

fore, the angle between the track of the target fast particle and the target slow pion is expected
to be very large. The discriminating input variables are:

• p∗Slow, the momentum of the slow pion candidate in the Υ(4S) frame.

• p∗Fast, the momentum of the high momentum candidate in the Υ(4S) frame.

• LK , the PID kaon likelihood.

• | cos θ∗T, Slow|, the cosine of the angle between the thrust axis and the slow pion candidate.

• | cos θ∗T, Fast|, the cosine of the angle between the thrust axis and the high momentum
candidate.

• cos θ∗SlowFast, the cosine of the angle between the slow and the high momentum candi-
dates.

• qSlow · qFast, the charge product of the slow pion and the high momentum candidates.

Figure 4.12 shows the distributions of | cos θ∗T, Fast|, cos θ∗SlowFast and qSlow · qFast. Since the
virtualW± boson is emitted back-to-back to theD∗+ meson in theB0

tag frame, primary particles
from the W± move close to the thrust axis of B0

tag, and in opposite direction to the slow pion in
the Υ(4S) frame, as the signal distributions of | cos θ∗T, Fast| and cos θ∗SlowFast show. In agreement
with their individual charge-flavor correspondence, primary particles and slow pions have to
be produced with opposite charges, as Fig. 4.12 (right) shows.

Lambda baryons

Additional flavor tagging information can be obtained by considering the flavor of Λ baryons
produced via the cascade transition b → c → s as a flavor signature. The presence of such a
Λ baryon indicates a B0, and the presence of such a Λ̄ a B0. Although the fraction of events
containing a target Λ is rather small, they provide relatively clean and independent flavor
tagging information which complements the other categories.
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Figure 4.12: Distributions of | cos θ∗T, Fast|, cos θ∗SlowFast and qSlow · qFast for the FSC category. The
last variable is transformed to be in the region between 0 and 1.
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The Λ candidates are obtained by reconstructing Λ → pπ− decays, or Λ̄ → p̄π+ decays.
This is performed by combining proton and pion candidates on the tag side. In addition to the
momentum variables of the reconstructed Λ, and the momentum variables of the proton and
the pion used for the reconstruction, the following input variables are used:

• Lp, Lπ the PID likelihoods of the proton and the pion.

• qΛ, the flavor of the Λ baryon.

• MΛ, the reconstructed mass of the Λ.

• nK0
S
, the number of reconstructed K0

S on the tag side.

• cos θxΛpΛ , the cosine of the angle between the Λ momentum pΛ and the direction from
the IP to the reconstructed Λ vertex xΛ in the laboratory frame.

• |xΛ|, the absolute distance between the Λ vertex and the IP.

• σzzΛ , the error of the Λ vertex fit in z-direction.

• χ2
Λ, the χ2 probability of the reconstructed Λ decay vertex.

Figure 4.13 shows the distributions of MΛ, nK0
S
, cos θxΛpΛ and |xΛ|. As discussed for the

Kaon category, decays with hadronisation of a ss pair out of the vacuum are usually accom-
panied by one or more K0

S . An example of such a decay is

B0 → Λ Λ K0
S .

Thus, a lambda candidate produced without accompanying K0
S particles has a higher probabi-

lity to be the target particle, as the signal distribution of nK0
S

shows. Since the lambda trajectory
is not influenced by the solenoid field, the reconstructed momentum pΛ should be parallel to
the direction from the IP to the reconstructed vertex xΛ in the lab frame, as the signal cos θxΛpΛ

distribution shows. The signal |xΛ| distribution with a long tail towards large values is caused
by the relatively long lifetime τΛ ≈ 0.26 ns, resulting in c · τΛ ≈ 8 cm.
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Figure 4.13: Distributions of MΛ, nK0
S
, cos θxΛpΛ and |xΛ| for the Lambda category.

4.4 The category-based algorithm

The Belle II category-based flavor tagger created in this thesis is a modular algorithm based
on multivariate methods. It provides an output value y ∈ [−1, 1] equivalent to y = q · r, where
q = sgn(y) is the tagged B0

tag flavor, and r = |y| is the flavor dilution factor. When y = −1,
B0

tag is perfectly tagged as B0, and when y = +1, B0
tag is perfectly tagged as B0.

The flavor of B0
tag results from a combination of the thirteen flavor signatures discussed in

the previous section. Each of these signatures corresponds to the output of a single category
which can be understood as an individual sub-tagger. A schematic overview of the information
flow in the algorithm is presented in Fig. 4.14.

The algorithm of the flavor tagger is a 2-level-process: event and combiner level. The
event level process is performed within each individual category. On this level, a multivariate
method assigns to each particle candidate an output value ycat ∈ [0, 1]. This output value can
be interpreted as the probability of being the target of the corresponding category providing
the right flavor tag.

The particle candidates correspond to the tracks in the tag side. To form a particle candidate
from a track, an invariant mass is assigned to it. For the five types of considered particles, e, µ,
K , π and p, an independent list of candidates is built by assigning the corresponding PDG mass
to the tracks in the tag side. Each category considers the list of candidates belonging to its own
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Figure 4.14: Schematic overview of the category-based flavor tagger. The tracks in the tag side
are used to build five different lists of candidates (e, µ, K , π and p). Each category considers
the list of candidates belonging to its own targets. The different categories are represented by
green boxes, and the combiner by a magenta box.
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targets. For the special case of the Lambda category, the target candidates are Λ particles
reconstructed from pairs of proton and pion candidates.

In order to determine ycat, the event-level multivariate methods get the input variables of
the corresponding category (see Tab. 4.2). Some input variables require information from
all reconstructed tracks and all neutral ECL and KLM clusters in the tag side. There are two
special categories which get information from other categories: the Kaon-Pion category, which
gets input information from the Kaon and the Slow Pion categories, and the FSC category
which gets input information from the Slow Pion and the Maximum p∗ categories.

Summing the input variables for all categories yields a total number ninput = 220. Some
variables are used several times for the same candidates in different categories. To save com-
puting time, each variable is calculated only once for each candidate. For example, EW

90 is used
in the six leptonic categories, and in the Kaon, the Slow Pion, and the Fast Hadron categories.
Thus, it counts nine times in the calculation of ninput. The Electron and the Intermediate Lepton
categories consider the list of electron candidates; the other four leptonic categories consider
the list of muon candidates; the Kaon category considers the list of kaon candidates; and the
Slow Pion and the Fast Hadron categories consider the list of pion candidates. For each track,
the variable EW

90 is calculated only four times: one time for the electron, for the muon, for the
kaon, and for the pion candidate. Thus, EW

90 counts as four different variables. Considering
now all input variables, the total number of different variables is nunique = 108.

Within each category, the particle candidates are ranked according to the values of ycat. The
candidate with the highest ycat is selected as target. Only for the Maximum p∗ category, the
target is the candidate with the largest momentum in the Υ(4S) frame.

The procedure within each single category is illustrated in Fig. 4.15. All categories con-
tribute to the final tag. This fact helps to improve the performance of the flavor tagger since
the B0

tag can decay in such a way that there is more than one flavor-specific signature.
The combiner level is the last step in the process. It corresponds to a multivariate method

that receives thirteen input values, i.e. one input value from each category, and gives y = q · r
as output. Each input value is the product qcand · ycat of each category, where the charge qcand

and the probability ycat correspond to the particle candidate selected as target. For two special
cases, the Kaon and the Lambda categories, the input value is the effective product

(qcand · ycat)eff =

∏
i

(
1 + (qcand · ycat)i

)
−∏i

(
1− (qcand · ycat)i

)∏
i

(
1 + (qcand · ycat)i

)
+
∏
i

(
1− (qcand · ycat)i

) , (4.13)

where the products extend over the three particles with the highest ycat value. For the Lambda
category, qcand corresponds to the B0 flavor tagged by the Λ candidate, i.e.
qΛ = −1(+1) for Λ(Λ̄). The use of (qcand · ycat)eff for the Kaon category improves consi-
derably the performance of the flavor tagger. This will be discussed in Sect. 4.5.4.

The multivariate method chosen for the event and the combiner level is the Fast Boosted
Decision Tree (FBDT) [115]. The FBDT is a stochastic gradient-boosted decision tree de-
veloped especially for Belle II by Thomas Keck and is the default multivariate method of the
experiment. It incorporates several mechanisms for regularization and is optimized to save
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Figure 4.15: Procedure for each single category (green box): the candidates correspond to
the reconstructed tracks for a specific mass hypothesis. The input variables are presented in
Tab. 4.2; some of them consider all reconstructed tracks and all neutral ECL and KLM clusters
on the tag side. The magenta boxes represent multivariate methods: ycat is the output of the
event level. The output of the combiner is equivalent to the product q · r.

computing resources during its application and during its training procedure. To cross-check
the result of the FBDT, an independent multivariate method, a multi-layer perceptron (MLP),
is employed for the combiner level. The implementation of the MLP is based on the open-
source library FANN [125], where the acronym stays for Fast Artificial Neural Network.

For both combiner level methods, the input values are identical. The flavor tagger provides
the output of both the FBDT and the MLP combiners. The cross-check with a MLP is not
performed for the event level because the MLP implementation does not include the prepro-
cessing of input variables performed by the FBDT algorithm. The FBDT maps the shape of the
input variables to a uniform integer distribution. This preprocessing is called equal-frequency
binning and is illustrated in Fig. 4.16. To avoid a computing overhead during the application
phase, the FBDT applies the equal-frequency binning only during the training process. After
the training, the FBDT parameters are transformed to match the original scale of the input
variables.

The equal-frequency binning allows the flavor tagger to exploit the full range of the input
variables considering large tails and outliers in the input variable distributions, making the
algorithm more robust and avoiding cuts and expensive scaling computations. Avoiding cuts
is crucial because the performance of the track reconstruction and PID algorithms changes
periodically. Under these conditions, the amount of time and work needed to continuously
optimize the cuts by hand would increase indefinitely.

For the MLP, the input variables are usually scaled to [−1, 1] in order to make full use of
the region where the tanh activation function behaves linearly with respect to the input. At the
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k

k

Figure 4.16: Equal-frequency binning.
The variable xk is binned so that each
bin contains roughly the same amount
of events. The dotted lines indicate the
bin boundaries [115].

combiner level, this scaling is not necessary because the inputs from each category are within
the range [−1, 1] by definition.

To avoid any bias from a possible statistical correlation, the flavor tagger is trained using
two statistically independent MC samples: one sample for the event level, and one sample for
the combiner level. At each training step, one half of the sample is used as training sample
and the other half as a test (validation) sample for an unbiased evaluation of the performance
against over-fitting. The event level is trained first and each category is trained independently.
The FBDT and the MLP combiners are trained afterwards.

The evaluation against over-fitting for each of the multi-variate methods is performed by
comparing the distribution of the output on the training sample and on the test sample. The
output on the training sample has to overlap with the output on the testing sample within the
statistical uncertainties. At the event level, the evaluation is performed separately for signal and
for background components and, at the combiner level, for the B0 and for the B0 components.
Figures 4.17 and 4.18 show examples of evaluations against over-fitting for the Kinetic Lepton
and for the Kaon categories, and for the FBDT and the MLP combiners. Several different
mechanisms inherent to the FBDT serve to prevent over-fitting [115]. In the case of the MLP,
the validation sample is used actively for the stopping criterion during the training procedure
as explained in [112, 126].

To control the structure of the multivariate-method model, the learning procedure, and the
preprocessing of the input data, the FBDT and the MLP implementations provide different so-
called hyper-parameters. For the FBDTs, the flavor tagger uses the default hyper-parameter
values which were optimized by the FBDT developer for the identification of B mesons and
other intermediate particles in the Full Event Interpretation (FEI) algorithm [115, 127]. For the
flavor tagger, only the number of trees was optimized to 500. For the MLP combiner, the hyper-
parameter values were adopted from previous studies for the Belle II z-vertex trigger [112,
126]. Only the cost function was modified to be linear.
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Figure 4.17: Evaluations against over-fitting for the Kinetic Lepton and for the Kaon cate-
gories. The test is performed separately for signal and for background components.
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Figure 4.18: Evaluations against over-fitting for the FBDT and the MLP combiners. The
output of the FBDT combiner is mapped to the region between 0 and 1. The test is performed
separately for the B0 and for the B0 components.
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4.5 Optimization and performance on MC
This section covers the key steps in the optimization and the evaluations of the performance of
the flavor tagger on MC simulations for Belle and Belle II. The key goal of the optimization
was to maximize the effective efficiency since a high effective efficiency is essential to reduce
the uncertainties on CP -violation parameters and thus to enhance the sensitivity to NP effects.

The purpose of using Belle II MC as well as Belle MC was to evaluate the improvements of
the algorithm on two independent MC samples which simulate the same physical processes,
but have to cope with different experimental conditions and have realized different tracking and
PID algorithms. Additionally, a validation on data becomes possible by comparing the results
obtained with Belle MC and with Belle data. The results on both MC samples are presented
always together. But this is not to be understood as a comparison between the capabilities of
Belle II and Belle: the used Belle II MC was simulated without background and cannot yet be
validated on data, while the Belle MC was simulated with background and is the product of
several years of development and validation using Belle data. The evaluations using Belle data
will be presented in Sect. 4.8 and 4.9.

In the following, the generation and the reconstruction of the MC samples used to optimize
and to characterize the performance of the algorithm will be described. The calculation of the
effective efficiency and the concept of the linearity check, an important step in the validation
of the flavor tagger, will be explained afterward. The next subsection introduces the identifi-
cation of target particles, a crucial task for ensuring an optimal use of the flavor information
in B0 meson decays. Then, the evaluation of the performance of the individual categories is
presented together with the optimization of the input preprocessing for the combiners. The
last subsection presents the overall evaluation of the performance of the FBDT and the MLP
combiners.

4.5.1 The MC samples

The MC events used for training and for testing correspond toB0B0 pairs in which one meson,
namely B0

sig, decays to J/ψK0
S , while B0

tag decays to any possible final state according to the
known branching fractions [28]. In these events, the signal J/ψ decays into two muons and
the signal K0

S into two charged pions.
The Belle II MC events used for the development and the validation of the flavor tagger were

generated within an official MC campaign using the Belle II Analysis Software Framework
(BASF2). These events serve also to validate the vertex reconstruction tools (see Sect. 3.4).
When the flavor tagger was developed, two official MC samples were available: one generated
without background, and another with simulated background. However, the track reconstruc-
tion algorithm for events with background was very poor and, therefore, only the sample with-
out background was used during the development and the optimization of the flavor tagger. In
this chapter, all the results are obtained using Belle II MC samples without background.

The official Belle II MC samples are simulated with CP violation such that ACP = 0 and
SCP = 0.69. These values of ACP and SCP agree within one standard deviation with the
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current world averages for b → ccs transitions [42]. To study the impact of different CP -
violation parameters on the performance of the flavor tagger, private Belle II MC samples
were generated with the same BASF2 release used to produce the official samples. The private
samples were generated with (ACP ,SCP ) = (0, 0), and with (ACP ,SCP ) = (0,−0.69). These
samples have the same sizes of the official ones.

In the case of Belle MC events, the simulation as well as the reconstruction of clusters,
tracks and K0

S mesons is performed using the Belle Analysis Software Framework (BASF).
These events were simulated taking into account the effect of the background, as well as the
size and the position of the interaction region at KEKB for the production vertex of the Υ(4S).
The CP -violation parameters are the same as for the official Belle II MC samples. To be
analyzed within BASF2, the Belle MC events have to be converted. The conversion routine is
documented in [127].

In the Belle MC events, the K0
S candidates are reconstructed from two oppositely charged

tracks using BASF as explained in [128, 129]. In the case of Belle II MC, K0
S candidates are

reconstructed from two oppositely charged tracks as π+π− candidates, requiring only that the
reconstructed invariant mass Mπ+π− of the π+π− candidates is within

−0.25 GeV/c2 < Mπ+π− −mK0
S
< +0.25 GeV/c2,

where mK0
S

denotes the nominal K0
S mass mK0

S
= 0.498 GeV/c2 [28].

Except for the reconstruction of K0
S mesons, the reconstruction of the decay channel

B0
sig→ J/ψ (→ µ+µ−)K0

S (→ π+π−) is performed in the same way for both Belle and Belle II
MC events using BASF2. To include almost 100% of the B0

sig candidates, the kinematic re-
quirements on the K0

S , on the J/ψ, and on the B0
sig candidates were chosen to be broad enough.

The J/ψ mesons are reconstructed using pairs of oppositely charged tracks as µ+µ− candi-
dates, requiring the invariant mass Mµ+µ− of the µ+µ− candidates to be within

−0.11 GeV/c2 < Mµ+µ− −mJ/ψ < +0.11 GeV/c2,

where mJ/ψ denotes the nominal J/ψ mass mJ/ψ = 3.097 GeV/c2 [28].

Reconstructed K0
S and J/ψ candidates are combined to form B0

sig candidates by applying
requirements on two kinematic variables, the energy difference ∆E = E∗B − E∗beam and the

beam-constrained mass mbc =
√

(E∗beam)2 − (p∗B)2. E∗beam is the beam energy in the Υ(4S)

frame, and E∗B and p∗B are the reconstructed energy and momentum of the B-meson candidate
in the Υ(4S) frame. These variables are discussed in more detail in Sect. 6.4. The requirements
are |∆E| < 0.15 GeV and mbc > 5.2 GeV/c2.

To be used for training and testing, the reconstructed MC events have to fulfill two additional
requirements. First, the signal decay channel B0

sig → J/ψ (→ µ+µ−)K0
S (→ π+π−) has to be

fully reconstructed and correctly matched with the MC decay chain. Second, none of the
reconstructed tracks remaining on the tag side is associated with the signal B0

sig meson.
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After the selection, the Belle II and the Belle MC events are split into two training samples
(one for the event level and one for the combiner level) and one testing sample. The size of
each training sample is about 1.3 million events for Belle II MC, and about 1 million events
for Belle MC. And the size of the training sample is about 2.6 million events for Belle II MC,
and about 2 million events for Belle MC.

4.5.2 Total effective efficiency

During the development of the flavor tagger, the training procedure, the choice of the categories
and the choice of the input variables have been arranged in order to maximize the total effective
efficiency εeff. The effective efficiency εeff introduced in eq. (4.4) is redefined by sorting the
tagged events into bins of the dilution factor r = |y| = |q · r|, where y is the output of
the flavor tagger. The binning is required because the calibration of the flavor tagger can be
performed only in bins of r, as it will be explained in Sect. 4.14. The binning used in this work
corresponds to the same r binning used by the Belle experiment [130]. Using this binning, the
performance of the Belle II flavor tagger can be compared with the performance of the Belle
flavor tagger. Just for visualization, Fig. 4.19 shows the Belle binning and the distribution
of the dilution factor r obtained from the output of the FBDT combiner using the official
Belle II MC.

In bins of r, the total effective efficiency on MC is

εeff = ε
∑
i

ni
Ntag
· r2

MC,i =
∑
i

ni
N
· r2

MC,i =
∑
i

εi · r2
MC,i, using εi =

ni
N

, (4.14)

where the sum extends over all r bins. The quantities ni and rMC,i are the number of tagged
events and the true dilution factor in the i-th bin. The tagging efficiency corresponds to
ε =

Ntag

N
, with Ntag being the number of taggable events and N the total number of events.

Since the flavor signatures are provided by tracks, all events containing at least one recon-
structed track on the tag side are taggable. The value of ε determined on Belle MC and on
Belle II MC is 99.9%.

For each bin i, the true dilution factor rMC,i (eq. (4.1)) is determined from the wrong-tag
fraction wMC,i in the bin. An event is wrongly tagged if the sign of the combiner output is
opposite to the true flavor qMC of B0

tag, i.e. if qMC 6= q = sgn(q · r). When a flavor tagger is
correctly calibrated on MC, the true dilution factor rMC,i corresponds to the average 〈r〉i of the
output dilution r = |y| = |q · r| in each r bin. This correspondence can be checked by plotting
rMC,i against 〈r〉i. Such linearity checks are presented from Sect. 4.5.5 on.

The effective efficiency εeff can be calculated using the mean values 〈r〉i, or using the true
values rMC,i. For a flavor tagger correctly calibrated on MC, εeff has the same value in both
cases. Since the MC can be biased with respect to the data, to perform CP violation analyses it
is necessary to measure the true wrong-tag fraction wdata,i on data, and from it the true dilution
rdata,i, as it will be discussed in Sect. 4.14. If the MC and the flavor tagger are correctly
calibrated, rMC,i agrees with rdata,i.
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To quantify potential asymmetries in the performance of the flavor tagger, the effective effi-
ciency on MC events is calculated separately for events where the B0

tag meson is a
B0 (qMC = +1), and for events where the B0

tag meson is a B0 (qMC = −1). The flavor qMC

corresponds to the true flavor of B0
tag determined using MC information. In bins of r, the total

effective efficiency for events where B0
tag = B0 is

εeff(B
0) =

∑
i

niB0

NB0

(rMC,B0)2
i =

∑
i

εiB0(rMC,B0)2
i , using εiB0 =

niB0

NB0

. (4.15)

The efficiency εeff(B
0) can be written analogously by replacing consistently B0 with B0. For

the studies on MC events, the difference between effective efficiencies is then given by

∆εeff = εeff(B
0)− εeff(B

0). (4.16)

And the total average effective efficiency (eq. (4.14)) is calculated from the dilution fac-
tor (eq. (4.1)) obtained from

wMC,i =
(wMC,B0)i + (wMC,B0)i

2
. (4.17)

The statistical uncertainties of the effective efficiencies and of the different quantities characte-
rizing the performance of the flavor tagger are calculated via Gaussian error propagation. The
corresponding formulas can be found in App. B.2.
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Figure 4.19: Flavor dilution factor rFBDT = |yFBDT| obtained from the output
yFBDT = (q · r)FBDT of the FBDT combiner using Belle II MC. The figure shows the r bin-
ning which was introduced by the Belle collaboration [29] and that is used throughout this
thesis.
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4.5.3 Optimization of the target identification

Each individual tagging category has an associated event-level multivariate method which
identifies the tracks, or the target Λ candidates, corresponding to the respective target parti-
cles. When the method is trained, the input variables have to be provided together with a
target variable, which has different values for signal (target) and for background candidates,
for example +1 for signal candidates and −1 for background candidates. For this, one has to
identify the signal candidates by considering the MC particles associated with the candidates.

For the Electron, the Muon and the Kinetic Lepton categories, it is very easy to identify the
target tracks: if the associated MC particle is the considered lepton with the correct charge-
flavor correspondence, and if its mother particle is B0

tag, then the track is classified as target
track. Two other categories for which the identification of the target track is very easy are
the Slow Pion and the Maximum p∗ categories. For the Slow Pion category, a candidate is
classified as target if the associated MC particle is a pion with the right charge-flavor corre-
spondence and if its mother particle is a charged D∗. The charged D∗ has to be the daughter of
B0

tag. For the Maximum p∗ category, the target track is required only to have the charge-flavor
correspondence of a primary lepton, or a primary meson, i.e. to be positively charged if B0

tag is
a B0, or negatively charged if B0

tag is a B0.

For the other eight categories, the identification of the targets is more complicated. In the
following, the developed target identification is explained for these cases.

The target identification

Resulting from a series of optimization steps, the developed target identification enabled the
flavor tagger to maximally exploit the available flavor information. The terminology which
will be used to describe the procedure refers to the MC numbering scheme of the PDG [28].
For example, when charmed baryons or charmed mesons are mentioned, this refers to the
complete lists of charmed baryons and charmed mesons which can be found in the review of
the PDG group. A qq hadronic resonance denotes any of the neutral particles in the list of
light I = 1 mesons, the list of light I = 0 mesons, and the list of cc mesons. When the decay
chain producing a MC particle is examined, this means that its mother, its grandmother, its
grand-grandmother and so forth are examined up to the B0

tag meson.

• For the Kaon category, a track is classified as signal if the associated MC particle is a
kaon with the right charge-flavor correspondence, and if a charmed meson, or a charmed
baryon, is found in the decay chain producing it. In this way, kaons produced via
b→ c→ s transitions with one or several intermediate hadronic resonances are cor-
rectly identified as signal. An example are kaons from decays such as

B0→ D+
(
→ K∗0(→ K−π+) X ′+

)
X−.
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The procedure identifies as well the kaons that stem from baryonic decays occurring via
b→ c→ s transitions, for example kaons from decays such as

B0→ Λc
(
→ K−pπ+

)
X−.

Kaons produced in decays with intermediate resonances and in baryonic decays are si-
milar in terms of kinematics and particle identification to those produced in decays of
primary charmed mesons, and they provide flavor information. Considering them as sig-
nal during the training procedure improves considerably the tagging performance of the
whole algorithm. Additionally, it is required that no qq hadronic resonance is present in
the decay chain. This avoids classifying as signal the kaons produced in decays such as

B0→ D0
(
→ φ(→ K+K−) X ′

)
X .

The only kaons that can be wrongly selected as signal are non-resonant kaons from
decays such as D0 → K+K−(π0). To filter out these kaons, a full scan of the whole
B0

tag decay chain would be needed for each event. Besides being very expensive in terms
of computing resources, such a scan brings no considerable improvement: these decays
are very rare, e.g. B(D0→ K+K−) ≈ 4 · 10−3, and they are CP eigenstates causing no
bias of the tagged flavor. Their effect can be thus safely neglected.

• For the Kaon-Pion category, an event is selected as signal if the candidates selected by
the Slow Pion and by the Kaon categories are associated with a MC pion and a MC
kaon having the right charge-flavor correspondences, and if the mother of the pion is a
primary D∗±, which is found in the decay chain producing the kaon.

• For the Lambda category, a Λ candidate is selected as signal if the associated MC
particle is a Λ with the right flavor correspondence, and if a charmed baryon is found in
the decay chain producing it. This identification implicitly rejects Λ particles produced
through hadronisation of ss out of the vacuum having by chance the right flavor as, for
example, those from the decay B0→ ΛΛD0.

• For the three Intermediate-Lepton categories, a track is selected as signal if the asso-
ciated MC particle is the considered lepton (or one of the two for the Int. Kin. Lepton
category) with the right charge-flavor correspondence, and if there is no qq resonance
in the decay chain producing it. In this way, intermediate leptons from decays with
hadronic resonances are considered as signal. An example of such a process is

B0→ D∗+
(
→ D0(→ K−e+νe) π

+
)
X−,

where the intermediate electron is produced via a b→ c→ s e+νe transition.

• For the Fast Hadron category, the signal candidates are required to be associated with
a MC kaon or a MC pion with the right charge-flavor correspondence. Additionally, the
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MC particle has to fulfill one of the following three requirements. Requirement one: it is
a primary particle. Requirement two: the decay chain producing it contains one charged
resonance belonging to the list of light I = 1 mesons, or to the list of strange mesons,
and no qq resonance. This approach considers as target fast pions providing flavor infor-
mation that are produced in decays with intermediate resonances. An example of such a
decay isB0→ ρ−(→ π−π0) X+. And requirement three: the MC particle is produced in
a one-prong decay of a primary tau lepton such as B0→ τ−(→ π−ντ) ντ X

+. Examples
with fast kaons can be obtained by exchanging the π− for a K−, and the ρ− for a K∗− in
the previously given examples. Processes producing fast kaons have smaller branching
fractions than those producing fast pions because they are Cabibbo suppressed, but the
fast kaons provide flavor information as well.

Particles that can be wrongly classified as fast hadron targets are pions and kaons from
non-resonant decays such as B0→ π+π−, B0→ K+π−, and B0→ K0K+K−. How-
ever, these decays are very rare with branching fractions around 10−5 or smaller. Their
effect is thus negligible for flavor tagging.

• Finally, for the Fast-Slow-Correlation category, an event is considered as signal if the
particle selected by the Maximum p∗ category is a daughter of B0

tag, and if qq resonances
are absent in the decay chain producing the slow pion. The MC particle associated
with the slow pion candidate is required to not be a primary particle. Both fast and
slow candidates are required to have the right charge-flavor correspondences. Since the
slow pion candidate that the FSC category receives is selected by the trained Slow Pion
category (the trained methods do not receive MC information), there is a probability that
the slow pion candidate is a background particle. Requiring qq resonances to be absent
in the decay chain producing it rejects background candidates having by chance the right
charge-flavor correspondence.

Figure 4.20 presents the output qr distributions of the FBDT and the MLP combiners on
Belle II MC and on Belle MC. To produce these figures, the MC information is examined for
each event. If the target particle of a certain category is found in the tag side, this category is
labeled as true category in this event. The event contains then one true category. If the targets
for two categories are found, then the event contains two true categories, and so forth. In the
case of the Kaon-Pion and the FSC categories, they are labeled as true if the two respective
target particles are found in the tag side. After the examination, the events are sorted according
to the number of true categories that are found in them.

As Fig. 4.20 shows, the distributions for B0 and B0 overlap almost perfectly in the cases
where no category can be attributed to the MC events (True Categories = 0). These distribu-
tions overlap so well because they belong to residual events lacking in discrimination power to
distinguish between B0 and B0. The fraction of events for which no category can be attributed
is 7.17%. Within these events, only a tiny fraction of events such as B0→ J/ψK∗0(→ K+π−)

still contain flavor information. However, such events have branching fractions . 10−3 and,
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therefore, they cannot bring a considerable improvement. All particles providing clean flavor
signatures are correctly considered as signal by the individual categories. In this sense, the
flavor tagger uses all the available flavor information.
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Figure 4.20: Output q · r distributions of the FBDT (top) and the MLP (bottom) combiners on
Belle II MC (left) and on Belle MC (right). The distributions are shown for events where B0

tag

is a B0 and for events where it is B0. The events are sorted according to the number of true
categories. A category is considered as true for a certain event if its target particles are found
in the tag side of the events by examining the MC information.
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4.5.4 Performance of individual categories

Within each category, the respective event-level multivariate method assigns a value ycat to
each particle candidate. The candidates are ranked according to ycat, or, in the case of the
Maximum p∗ category, according to the momentum p∗ in the Υ(4S) frame. The candidate
with the highest ycat, or p∗, is selected and the product of its charge qcand times ycat is used as
input for the combiner methods. Only for the Kaon and the Lambda categories, the combiner
input value is the effective product (qcand · ycat)eff (eq. (4.13)). The effective product combines
the flavor information provided by the three candidates with the highest ycat value. The number
three was chosen since it led to the best results.

The distributions of the thirteen combiner input values are presented in Figs. 4.21 to 4.23
for events where the B0

tag meson is a B0, and for events where the B0
tag meson is a B0. These

distributions were obtained using Belle II MC. The large peaks at zero, which are present in
all the distributions apart from that belonging to Maximum p∗ (Fig. 4.23 (left)), correspond to
events where the selected candidate is very unlikely to provide flavor information. In general,
a value close to zero indicates that the probability of finding a certain flavor-specific signature
within the B0

tag final state is very low. A value closer to ±1 indicates a more reliable flavor
tag. In the case of Maximum p∗, there is no peak at zero since this category is inclusive for all
tracks, i.e. any event with tracks on the tag side provides flavor information.

Figure 4.23 (right) shows the relative ranking provided by the FBDT combiner. The ranking
provided by the FBDT is explained in detail in [115, 124]. The correlations between the
combiner input values are presented in Fig. 4.24.

For each individual category, an effective efficiency is calculated by taking the correspon-
ding combiner input value qcand · ycat, or (qcand · ycat)eff, as single flavor tag, i.e. considering
each category as a “sub-tagger”. The effective efficiency is obtained from the distribution of
the combiner input values (see for example Figs. 4.21 to 4.23) in the following way. The com-
biner input values are sorted into 100 bins with j = 1, 2, . . . , 100. The dilution factor for each
bin j is calculated separately for B0

tag = B0 (qMC = +1) and for B0
tag = B0 (qMC = −1) events

as

rjB0 = |1− 2wjB0| =
1− 2 ·

njB0

njB0 + nj
B0

 , (4.18)

where njB0 and nj
B0 are the number of tagged B0 (qMC = +1) and B0 (qMC = −1) events in

this bin. The dilution factor rj
B0 is calculated by swapping B0 with B0 in eq. (4.18). Subse-

quently, the rjB0 values are grouped depending on their values into the seven r bins shown in
Fig. 4.19 (Sect. 4.5.2). For each r bin, the average dilution factor 〈rB0〉i and the number of
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tagged B0 events niB0 are calculated as

〈rB0〉i =

∑
k

nkB0 · rkB0

niB0

, and niB0 =
∑
k

nkB0, (4.19)

where k extends over all entries in the i-th r bin. Similarly, the average dilution factor 〈rB0〉i
and the number of tagged B0 events ni

B0 are obtained by swapping B0 with B0 in eq. (4.19).
Using these quantities, the effective efficiency εeff and the difference ∆εeff are calculated as in
eqs. (4.15) and (4.16).

Table 4.3 presents a comparison of the effective efficiencies εeff and the differences ∆εeff

for individual categories calculated using qcand · ycat and using (qcand · ycat)eff. The results are
shown for Belle MC and for Belle II MC. The only category for which the use of (qcand · ycat)eff

leads to an increase in effective efficiency of more than one percent point on Belle MC and
on Belle II MC is the Kaon category. For the Electron, the Muon, the Kinetic Lepton, the
Kaon-Pion, the Slow Pion and the Fast Hadron categories, the use of (qcand · ycat)eff leads only
to slight increases. For the other categories, the effective efficiency either remains constant or
decreases slightly.

Table 4.4 shows the effective efficiencies εeff and the differences ∆εeff of the FBDT and the
MLP combiners for three different cases: I) the product qcand · ycat is used for all categories;
II) the effective product (qcand · ycat)eff is used only for the Kaon and the Lambda categories;
III) the effective product is used for the categories whose individual performance was improved
by its use (all except the Int. Muon, the Int. Kinetic Lepton, the Maximum p∗, and the Lambda
categories). Table 4.4 presents the results on Belle MC and on the official Belle II MC. In
comparison with case I, in case II the FBDT and the MLP combiners reach an increase in
effective efficiency by about two percent points on Belle MC and on Belle II MC. This increase
agrees with the improvement of the performance of the Kaon category due to the use of the
effective product. In comparison with case II, in case III the total effective efficiency of both
combiners decreases slightly for Belle II MC and stays almost constant for Belle MC.

As a conclusion, the final version of the category-based flavor tagger uses the effective
product as combiner input variable only for the Kaon and the Lambda categories (case II in
Tab. 4.4). For other categories, the effective product is not used because it does not improve
the total effective efficiency of the FBDT and the MLP combiners, and because its use only
increases the number of computations per B0

tag meson candidate.
Independent of the use of the effective product, the categories considering primary leptons,

kaons, and pions as targets provide clean flavor signatures and reach sufficiently high effec-
tive efficiencies. These categories, luckily, are found frequently in flavor-specific decays with
high branching fractions. The intermediate lepton categories and the lambda category provide
marginal tagging power.
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Figure 4.21: Combiner input distributions for the categories: Electron, Intermediate Electron,
Muon, Intermediate Muon, Kinetic Lepton and Intermediate Kinetic Lepton. The distributions
are shown for events with a true B0 and with a true B0 in the tag side.
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Figure 4.22: Combiner input distributions for the categories: Kaon, Kaon-Pion, Slow Pion,
Fast Hadron, FSC and Lambda. The distributions are shown for events with a trueB0 and with
a true B0 in the tag side.
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Table 4.3: Performance of individual categories calculated using the product qcand · ycat and
using the effective product (qcand · ycat)eff as combiner input variable. All values are given in
percent.

Belle II MC Belle MC
Category Variable εeff ± δεeff ∆εeff ± δ∆εeff εeff ± δεeff ∆εeff ± δ∆εeff

Electron
q · y 5.58± 0.01 0.25± 0.02 5.80± 0.01 −0.04± 0.03

(q · y)eff 5.68± 0.01 0.30± 0.02 5.91± 0.03 0.10± 0.06

Int. Electron
q · y 1.40± 0.01 −0.22± 0.01 0.74± 0.01 0.00± 0.01

(q · y)eff 1.43± 0.01 −0.18± 0.01 0.74± 0.01 0.03± 0.01

Muon
q · y 5.64± 0.01 0.27± 0.02 5.74± 0.01 0.08± 0.03

(q · y)eff 6.04± 0.01 0.30± 0.03 5.98± 0.03 0.10± 0.06

Int. Muon
q · y 0.30± 0.01 −0.02± 0.01 0.33± 0.01 0.00± 0.01

(q · y)eff 0.28± 0.01 0.00± 0.01 0.37± 0.01 0.01± 0.01

Kin. Lepton
q · y 11.44± 0.02 0.43± 0.03 11.70± 0.02 0.08± 0.04

(q · y)eff 12.05± 0.02 0.51± 0.04 12.04± 0.04 0.16± 0.09

Int. Kin. Lep.
q · y 1.31± 0.01 −0.11± 0.01 0.56± 0.01 0.00± 0.01

(q · y)eff 1.03± 0.01 −0.03± 0.01 0.60± 0.01 0.02± 0.01

Kaon
q · y 17.57± 0.01 −0.56± 0.03 16.15± 0.03 −0.17± 0.07

(q · y)eff 21.19± 0.02 −0.76± 0.04 19.28± 0.02 −0.29± 0.04

Kaon-Pion
q · y 14.52± 0.01 −0.25± 0.03 15.15± 0.02 −0.26± 0.04

(q · y)eff 15.43± 0.01 −0.35± 0.03 15.78± 0.04 −0.01± 0.08

Slow Pion
q · y 9.89± 0.01 0.06± 0.02 9.27± 0.01 −0.05± 0.03

(q · y)eff 10.82± 0.01 0.10± 0.03 9.49± 0.03 0.03± 0.06

FSC
q · y 13.74± 0.02 −0.17± 0.03 11.54± 0.01 −0.11± 0.03

(q · y)eff 14.64± 0.02 −0.11± 0.03 11.30± 0.03 0.04± 0.06

Maximum p∗
q · y 12.99± 0.01 1.40± 0.03 11.96± 0.02 0.05± 0.03

(q · y)eff 12.54± 0.01 0.93± 0.03 11.82± 0.03 0.10± 0.06

Fast Hadron
q · y 4.70± 0.01 1.14± 0.01 1.54± 0.01 −0.04± 0.01

(q · y)eff 6.22± 0.01 1.46± 0.01 1.55± 0.01 −0.02± 0.02

Lambda
q · y 3.05± 0.01 0.79± 0.01 1.56± 0.01 0.26± 0.01

(q · y)eff 2.41± 0.01 0.62± 0.01 1.53± 0.01 0.24± 0.01
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Table 4.4: Performance of FBDT and of MLP combiners on MC for three different cases (see
text). Case II corresponds to the final version of the algorithm. All values are given in percent.

Belle II MC Belle MC
Combiner Case εeff ± δεeff ∆εeff ± δ∆εeff εeff ± δεeff ∆εeff ± δ∆εeff

FBDT
I 34.33± 0.05 −0.98± 0.10 32.03± 0.12 −0.31± 0.24

II 37.03± 0.05 −1.21± 0.10 34.18± 0.06 −0.18± 0.11

III 36.66± 0.05 −0.80± 0.10 34.19± 0.06 −0.10± 0.11

MLP
I 33.97± 0.05 −0.53± 0.10 31.90± 0.12 −0.31± 0.24

II 36.90± 0.05 −1.87± 0.10 34.07± 0.06 −0.03± 0.11

III 36.50± 0.05 −0.32± 0.10 34.11± 0.06 0.05± 0.11

4.5.5 Performance of combiners on Belle II MC and on Belle MC

The combiner level is the last step in the process of the category-based flavor tagger. At this
level, a FBDT method combines the flavor information provided by the individual categories.
An independent multivariate method, the MLP combiner, is used to cross-check the result of
the FBDT. Both combiners receive the same input information and deliver independent output
values y = q · r corresponding to the flavor of B0

tag times the dilution factor r.

The official Belle II MC and the Belle MC samples are generated with the CP violation
parameters (ACP ,SCP ) = (0, 0.69). After training and testing the flavor tagger with both MC
samples, the output y = q · r is distributed as in Fig. 4.25 (left). Figure 4.25 (right) shows the
distributions of the product qMC ·q·r, where qMC is the true flavor ofB0

tag at the time of its decay.
For the FBDT and the MLP combiners, the distributions on Belle II MC show a considerable
asymmetry in the central region, and very small ones at −1 and at +1. On Belle MC, only
very small asymmetries are present at −1 and at +1 for both combiners. The asymmetries in
the performance of the flavor tagger will be discussed in Sect. 4.6.

The performance of the flavor tagger has an important impact on the measurement of the
CP -violation parameters and of the B0 − B0 mixing. As explained in Sect. 4.2, the time-
dependent and the time-integrated probability functions P(∆t, q) and P(q) require as input
the values of the efficiency ε, the parameter µ = ∆ε/(2ε), the wrong-tag fraction w, and
the difference ∆w for each r bin. Figures 4.26(a) and 4.26(b) show the respective values for
the FBDT and the MLP combiners on the official Belle II MC. The combiners have slightly
different performances depending on the r bin. The largest bin-to-bin differences are observed
for the parameter µ. On the other hand, the values of ε and w follow similar patterns for both
combiners. The values of ∆w are relatively large for the two lowest bins. This is related with
the asymmetries in the central q · r regions. For the other r bins, the values of ∆w are close to
zero.
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Figure 4.26(c) shows a linearity check between the true dilution rMC determined using MC
information and the mean 〈r〉 of the dilution provided by the combiners, separately for B0 and
B0 tags. The concept of the linearity check was explained in Sect. 4.5.2.

The true dilution corresponds to rMC = |1− 2wMC|, where the wrong-tag fraction wMC is
calculated as in eq. (4.17). And the mean value 〈r〉 corresponds to (〈rB0〉+ 〈rB0〉)/2. The
linearity check verifies the equivalence on average between the output q · r and the product
qMC · rMC. In general, if the dilution r = |y| provided by the combiners is linear with respect to
the true dilution, the wrong-tag fraction w can be extracted from the combiner output y = q · r
through

w =
1− |y|

2
. (4.20)

As Fig. 4.26(c) shows, for the official Belle II MC the linearity is fulfilled on average for both
combiners. To reach the linear calibration for the MLP combiner on average, one of its hyper-
parameters, namely the cost function for the training procedure, had to be chosen to be linear.
However, considering independently the results for B0 and for B0 events, the linearity is not
fulfilled. Thus, the output wrong-tag fraction w is equal to wMC on average, but the individual
fractions wB0 and wB0 do not correspond to wMC,B0 and wMC,B0 in the two lowest r bins. This
effect is also caused by the asymmetry in the central q · r region, which will be discussed in
Sect. 4.6.

This configuration was crucial to reach a linear calibration of the MLP combiner. The
concept of linear calibration will be introduced in Sect. 4.5.2.

Figures 4.27(a) and 4.27(b) show the values of ε, ∆ε, w, and ∆w for the FBDT and the
MLP combiners on Belle MC. Also for Belle MC, the combiners have slightly different per-
formances depending on the r bin. The values of the parameter µ have the largest differences
when comparing the FBDT and the MLP combiners. On the other hand, the values of ε and w
are similar, and the values of ∆w are all relatively close to zero. However, the pattern of ∆w

value differs slightly between combiners.
For Belle MC, the linearity is fulfilled for both combiners on average, and independently for

B0 and for B0 events, as Fig. 4.27(c) shows. In this case eq. (4.20) is valid for w, for wB0 and
for wB0.

Table 4.5 contains the total effective efficiencies εeff and the differences ∆εeff for the FBDT
and the MLP combiners, on the official Belle II and on Belle MC. The differences between
the results for the FBDT and for the MLP combiner are very small. On Belle II MC the
performance of both combiners is about 3% higher than on Belle MC. This is expected because
the Belle II MC is simulated without background, and because Belle II has a more accurate
track reconstruction and particle identification (see Sect. 3.2 and 3.3).
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Figure 4.25: Performance of the FBDT and of the MLP combiners on (a) Belle II MC and on
(b) Belle MC: (left) combiner output; (right) combiner output multiplied by the true flavor of
B0

tag qMC.
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Figure 4.26: Belle II MC: performance of the FBDT (left) and of the MLP (right) combiners.



116 4. The Belle II flavor tagger

FBDT combiner MLP combiner

0

10

20

30
ε

[%
]

Average

B̄0

B0

0 0.1 0.25 0.5 0.75 1.0
rFBDT

−3

−2

−1

0

1

2

3

µ
[%

]

0

10

20

30

ε
[%

]

Average

B̄0

B0

0 0.1 0.25 0.5 0.75 1.0
rMLP

−3

−2

−1

0

1

2

3

µ
[%

]

(a) εB0, εB0, and µ = (εB0 − εB0)/(εB0 + εB0) for each r bin.

0

10

20

30

40

50

w
[%

]

Average

B̄0

B0

0 0.1 0.25 0.5 0.75 1.0
rFBDT

−12

−8

−4

0

4

8

12

∆
w

[%
]

0

10

20

30

40

50

w
[%

]

Average

B̄0

B0

0 0.1 0.25 0.5 0.75 1.0
rMLP

−12

−8

−4

0

4

8

12

∆
w

[%
]

(b) wB0, wB0, and ∆w = wB0 − wB0 for each r bin.

0 0.1 0.25 0.5 0.75 1.0
〈rFBDT〉

0

0.1

0.25

0.5

0.75

1.0

r M
C

=
|1
−

2
·w

M
C
| Average

B̄0

B0

0 0.1 0.25 0.5 0.75 1.0
〈rMLP〉

0

0.1

0.25

0.5

0.75

1.0

r M
C

=
|1
−

2
·w

M
C
| Average

B̄0

B0

(c) Correlations between rMC = | 1 − 2wMC| and 〈|q · r|〉 for each r bin.

Figure 4.27: Belle MC: performance of the FBDT (left) and of the MLP (right) combiners.
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Table 4.5: Performance of FBDT and of MLP combiners on Belle II MC and on Belle MC. All
values are given in percent. The Belle II results were obtained using the official Belle II MC.

FBDT combiner MLP combiner
MC type εeff ± δεeff ∆εeff ± δ∆εeff εeff ± δεeff ∆εeff ± δ∆εeff

Belle II 37.03± 0.05 −1.21± 0.10 36.90± 0.05 −1.87± 0.10

Belle 34.18± 0.06 −0.18± 0.11 34.07± 0.06 −0.03± 0.11

4.6 Understanding the asymmetries
Asymmetries in the performance of the flavor tagger might be expected due to particle-charge
dependent detector performance. Also the correlation between the impact parameters and the
CP -violation parameters may lead to such asymmetries. Impact parameters are correlated with
the decay vertex position of B0

tag which depends on the decay time ttag of B0
tag and the boost

βγ. Figure 4.28 shows the MC distributions of ∆t = tsig − ttag and ttag, as well as the MC
distributions of zdec

tag − zprod
tag for Belle II and for Belle. The variables zdec

tag and zprod
tag are the

positions of the decay and the production vertices of B0
tag along the z axis. The CP -violation

parameters correspond to (ACP ,SCP ) = (0, 0.69). The distributions are shown as functions
of the flavor of B0

tag at the time of its decay. Due to the CP violation, the ∆t and the ttag

distributions are different for events where B0
tag is a B0, and for events where B0

tag is a B0.
Therefore, the zdec

tag − zprod
tag distribution is also different for B0 and B0 events. At Belle II, the

average boost 〈βγ〉 is smaller than at Belle II and, therefore, the zdec
tag − zprod

tag distribution at
Belle II decreases more steeply compared to Belle.

Figure 4.29 shows the MC distributions of ∆t, tsig, and ttag for the three different values of
SCP considered for the flavor tagging studies in this thesis. The ∆t distributions are described
by eq. (2.33) (see Sect. 2.7.3). The probability density functions describing the tsig and the ttag

distributions can be found in App. A.3. The official Belle II MC and the Belle MC samples
were generated with SCP = 0.69. The other values of SCP correspond to private MC samples.
As Fig. 4.29 shows, depending on the CP -violation parameters, the distributions of ∆t, tsig,
and ttag are different for events where B0

tag is a B0, and for events where B0
tag is a B0.

Since the ttag distributions for B0 and for B0 are different, the respective decay vertex dis-
tributions of B0

tag also depend on the value of SCP . Considering now the daughters of B0
tag, their

production vertex corresponds to the B0
tag decay vertex. For a charged particle, the production

vertex is correlated with the impact parameters of the associated reconstructed track. There-
fore, the impact parameters of tracks providing flavor information is different for positively
and for negatively charged particles, depending on the CP -violation parameters.

Figures 4.30 and 4.31 show the impact parameter distributions of the target particles of the
Electron, the Muon, the Kaon and the Slow Pion categories for the three considered values of
SCP . The distributions for positively and for negatively charged particles are normalized such
that the area below the curves equals unity. Each plot shows in the lower part the asymmetry
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Figure 4.28: MC distributions of (a) ∆tgen = tgen
sig − tgen

tag and (b) tgen
tag , as well as the MC

distributions of zdec
tag − zprod

tag for (c) Belle II and for (d) Belle. The distributions are shown for
all events, for events where B0

tag is a B0, and for events where B0
tag is a B0.

between the fractions of positively and negatively charged particles, f+ and f−. The effect of
the CP -violation parameters is larger in the z-axis (beam axis), and therefore it is large for ξ0,
which is equal to

√
d2

0 + z2
0 . Due to the crossing angle between electron and positron beams

(see Sect. 3.1), the boost direction is not perfectly parallel to the z-axis. Therefore, the effect of
the CP -violation parameters is also visible for d0 which is the impact parameter on the plane
orthogonal to the z-axis.
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Figure 4.29: Distributions of ∆tgen, tgen
sig and tgen

tag for the three considered values of SCP .
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Figure 4.30: Belle II MC distributions of the impact parameter d0 for the target particles of the
Electron, the Muon, the Kaon and the Slow Pion categories.
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Figure 4.31: Belle II MC distributions of the impact parameter ξ0 =
√
d2

0 + z2
0 for the target

particles of the Electron, the Muon, the Kaon and the Slow Pion categories.
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In the Belle II MC samples used to develop and to optimize the flavor tagger, the production
vertex of the B mesons is always at the origin. This means that the decay vertex of B0

tag

is distributed as in Fig. 4.28(c). In the Belle MC, the production vertex of the B mesons
is distributed according to the size and the position of the interaction region at KEKB. The
spread of the B0

tag production vertex blurs the asymmetry of the B0
tag decay vertex for B0 and

B0 events, as Fig. 4.32 shows. The respective impact parameter distributions are presented in
Figs. 4.33(a) to 4.33(d). As these figures show, the asymmetries are negligible at Belle.

At SuperKEKB, the interaction region has in reality a certain size, and the asymmetry of
the B0

tag decay vertex becomes blurred too. However, the size of the interaction region at Su-
perKEKB (about 0.5 mm in z-direction) is about twenty times smaller than at KEKB. Recent
Belle II MC takes this into account. The results using these new samples show that the asym-
metry of the B0

tag decay vertex will play indeed a role at Belle II. These results will be shown
in chapter 5.

Impact parameters have a high power to discriminate primary from secondary particles and
help thus identify particles providing clean flavor signatures such as primary leptons. How-
ever, if impact parameters are used as input variables for flavor tagging, their correlation with
the CP -violation parameters may cause systematic effects in CP -violation analyses. To in-
vestigate such effects, the flavor tagger was trained for three different values of SCP using
Belle II MC. Next, the trained flavor tagger was tested in each case for the three different
values of SCP .

Figure 4.34 (left) shows the output of the flavor tagger after being trained using the official
Belle II MC sample (SCP = 0.69). The trained flavor tagger was tested for the three different
values of SCP . In all the cases, the central bump in the q · r distribution is shifted towards
negative values. The total effective efficiency and the difference ∆εeff have different values
for the different values of SCP (the values are presented in the figure). Figure 4.34 (right)
shows the output of the flavor tagger multiplied by the true flavor qMC of B0

tag. For all values
of SCP , the asymmetry between B0 (qMC = −1) and B0 (qMC = 1) is similar.

Figure 4.35 presents the corresponding values of ε, µ, w and ∆w for each r bin, as well
as the linearity checks. As Fig. 4.35(a) and Fig. 4.35(b) show, the values of ε, µ, w and ∆w

change slightly depending on the values of SCP . The changes are largest for the parameter µ.
Figure 4.35(c) shows the linearity checks for the three different values of SCP . On average, the
output dilution rFBDT corresponds to the true dilution rMC. However, this does not hold if one
considers separately the events where B0

tag is a B0 or a B0: for the two lowest r bins, the value
of rFBDT differs considerably from rMC. However, for all the three values of SCP , the linearity
plots have a similar pattern.

The results show that the multivariate methods in the flavor tagger learn the asymmetry
of the training sample. To check if this can be avoided by removing the impact parameters,
the flavor tagger was trained using the official Belle II MC without d0 and ξ0. In this case,
the central bump in the q · r distribution is placed at zero for the different values of SCP .
However, other asymmetries at different r bins become prominent. Additionally, the effective
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efficiency drops by about 3 percent points from about 37.0% to about 33.5%. The results
obtained without d0 and ξ0 can be seen in App. B.4.

Figure 4.36 shows the distributions of the q · r output and the product qMC · q · r for the
three different SCP cases. In each case, the flavor tagger was trained and tested for the same
value of SCP using d0 and ξ0. The training and testing MC samples were generated with
the same value of SCP . As Fig. 4.36 (left) shows, for SCP = 0, the central bump in the q · r
distribution is placed at zero, while for SCP = +0.69 it is shifted towards negative values, and
for SCP = −0.69 it is shifted towards positive values. Figure 4.36 (right) shows the output
of the flavor tagger multiplied by qMC. In the case of SCP = 0, the distributions for B0 and
for B0 overlap in the whole range except near −1 and near +1. In the case of SCP = −0.69,
the distributions for B0 and for B0 are asymmetric relative to each other. And in the case of
SCP = −0.69, the asymmetry is flipped.

Figure 4.37 presents the corresponding values of ε, µ, w and ∆w for each r bin, as well as
the linearity checks. Considering first the results for SCP = 0, the distribution of µ has values
within 0% and 1% except for the highest r bin, where it reaches a value of about −1.5%.
The values of ∆w are less than 2% for each r bin. On the other hand, the respective linearity
plot shows that the average dilution as well as the dilutions for B0 and for B0 are correctly
calibrated.

Considering now the results for SCP = 0.69 and for SCP = −0.69, the µ distributions in
Fig. 4.37(a) have different patterns and they reach values close to −2% and close to +2% in
different r bins. The respective ∆w distributions in Fig. 4.37(b) have values close to zero,
except for the two lowest r bins, where ∆w reaches about 12% for SCP = 0.69, and about
−12% for SCP = −0.69. Similarly, the linearity plots in Fig. 4.37(c) show that the dilutions
for B0 and for B0 are not correctly calibrated in the two lowest r bins. The pattern in the
linearity plot for SCP = 0.69 is flipped relative to the case SCP = −0.69.

To prevent the multivariate methods from learning the asymmetries caused by the input
CP violation, the flavor tagger has to be trained for (ACP ,SCP ) = (0, 0). Figure 4.38 shows
the q · r output and the product qMC · q · r after training the flavor tagger with a Belle II MC
sample for which (ACP ,SCP ) = (0, 0). The flavor tagger is tested for the three considered
values of SCP . In all the cases, the q·r distributions are symmetric and the qMC·q·r distributions
for B0 and for B0 overlap. Only near −1 and near +1, small asymmetries are present.

As Fig. 4.39 shows, if the flavor tagger is trained using a sample for which
(ACP ,SCP ) = (0, 0), the values of µ still change slightly depending on the value of SCP , but
the values of ∆w remain constant close to zero. Considering the linearity plots, the dilution
factor is correctly calibrated on average, and separately for B0 and for B0 in all the cases.

To check if the correlation between µ and SCP disappears, the flavor tagger was trained and
tested without d0 and ξ0 for (ACP ,SCP ) = (0, 0). Even in this case, a small correlation between
µ and SCP remains. Furthermore, other asymmetries in central r bins become prominent, and
the effective efficiency reduces by about 3 percent points from 36.7% to 33.5%. The results
can be seen in App. B.4.



124 4. The Belle II flavor tagger

0.00

0.02

0.04

0.06

F
ra

ct
io

n
of

E
ve

nt
s
/

(
0.

06
0

cm
)

B̄0

B0

−1.5 −1.0 −0.5 0.0 0.5 1.0 1.5

(zdec
tag)gen [cm]

−0.5

0.0

0.5

f
B

0
−
f
B

0

f
B

0
+
f
B

0

Figure 4.32: Belle MC: distri-
bution of the decay vertex of
B0

tag depending on its flavor at
the time of its decay. The
CP -parameters used to gene-
rate the MC are ACP = 0 and
SCP = 0.69.
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Figure 4.33: Belle MC: distributions of the impact parameter ξ0 =
√
d2

0 + z2
0 for the target

particles of (a) the Electron, (b) the Muon, (c) the Kaon and (d) the Slow Pion categories.
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Figure 4.34: Performance of the FBDT combiner for three values of SCP : (left) combiner
output; (right) combiner output multiplied by the true flavor of B0

tag qMC. The effective effi-
ciencies εeff and the differences ∆εeff are given in percent. The flavor tagger was trained using
the official Belle II MC sample for which SCP = 0.69.
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(b) wB0, wB0, and ∆w = wB0 − wB0 for each r-bin.
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(c) Correlations between |rMC = 1 − 2wMC| and 〈|q · r|〉 for each r bin.

Figure 4.35: Performance of the FBDT combiner for three different values of SCP . The flavor
tagger was trained using the official Belle II MC sample for which SCP = 0.69.
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Figure 4.36: Performance of the FBDT combiner for three values of SCP : (left) combiner out-
put; (right) combiner output multiplied by the true flavor ofB0

tag qMC. The effective efficiencies
εeff and the differences ∆εeff are given in percent. The flavor tagger was trained in each case
for the respective value of SCP .



128 4. The Belle II flavor tagger

ACP = 0, SCP = 0.69 ACP = 0, SCP = 0 ACP = 0, SCP = −0.69

0

10

20

30

ε
[%

]

Average

B̄0

B0

0 0.1 0.25 0.5 0.75 1.0
rFBDT

−3

−2

−1

0

1

2

3

µ
[%

]

0

10

20

30

ε
[%

]

Average

B̄0

B0

0 0.1 0.25 0.5 0.75 1.0
rFBDT

−3

−2

−1

0

1

2

3
µ

[%
]

0

10

20

30

ε
[%

]

Average

B̄0

B0

0 0.1 0.25 0.5 0.75 1.0
rFBDT

−3

−2

−1

0

1

2

3

µ
[%

]
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(c) Correlations between |rMC = 1 − 2wMC| and 〈|q · r|〉 for each r bin.

Figure 4.37: Performance of the FBDT combiner for three different values of SCP . The flavor
tagger was trained in each case for the respective value of SCP .
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Figure 4.38: Performance of the FBDT combiner for three values of SCP : (left) combiner out-
put; (right) combiner output multiplied by the true flavor ofB0

tag qMC. The effective efficiencies
εeff and the differences ∆εeff are given in percent. The flavor tagger was trained using a private
Belle II MC sample for which SCP = 0.
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(a) εB0, εB0, and µ = (εB0 − εB0)/(εB0 + εB0) for each r bin.
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(b) wB0, wB0, and ∆w = wB0 − wB0 for each r bin.
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(c) Correlations between |rMC = 1 − 2wMC| and 〈|q · r|〉 for each r bin.

Figure 4.39: Performance of the FBDT combiner for three different values of SCP . The flavor
tagger was trained using a private Belle II MC sample for which SCP = 0.
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To summarize, asymmetries in the performance of the flavor tagger are observed if the algo-
rithm is trained with SCP 6= 0. Without impact parameters, the effect becomes smaller, but the
effective efficiency decreases by about 3 percent points. Thus the solution is to keep the impact
parameters, but training the flavor tagger with MC samples generated without CP -violation.
However, a small dependency between µ and SCP remains. This correlation potentially causes
systematic effects, which will have to be studied in the future. For the performance study
presented in this thesis, this effect is negligible as it will be shown in Sect. 6.8.

4.7 Correlations with the generated ∆t

The time difference ∆t is defined as tsig − ttag. When B0
tag decays first, the value of ∆t is

positive; and when it decays after B0
sig, ∆t is negative. Figure 4.40 shows the MC distributions

of ttag and of tsig for positive and for negative values of ∆t. The distributions were obtained
from the official Belle II MC sample for which (ACP ,SCP ) = (0, 0.69). The distributions are
shown for all events, for events where B0

tag is a B0 and for events where B0
tag is a B0. Consid-

ering first the distributions for all events (black dotted lines), the decay time of the B meson
decaying first follows an exponential distribution, while the decay time of the one decaying
second follows a distribution that starts at zero, reaches a maximum at −τB0 · log 1

2
≈ 1.06 ps,

and then decreases exponentially towards zero.
Considering now ttag when B0

tag decays first (Fig. 4.40(a)), the distributions for B0 and for
B0 follow the same exponential decay, but they have different starting heights. This difference
occurs because the CP violation on the signal side changes the fractions of B0 and of B0 on
the tag side. The difference in height depends on the CP -violation parameters ACP and SCP .
When B0

tag decays second (Fig. 4.40(b)), the distributions for B0 and for B0 have different
shapes, but they start both at zero. The difference in shape depends on ACP and SCP .

Considering tsig when B0
sig decays first (Fig. 4.40(d)), the distributions for B0 and for B0 are

exchanged in comparison with the distributions for ttag when B0
tag decays first (Fig. 4.40(a)).

Similarly, when B0
sig decays second, the distributions for tsig (Fig. 4.40(c)) are exchanged in

comparison with the distributions for ttag when B0
tag decays second (Fig. 4.40(a)).

Figure 4.41 shows the MC distributions of ttag and of tsig obtained from the private
Belle II MC sample for which (ACP ,SCP ) = (0, 0). In this case, all the distributions for B0

overlap with the respective distributions for B0. However, the distributions for all the events
have the same shape as whenACP and SCP are not zero. These shapes depend on the order the
B mesons decayed. The probability density functions describing the MC distributions of ttag

and of tsig can be found in App. A.3.
As shown in the previous section, impact parameters are correlated with the decay vertex

of B0
tag and, in turn, also correlated with the decay time ttag. Using impact parameters as

input variables correlates the performance of the flavor tagger with the decay time ttag and,
consequently, with the time difference ∆t.
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Figure 4.40: MC distributions of ttag and tsig for positive and for negative values of the
generated ∆t. The distributions are shown for all events, for events where B0

tag is a B0, and for
events where B0

tag is a B0.
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Figure 4.41: MC distributions of ttag and tsig for positive and for negative values of the
generated ∆t. The distributions are shown for all events, for events where B0

tag is a B0, and for
events where B0

tag is a B0.
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Figure 4.42 shows the q · r output of the flavor tagger and the product qMC · q · r for positive
and for negative values of ∆tgen. The flavor tagger was trained and tested with the Belle II MC
samples for which (ACP ,SCP ) = (0, 0). These samples allow the study of the correlations with
the generated ∆tgen avoiding the correlations with the CP -violation parameters. As Fig. 4.42
shows, the distributions for positive and for negative values of ∆tgen are slightly different. The
effective efficiency for positive values of ∆tgen is about 0.5% higher than for negative values
of ∆tgen. When ∆tgen is negative, the tgen

tag distribution has a large population at late times.
Thus, the performance of the flavor tagger is expected to be worse. Considering ∆εeff , the
difference between positive and negative ∆tgen regions is only about 0.2 percent points.

Figure 4.43 shows the respective values of ε, µ, w and ∆w for each r bin, and for the positive
and the negative ∆tgen regions. The differences between the positive and the negative ∆tgen

regions are very small, and they are largest for the parameter µ.
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Figure 4.42: Performance of the FBDT combiner for different ∆tgen ranges. The effective
efficiencies εeff and the differences ∆εeff are given in percent. The flavor tagger was trained
and tested with Belle II MC generated with SCP = 0 .
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Figure 4.43: Performance of the FBDT combiner for different ∆tgen ranges. The flavor tagger
was trained and tested with Belle II MC generated with SCP = 0.
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To test if the small correlation with ∆tgen can be removed by avoiding the impact para-
meters, the flavor tagger was trained and tested without using impact parameters as input
variables. In this case, the differences between the positive and the negative ∆tgen ranges be-
come smaller, but they still remain, especially for the parameter µ. The results can be seen in
App. B.4.

In the Belle II MC samples used for the studies in this chapter, the production vertex of the
Υ(4S) is fixed at the origin. However, at SuperKEKB the interaction region has a size of about
0.5 mm (in z-direction). Under this condition, the correlation of the flavor tagger performance
with ∆tgen becomes smaller as the production vertex of B0

tag is not fixed at the origin. Further-
more, the reconstructed ∆t is not exactly equal to ∆tgen. Although the correlation between the
performance of the flavor tagger and the reconstructed ∆t is found to be negligible at Belle,
this correlation will have to be studied for time-dependent analyses at Belle II. For the per-
formance study of B0 → π0π0 presented in chapter 6, this effect is negligible because of the
relatively coarse ∆t resolution for events with Dalitz π0s and with converted photons.

4.8 Performance on Belle data

At present, the only possibility to evaluate the performance of the analysis algorithms de-
veloped for Belle II is to use Belle data. The evaluation of the category-based flavor tag-
ger employs a set of B0 B0 pairs, where the same decay channel used for training and for
testing on MC is reconstructed in the signal side, i.e. B0

sig→ J/ψ (→ µ+µ−)K0
S (→ π+π−).

The data sample corresponds to the events selected for the latest Belle analysis of the decay
B0 → J/ψK0

S [59]. This analysis employed the full Belle data sample collected at the Υ(4S)

resonance corresponding to 711 fb−1. For the evaluations performed in this work, only the
events with J/ψ (→ µ+µ−) candidates were employed. The reconstruction of the J/ψ candi-
dates at Belle is described in [131, 132].

Since the reconstruction of the decay chain was performed using BASF, the events associ-
ated with the B0

sig candidates were converted to be analyzed using BASF2 (see documentation
in [127]). The converted events contain only the reconstructed high-level objects, i.e. the
tracks, the clusters and the K0

S candidates. Therefore, the signal decay channel must be recon-
structed again using BASF2 as explained in Sect. 4.5.1.

To distinguish between the signal and the continuum background, an sPlot analysis is per-
formed. The sPlot is a statistical tool developed at B factories to unfold the distributions of
the different components in a data sample [29, 133]. It was developed to verify that each com-
ponent describes the data well in all control variables. For this, the analysis needs at least one
discriminating variable for which the distribution of each component is known. The essen-
tial requirement is that the discriminating variables are uncorrelated with the studied control
variables. The advantage of the sPlot is that all events in the sample can contribute to the
distributions of the control variables because they do not have to fulfill any requirements.
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In this thesis, the beam constrained mass mbc is used as discriminating variable to unfold
the signal and the continuum components in the q · r distribution. Since mbc is not correlated
with the output q · r of the flavor tagger, the essential requirement is fulfilled.

The sPlot analysis requires the probability density functions (PDF) describing the distribu-
tion of the discriminating variable for the signal and the background components. The signal
mbc distribution is modeled as the sum of two Gaussian functions (see App. C.1):

Psig(mbc) ≡ f1 ·G(mbc;µ1, σ1) + (1− f1) ·G(mbc;µ1 − µ2,
σ1

σ2

).

This PDF is fitted to the mbc distribution of the Belle MC events used for testing (about 2
million events) to determine the parameters f1, µ2 and σ2.

The continuum mbc PDF is modeled using an ARGUS function (see App. C.2):

Pcont(mbc) ≡ ARGUS(mbc; a, c).

The parameters µ1, σ1, a, and c are determined by performing a maximum likelihood fit to the
Belle data. The total likelihood for the fit is given by

L ≡
∏
i=1

(fsig · Psig(mbc) + (1− fsig) · Pcont(mbc)) ,

where i extends over all events in the data sample, and fsig is the fraction of signal events.
After the fit, all parameters of the signal and the continuum PDFs are fixed. Figure 4.44 shows
the projection of the fit result onto the mbc distribution of B0

sig candidates. The fitted signal
and continuum PDFs are used for the sPlot analysis. The analysis performs an extended
maximum likelihood fit (see Sect. 6.10) to extract from the data the number of signal and
continuum events Nsig and Ncont, as well as the correlation coefficient between them. Finally,
it provides so-called sWeights for each event. The signal and continuum sWeights wsig and
wcont are defined as(

wsig

wcont

)
=

C−1

Nsig · Psig +Ncont · Pcont

·
(
Psig

Pcont

)
,

where C−1 is the inverse of the covariance matrix between Nsig and Ncont.
On Belle data, the measured value of the efficiency ε = Ntag

N
, i.e. the percentage of events

with at least one track on the tag side (taggable events), is 99.8 %, which is equal to the previous
value measured by Belle using the Belle flavor tagger [130] and is consistent with the value of
99.9% obtained using the Belle II flavor tagger on Belle MC and on Belle II MC.

To evaluate the performance of the flavor tagger on data, two histograms of q · r, one for
the signal and one for the continuum component, are filled by weighting the events with the
respective sWeights. Each histogram is normalized such that the integral below its curve is
equal to one. After this, the q · r distribution obtained on the testing Belle MC sample is
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Figure 4.44: Fit projection of the totalmbc PDF for candidates reconstructed asB0
sig→ J/ψK0

S
using Belle data. The number of signal events determined with the sPlot analysis is 8508±98,
and of continuum events is 6332± 86. The given uncertainties are only statistical.

normalized and compared with the signal histogram on data. Figure 4.45 shows the normalized
q · r distributions of the signal component on Belle data and on Belle MC for the FBDT and
for the MLP combiners. Within the uncertainties, the shapes of the distributions for Belle data
and Belle MC show good agreement. Figure 4.46 shows the normalized q · r distributions for
the continuum component on Belle data for FBDT and for MLP combiners. Both distributions
have a large peak at zero and decrease in population towards the boundaries (r = |y| = 1),
where the signal distributions peak (Fig. 4.45).

The discrimination power of q · r between signal and continuum components strongly mo-
tivates the use of the flavor tagger output as additional variable for continuum suppression
in analyses where flavor tagging is not required, e.g. in analysis of charged B± decays. An
advantage is also that q · r is not correlated with the kinematic variables mbc and ∆E. The
correlation coefficient (eq. (4.11)) between q · r and mbc is −0.2% for both the FBDT and
the MLP combiners. The correlation coefficient between q · r and ∆E is 0.2% for the FBDT
combiner, and less than 0.1% for the MLP combiner. These coefficients were calculated using
Belle data. On Belle MC, all aforementioned coefficients are smaller than 0.1%.
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Figure 4.45: Normalized q · r distributions on Belle data and on Belle MC for FBDT and for
MLP combiners. Only the contribution from the signal component of the Belle data is shown.
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Figure 4.46: Normalized q ·r distributions on Belle data for FBDT and MLP combiners. Only
the contribution from the continuum component is shown.
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Since the q·r distributions for Belle data and Belle MC show very good agreement, and since
the flavor tagger is correctly calibrated on Belle MC (see Fig. 4.27(c)), the mean values 〈r〉i
obtained from the combiner output are assumed to be equal to the true dilution factors rdata,i

to estimate the effective efficiency εeff (eq. (4.14)) on Belle data. In other words, the mean
wrong-tag fractions wi calculated from the flavor tagger output are assumed to be correct. As
will be discussed in Sect. 4.14, the wrong-tag fractions wi and the differences ∆wi have to be
determined on data in order to employ the Belle II flavor tagger in future data analyses.

The effective efficiency estimated for each r bin on Belle data is presented in Tab. 4.6 for the
FBDT and the MLP combiners. Only statistical uncertainties are considered. The FBDT com-
biner achieves a total effective efficiency εeff of (33.5± 0.5)%, identical to the MLP combiner
(33.4± 0.5)%.

Table 4.6: Performance of the FBDT and the MLP combiners on Belle data. All values are
given in percent considering only statistical uncertainties.

FBDT Combiner
r- Interval εi ± δεi wi ± δwi εeff,i ± δεeff,i

0.000− 0.100 15.2± 0.4 47.64± 0.04 0.034± 0.001

0.100− 0.250 16.5± 0.4 41.50± 0.06 0.477± 0.013

0.250− 0.500 20.3± 0.4 31.39± 0.09 2.803± 0.066

0.500− 0.625 10.0± 0.3 21.74± 0.06 3.204± 0.105

0.625− 0.750 11.1± 0.4 15.63± 0.06 5.222± 0.162

0.750− 0.875 10.3± 0.3 9.40± 0.06 6.807± 0.218

0.875− 1.000 16.4± 0.4 2.33± 0.05 14.863± 0.366

Total εeff =
∑

i εi · 〈1− 2wi〉2 = 33.5± 0.5

MLP Combiner
r- Interval εi ± δεi wi ± δwi εeff,i ± δεeff,i

0.000− 0.100 15.13± 0.4 47.58± 0.04 0.035± 0.001

0.100− 0.250 15.48± 0.4 41.47± 0.06 0.450± 0.013

0.250− 0.500 21.05± 0.4 31.34± 0.09 2.927± 0.067

0.500− 0.625 10.63± 0.3 21.77± 0.06 3.382± 0.107

0.625− 0.750 10.77± 0.3 15.64± 0.06 5.076± 0.159

0.750− 0.875 10.43± 0.3 9.43± 0.06 6.857± 0.219

0.875− 1.000 16.34± 0.4 2.69± 0.05 14.602± 0.360

Total εeff =
∑

i εi · 〈1− 2wi〉2 = 33.4± 0.5
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4.9 Test of robustness

As presented in the previous section, the shapes of the q · r output distributions of the FBDT
and the MLP combiners on Belle MC show very good agreement with the shapes of the distri-
butions on Belle data. The effective efficiencies achieved on Belle data and on Belle MC are
also compatible within the statistical uncertainties.

To reach a high effective efficiency, the Belle II flavor tagger is optimized to maximally
exploit the available information on the B0

tag side. For this reason, a large number of input
variables is used for the different flavor tagging categories. The number of input variables is
108. Some of them are used several times for different categories, yielding in total 220 input
variables. This leads to the question if the compatibility observed using Belle MC and Belle
data is not inherent to the choice of the input variables. In order to answer this, the flavor
tagger was trained with Belle MC using different subsets of input variables, and tested with
both, Belle MC and Belle data. Obviously, the effective efficiency is expected to change by
changing the number of input variables, but the compatibility between the results obtained with
data and with MC should remain constant, if the simulation of input variables is correct. In
this way, potential differences between the results on MC and on data are evaluated by altering
the input information.

For this study, the input variables used at the event level are divided into four subsets accord-
ing to their type, the ranking provided by the FBDT method and the correlations among them.
As explained in Sect. 4.3, input variables can be classified into two types, PID and kinematic
variables. Each of these types can be split again into two types, “high” and “low”, according to
the FBDT ranking and according to the correlations between the variables. E.g., p∗ is usually
ranked high within several categories, but p∗t is ranked low as it is correlated to about 99% with
p∗. Thus, p∗ and p∗t are classified into the same group. The same criterion is followed for the
other variables.

Table 4.7 shows the four considered subsets of input variables for each category: PID-high,
PID-low, kinematic-high and kinematic-low. The number of possible combinations of two
subsets is six; and the number of possible combinations of three subsets is four; together
with the four single subsets, the sum yields 14 different combinations of variables. For each
combination, the flavor tagger was trained using Belle MC and tested on Belle MC and on
Belle data.

For some combinations of input variables, there are certain categories that have only one
single variable. For example, the Kaon-Pion category has only one kinematic-high varia-
ble. When only one input variable is available, the event-level multivariate method cannot be
trained. Therefore, the tests using only kinematic-low variables and using only kinematic-high
variables do not include the Kaon-Pion category; the test using only PID-low variables does
not include the Kaon-Pion, the Maximum p∗, the FSC and the Lambda category; and the tests
using PID-high and using all PID variables do not include the Maximum p∗, the FSC, and
the Lambda categories. Here, there is a small detail: the PID information for protons is not
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available in the Belle MC or in the Belle data samples converted to be analyzed with BASF2.
Therefore, for Belle MC and Belle data, the Lambda category does not use PID information
and thus nunique and ninput (see definition in Sect. 4.4) have two variable less compared to the
case for Belle II MC.

Table 4.8 presents the effective efficiencies reached by the FBDT and the MLP combiners
on Belle data and Belle MC for each combination of input variables. The results are ordered
according to the increase in effective efficiency obtained by the FBDT combiner on data. For
a better visualization of the results, Fig. 4.47 shows the effective efficiencies of the FBDT and
the MLP combiners for each combination of input variables. The results are shown in the same
order as in Tab. 4.8. For both combiners, the highest efficiency on data and on MC is reached
using all input variables as in the final algorithm. For each combination of input variables,
the efficiencies of both combiners on Belle MC agree with those on Belle data within the
uncertainties.

For each combination of input variables, the q · r output distributions of both combiners
on Belle MC and on Belle data can be found in App. B.5. Since the efficiencies on data are
calculated assuming that the linearity between 〈r〉 and rMC is valid for data, this linearity is
checked for each combiner and for each combination of input variables. The results of all the
linearity checks are also presented in App. B.5. Figures 4.48 to 4.51 show the results for the
cases with the lowest and with the highest effective efficiencies, and for two intermediate cases.
Ordered in increasing value of the effective efficiency, these cases correspond to the following
combinations of input variables: kinematic-low only; PID-low together with kinematic-low;
PID-high together with kinematic-low; and all variables together. For each combination, the
average dilution 〈r〉 determined from the output of the combiners is linear to the dilution
rMC determined using MC information. Within the statistical uncertainties, the q · r output
distributions of the FBDT and the MLP combiners on Belle MC show good agreement with
those on Belle data for each combination of input variables. This supports the confidence in the
accurate description of Belle MC and justifies the multivariate approach with a large number
of input variables.
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Table 4.7: The four subsets of discriminating input variables used for the test of robustness.

Categories PID-high variables

Electron Le, LdE/dx
e , LECL

eInt. Electron

Muon Lµ, LdE/dx
µ , LKLM

µInt. Muon

Kin. Lepton Le, LdE/dx
e , LECL

e ,

Int. Kin. Lep. Lµ, LdE/dx
µ , LKLM

µ

Kaon LK , LdE/dx
K

Slow Pion LARICH
π , LdE/dx

π/e , Le,
Fast Hadron LK , LARICH

K

Kaon-Pion LK , yKaon

Maximum p∗ -

FSC -

Lambda Lp

Categories PID-low variables

Electron LTOP
e , LARICH

e
Int. Electron

Muon LTOP
µ , LARICH

µ
Int. Muon

Kin. Lepton LTOP
e , LARICH

e ,

Int. Kin. Lep. LTOP
µ , LARICH

µ

Kaon LTOP
K , LARICH

K

Slow Pion Lπ , LdE/dx
π , LTOP

π ,

Fast Hadron LdE/dx
K , LTOP

K

Kaon-Pion ySlowPion

Maximum -

FSC LKSlow

Lambda Lπ

Categories Kinematic-high variables

Electron p∗, p∗t , p, pt,

Int. Electron d0, ξ0,EW
90

Muon p∗, p∗t , p, pt,

Int. Muon d0, ξ0,EW
90

Kin. Lepton p∗, p∗t , p, pt,

Int. Kin. Lep. d0, ξ0,EW
90

Kaon
p∗, p∗t , pt,

d0, ξ0, nK0
S

Slow Pion p∗, p∗t , p, pt, d0,

Fast Hadron ξ0, cos θ,| cos θ∗T|
Kaon-Pion qK · qπ
Maximum p∗ p∗, p∗t , p, pt

FSC
p∗Fast,| cos θ∗T, Fast|,

cos θ∗SlowFast, qSlow · qFast

Lambda
p∗Λ, pΛ, p∗p, pp,

MΛ, cos θxΛ ,pΛ , |xΛ|

Categories Kinematic-low variables

Electron M2
rec, p

∗
miss, cos θ∗miss,

Int. Electron cos θ, | cos θ∗T|, p-val.

Muon M2
rec, p

∗
miss, cos θ∗miss,

Int. Muon cos θ, | cos θ∗T|, p-val.

Kin. Lepton M2
rec, p

∗
miss, cos θ∗miss,

Int. Kin. Lep. cos θ, | cos θ∗T|, p-val.

Kaon

∑
p2

t , M2
rec,E

W
90 , p∗miss,

cos θ, cos θ∗miss,

| cos θ∗T|, p-val.

Slow Pion nK0
S
,
∑
p2

t , M2
rec,E

W
90 ,

Fast Hadron p∗miss, cos θ∗miss, p-val.

Kaon-Pion cos θ∗Kπ

Maximum p∗ d0, ξ0, | cos θ∗T|
FSC p∗Slow, | cos θ∗T, Slow|,

Lambda
p∗π , pπ , qΛ, nK0

S
,

σzzΛ , p-val.
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Table 4.8: Effective efficiencies of FBDT and of MLP combiners on Belle Data and on Belle
MC using different combinations of the subsets of input variables given in Tab. 4.7. The
total number of input variables is ninput, and the total number of different input variables is
nunique (see Sect. 4.4). The results are sorted according to the effective efficiency obtained by
the FBDT Combiner on data. All numbers are given in percent with statistical uncertainties
only.

FBDT Combiner MLP Combiner
Belle data Belle MC Belle data Belle MC

Used Subsets nunique ninput εeff ± δεeff εeff ± δεeff εeff ± δεeff εeff ± δεeff

Kin. low 37 70 12.5± 0.2 13.58± 0.04 12.6± 0.2 13.30± 0.04

PID low 13 30 17.2± 0.3 17.95± 0.05 17.1± 0.3 17.40± 0.05

Kin. high 39 80 19.7± 0.3 20.57± 0.05 19.7± 0.3 20.38± 0.05

Kin. all 74 150 20.1± 0.3 21.04± 0.05 19.8± 0.3 20.79± 0.05

PID low and Kin. low 53 100 20.7± 0.3 22.19± 0.05 20.8± 0.3 22.01± 0.05

PID high 18 38 23.6± 0.4 24.57± 0.05 23.6± 0.4 24.38± 0.05

PID all 32 68 25.0± 0.4 25.24± 0.05 24.9± 0.4 25.08± 0.05

PID low and Kin. high 55 110 26.3± 0.4 27.33± 0.05 26.1± 0.4 27.19± 0.05

Kin. all and PID low 89 180 26.9± 0.4 28.03± 0.05 26.5± 0.4 27.83± 0.05

PID high and Kin. low 56 108 28.1± 0.4 28.56± 0.05 28.2± 0.4 28.31± 0.05

PID all and Kin. low 70 138 28.8± 0.4 29.17± 0.06 29.0± 0.4 28.99± 0.06

PID high and Kin. high 58 118 32.7± 0.5 33.39± 0.06 32.6± 0.5 33.25± 0.06

PID all and Kin. high 72 148 32.8± 0.5 33.50± 0.06 32.7± 0.5 33.38± 0.06

Kin. all and PID high 92 188 33.2± 0.5 34.02± 0.06 33.1± 0.5 33.89± 0.06

All Variables 106 218 33.5± 0.5 34.18± 0.06 33.4± 0.5 34.07± 0.06



146 4. The Belle II flavor tagger

K
in
. l

ow

PID
lo

w
K

in
. h

ig
h

K
in
. a

ll

PID
lo

w
+

K
in
. l

ow
PID

hi
gh

PID
al

l

PID
lo

w
+

K
in
. h

ig
h

K
in
. a

ll
+

PID
lo

w

PID
hi

gh
+

K
in
. l

ow

PID
al

l +
K

in
. l

ow

PID
hi

gh
+

K
in
. h

ig
h

PID
al

l +
K

in
. h

ig
h

K
in
. a

ll
+

PID
hi

gh
A

ll
Var

ia
bl

es

10

14

18

22

26

30

34

ε e
ff

[%
]

Data

MC

(a) FBDT Combiner
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Figure 4.47: Effective efficiencies of FBDT and of MLP combiners on Belle data and on
Belle MC using different combinations of the subsets of input variables defined in Tab. 4.7.
The results correspond to the values in Tab. 4.8 and are sorted according to the increase in
effective efficiency obtained by the FBDT combiner on data.
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Figure 4.48: Performance of FBDT and of MLP combiners using the kinematic-low variables:
(a) q · r distributions (left) and correlations between |rMC = 1 − 2wMC| and 〈|q · r|〉 on
Belle MC (right); (b) normalized q · r distributions on Belle data and on Belle MC.
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Figure 4.49: Performance of FBDT and of MLP combiners using the PID-low variables to-
gether with the kinematic-low variables: (a) q · r distributions (left) and correlations between
|rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right); (b) normalized q · r distributions on
Belle data and on Belle MC.
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Figure 4.50: Performance of FBDT and of MLP combiners using the PID-high variables to-
gether with the kinematic-low variables: (a) q · r distributions (left) and correlations between
|rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right); (b) normalized q · r distributions on
Belle data and on Belle MC.
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Figure 4.51: Performance of FBDT and of MLP combiners using all variables: (a) q · r distri-
butions (left) and correlations between |rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right);
(b) normalized q · r distributions on Belle data and on Belle MC.
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4.10 The tag-side interference effect

Two systematic effects associated with flavor tagging affect the measurements of CP -violation
parameters. The first one is caused by the uncertainties of the flavor-tagging parameters. These
are the average wrong-tag fraction w, the difference ∆w, the efficiency ε, and the parameter
µ = ∆ε/(2ε) defined in Sect. 4.2. The respective uncertainties are measured using control
samples and scale with the integrated luminosity. The second effect is the tag-side interfer-
ence effect which was pointed out by Owen Long, Max Baak, Robert N. Cahn and David
Kirkby [134].

Some hadronic final states used for flavor tagging are possible final states of a B0 decaying
via a CKM-favored transition, and of a B0 decaying via a doubly-CKM-suppressed transition.
Since at B factories B0B0 pairs are created in an entangled state, the interference between
CKM-favored and doubly CKM-suppressed decay amplitudes in the tag side have an impact
on the measurement of the CP -violation parameters in the signal decay channel.

Prominent examples of such hadronic final states are D+π− and D∗+π−, which can be the
final states of a B0 decaying via the CKM-favored transition b → cud, or of a B0 decaying
via the doubly-CKM-suppressed transition b → ucd. Figure 4.52 shows the respective Feyn-
man diagrams. The doubly-CKM-suppressed decay amplitude is suppressed by a about factor
|V ∗ubVcd/(VcdV ∗ud)| ≈ 0.02 with respect to the CKM-favored one. The relative weak phase be-
tween the two amplitudes is φ3.

Considering the dominant b → cud and the doubly-CKM-suppressed transition b → ucd,
for a specific final state f , the strength of the tag-side interference effect can be parametrized
in terms of the real ratio rf and the strong phase δf between the doubly-CKM-suppressed and
the CKM-favored amplitudes, and a weak phase Φ ≡ 2φ1 + φ3 resulting from the difference
in the weak phases between the two amplitudes, and from the B0−B0 mixing.
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Figure 4.52: The CKM-favored amplitude (left) and the doubly-CKM-suppressed amplitude
(right) for final states D∗+π+ (D+π+). With respect to the dominant contribution, the latter is
suppressed by the approximate ratio |V ∗ubVcd/(VcdV ∗ud)| ≈ 0.02, and has a relative weak phase
difference of φ3 [134].
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Since a tagging category combines several final states f of a certain group of decays, one in-
troduces the effective values r′ and δ′. The value of r′ and δ′ cannot be determined analytically.
However, r′ is expected to be very small (below 0.02), since the contributions from different
tagging states tend to cancel unless all contributions have nearly the same strong phase. Using
this parametrization, one can calculate corrections for the measured mixing parameters and for
the measured CP -violation parameters of the signal side B0

sig.

Considering the ∆t probability for events where the signal B0
sig is reconstructed to an appar-

ent flavor eigenstate, such as D+π−, it turns out that the dependencies proportional to 1 and
to cos ∆m∆t remain unaffected, while a small sin ∆m∆t term is induced. Here, proportional
to 1 refers to constant terms that are multiplied with the exponential decay e

−|∆t|/τB0 in the ∆t

probability.

In measurements of B0 − B0 mixing, the induced sinus term is assumed to be zero. Since
the estimation of the mixing parameters depends only on the terms proportional to 1 and to
cos ∆m∆t (see eq. (4.9)), these measurements are unaffected by doubly-CKM-suppressed
amplitude contributions, either on the tag side or on the reconstructed side. Furthermore, the
time-integrated mixing probability (eq. (4.10)) does not contain any corrections due to the
sin ∆m∆t term since it integrates to zero. Since the measurement of the wrong-tag fraction
stays unaffected, corrections for the tag-side interference effect cannot be simply absorbed into
it [134].

In measurements ofCP -violation parameters, the corrections due to the tag-side interference
effect are not negligible, but they can be treated as perturbations on the usual measurements.
The perturbations introduce a systematic shift and an associated uncertainty; it is possible to
relate the true values of the CP -violation parameters ACP and SCP to the values Afit and Sfit

extracted from maximum-likelihood fit to the data [134].

At Belle and at BaBar, the effect on Afit and Sfit was estimated by comparing the fit results
of pseudo-experiments which were simulated without and with the tag-side interference terms,
this means with r′ = 0 and with r′ 6= 0. In the second case, the value of the amplitude ratio
rDπ ≈ 0.021 [134] between B0→ D+π− and B0→ D−π+ was taken to determine r′. The
pseudo-experiments with interference terms were simulated assuming this value of r′ and a
uniformly distributed phase difference δ′, because of the lack of knowledge about strong phase
differences [29, 134]. With this approach, Belle and BaBar found no indication of a significant
shift in the measured values ofACP and SCP [29]. For decays occurring via b→ ccs, b→ ccd,
and b → qqs transitions, the estimated systematic uncertainty is typically around 0.014 for
ACP , and around 0.001 for SCP [29, 59, 60].

For the extraction of φ1 from the SCP measurements of the b→ ccs channels, the tag-side
interference effect is negligible. However, for precision measurements of ACP , like for exam-
ple in the case of the final state J/ψK0

S , the tag-side interference effect is the dominant source
of systematic uncertainties. Belle noted, however, that there is a partial cancellation when
combining measurements of CP even and of CP odd decay channels, like when combining
measurements for the final states J/ψK0

S and J/ψK0
L [59].
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For decays of B0 occurring via b → uud transitions, like for B0 → π+π−, the evaluation
of the tag-side interference effect is more complicated because the decay amplitudes receive
a significant penguin contribution [29, 134]. In the case of B0→ ρ+ρ− the penguin contribu-
tions are small and it is therefore easier. Belle estimated for the decay B0→ π+π− a tag-side
interference uncertainty of 0.03 for ACP , and of 0.002 for SCP ; and for B0→ ρρ, an uncer-
tainty of 0.01 for ACP , and of 0.001 for SCP . As it will be shown in chapter 7, this effect has
no impact in the determination of φ2 since the systematic uncertainties of the CP -violation
parameters are not the dominant uncertainties entering the isospin analyses of B → ππ and
B → ρρ.

In principle, one could mitigate the tag-side interference effect by measuring r′ and δ′ using
control samples. However, this measurement is very challenging. As mentioned before, in
time-dependent measurements of B0 − B0 mixing the tag side interference effect leaves un-
changed the terms proportional to 1 and to cos ∆m∆t in the ∆t probability, but it introduces
a sin ∆m∆t term. This sinus term depends on r′, δ′, and Φ, which depend on the channels
considered by the flavor tagger in the tag-side, and on the values of rf and δf for the channel
on the signal side. Furthermore, this sinus term changes depending on the flavors of B0

sig and
of B0

tag [134].
If the reconstructed signal channel is a semileptonic one, for example the high-purity decay

channel B0→ D∗−`+ν̀ , then rf is zero and the sinus term is simplified. With a large sample
size—larger than the ones at Belle and at BaBar since they did not succeed in measuring the
correction terms—Belle II could pioneer a measurement of r′ and δ′. Since the flavor-tagging
parameters w, ∆w and µ enter this measurement also, one could determine the values of w,
∆w and µ from a time-integrated calibration, such that only r′ and δ′ remain as fit variables.
Using the values of r′ and δ′ with their uncertainties, the tag-side interference terms could be
included into the statistical model for measurements of CP -violation parameters. In case that
an analysis is performed in bins of the dilution factor, then r′ and δ′ have to be measured for
each bin.

At Belle II, the tag-side interference effect will be especially relevant for precision mea-
surements of ACP . To fully get rid of the systematic uncertainties associated with the tag-side
interference effect, the only way is to use only the tagging categories that consider primary
leptons as targets. For these decays, there is no doubly CKM-suppressed decay amplitude and
thus r′ = 0 for these categories. Therefore, a dedicated study was launched to characterize
and to validate the performance of the flavor tagger using only the primary-lepton categories.
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4.11 Performance using only primary-lepton
categories

Since the primary-lepton categories will play a crucial role in precision measurements at
Belle II (see previous section), it is necessary to evaluate and to validate the performance
of the flavor tagger when using only the Electron, the Muon, and the Kinetic Lepton category.
This configuration of the Belle II flavor tagger can be regarded as the semileptonic Belle II
flavor tagger. To characterize the performance of this flavor tagger, a dedicated study was
launched in which this flavor tagger was trained and tested using Belle II MC and Belle MC.
The MC samples are those described in Sect. 4.5.1. The performance was validated again
using Belle data as described in Sect. 4.8.

Figure 4.53 shows the q · r distributions of the FBDT and the MLP combiners on Belle MC
and on Belle data. As the figure shows, the shapes of the q · r distributions on Belle MC agree
with the shapes of the distributions on Belle data within the uncertainties. To calculate the
respective effective efficiencies, the linearity between rMC and 〈r〉 is checked and assumed to
be valid for data. Figure 4.53 shows also the results of the linearity checks.

Table 4.9 presents the effective efficiencies of both combiners on Belle II and on Belle MC,
as well as on Belle data. The obtained efficiencies are around 12% and about one third of
the effective efficiency achieved when using all the tagging categories. This translates into an
increase of the statistical uncertainties onCP -violation parameters by about a factor

√
3 ≈ 1.7:

the cost for eliminating the tag-side interference effect.
The use of the semileptonic flavor tagger to measure the final values of the CP -violation

parameters will depend on the particular case. The main criterion for this will be that the
reduction in the systemic uncertainty compensates the increase in the statistical one. In any
case, the semileptonic flavor tagger will be required to investigate the impact of the tag-side
interference effect. And for this, the values of the flavor-tagging parameters w, ∆w and µ for
this particular flavor tagger will have to be measured on data.

Table 4.9: Performance of FBDT and MLP combiners on Belle Data, on Belle MC and on
Belle II MC using only the three semileptonic categories: Electron, Muon and Kinetic Lepton.

FBDT Combiner MLP Combiner
Sample εeff ± δεeff ∆εeff ± δ∆εeff εeff ± δεeff ∆εeff ± δ∆εeff

Belle Data 12.6± 0.3 - 12.2± 0.3 -
Belle MC 11.99± 0.03 −0.09± 0.07 11.81± 0.03 0.07± 0.07

Belle II MC 12.35± 0.03 0.23± 0.06 11.85± 0.03 0.34± 0.06
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Figure 4.53: Performance of FBDT and of MLP combiners using only the semileptonic cat-
egories: Electron, Muon and Kinetic Lepton. (a) q · r distributions (left) and correlations be-
tween |rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right); (b) normalized q · r distributions
on Belle data and on Belle MC.
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4.12 Comparison with the alternative deep-learning
approach

The deep-learning flavor tagger is an independent algorithm at Belle II developed by Jochen
Gemmler [122]. The algorithm is based on a multi-layer perceptron with eight hidden layers.
The deep-learning MLP receives as input variables the characteristics of the reconstructed
tracks on the tag side, and gives as output the product q · r.

The deep-learning approach avoids the pre-selection of candidates performed by the indi-
vidual categories in the category-based approach. Because of its complex architecture, the
deep-learning MLP is assumed to learn the correlations between the characteristics of the tag-
side tracks and the flavor of B0

tag. The deep-learning MLP implementation is based on the
machine learning library Pylearn2 [135] which builds on the numerical computation library
Theano [136]. For more details see [122].

The deep-learning flavor tagger sorts the tracks on the tag side into two groups, a positive
and a negative one, according to their electric charge. The algorithm ranks the tracks in each
group according to their momenta in the Υ(4S) frame, and selects the top 5 tracks in each
group. If an event contains less than 5 positive or less than 5 negative tracks, the algorithm sets
the input variables for the missing candidates to zero.

For each candidate, the deep-learning MLP receives 14 input variables corresponding to the
momentum, the cosine of the polar angle and the azimuthal angles in the Υ(4S), the combined
PID likelihoods for the five different particle hypotheses (see Sect. 3.5), the number of hits in
the PXD, in the SVD, and in the CDC, the impact parameters d0 and z0 (see Sect. 3.3), and the
p-value of the track fit. Multiplying the number of input variables by the number of candidates
yields 140, corresponding to the number of input nodes.

When the category-based and the deep-learning flavor taggers were developed, the track re-
construction algorithm at Belle II reached a poor performance in events with simulated back-
ground. Therefore, only Belle II MC samples without background were employed to develop
and to optimize the algorithms. Both algorithms have been trained and tested also on Belle MC
samples with background.

Table 4.10 presents the effective efficiencies of the category-based and the deep-learning fla-
vor taggers on Belle II MC and on Belle MC. They are calculated using the r binning of Belle.
The Belle II MC samples used to train and to test the flavor taggers were generated without
CP violation. The Belle MC samples used for the deep-learning flavor tagger were generated
without CP violation, while for the category-based flavor tagger the Belle MC samples were
generated with (ACP ,SCP ) = (0, 0.69). As shown in Sect. 4.6, CP violation has a negligible
effect on flavor tagging at Belle.

The difference between the performances of the flavor taggers is relatively large on Belle II
MC events, but is negligible on Belle MC events. Further studies are needed to understand why
the deep-learning approach outperforms the category-based approach on Belle II MC, but not
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Table 4.10: Effective efficiencies of the category-based flavor tagger and the deep-learning
flavor tagger on Belle II MC and on Belle MC. All values are given in percent.

Belle II MC Belle MC
Approach εeff ± δεeff εeff ± δεeff

Category-based 36.64± 0.05 34.18± 0.06

Deep-learning [122] 40.69± 0.03 34.42± 0.09

on Belle MC. At present, the deep learning-based flavor tagger can be trained and tested only
by its developer; a direct comparison of both taggers for each r bin is still to be performed.

As explained in Sect. 4.5.3, the category-based flavor tagger exploits the known flavor sig-
natures of B-meson decays. To investigate why the performance of the flavor taggers differ,
the output of the individual categories can be compared with the output of the deep-learning
flavor tagger. In this way, one can test if the MLP of the deep-learning flavor tagger learns
physical information or MC features.

An advantage of the category-based approach is that it can be trained using only primary-
lepton categories. As explained in Sect. 4.10, using only primary-lepton categories is the only
way to fully eliminate the systematic uncertainties caused by the tag-side interference effect.

Because of the complex MLP architecture, the deep-learning flavor tagger requires much
larger training samples than the category-based one. Tests with different training sample sizes
showed that the best results could be obtained with the largest available sample of 55 million
events. The tendency shows that the performance could still improve with larger training
samples. In comparison, the category-based approach reaches good results with samples of
about 2 million events (one million for the event level and one million for the combiner level).
Tests with larger training samples showed no considerable improvement.

Because of the MLP complexity and the large training sample sizes, the deep-learning fla-
vor tagger requires more computing resources than the category-based one to train the al-
gorithm and to prepare the training samples. To exploit their parallel computation capabili-
ties, Graphics Processing Units (GPU) are used to train the deep-learning MLP. However, the
deep-learning MLP can be tested on machines using only Central Processing Units (CPU).
On a GTX970 GPU, the training procedure for the 8-layers MLP takes about 48 hours. For
the category-based flavor tagger, the training procedure takes about 5 hours running on a sin-
gle CPU core.

At present, only the category-based flavor tagger has been validated on Belle data. Addi-
tionally, it has been trained and tested using Belle II MC with simulated background. The
results are shown in chapter 5. For the deep-learning flavor tagger, the validation on Belle data
is currently ongoing, and tests using Belle II MC with simulated background still have to be
performed. At Belle II, the goal is to validate and to calibrate both flavor taggers. Comparing
the performance of both flavor taggers offers a unique possibility to crosscheck their results
and to investigate differences between data and MC.
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4.13 Comparison with Belle and BaBar
At Belle II, the category-based flavor tagger was developed building on useful concepts of the
earlier algorithms used by Belle and by BaBar. In the following, the Belle II category-based
flavor tagger will be compared with these previous algorithms, and it will be referred to as
Belle II flavor tagger.

With respect to the Belle flavor tagger, the major improvements consist in: the inclusion
of three complementary flavor signatures corresponding to the Kaon-Pion, the FSC and the
Maximum p∗ categories; the consideration of fast kaons as targets in the Fast Hadron category
(the Belle algorithm used only fast pions); the use of more input variables within each category;
and the employment of robust FBDT and MLP multivariate methods. The Belle flavor tagger
was based on multi-dimensional lookup tables and considered 10 flavor signatures, which
correspond to the same used by the Belle II flavor tagger apart from the three complementary
signatures mentioned above. The flavor signatures used by the Belle flavor tagger were sorted
into four categories (Lepton, Kaon, Slow Pion and Lambda). Fast pions were included as
targets in the Lepton and in the Kaon category. In comparison, the Belle II flavor tagger
considers in total 13 flavor signatures.

A significant difference between the Belle and the Belle II algorithms is that the Belle algo-
rithm sorted out the candidates into the different categories according to specific values of the
input variables. The drawback of this approach is that optimal values have to be found each
time the performance in detection and reconstruction changes. On the contrary, the Belle II
algorithm selects the best candidate (or the best candidates) within each category according to
the output of the respective event level multivariate method. If the performance in detection
and reconstruction changes, the multivariate methods just need to be retrained.

In the Belle flavor tagger, each particle candidate was used only once within a certain ca-
tegory. If a target particle was classified into the wrong category, it was missing as candidate
for its true category. In the Belle II algorithm, each particle candidate is used for all cate-
gories (disregarding the Lambda category). Thus, the algorithm is robust against this kind of
misclassification.

The Belle flavor tagger reached an effective efficiency of (30.1± 0.4)% on Belle data [29].
In comparison, the Belle II flavor tagger reaches an effective efficiency of (33.5 ± 0.4)% on
Belle data. The increase in effective efficiency corresponds to the improvements in the Belle II
tagging algorithm.

Considering now the BaBar flavor tagger, its structure is similar to the one of the Belle II
flavor tagger. The BaBar flavor tagger was based on 9 categories on the event level, and
combined the outputs of the single categories into a final y = q · r output. The multivariate
methods were all MLPs. In comparison, the major improvements in the Belle II flavor tagger
are: the inclusion of four additional categories, the three categories considering intermediate
leptons and the Fast Hadron category; the use of more input variables within each category;
and the employment of the robust FBDT multivariate method. The MLP used in the Belle II
flavor tagger serves only to perform a cross check.
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In the BaBar flavor tagger, the events were sorted into event categories depending on the
output of the individual tagging categories and depending on the absolute value of the com-
biner output |y|. Thus, the different event categories were related to different ranges of the
dilution factor r. At Belle II, the events are sorted depending only on r = |y|, using the same
r binning of Belle.

Regarding the effective efficiency, BaBar reached (33.1±0.3)% on the full BaBar data [29].
The performance of the Belle II flavor tagger on Belle data is slightly better, corresponding to
the improvements in the algorithm.

As explained in Sect. 4.2, the values of µ, w and ∆w are required for the measurements of
CP -violation parameters and of B0 − B0 mixing. Literature suggests that Belle ignored the
parameter µ. BaBar measured it (the values are around −2.4% to +1.5% depending on the
r-bin), but it is not clear how it was used in data analysis [29]. For precision measurements
at Belle II, the parameter µ will have to be taken into account. For this, further studies are
required. As it was shown in Sect. 4.6, on Belle II MC without background and with the
IP fixed at zero, the value of µ changes slightly (the values are between −2% and +2%)
depending on the CP violation parameters .

4.14 Calibrating the flavor tagger
The measurements of CP violation and of B0−B0 mixing that require flavor tagging, require
also the values of the flavor tagging parameters ε, µ, w and ∆w (see Sect. 4.2). The calibration
of a flavor tagger consists in determining these parameters from data to avoid systematic uncer-
tainties caused by the possible differences between data and MC simulations. From the value
of the wrong-tag fraction on data, one derives the true dilution factor rdata = |1 − 2 · wdata|,
and checks if it corresponds to the average dilution 〈r〉 = 〈|y|〉, where y corresponds to the
output of the flavor tagger.

Besides the flavor tagging parameters, time-dependent analyses require to model the ∆t dis-
tribution taking into account the systematic effects caused by the detector alignment, the de-
tector resolution and the vertex reconstruction. This is performed by convoluting the measured
∆t distribution with an experimental resolution function. At Belle and BaBar, the resolution
function R(δt, σ∆t) depended on the difference δt = ∆t−∆ttrue between the measured time
difference and the true time difference, and the uncertainty σ∆t on the measured ∆t. The final
∆t probability density function was [29]

Pfinal(∆t, q) =

∫ ∞
−∞
Pobs(∆ttrue, qsig, q, ε, µ, w,∆w) · R(δt, σ∆t) · d∆ttrue

= Pobs(∆t, qsig, q, ε, µ, w,∆w)⊗R(δt, σ∆t), (4.21)

where the function P corresponds to eq. (4.9).
The parameters of the resolution function can be determined together with the flavor tagging

parameters. For this, Belle and BaBar measured the B0 − B0 mixing using control samples
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of self-tagging decay modes. The parameters of the functions are extracted performing an
unbinned maximum likelihood fit to the data. The signal and the background events are dis-
tinguished by the shapes of discriminating variables. Clearly, the flavor tagging parameters
cannot be determined for each event, but for groups of events. Belle sorted the events into bins
of the dilution factor r, and BaBar into event categories (see Sect. 4.13). Belle and BaBar did
not consider the possible asymmetry between the efficiencies for B0 and for B0 [29] and, thus,
the parameter µ = ∆ε/(2ε) was set to zero. For precision measurements at Belle II, the effect
of this parameter will have to be taken into account.

Belle used as control samples the channels B → D(∗)−π+, D∗−ρ+, D∗−`+ν̀ , as well as the
charmonium channels J/ψK0

S and J/ψK∗0. The last two channels were used as a cross-check
and not to extract the flavor tagging parameters. BaBar used the channels B → D(∗)−(π+,
ρ+, a+

1 ), and D∗−`+ν̀ . The latter sample was used only as a cross-check since it had a larger
background than the other samples [29]. To perform an independent validation, Belle and
BaBar measured the CP -violation parameter SCP for charged B-decay modes. Since SCP is
related to B0 − B0 mixing, it has to be consistent with zero for charged B-decay modes. The
golden channel for such validations is B+→ J/ψK+.

At Belle, the dominant sources of systematic uncertainties on the measurement of flavor tag-
ging parameters were the vertex reconstruction and the resolution parameters [130]. The other
systematic uncertainties were caused by the uncertainty in the signal fraction, the background
shape, the semileptonicD∗∗ composition, the background mixing, and the physical parameters
τB0 and ∆m (see Sect. 2.5). At Belle II, the uncertainties due to the vertex reconstruction
and the resolution parameters are expected to reduce by about a factor 2, as will be discussed
in Sect. 7.3. All other uncertainties affecting the measurement of flavor tagging parameters
will decrease with larger sample sizes.

In principle, it is possible to calibrate the flavor tagger performing time-integrated
analyses. This is possible due to the relatively small time-integrated mixing probability
χd = 0.1860± 0.0011 [42] (see Sect. 2.7.3). In this case, the signal probability function P
is given by eq. (4.10). The advantage of this approach is the absence of systematic uncertain-
ties caused by the vertex reconstruction and by the resolution parameters. However, it comes
at the cost of a decreased sensitivity due to the factor (1− 2χd) = 0.628.

Belle and BaBar, did not consider the tag-side interference effect for measurements of
B0 − B0 mixing. As explained in Sect. 4.10, Belle II could pioneer the measurement of cor-
rection terms needed for CP -violation analyses.

At present, the Belle II category-based flavor tagger is ready to be calibrated and to be
used in analyses. The calibration on Belle II data will be performed when Belle II will have
collected enough integrated luminosity to be competitive with its predecessor Belle (at least
about 1 ab−1).
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4.15 Conclusion
This chapter was devoted to the development and the validation of a new flavor tagging algo-
rithm at Belle II. The algorithm is based on the concept of tagging categories which identify
the flavor signatures provided by flavor-specific B-meson decays. This concept, as well as the
use of certain input variables, was adopted from previous algorithms developed by the Belle
and by the BaBar collaborations. In comparison with its predecessors, the new algorithm at
Belle II considers more flavor signatures and exploits the reconstruction capabilities at Belle II
in order to cope with the expected challenging experimental conditions.

Relying on the physics of B-meson decays, the new algorithm employs a new multivariate
method, the Fast Boosted Decision Tree, developed especially for Belle II [115]. For each tag-
ging category, an FBDT is trained to identify the particles providing the corresponding flavor
signature. The FBDTs receive input variables describing particle identification information
and kinematic properties of the tracks on the tag-side, as well as global information provided
by all tag-side tracks and clusters in the ECL and KLM subdetectors of Belle II.

The use of multivariate methods was inspired by the BaBar algorithm. This algorithm
reached a better performance than the Belle’s one, which was based on cuts on the input
variables. The Belle II algorithm selects the best particle candidates based on the output of the
event-level FBDTs without any cuts on the input variables. In this way, the Belle II algorithm
does not need to be optimized again if the detection and the reconstruction performance at
Belle II change. The FBDTs just need to be retrained.

The flavor information provided by the selected particle candidates is combined in a second
step by another FBDT. This combiner provides an output corresponding to the product q · r,
where q is the flavor of the tag-side B meson and r is the flavor dilution factor. A second
multivariate method, a multi-layer perceptron, receiving the same input, is used as a cross-
check. Using the output of the FBDT combiner, the Belle II flavor tagger reaches on Belle
data an effective efficiency of

εeff = (33.5± 0.5)%,

while the MLP combiner reaches (33.4 ± 0.5)%. The uncertainties are only statistical. The
performance of the flavor tagger was validated with the full Belle data sample corresponding
to 711 fb−1 collected at the Υ(4S) resonance using the decay B → J/ψK0

S on the signal side.
For comparison, the Belle algorithm reached an effective efficiency of (30.1 ± 0.4)% [29].

The increase of 10% in effective efficiency is due to the improvements in the new algorithm
at Belle II.

The Belle II algorithm was developed and optimized using official Belle II MC events which
were generated, however, without background and with the production vertex of the Υ(4S)

fixed at the origin. In the last stage of this thesis, a new official sample became available.
The new events were generated with background and with the production vertex of the Υ(4S)

distributed according to the expected position and size of the interaction region at SuperKEKB.
The results with this new sample are presented in the next chapter.
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The Belle II collaboration has developed a second flavor tagging algorithm based on a deep
learning MLP. This algorithm determines the flavor of the tag-side B meson using the PID
information and the kinematic properties of the tag-side tracks, without pre-identifying flavor
signatures. The deep-learning flavor tagger reaches a higher effective efficiency compared to
the category-based algorithm on Belle II MC events. But on Belle MC events, the effective
efficiencies are almost identical for both flavor taggers. Further studies are required to under-
stand why the deep-learning flavor tagger outperforms the category-based one on Belle II MC,
but not on Belle MC. By comparing the output of the individual categories with the output of
the deep-learning algorithm one can check if the deep MLP is learning physical information
or MC features. The deep-learning algorithm has not yet been tested on Belle II MC with
background. Currently, a validation on Belle MC is ongoing. A systematic comparison of the
performance of both flavor taggers would offer a unique possibility to crosscheck their results
and to investigate differences between data and MC.

At Belle and at BaBar, the effect of possible wrong reconstructions of B0
sig on the perfor-

mance of the flavor tagging algorithms was negligible [29]. At Belle II, the background levels
will be much higher and this effect will have to be studied. Moreover, due to the smaller in-
teraction region and the better track reconstruction algorithms, the flavor tagging performance
at Belle II can be influenced by the decay time of B0

tag. This can cause the flavor tagging per-
formance to be correlated with the CP -violation parameters and with the time difference ∆t.
The correlations will depend on the final experimental conditions at Belle II, and thus further
studies will be required.

A major conclusion of this chapter is that the flavor tagger at Belle II has to be trained using
events simulated without CP violation. This is needed to counteract the correlation between
the CP -violation parameters and the performance of the flavor tagger.

The flavor tagger developed in this thesis is ready to be calibrated and to be used in physics
analyses. Depending on the sample sizes, Belle II could pioneer the measurement of correc-
tions to counteract the uncertainties caused by the tag-side interference effect. In this chapter,
a possible way to measure these corrections during the calibration was proposed. However,
further studies are needed to evaluate the feasibility of such a measurement.

In the Belle II physics program, the flavor tagger plays a crucial role. It is required for
most key measurements of CP -violation parameters and of B0 − B0 mixing. Additionally,
the output of the flavor tagger can be used as a further continuum suppression variable in
measurements of charged and neutral B mesons that do not require flavor tagging. The flavor
tagger developed in this thesis has been adopted by the Belle II collaboration as its official
flavor tagger. It has been already employed in several performance studies at Belle II, for
example in performance studies of the decay channels B0→ φK0

S and B0→ η′K0
S [1], and of

the decay channel B0→ π0π0 presented in this thesis. As the results of these studies show, the
flavor tagger developed in this thesis will contribute to reach world-leading precision in the
determination of the CKM angles φ1 and φ2, and ultimately to increase Belle II’s sensitivity
to possible New Physics contributions beyond the Standard Model.



5 Results from Belle II MC with
background

In the last stage of this thesis, a new official Belle II MC sample with machine background
became available. The track reconstruction algorithms were improved and validated on first
Belle II commissioning data samples. In addition, their performance on MC events with si-
mulated background improved considerably. Furthermore, the PID algorithms were also im-
proved. In this chapter, the performance of the category-based flavor tagger is evaluated using
the new official MC samples with simulated background assuming the instantaneous design
luminosity at Belle II of 8 · 1035 cm−2s−1. The results of the background simulation have not
been validated on Belle II data yet.

5.1 Performance on Belle II MC with background

The new official Belle II MC sample corresponds to events where the B-meson decays were
simulated as in the previous official Belle II MC sample described in Sect. 4.5.1: B0

sig decays
to J/ψK0

S and B0
tag decays generically according to the known branching fractions. The CP -

violation parameters for the decay of B0
sig correspond to (ACP ,SCP ) = (0, 0.69) as in the

previous sample.
In contrast to the previous official Belle II MC events, the new ones were generated tak-

ing into account the expected position and size of the interaction region at SuperKEKB (see
Sect. 3.1). Figure 5.1(a) shows the MC distributions of the Υ(4S) production vertex in z-
direction at Belle II and Belle. Due to the nano-beam scheme, the width of the expected
distribution at Belle II is about twenty times narrower compared to Belle. Figure 5.1(b) shows
the corresponding distributions of the decay vertex of B0

tag in dependence of the B0
tag flavor at

the time of the B0
tag decay. The asymmetry between B0 and B0 is caused by the simulated

CP violation. Each of the distributions in Fig. 5.1 is normalized such that the area below the
curve is equal to unity. For a better visibility, the normalized Belle MC distributions were
multiplied by 10.

The background simulation takes into account the beam-induced backgrounds caused by
Touschek effect (scattering and loss of beam particles), and by beam-gas scattering, as well as
the luminosity-dependent backgrounds caused by Bhabha scattering and by two-photon QED
processes. More information about the expected backgrounds at Belle II is given in [105, 137].
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Figure 5.1: Belle II and Belle MC distributions: (a) Production vertex of the Υ(4S) resonance,
(b) decay vertex of B0

tag depending on the B0
tag flavor at the time of the B0

tag decay.
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The reconstruction of the signal decay channel and the selection of the reconstructed events
is performed as described in Sect. 4.5.1. The selected events are again split into three samples:
two training samples (one for the event level and one for the combiner level), and one testing
sample. The size of each training sample is about 2.5 million events, and the size of the testing
sample is about 5 million events.

After training and testing the flavor tagger using the new MC samples, the output y = q ·r of
the FBDT and the MLP combiners is distributed as in Fig. 5.2 (left). On the right side, Fig. 5.2
shows the distributions of the product qMC ·q ·r, where qMC is the trueB0

tag flavor at the timeB0
tag

decayed. In the region between −0.1 and 0.1, the distributions show an asymmetry which is
caused by the correlation between the CP asymmetry of theB0

tag-decay vertex (Fig. 5.1(b)) and
the distributions of the impact parameters, as it was discussed in Sect. 4.6. The CP asymmetry
has an impact also within other r ranges, but to a lesser extent. For the output of the MLP
combiner, the central asymmetry is less prominent compared to the FBDT combiner.

Figure 5.3 shows the corresponding values of ε, µ, w, and ∆w for each r bin, as well as the
linearity checks. The combiners have slightly different performances depending on the r bin.
The differences again being largest for the parameter µ. For the values of ε and w, the FBDT
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and the MLP follow similar patterns. For both combiners, the values of ∆w are relatively large
for the two lowest r bins. As in the case without background for SCP = 0.69, the linearity
check shows that the calibration is correct on average, but the individual average dilutions for
B0 and forB0 events are not correctly calibrated. Both, the large ∆w values and the individual
miscalibration in the lowest two r bins are associated with the asymmetries in the central q · r
regions, i.e. with the CP asymmetry of the B0

tag-decay vertex.
Considering now ∆εeff , the larger asymmetry at Belle II occurs also because of the effect

of the CP violation. As shown in Sect. 4.6, in order to reduce the impact of the CP -violation
asymmetry on the performance of the flavor tagger, the algorithm has to be trained using
MC events generated without CP violation. Such an official MC sample is not available yet,
but will have to be produced in future.

Table 5.1 presents the values of the total effective efficiency εeff and the difference ∆εeff for
the FBDT and the MLP combiners trained with the new official Belle II MC sample, as well
as on Belle MC and on Belle data.

The total effective efficiency on the new Belle II MC is only about 0.2 percent points lower
than on Belle MC, despite the fact that at Belle II the background levels are much higher than
at Belle. The improvements in the detector, in the reconstruction algorithms, and in the flavor
tagger compensate for the higher background, avoiding a considerable deterioration of the
flavor tagging performance.

Table 5.1: Performance of FBDT and of MLP combiners on Belle II MC events, on Belle MC
events, and on Belle data. The MC events were simulated with background. All values are
given in percent considering only statistical uncertainties. The Belle II results were obtained
using the latest official Belle II MC.

FBDT combiner MLP combiner
Sample type εeff ± δεeff ∆εeff ± δ∆εeff εeff ± δεeff ∆εeff ± δ∆εeff

Belle II MC 33.89± 0.04 −2.70± 0.10 33.88± 0.05 −2.50± 0.07

Belle MC 34.18± 0.06 −0.18± 0.11 34.07± 0.06 −0.03± 0.11

Belle data 33.5± 0.5 − 33.4± 0.4 −
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5.2 Conclusion
This chapter presented the performance of the Belle II category-based flavor tagger on the
newest official Belle II MC sample including background.

After training and testing the flavor tagger with the new MC samples, the performance of
the algorithm is roughly as good as for Belle MC. Using the output of the FBDT combiner, the
effective efficiency is

εeff = (33.89± 0.04)%.

As a cross check, the MLP combiner reaches (33.88 ± 0.05)%. At Belle II, the expected
and simulated background levels are much higher compared to Belle. Nevertheless, the effec-
tive efficiency of the flavor tagger is measured at around 34% because of the improved flavor
tagger at Belle II, the improved reconstruction algorithms, and the improved detector. In com-
parison, the Belle flavor tagger reached an effective efficiency around 30% on Belle data. Even
under the expected harsh background conditions, Belle II will outperform its predecessor by
about 10%.

As in the case of the Belle II MC without background, the results from the new MC show
that the built-in CP -asymmetry will certainly influence the flavor tagging performance at
Belle II. Undoubtedly, an important conclusion is again that it is mandatory to train the flavor
tagger using MC events without built-in CP violation.

At Belle, the effect of the built-inCP asymmetry was negligible because of the wideB0
tag de-

cay vertex distribution. In contrast, the effect plays a role at Belle II because of the about
twenty times narrower (in z-direction) B0

tag-decay vertex distribution, which is a consequence
of the novel nano-beam scheme at SuperKEKB (see Fig. 3.2 in Sect. 3.1).



6 Performance study of the decay
B0→ π0π0

6.1 Introduction
With the available measurements, an isospin analysis of B → ππ decays leads to eight diffe-
rent solutions for the unitarity angle φ2 (see Sect. 2.10.2). The only way to reduce this am-
biguity is to include the missing observable Sπ0π0, for which a time-dependent CP -violation
analysis of the decay B0 → π0π0 is required. This analysis needs a precise determination
of the B0-decay vertex position, which cannot be achieved in the dominant four-photon final
state B0→ π0π0→ 4γ. Events with photons converting in the innermost detector material, or
with Dalitz π0→ e+e−γ decays provide electron-positron pairs to reconstruct the decay ver-
tex of the signal B0 meson. Such events, however, are very rare. And large sample sizes are
required to make use of them. At present, the size of the Belle and the BaBar data samples is
insufficient. And at LHCb, B0→ π0π0 decays are not reconstructed.

The Belle II experiment aims at collecting a data sample around fifty times larger than the
sample of Belle. The Belle collaboration showed that, with such a large sample, a measu-
rement of Sπ0π0 is in principle feasible [138]. Given the novel experimental conditions, and
the completely new reconstruction and analysis algorithms, Belle II still had to show that its
performance is good enough to measure it.

This chapter presents a study of the Belle II performance for the measurement of the CP -
violation parameters Aπ0π0 and, for the first time, Sπ0π0, together with the branching fraction
Bπ0π0. The proposed method of measuring Sπ0π0 uses photons converted in the beam pipe
and in the pixel detector (PXD), as well as Dalitz π0 decays. The method of measuring Aπ0π0

and Bπ0π0 uses only photons reconstructed as clusters in the electromagnetic calorimeter to
perform a time-integrated CP -violation analysis.

In the following, the generation of MC events and the analysis strategy are explained. Next,
the reconstruction of the B0 → π0π0 decay chain is described. The subsequent section shows
how the decay-vertex positions of the signal and the tag-side B0 mesons are reconstructed to
measure the time difference ∆t. The suppression of non-BB events and the final selection
are presented afterward. The flavor of the tag-side B0 meson was determined using the flavor
tagger developed in this thesis. The last section is dedicated to the time-integrated and the
time-dependent analyses performed on simulated events.
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6.2 Generation of events
In addition to the Υ(4S) resonance, at B factories, there are contributions from non-resonant
processes, where lighter quark and antiquark pairs (uu, dd, ss, cc) as well as lepton antilepton
pairs (e+e−, µ+µ−, τ+τ−) are produced. For the analysis of B-meson decays, events with
e+e− and with µ+µ− pairs can be easily filtered out because of their low track multiplicity and
because of their topology: the two leptons have high momenta around half the total accelerator
energy, and they are emitted back-to-back in the center-of-mass frame. Thus, for the analysis
of B-meson decays the relevant backgrounds are events with lighter qq pairs (referred to as
continuum events), τ+τ− events, and events with BB pairs that do not contain the signal
decay. For B0 → π0π0, as for most charmless B decays, continuum events are the dominant
background source.

The analyses presented in this chapter base on Belle II MC samples. The samples of con-
tinuum, τ+τ−, B+B− and B0B0 events were produced in an official MC campaign. The size
of the continuum sample corresponds to an integrated luminosity of 1.8 ab−1, and the sizes of
the B+B− and B0B0 samples to 4 ab−1. Signal MC events were generated privately with the
same software release used for the official campaign. At the time when the studies presented
in this chapter were performed, the reconstruction algorithms at Belle II were not optimized
for events with background. Furthermore, realistic background simulations were not available.
Therefore, the official and the private MC events used for this study were generated without
beam-induced and without luminosity-dependent backgrounds.

The signal MC events correspond to B0B0 pairs in which one meson decays into the sig-
nal channel π0π0, while the other decays into any possible final state according to the known
branching fractions [28]. The π0 mesons decay also according to the known branching frac-
tions [28]; they decay to about 98.823% into two photons, and to about 1.174% into Dalitz
decays π0→ e+e−γ.

The EvtGen generator is used to simulate B-meson decays [139]. For the signal events, the
SSS_CP model of EvtGen is used to simulate the decay of the scalar B0-meson into the two
scalar π0 mesons. In this model, the decay amplitudes for B0 and for B0 mesons, A and A,
and the CP -violation quantity λCP are parametrized as

A = |A| ei argA , A = |A| ei argA , λCP = e−2iα A

A
,

where |A|, argA, |A|, argA, and α are free input parameters. The simulated values of the
CP -violation parameters correspond to

ACP =
|λCP |2 − 1

|λCP |2 + 1
=
|A|2 − |A|2
|A|2 + |A|2 ,

SCP =
2 · Im(λCP )

|λCP |2 + 1
=

2 · |A| · |A| · sin(argA− argA− 2α)

|A|2 + |A|2 .
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To match specific values of ACP and SCP , the free input parameters of the model can be
modified. For this performance study, six signal MC samples were generated with different
combinations of ACP and SCP . Figure 6.1 shows the ∆tgen distributions corresponding to the
different samples. The values of ACP and SCP of the first sample (Fig. 6.1(a)) were chosen to
be compatible with the world average of ACP and the predicted value of SCP determined by
the CKMfitter group [71]. In the second sample (Fig. 6.1(b)), the value of ACP is compatible
with the world average of the Particle Data Group [28]. In the other samples (Figs. 6.1(c)
to 6.1(f)), the value of ACP corresponds to the latest Belle measurement [140], and the four
different values of SCP are compatible with the φ2 solutions of the B → ππ isospin analysis
at Belle (see Sect. 7.4.2).

At Belle II, the interaction of particles with the detector material is simulated using
GEANT4 [141]. After the simulation, ca. 2% of the signal events have at least one con-
version inside the beam pipe, and ca. 1% has at least one conversion in the PXD. Additionally,
about 6% of the signal events contain at least one converted photon in the SVD volume outside
of the PXD. These numbers correspond to events in which the e+e− pairs and all the photons
stemming from the signal B-meson traverse the detector within the acceptance. Figure 6.2
shows the MC vertices of the converted photons inside of the PXD in the xy-plane.

Considering π0s undergoing Dalitz decay, about 2% of the signal events contain at least one
of them. This number corresponds to events in which the Dalitz e+e− pairs and all the photons
from the signal B-meson traverse the detector within the acceptance.
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Figure 6.1: MC distributions of ∆tgen = tgen
sig − tgen

tag for the six generated MC samples. The
distributions are shown for all events, for events where B0

tag is a B0, and for events where B0
tag

is a B0.



6.3 Analysis strategy 173

 [cm]x

3− 2− 1− 0 1 2 3

 [c
m

]
y

3−

2−

1−

0

1

2

3
Pipe

PXD 1

PXD 2

 

Figure 6.2: Conversion vertices in the xy-plane inside the PXD. Conversions in the beam
pipe as well as in the first and second layers of the PXD are shown in red, magenta and blue,
respectively. Most of the conversions in the PXD occur in the supporting silicon rim, and in
the parts where the control switchers are mounted.

6.3 Analysis strategy
The analysis strategy in this chapter follows the concept of a “blind analysis”. In a blind
analysis, the whole analysis procedure is optimized on MC events and eventually also on data
outside of the signal region and on control samples extracted from the data. The first step in the
procedure is to reconstruct and to select the events. The second step is to extract the physical
parameters of interest from the distributions of observables. The extraction of the physical
parameters requires the formulation of a statistical model describing the distributions of the
observables.

The analysis procedure and the statistical model are validated by performing so-called
“pseudo-experiments”. In a pseudo-experiment, the distributions of the observables are ob-
tained from fully simulated MC events that were reconstructed and selected, or from probabi-
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lity density functions modeled on such events. The MC events for the pseudo-experiment must
be statistically independent from those used to optimize the analysis. The statistical model is
then fitted to the distributions of the observables and the physical parameters are extracted.
After performing a sufficiently large number of pseudo-experiments, the analysis is validated
by checking that the results for the physical parameters are not statistically biased, and that the
statistical errors are neither over- nor under estimated.

Once the analysis is validated, it is applied to real data and the physical parameters are ex-
tracted. This action is referred to as “unblinding” or “opening the box”. The purpose of the
blind analysis technique is to prevent from biased results due to the influence of the prefer-
ences and the expectations of the analyzer. After opening the box, systematic effects affecting
the measurement are studied using control samples extracted from real data to estimate the
systematic uncertainties1.

In the absence of real Belle II data, the analysis in this chapter fulfills all the steps that have
to be performed on MC events. As a final step, the expected statistical uncertainties on the
physical parameters of interest are estimated from the results of the pseudo-experiments.

6.4 Reconstruction of the signal side
To perform the analysis of the generated MC events, the following three decay modes are
considered as signal:

1. B0
sig→ π0

γγ(→ γγ) π0
γγ(→ γγ),

2. B0
sig→ π0

Dal(→ e+e−γ) π0
γγ(→ γγ),

3. B0
sig→ π0

γCγ
(→ γC(→ e+e−)γ) π0

γγ(→ γγ).

The fraction of signal events with more than one conversion or more than one π0
Dal decay is

less than 0.5%. Thus, such events are not reconstructed.
For each event, signal B-meson candidates are found by reconstructing the whole decay

chain for the three considered signal decay modes. The reconstruction is performed by apply-
ing some selection criteria. These criteria aim at enhancing the number of true candidates, i.e.
those who match the generated MC particles, with respect to the number of fake candidates
resulting from random combinations of particles. The goal is to remove fake candidates while
conserving as many signal candidates as possible. Because of the similarities between Belle
and Belle II, some selection criteria were adopted from previous analyses at Belle. In the fol-
lowing, the reconstruction and the selection criteria are explained in the order they are applied.
Percentages in this section are given with a precision about ±0.5 percent points.

γ and π0
γγ candidates

Photons (γ) and neutral pions (π0
γγ) are reconstructed in a similar way as in previous analy-

ses at Belle [140, 142, 143]. Photons correspond to neutral clusters in the electromagnetic

1Some systematic uncertainties are not evaluated on control samples (see discussion in Sect. 7.3).



6.4 Reconstruction of the signal side 175

calorimeter. At Belle II, the ECL crystals are the same as at Belle. Obviously, due to the novel
background levels and due to the upgrades of the ECL readout system at Belle II, a dedicated
optimization of the photon selection has to be performed. In the absence of an optimization
for the Belle II ECL at the time of this analysis, the photon-selection criteria at Belle were
taken as a reference: an ECL cluster that is not associated with a track, i.e. a neutral cluster,
is selected as photon candidate if its energy is greater than 50 MeV, 100 MeV and 150 MeV in
the barrel, front-end cap, and back-end cap of the ECL, respectively.

The reconstruction of π0
γγ is performed using pairs of photons with invariant masses in the

range
105 MeV/c2 < Mγγ < 165 MeV/c2 (6.1)

corresponding to about ±2.5σ around the nominal π0 mass. The standard deviation σ is ob-
tained by fitting a Gaussian function to the mass distribution of π0

γγ candidates corresponding
to true pions decaying into two photons. Figure 6.3 shows the mass distributions of true and of
fake π0

γγ candidates as well as the fit to the mass distribution of true candidates. The selection
criterion on Mγγ , shown with red lines, keeps 97% of the signal candidates.

To reduce the number of fake pions, π0
γγ candidates with small helicity angles such that

| cos(θH)| > 0.95 are rejected. The helicity angle θH is defined as the angle between the π0

boost direction in the laboratory frame and the momentum of one of the two γ daughters in the
π0 rest frame. The γ used for the calculation is chosen randomly. Figure 6.4 (left) illustrates
the definition of θH. And Fig. 6.4 (right) shows the distribution of cos(θH) for true and for
fake candidates. Since neutral pions are pseudo-scalar spin-0 particles, the momenta of their
decay products have no directional preference. Thus, the cos(θH) distribution for true neutral
pions is uniform. Several fake pions result from the combination of a soft photon moving
parallel or antiparalell to a hard one in the π0 frame. They cause the peaks at −1 and at 1

in the cos(θH) distribution. The requirement at | cos(θH)| > 0.95 was adopted from previous
analyses at Belle [140, 142, 143] since it was optimized based on the kinematics of the decay.
The cut removes 20% of the fake candidates, and only 3% of the signal candidates. The final
fraction of true π0

γγ candidates passing the selection is 94%.

γ
C
, π0

γCγ
and π0

Dal candidates

The reconstruction and the selection of converted photons (γC), π0s with one converted photon
(π0
γCγ

), and Dalitz decays (π0
Dal) is independent of the π0

γγ selection. The first step is the recon-
struction of electron-positron pairs. They are reconstructed using pairs of oppositely charged
tracks, where both tracks have a combined electron PID likelihood of Le > 0.8 (see Sect. 3.5)
and an impact parameter d0 < 5 cm. Figure 6.5 (left) shows the Le distribution for all tracks,
for tracks that do not correspond to electrons and positrons, and for true electron and positron
tracks. Figure 6.5 (right) shows the d0 distributions for tracks originating from a conversion
or a Dalitz decay inside the PXD volume, and for all other tracks. The PXD volume (inside
the outer PXD radius) encloses the PXD and the beam pipe. The red lines in the plots show
the PID and the d0 requirements. By applying the PID requirement, 86% of the tracks that are
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Figure 6.3: Left: mass distributions of π0 candidates reconstructed from two photons. The
distributions are shown for all candidates, for true candidates and for fake candidates. Right:
fit to the mass distribution of true candidates. The red vertical lines correspond to the selection
criteria. The fit function on the right is a single Gaussian function. The parameters µM and σM
are the mean and the standard deviation of the Gaussian function. For later comparison, the
95% trimmed mean and standard deviation are µ(95)
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Figure 6.5: Left: electron PID likelihood for tracks that do not correspond to electrons or
positrons, and for electron and positron tracks. Right: the d0 impact parameter for all tracks,
for tracks originating from a conversion or a Dalitz decay inside the PXD volume and for all
other tracks. The red lines correspond to the selection criteria: a track is selected as electron
candidate if its PID likelihood is larger than 0.8, and if its d0 value is smaller than 5 cm.

not associated with an electron or a positron are removed, and about 83% of the true electron
tracks are kept. Additionally, the d0 requirement removes background tracks from conversions
or from Dalitz π0s far outside of the PXD volume. Most of the π0s undergoing Dalitz decay
outside of the PXD come from K0

S → π0π0 decays. To a lesser extent they come also from
baryonic decays like Λ → nπ0 or Σ+ → pπ0. Of the true electrons and positrons from con-
versions or from Dalitz-π0 decays inside the PXD, more than 99% pass the d0 requirement,
and about 85% pass both the d0 and the PID requirements. The fractions are the same for both
kinds of candidates.

Electron-positron pairs are selected if one or both tracks have at least one PXD hit. About
62% of the pairs from a conversion inside the PXD fulfill this requirement. And for the pairs
from a Dalitz decay inside the PXD, about 96% fulfill it. The difference between the fractions
of pairs from conversions and from Dalitz π0s is because some of the conversions occur in the
PXD material outside the sensors, without producing PXD hits. Events with electron-positron
pairs without PXD hits, but with SVD hits, are not suitable for a time-dependent CP analysis
since their time resolution was found to be at least a factor 3 worse than the time resolution of
the events passing the one-hit PXD requirement.

Converted photons γC are reconstructed using e+e− pairs. The γC three-momentum is ob-
tained by adding the three-momenta of the e+ and the e− tracks. The reconstruction of neutral
pions with one converted photon π0

γCγ
is performed using a reconstructed converted photon γC

and a photon γ corresponding to a neutral ECL cluster. Dalitz candidates π0
Dal are reconstructed

using three particles for each candidate: an e+e− pair and a photon corresponding to a neutral
cluster. For this, the four-momenta of the three particles are added.

All three kinds of pions are reconstructed within the same mass range chosen for π0
γγ can-

didates (eq. (6.1)). The reason is that the mass distributions of true π0
γCγ

and of true π0
Dal
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Figure 6.6: Mass distributions of reconstructed true π0 candidates: (a) neutral pions with one
converted photon, (b) neutral pions undergoing Dalitz decays. The parameters µ(95)

M and σ(95)
M

are the 95% trimmed mean and standard deviation of the sample.

candidates have almost the same mean and the same standard deviation as the mass distribu-
tion of true π0

γγ candidates. Figure 6.6 shows the mass distributions of true π0
γγ and of true π0

Dal

candidates. The distributions have pronounced tails due to the radiation losses of the electrons
and the positrons, and, in the case of π0

γCγ
candidates, due to the momentum transfer to the

nucleus (or electron) involved in the conversion.

For a neutral pion undergoing a Dalitz decay and for a neutral pion with one converted
photon, the number of final state particles is the same. The final state particles are almost in
the same kinematic phase space; and the topology of the decays are very similar if at least
one of the e+e− tracks has a PXD hit. When π0

Dal candidates are reconstructed, also π0s with
conversions pass the selection criteria. Thus, the number of true π0

Dal candidates is almost the
number of π0

Dal candidates corresponding to neutral pions with one converted photon. These
candidates are considered as signal candidates as well. The same applies for reconstructed
π0
γCγ

candidates: many of them are in reality Dalitz π0s. And they are also considered as signal
as well.

For π0
γCγ

and π0
Dal candidates, the helicity angle θH is defined as the angle between the π0

boost direction in the laboratory frame and the momentum of the neutral ECL cluster γ in the
π0 rest frame. Candidates with helicity angles such that | cos(θH)| > 0.95 are rejected. The
requirement is the same as for π0

γγ candidates because the momenta of the π0-decay products
are always isotropically distributed and thus the shape of the signal distribution is in principle
the same.

Figure 6.7 shows the cos(θH) distributions for true and for fake π0
γCγ

and π0
Dal candidates. The

asymmetry in the case of π0
γCγ

and π0
Dal candidates occurs because tracks are less affected by

low momentum background in comparison with neutral clusters (the momentum threshold for
tracks is higher than for neutral clusters). The fraction of fake candidates that gets removed by
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the helicity requirement is about 30% for π0
γCγ

candidates, and about 20% for π0
Dal candidates.

The fraction of true candidates (including π0s with conversions and Dalitz π0s) passing the
helicity and the invariant mass selection is about 90%. The number is the same if the candidates
are reconstructed as π0

γCγ
or as π0

Dal candidates.

B0
sig candidates

In the final step, B0
sig candidates are reconstructed requiring that the beam-constrained mass

mbc =
√

(E∗beam)2 − (p∗B)2,

is larger than 5.26 GeV/c2. And the beam-constrained energy

∆E = E∗B − E∗beam, (6.2)

is required to be larger than −0.3 GeV and smaller than 0.2 GeV. In the equations above, the
beam energy E∗beam =

√
s/2 is half the total energy in the Υ(4S) frame, and E∗B and p∗B are the

reconstructed energy and momentum of the B0
sig candidate in the Υ(4S) frame.

The requirements on mbc and on ∆E are applied for the three considered signal decay
modes. The use of mbc and ∆E exploits the precise knowledge on the beam energy at B
factories. Because of energy conservation, the energy of each B meson in the Υ(4S) frame is
half the total energy.

The resolution of mbc is determined by the resolution of the beam energy (several MeV)
and is much better than the resolution of the B mass determined from the four momenta of the
reconstructed decay products. Naturally, mbc has an upper limit of 5.3 GeV/c2 corresponding
to the maximum beam energy.

The resolution of ∆E is dominated by the uncertainty on the reconstructed energy of the B
meson. Its distribution has a tail towards negative values because of systematic losses in the
photon reconstruction. Therefore, the requirement on ∆E is asymmetric. Both observables,
mbc and ∆E, are used in the maximum-likelihood fits which will be described in Sect. 6.10.
The respective distributions will be shown there and in Sect. 6.7.

The requirements on mbc and on ∆E used in this chapter were applied previously by Belle
in the latest time-integrated analysis of B0 → π0π0 [140]. For each of the three considered
decay modes, about 94% of the true B0

sig candidates fulfill them.

Coming back to the discussion about the partial overlap between π0
Dal and π0

γCγ
candidates,

this effect happens also for B0
sig candidates: many B0

sig candidates with a reconstructed Dalitz
π0 are in reality B0s with a converted photon. And the same applies for B0

sig candidates with
a reconstructed converted photon. For B0

sig candidates with two π0
γγ candidates (four-photon

final state), there is no candidate corresponding to a decay with one converted photon or with
one Dalitz π0. The same applies for B0

sig candidates with one Dalitz π0 or with one converted
photon: none of them matches a a true B0 decaying into a four-photon final state.
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Figure 6.7: The helicity angle θH for (a) neutral pion candidates reconstructed with one con-
verted photon and (b) neutral pion candidates reconstructed as Dalitz π0s. Left: the definition
of the helicity angle. The vector pπ0 stays for the three-momentum of the pion in the lab
frame, and the vectors p′γ , p′γC

, p′e−, p′e+ for the momenta of the ECL-cluster photon, the con-
verted photon, the electron and the positron in the rest frame of the pion. Right: Distributions
of cos(θH) for all candidates, for the two signal candidates and for fake candidates. The red
vertical lines correspond to the selection criteria.
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6.5 Distinguishing between Dalitz π0s and converted
photons

Candidates reconstructed as B0
sig → π0

Dal π
0
γγ and as B0

sig → π0
γCγ

π0
γγ contain candidates with a

true Dalitz π0
Dal decay and with a true converted photon in about the same proportion. This was

determined by checking the MC information. To perform a CP -violation analysis, one needs
to distinguish the two kinds of signal events because they have different vertex resolutions, as
it will be shown in the next section, and because the relative fraction of conversions to Dalitz
decays can considerably differ between real data and MC events. Considering all candidates
reconstructed as B0

sig → π0
Dal π

0
γγ (or as B0

sig → π0
γCγ

π0
γγ) as a single kind of signal candidates,

as is done in this thesis, could potentially introduce sizable systematic effects.

To distinguish the two types of signal candidates, an FBDT method [115] was trained with
four input variables that provide discrimination power. These input variables make use of the
information related to the geometrical properties of the reconstructed e+e− pair, for which at
least one of the tracks is required to have a PXD hit. The first two variables, rL and rU, cor-
respond to the possible two solutions for the e+e− vertex in the xy-plane (rφ-plane): rL is the
solution closest to the IP and rU the farthest one. For the calculation, the e+e− tracks are con-
sidered as two intersecting circles with radii r1 and r2. An illustration of the approach is shown
in Figure 6.8. The line connecting the two intersection points crosses the line connecting the
centers c1 and c2 of the two circles at the point

rC = c1 +
c2 − c1

2

(
1 +

r2
1 − r2

2

|c2 − c1|2
)

.

One can then write
rU,L = rC ± y · n,

where n is a unit vector perpendicular to the line connecting the centers of the two circles. If
there are two intersections, y is a real number larger than zero. If there is only one intersection
y = 0. In case that there is no intersection, the values of rL and rU are set to be equal rC.

The fourth and the fifth variables correspond to the angular differences ∆θe+e− = θe+ − θe−
and ∆φe+e− = φe+ − φe−, where the angles θ and φ for each track are calculated using the
momentum at the respective point of closest approach to the IP; at Belle II, the tracks are
represented by the helix parameters calculated at the point of closest approach to the IP (see
Sect. 3.3).

Given the momentum p = (px, py, pz)
T for the e+ and the e− tracks, the angular difference

∆θe+e− is given by

∆θe+e− = arccos(
p
e+

z

|pe+|)− arccos(
p
e−
z

|pe−|),
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Figure 6.8: Illustration of c1, c2, rC, rL, rU, φe+ and φe− on the xy-plane (rφ-plane). The
vectorB corresponds to the magnetic field.

and the difference ∆φe+e− by

∆φe+e− = atan2(pe
+

y , p
e+

x )− atan2(pe
−

y , p
e−

x ).

Because of the definition of atan2, the values of ∆φe+e− can peak around−2π, 0, and 2π. The
distribution has the same shape around each peak. To train a multivariate method, it is useful
to have only one peak around 0. This is achieved by mapping the ∆φe+e− distribution in the
following way

∆φmapped
e+e− = ∆φe+e− − truncate(

∆φe+e− + 3π

2π
) · 2π + 2π,

were the function truncate is a rounding function towards zero2. In the following, ∆φmapped
e+e−

will be referred to just as ∆φe+e−.
Figure 6.9 shows the distributions of the four input variables for B0

sig candidates with true
Dalitz π0

Dal decays and for B0
sig candidates with true converted photons. In particular, the input

variable ∆φe+e− has a large separation power. For events with Dalitz π0
Dal decays, the ∆φe+e−

distribution is symmetric around 0◦ because the B0 decay vertex is only a few microns away
from the IP in the rφ-plane and because the π0

Dal decay follows immediately. Therefore, the
angles at the point of closest approach correspond to a good approximation to the true opening

2When using C++ the mapping can be realized with the fmod function.
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Figure 6.9: The four input variables, rL (left top), rU (left bottom), ∆θe+e− (right top) and
∆φe+e− (right bottom). B0

sig candidates with true Dalitz π0
Dal decays are shown by the solid blue

curves, and with true converted photons by the dashed red curves.

angles at the decay vertex. In contrast, the distribution of ∆φe+e− for converted photons is
asymmetric. For these events, the vertex is far from the interaction point (at least 1 cm corres-
ponding to the inner beam pipe radius). Thus, the φ angles at the point of closest approach to
the IP are biased with respect to the true values at the conversion vertex. Because the curvature
of reconstructed electrons and positrons have opposite signs, the angular difference ∆φe+e− is
always biased in the same direction.

The FBDT classifier was trained with a sample of about 200, 000 events, with roughly equal
fractions of Dalitz and conversion events. The test against over-fitting was performed in the
same way as for the FBDT combiner of the flavor tagger (see Sect. 4.4). Figure 6.10 shows
the output yDC of the Dalitz-Conversion FBDT classifier. The excellent discrimination comes
from the high power of the input variables.

6.6 Measurement of ∆t

To measure the mixing-induced CP -violation parameter SCP , a time-dependent analysis has
to be performed. The analysis requires the reconstruction of the decay vertices of the signal-
side and the tag-side mesons B0

sig and B0
tag. In the case of the decay B0

sig→ π0π0, only for B0
sig

candidates with at least one converted photon or with one Dalitz π0 a vertex reconstruction is
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Figure 6.10: The output yDC of the Dalitz-Conversion FBDT classifier. B0
sig candidates with

true Dalitz π0
Dal decays are shown by the solid blue curve, and with true converted photons by

the dashed red curve.

possible. In the following, the techniques employed for the vertex reconstruction of B0
sig and of

B0
tag are explained. Next, the obtained ∆t resolutions will be presented. The available vertex

reconstruction algorithms at Belle II are referenced in Sect. 3.4. The results presented in this
thesis were obtained using RAVE.

6.6.1 Signal-side vertex reconstruction
Since neutral pions decay promptly, the decay vertices of the neutral pions coincide with the
vertex of B0

sig. A vertex reconstruction requires at least two tracks, or one track together with a
decay-position constraint. ForB0

sig candidates with a π0
Dal candidate, the e+e− pair is used to re-

construct B0
sig-decay vertex. To improve the vertex resolution, the e+e−-vertex fit is performed

with a decay-position constraint. At Belle II, a commonly used decay-position constraint for
B0

sig candidates is an ellipsoid oriented along the boost direction [1]. The constraint exploits
the precise knowledge about the size and the position of the interaction region at Belle II, and
the fact that B mesons are produced almost at rest in the Υ(4S) frame. The transverse size of
the ellipsoid corresponds to the beam size at the IP. Its size in boost direction is 2 cm, about
two orders of magnitude larger than the decay length of B0

sig.
Figure 6.11 shows the vertex distributions of B0

sig → π0
Dalπ

0
γγ candidates. The π0

Dal candidate
is required to be a true pion undergoing a Dalitz decay. Figure 6.11(a) shows the distribution of
the generated MC decay vertex. Figure 6.11(b) shows the distribution of the B0

sig-decay vertex
when it is reconstructed using the e+e− pair without decay-position constraint. Figure 6.11(c)
shows the distribution when the B0

sig vertex is reconstructed by fitting the e+e−-vertex together
with the ellipsoid constraint. The shape of the ellipsoid is visible from the distribution.
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Figure 6.11: B0
sig-vertex position for B0

sig→ π0
Dalπ

0
γγ candidates. The π0

Dal candidate is required
to be a true Dalitz π0. Top: MC decay vertex. Bottom: Reconstructed B0

sig vertex.
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Figure 6.12 shows the corresponding residuals of the B0
sig vertex in boost direction. The

residuals are defined as
lrec
sig − lgen

sig = (xrec
sig − xgen

sig ) · β̂,

where β̂ is a unit vector pointing in boost direction, and xrec
sig and xgen

sig are the reconstructed
and the generated 3D vertex of B0

sig. Figure 6.12(a) shows the residuals when the e+e−-vertex
is reconstructed without decay-position constraint and taken as B0

sig vertex. And Fig. 6.12(b)
shows the residuals when the B0

sig vertex is reconstructed by fitting the e+e−-vertex together
with the ellipsoid constraint. With the ellipsoid constraint, the vertex resolution improves by
about 85%.

For B0
sig candidates with one converted photon, the vertex of the e+e− pair is far from the

B0
sig decay vertex. Thus, the e+e− tracks are used to reconstruct the converted photon as a

pseudo track. The converted photon pseudo track is used together with the ellipsoid constraint
to reconstruct the decay vertex of B0

sig.
As explained in the previous section, the B0

sig candidates with one reconstructed conversion
and the B0

sig candidates with one reconstructed Dalitz π0 have a certain overlap. Thus, four
kinds of candidates with vertex can be distinguished. First, B0

sig candidates reconstructed with
one true π0

Dal. Second, B0
sig candidates reconstructed with one π0

Dal that is in reality a π0 with
one converted photon. Third, B0

sig candidates reconstructed with one true γC. Fourth, B0
sig

candidates reconstructed with one γC where the π0
γCγ

candidate is in reality a Dalitz π0.
Figure 6.13 shows the residuals of the B0

sig vertex for the four kinds of candidates. Since
Dalitz decays occur closer to the IP than conversions, the vertex resolution of B0

sig candidates
with true Dalitz π0s is better than for candidates with one true conversion, even if the Dalitz π0s
are wrongly reconstructed as candidates with one conversion (see Figs. 6.13(a) and 6.13(d)).
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Figure 6.12: B0
sig-vertex residuals in boost direction for B0

sig → π0
Dalπ

0
γγ candidates. The π0

Dal
candidate is required to be a true Dalitz π0. The fits to the residuals are performed with three
Gaussian functions. The shift µ∆l and the resolution σ∆l are the weighted averages of the mean
values and the standard deviations of the three Gaussian functions.
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Figure 6.13: B0
sig-vertex residuals in boost direction for the four kinds of candidates: (a) B0

sig
candidates reconstructed with one true π0

Dal; (b) B0
sig candidates reconstructed with one π0

Dal that
is in reality a π0 with one converted photon; (c) B0

sig candidates reconstructed with one true
γC; and (d) B0

sig candidates reconstructed with one γC where the π0
γCγ

candidate is in reality
a Dalitz π0. The fits to the residuals are performed with three Gaussian functions. The shift
µ∆l and the resolution σ∆l are the weighted averages of the mean values and the standard
deviations of the three Gaussian functions.

6.6.2 Tag-side vertex reconstruction
At B factories, the algorithms reconstructing the tag-side vertex profit from the isolated pro-
duction of the BB pairs, in the same way as the flavor tagging algorithms. Since the BB pairs
are produced at the Υ(4S), without other accompanying particles, the tracks on the tag-side
must belong to the decay of Btag and are therefore used for the vertex reconstruction.

The decay tracks stemming from a B0-meson decay can be classified into three groups:
primary tracks from the B decay, including also daughters from intermediate hadronic reso-
nances, e.g. muons from B → J/ψ (→ µ+µ−)X decays; tracks from D mesons, whose decay
vertex is in average about 100 µm away from the B-decay vertex; and tracks from K0

S decays,
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whose decay vertex is in average few centimeters away from the B-decay vertex. For the
B0

tag-vertex fit, the tracks from K0
S are always excluded.

At Belle II, the RAVE Adaptive Vertex Fit (AVF) is the employed algorithm [144]. The
AVF assigns outlying tracks a weight which depends on the compatibility of the track with the
vertex; the weight can be therefore understood as a probability of a single track to belong to a
given vertex. In order to reduce the weights of the tracks from D mesons, the fit is constrained
in a first instance with an ellipsoid around the boost axis. This ellipsoid constraint covers a
region where a B meson has a higher probability to decay in comparison with a possible D
meson: its length in boost direction corresponds to 1.6 times the B0 lifetime and its transverse
size corresponds to the beam size at the IP. If the fit does not converge, the constraint is
redefined enlarging its size in boost direction to about hundred times the decay length of a B0.
Then, the fit is performed again. In first instance, the tracks with at least one PXD hit on the
tag side are used as input. If the fit does not converge, the tracks with and without PXD hits
are used as input in a second instance.

When the signal decay channel is fully reconstructed and correctly matched with the MC
decay chain, the vertex of B0

tag does not depend on the reconstructed signal decay channel. To
check if there are problems in the reconstruction and the MC association, the distribution of
the residuals for each candidate kind was evaluated. Figure 6.14 shows the residuals of the tag-
side vertex fit for the four kinds of B0

sig candidates with vertex. As Fig. 6.14 shows, the mean
values and the standard deviations of the four distributions agree within the uncertainties.

6.6.3 ∆t resolution and ∆t selection

In time-dependent CP analyses, the CP -violation parameters are extracted from the ∆t dis-
tribution, which can be calculated from the difference between the decay vertices of B0

sig and
B0

tag (see Sect. 2.7.3). Since the B mesons are produced almost at rest in the Υ(4S), they travel
to a good approximation only along the boost direction. Therefore, the time difference ∆t can
be measured as

∆t =
(xsig − xtag) · β̂

βγ · c ,

where β̂ is a unit vector pointing in boost direction, xsig and xtag are the 3D vertices of B0
sig

and B0
tag, and βγ is the Lorentz boost (the average is 〈βγ〉 = 0.28). The boost is determined

from the beam parameters for each event. After the measurement of ∆t, the B0
sig candidates

with one π0
Dal or with one π0

γCγ
are required to fulfill |∆t| ≤ 25 ps.

Figure 6.15 shows the ∆t residuals for the four kinds of candidates. Note thatB0
sig candidates

with one true Dalitz π0 have a better ∆t resolution than those with one true conversion. For
all kinds of candidates, the ∆t resolution is limited by the signal-side vertex resolution. In
contrast, for the benchmark decay channel B0

sig → J/ψK0
S , the ∆t resolution is limited by

the tag-side vertex resolution. While for the decay channel B0
sig→ π0π0, the B0

sig vertex is
reconstructed using the e+e− tracks from a Dalitz decay or from a converted photon (together
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with a decay-position constraint), for B0
sig → J/ψK0

S , the signal-side vertex is reconstructed
with high precision using the muons from the J/ψ decay (see Fig. 3.9).
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Figure 6.14: B0
tag-vertex residuals in boost direction for the four kinds of candidates. The fits to

the residuals are performed with three Gaussian functions. The shift µ∆l and the resolution σ∆l

are the weighted averages of the mean values and the standard deviations of the three Gaussian
functions.
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Figure 6.15: ∆t residuals for the four kinds of candidates. The fits to the residuals are per-
formed with three Gaussian functions. The shift µ∆t and the resolution σ∆t are the weighted
averages of the mean values and the standard deviations of the three Gaussian functions.
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6.7 Continuum Suppression
At the Υ(4S), the fraction of non-BB events is larger than the fraction of events with BB
pairs. Combinations of particles produced in non-BB events give rise to large amounts of
background events usually outnumbering the signal events by orders of magnitude. For the
signal decay channel B0 → π0π0, the relevant background from non-BB events corresponds
to hadronic events (continuum background), where the beam electron and positron collide
producing a qq pair where q is a quark lighter than a b quark. Such events occur about three
times more often thanBB events. Random combinations of particles from qq events can easily
fulfill the selection criteria forB0

sig candidates. Thus, to perform an analysis of the signal decay
channel, the continuum events have to be suppressed.

Belle and BaBar developed several techniques to suppress continuum events building on the
experience of previous collaborations like CLEO and ARGUS. The techniques vary depend-
ing on how well they are suited for the analyzed signal channel. A review of the different
techniques can be found in the Physics of the B factories book [29]. They have in common
that they use variables exploiting the shape differences between qq and BB events.

Figure 6.16 shows an illustration of the event shapes for qq and for BB events. Pairs of
light quarks are produced back-to-back in the center-of-mass frame. They have high momenta
around the beam energy. When they fragment, they usually produce hadrons with low trans-
verse momenta around 0.3 GeV/c. The produced hadrons form thus jet-like events. On the
other hand, BB pairs are produced almost at rest in the center-of-mass frame. Because B me-
sons have 0 spin, their daughters spread isotropically in space forming spherically-shaped
events.

q

q

B B

e+e−→ Υ(4S)→ BBe+e−→ qq (q ∈ {u, d, s, c})

p(q) ≈ 5 GeV p(B) ≈ 0.3 GeV

Figure 6.16: Illustration of the event shapes for jet-like continuum events (left) and for spher-
ical BB events (right).
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Event Type Fraction [%]
uu 50
dd 13
ss 5
cc 15

τ+τ− 17

Table 6.1: Fractions of different non-
BB events passing the reconstruc-
tion and the selection described in
Sect. 6.4. The uncertainties are about
±1%.

In the case of B0 → π0π0, a considerable fraction of τ+τ− events pass the selection for
B0

sig candidates, in addition to the light qq events. Events with τ+τ− pairs occur almost as
often as BB events. And the tauons can decay into final states with hadrons including one or
several neutral pions. Random combinations of such final-state particles can thus easily fullfill
the B0

sig-selection criteria. Table 6.1 presents the fractions of non-BB events passing the B0
sig

reconstruction and selection described in Sect. 6.4.
Being still considerably lighter than B mesons, τ leptons are produced with relatively high

momenta. Therefore, they also form jet-like events. Events with τ+τ− pairs differ from light
qq events, for example due to the presence of neutrinos. However, the continuum suppression
variables have a very good discrimination power against them. In this thesis, the continuum
suppression served therefore to suppress τ+τ− events as well.

Belle II has adopted the variables used for continuum suppression at Belle. They serve as
input for an FBDT method [115] that discriminates the signal channel from the continuum
events. Depending on the analysis and on the signal channel, a subset of these variables can
be selected.

This section introduces the variables used in the standard continuum suppression at Belle II
following [1, 29]. In this thesis, the continuum suppression FBDT classifier was trained to
reject continuum and τ+τ− events. These two kinds of events will be referred to in the fol-
lowing as non-BB events when the distributions of the continuum suppression variables will
be shown. The choice of the variables for the analysis of B → π0π0 will be justified next.
Afterward, the performance of the FBDT classifier and the selection criterion on its output
will be explained.

6.7.1 Input Variables

• Thrust: For a collection of N momenta pi (i = 1, · · ·N ), the thrust scalar T (or thrust)
is defined as

T =

∑N
i=1 |T · pi|∑N
i=1 |pi|

,

where the thrust axis T is the unit vector that maximizes T . The direction of T is such
that the sum of the absolute values of the momenta, projected onto T , is maximal. The
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Figure 6.17: The distributions of the thrust Ttag (left) and | cos θsig,tag
T | (right) for signal, for

non-BB , for continuum, and for τ+τ− MC events. The non-BB events correspond to conti-
nuum and to τ+τ− events together. The distributions for signal events and for non-BB MC
events are normalized such that the area below each curve equals unity, leaving the proportions
of continuum and τ+τ− events as given in Tab. 6.1.

thrust T and the thrust axis T are calculated in the Υ(4S) frame for the momenta of the
B0

sig candidate decay particles (Tsig and Tsig), and for the momenta of all the particles in
the tag side (Ttag and Ttag)3. The values of Tsig and Ttag have a discrimination power
between signal and non-BB events. Figure 6.17 (left) shows the distribution of Ttag for
signal and for non-BB MC events.

• Thrust angles: The cosines of two thrust angles are used as input variables. The first one
is | cos θsig,tag

T |, where θsig,tag
T is the angle between Tsig and Ttag. Among all continuum

suppression variables, this variable is the most powerful one. Figure 6.17 (right) shows
its distribution for signal and for non-BB MC events. Since the momenta of the decay
particles of B0

sig and of B0
tag are isotropically distributed, Tsig and Ttag are randomly

distributed, and thus | cos θsig,tag
T | follows a uniform distribution. For light qq and for

τ+τ− events, the momenta of the particles follow the direction of the jets in the event,
and as a consequence Tsig and Ttag are strongly directional and collimated, yielding a
| cos θsig,tag

T | distribution strongly peaked at 1.

The second variable is | cos θsig,beam
T |, where θsig,beam

T is the angle between Tsig and the
beam axis (in z-direction).

• CLEO Cones: The CLEO collaboration introduced a set of 9 variables for measure-
ments of charmless B0

sig decays which typically suffer from large continuum
backgrounds as B0 → π0π0 [145]. They are in principle a refinement of the concept
of thrust: they are based on the sum of the absolute values of the momenta of all par-

3The thrust axis of the tag side, Ttag, is required also for the calculation of | cos θ∗T| within the flavor tagger (see
Sect. 4.3).
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Figure 6.18: The distributions of (left) the third CLEO cone and (right) the ratio R2 of second
to zeroth Fox-Wolfram moment.

ticles within angular sectors around the thrust axis, in intervals of 10◦, resulting in 9

concentric cones. For this thesis, the CLEO cones are calculated from all final state
particles in the event. The CLEO cone variables have slightly similar distributions. As
an example, Fig. 6.18 (left) shows the distribution of the third CLEO cone C 3, the one
with the highest discrimination power.

• Fox-Wolfram moments: Given a total number ofN particles in an event, with momenta
p∗i in the Υ(4S) frame, the l-th order Fox-Wolfram moment Hl [146] is defined as

Hl =
N∑
i,j

|p∗i | ·
∣∣p∗j ∣∣
s

· Pl

(
cos θ∗i,j

)
,

where θ∗i,j is the angle between p∗i and p∗j ,
√
s is the total energy in the Υ(4S) frame, and

Pl is the l-th order Legendre polynomial. In the limit of negligible invariant masses of
the particles, the conservation of energy and momentum requires thatH0 is equal to one,
which is why the normalized ratios Rl = Hl/H0 are often used. At Belle II, only the
normalized ratio R2 is used. It is a strongly discriminating variable. Figure 6.18 (right)
shows its distribution for signal and for non-BB MC events.

• Kakuno-Super-Fox-Wolfram moments: The discrimination power provided by the
Fox-Wolfram moments deteriorates when particles are missing. To account for missing
particles, the Belle collaboration developed the Kakuno-Super-Fox-Wolfram moments
(KSFW) Hso

xl and Hoo
l (l ∈ [0, 4]) [147]. All reconstructed particles in an event are

divided into two types: B0
sig candidate daughters (denoted as s), and tag-side particles

(denoted as o). The Hso
xl moments are sorted into three categories (denoted as x) de-

pending on whether the particle is charged (x = c), neutral (x = n), or missing (x = m).
For the Hso

xl moments, the missing momentum of an event is treated as an additional
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particle. For even l,

Hso
xl =

∑
i

∑
jx

|p∗jx| · Pl(cos θ∗i,jx),

where i extends over the primary B0
sig daughters, and jx over all the tag-side particles

belonging to category x; p∗jx is the momentum of the particle jx in the Υ(4S) frame; and
Pl(cos θ∗i,jx) is the l-th order Legendre polynomial of the cosine of the angle between the
particles i and jx in the Υ(4S) frame. For odd l, one obtains Hso

nl = Hso
ml = 0 and

Hso
cl =

∑
i

∑
jx

qi · qjx · |p∗jx| · Pl(cos θ∗i,jx), (6.3)

where qi and qjx are the charges of the particles i and jx. There are a total of eleven Hso
xl

moments: two for l = 1, 3; and nine (3 × 3) for l = 0, 2, 4. The moments for l = 1, 3

are known to be correlated with ∆E and mbc. They are therefore not used by default at
Belle II.

The definition of the five Hoo
l moments is

Hoo
l =

{∑
j

∑
k |p∗j | · |p∗k| · Pl(cos θ∗j,k) (l = even)∑

j

∑
k qj · qk · |p∗j | · |p∗k| · Pl(cos θ∗j,k) (l = odd),

where j and k extend over all the tag side particles. The Hso
xl moments are normal-

ized to Hmax
0 , and the Hoo

l moments to (Hmax
0 )2, where Hmax

0 = 2 (
√
s−∆E). The

normalization is performed to avoid dependencies on ∆E (eq. (6.2)).

Figure 6.19 shows the distributions of the KSFW moments for l = 2, the ones with the
highest discrimination power.

• Missing mass and transverse energy: The missing mass squared is defined as

M2
miss =

(
√
s−

N∑
i=1

E∗i

)2

−
N∑
i=1

|p∗i |2,

where E∗i and p∗i are the energy and the momentum of the i-th particle in the Υ(4S)

frame, and N is the total number of particles in the event. The transverse energy

Et =
N∑
i=1

|(p∗t )i|, (6.4)

is the scalar sum of the transverse momenta of all particles in the event. The distributions
of M2

miss and Et are shown in Fig. 6.20.
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Figure 6.19: The distributions of the KSFW moments for l = 2.
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Figure 6.20: The distributions of (left) the missing mass squared M2
miss and (right) the trans-

verse energy Et.
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Selection of variables

From the 30 variables used in the standard continuum suppression, two variables, Tsig and C 1,
were discarded because they are correlated with the fit observables mbc and ∆E. By using
them as input, the output of the FBDT classifier becomes correlated with the fit observables,
a situation that has to be avoided because otherwise requirements on the FBDT output modify
the shape of the continuum background such that it mimics the signal.

Figure 6.21 presents the correlation coefficients betweenmbc, ∆E and all the variables used
in the standard continuum suppression. The thrust value Tsig is strongly correlated with mbc,
especially for continuum events. And the first CLEO cone is considerably correlated with ∆E.
Fig. 6.22 shows the distributions of Tsig and mbc, and of C 3 and ∆E.
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0 0 0 0 -2 -2 2 3 1 -2 -4 -4 -2 2 5 -1 0 -1 8 0 0 4 -1 -4 100 -1 0 0 0 0 0 1

-2 -2 -1 1 20 7 6 11 12 10 6 0 -7 -12 -14 22 -1 23 -1 0 14 0 -4 100 -4 -4 0 -2 0 -2 3 -3

0 1 0 10 -2 0 -2 -4 -5 -5 -5 -5 -5 -4 -4 12 -4 -3 0 -24 -2 0 100 -4 -1 25 1 29 1 24 -20 -24

-2 -3 -1 -1 -3 5 14 22 10 -9 -23 -24 -10 10 23 0 0 -1 7 0 1 100 0 0 4 0 0 0 0 0 0 -3

-2 -1 -1 0 49 -2 15 29 31 25 14 -1 -15 -27 -32 47 -1 19 0 3 100 1 -2 14 0 0 0 -1 0 -1 0 5

-1 2 0 -18 0 0 2 5 5 6 7 8 8 8 8 -20 -43 -1 0 100 3 0 -24 0 0 25 -3 5 -2 6 -23 24

0 0 -1 -1 -5 6 28 37 18 -15 -41 -42 -18 17 40 0 0 0 100 0 0 7 0 -1 8 0 0 -1 0 0 0 -3

-1 2 1 1 73 -6 25 43 47 39 22 -1 -24 -41 -50 74 0 100 0 -1 19 -1 -3 23 -1 -2 0 -1 0 -2 1 8

1 5 0 -1 -1 0 6 7 10 12 14 16 17 17 17 -30100 0 0 -43 -1 0 -4 -1 0 63 7 18 6 12 -60 49

0 4 1 32 68 -5 20 33 35 26 9 -12 -33 -49 -56100 -30 74 0 -20 47 0 12 22 -1 -40 -1 9 0 2 43 -26

0 -1 -1 -4 -48 7 -7 -12 -15 -17 -16 -13 -9 -3 100 -56 17 -50 40 8 -32 23 -4 -14 5 21 1 6 1 5 -20 10

0 -1 0 -4 -38 4 -6 -12 -15 -15 -15 -12 -7 100 -3 -49 17 -41 17 8 -27 10 -4 -12 2 21 1 6 1 5 -20 12

0 -1 0 -4 -19 0 -5 -10 -12 -13 -12 -9 100 -7 -9 -33 17 -24 -18 8 -15 -10 -5 -7 -2 21 1 6 1 5 -20 15

0 0 0 -3 2 -3 -4 -7 -9 -8 -7 100 -9 -12 -13 -12 16 -1 -42 8 -1 -24 -5 0 -4 19 1 5 1 4 -18 17

0 1 0 -3 21 -4 -2 -3 -4 -3 100 -7 -12 -15 -16 9 14 22 -41 7 14 -23 -5 6 -4 17 1 5 1 3 -17 18

0 1 0 -2 35 -3 0 1 2 100 -3 -8 -13 -15 -17 26 12 39 -15 6 25 -9 -5 10 -2 15 1 4 1 2 -14 17

0 1 0 -2 41 -2 3 5 100 2 -4 -9 -12 -15 -15 35 10 47 18 5 31 10 -5 12 1 12 1 3 1 2 -12 15

-2 0 -3 -2 37 0 -4 100 5 1 -3 -7 -10 -12 -12 33 7 43 37 5 29 22 -4 11 3 9 0 2 1 1 -9 11

3 33 3 -1 21 -2 100 -4 3 0 -2 -4 -5 -6 -7 20 6 25 28 2 15 14 -2 6 2 7 0 2 0 1 -7 9

-2 -11 -9 0 -5 100 -2 0 -2 -3 -4 -3 0 4 7 -5 0 -6 6 0 -2 5 0 7 -2 0 0 0 0 0 0 -58

-1 0 0 0 100 -5 21 37 41 35 21 2 -19 -38 -48 68 -1 73 -5 0 49 -3 -2 20 -2 -1 0 -1 0 -2 1 7

1 0 0 100 0 0 -1 -2 -2 -2 -3 -3 -4 -4 -4 32 -1 1 -1 -18 0 -1 10 1 0 -17 2 62 5 24 14 -9

38 2 100 0 0 -9 3 -3 0 0 0 0 0 0 -1 1 0 1 -1 0 -1 -1 0 -1 0 0 0 0 0 0 0 5

10 100 2 0 0 -11 33 0 1 1 1 0 -1 -1 -1 4 5 2 0 2 -1 -3 1 -2 0 6 0 2 0 1 -6 14

100 10 38 1 -1 -2 3 -2 0 0 0 0 0 0 0 0 1 -1 0 -1 -2 -2 0 -2 0 0 0 1 0 0 0 1
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0 0 -1 -18 6 -72 6 17 17 19 19 17 16 14 13 -30 50 28 14 24 9 0 -29 -25 -11 53 -2 19 3 7 -56100

0 0 0 29 -3 7 -15 -20 -14 -17 -20 -22 -22 -22 -22 42 -57 -27 -18 -32 -14 -7 -8 -2 -6 -79 1 -36 -3 -24100 -56

2 -1 3 39 14 4 28 33 9 -13 -20 -20 -16 -12 -9 38 14 37 43 5 22 26 26 34 33 26 12 75 15 100 -24 7

0 1 0 15 4 -1 -2 10 7 -3 -5 -5 -6 -6 -6 13 12 19 14 -12 -7 -5 2 2 0 1 68 13 100 15 -3 3

1 -2 1 56 27 1 29 37 19 0 -10 -18 -23 -26 -27 46 22 53 42 10 31 26 26 42 27 39 8 100 13 75 -36 19

0 1 0 14 1 0 -3 9 5 -6 -7 -6 -5 -4 -4 13 5 12 11 -11 -6 -4 6 2 -1 -3 100 8 68 12 1 -2

0 -1 0 -34 -4 -5 11 11 13 20 25 27 28 28 28 -48 61 21 11 27 7 0 20 2 5 100 -3 39 1 26 -79 53

1 -1 2 8 7 6 10 5 -6 -8 -7 -7 -6 -5 -5 13 -6 4 11 -3 3 6 37 65 100 5 -1 27 0 33 -6 -11

0 0 1 19 11 13 6 3 -5 -9 -11 -11 -13 -14 -14 25 -15 4 7 -10 2 4 65 100 65 2 2 42 2 34 -2 -25

-2 1 -2 9 -4 12 -3 -7 -7 -9 -8 -6 -4 -3 -3 13 -13 -9 -3 -17 -9 -4 100 65 37 20 6 26 2 26 -8 -29

2 -2 2 24 24 5 41 25 -7 -20 -23 -19 -14 -9 -6 31 -36 -20 -6 54 84 100 -4 4 6 0 -4 26 -5 26 -7 0

1 -2 2 24 30 1 30 20 2 -4 -9 -12 -14 -15 -16 26 -45 -28 -13 76 100 84 -9 2 3 7 -6 31 -7 22 -14 9

1 -2 1 -18 3 -3 15 4 -1 8 11 11 11 10 10 -21 -43 -42 -27100 76 54 -17 -10 -3 27 -11 10 -12 5 -32 24

1 -1 1 35 32 1 40 54 3 -31 -36 -29 -19 -9 -4 42 40 79 100 -27 -13 -6 -3 7 11 11 11 42 14 43 -18 14

1 -1 1 45 43 -7 23 45 22 -3 -14 -19 -23 -24 -25 42 64 100 79 -42 -28 -20 -9 4 4 21 12 53 19 37 -27 28

0 0 0 -17 0 -10 3 18 18 16 16 17 17 17 17 -30100 64 40 -43 -45 -36 -13 -15 -6 61 5 22 12 14 -57 50

1 5 3 91 50 5 26 34 7 -24 -40 -48 -52 -54 -55100 -30 42 42 -21 26 31 13 25 13 -48 13 46 13 38 42 -30

0 -1 0 -54 -42 2 -7 -12 -6 3 7 10 12 14 100 -55 17 -25 -4 10 -16 -6 -3 -14 -5 28 -4 -27 -6 -9 -22 13

0 -1 0 -51 -37 0 -8 -12 -6 3 8 11 12 100 14 -54 17 -24 -9 10 -15 -9 -3 -14 -5 28 -4 -26 -6 -12 -22 14

0 -2 0 -46 -29 -2 -8 -14 -7 3 9 11 100 12 12 -52 17 -23 -19 11 -14 -14 -4 -13 -6 28 -5 -23 -6 -16 -22 16

0 -2 -1 -39 -21 -4 -10 -16 -9 3 9 100 11 11 10 -48 17 -19 -29 11 -12 -19 -6 -11 -7 27 -6 -18 -5 -20 -22 17

0 -2 -1 -29 -14 -6 -12 -19 -11 2 100 9 9 8 7 -40 16 -14 -36 11 -9 -23 -8 -11 -7 25 -7 -10 -5 -20 -20 19

0 -3 -1 -13 -3 -7 -15 -22 -14100 2 3 3 3 3 -24 16 -3 -31 8 -4 -20 -9 -9 -8 20 -6 0 -3 -13 -17 19

1 -3 1 14 14 -6 -18 -25100 -14 -11 -9 -7 -6 -6 7 18 22 3 -1 2 -7 -7 -5 -6 13 5 19 7 9 -14 17

-3 -5 -5 31 31 -3 -12100 -25 -22 -19 -16 -14 -12 -12 34 18 45 54 4 20 25 -7 3 5 11 9 37 10 33 -20 17

5 17 10 18 23 5 100 -12 -18 -15 -12 -10 -8 -8 -7 26 3 23 40 15 30 41 -3 6 10 11 -3 29 -2 28 -15 6

0 0 2 1 -4 100 5 -3 -6 -7 -6 -4 -2 0 2 5 -10 -7 1 -3 1 5 12 13 6 -5 0 1 -1 4 7 -72

0 -2 0 37 100 -4 23 31 14 -3 -14 -21 -29 -37 -42 50 0 43 32 3 30 24 -4 11 7 -4 1 27 4 14 -3 6

0 0 0 100 37 1 18 31 14 -13 -29 -39 -46 -51 -54 91 -17 45 35 -18 24 24 9 19 8 -34 14 56 15 39 29 -18

63 12 100 0 0 2 10 -5 1 -1 -1 -1 0 0 0 3 0 1 1 1 2 2 -2 1 2 0 0 1 0 3 0 -1

0 100 12 0 -2 0 17 -5 -3 -3 -2 -2 -2 -1 -1 5 0 -1 -1 -2 -2 -2 1 0 -1 -1 1 -2 1 -1 0 0

100 0 63 0 0 0 5 -3 1 0 0 0 0 0 0 1 0 1 1 1 1 2 -2 0 1 0 0 1 0 2 0 0
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C 9
C 8
C 7
C 6
C 5
C 4
C 3
C 2
C 1

cT s, b
cT s, t
T tag
T sig
∆E
mbc

1 14 5 -9 7 -58 9 11 15 17 18 17 15 12 10 -26 49 8 -3 24 5 -3 -24 -3 1 55 3 13 4 7 -54100

0 -6 0 14 1 0 -7 -9 -12 -14 -17 -18 -20 -20 -20 43 -60 1 0 -23 0 0 -20 3 0 -84 -4 -31 -4 -25100 -54

0 1 0 24 -2 0 1 1 2 2 3 4 5 5 5 2 12 -2 0 6 -1 0 24 -2 0 29 3 61 7 100 -25 7

0 0 0 5 0 0 0 1 1 1 1 1 1 1 1 0 6 0 0 -2 0 0 1 0 0 6 34 8 100 7 -4 4

1 2 0 62 -1 0 2 2 3 4 5 5 6 6 6 9 18 -1 -1 5 -1 0 29 -2 0 35 3 100 8 61 -31 13

0 0 0 2 0 0 0 0 1 1 1 1 1 1 1 -1 7 0 0 -3 0 0 1 0 0 5 100 3 34 3 -4 3

0 6 0 -17 -1 0 7 9 12 15 17 19 21 21 21 -40 63 -2 0 25 0 0 25 -4 -1 100 5 35 6 29 -84 55

0 0 0 0 -2 -2 2 3 1 -2 -4 -4 -2 2 5 -1 0 -1 8 0 0 4 -1 -4 100 -1 0 0 0 0 0 1

-2 -2 -1 1 20 7 6 11 12 10 6 0 -7 -12 -14 22 -1 23 -1 0 14 0 -4 100 -4 -4 0 -2 0 -2 3 -3

0 1 0 10 -2 0 -2 -4 -5 -5 -5 -5 -5 -4 -4 12 -4 -3 0 -24 -2 0 100 -4 -1 25 1 29 1 24 -20 -24

-2 -3 -1 -1 -3 5 14 22 10 -9 -23 -24 -10 10 23 0 0 -1 7 0 1 100 0 0 4 0 0 0 0 0 0 -3

-2 -1 -1 0 49 -2 15 29 31 25 14 -1 -15 -27 -32 47 -1 19 0 3 100 1 -2 14 0 0 0 -1 0 -1 0 5

-1 2 0 -18 0 0 2 5 5 6 7 8 8 8 8 -20 -43 -1 0 100 3 0 -24 0 0 25 -3 5 -2 6 -23 24

0 0 -1 -1 -5 6 28 37 18 -15 -41 -42 -18 17 40 0 0 0 100 0 0 7 0 -1 8 0 0 -1 0 0 0 -3

-1 2 1 1 73 -6 25 43 47 39 22 -1 -24 -41 -50 74 0 100 0 -1 19 -1 -3 23 -1 -2 0 -1 0 -2 1 8

1 5 0 -1 -1 0 6 7 10 12 14 16 17 17 17 -30100 0 0 -43 -1 0 -4 -1 0 63 7 18 6 12 -60 49

0 4 1 32 68 -5 20 33 35 26 9 -12 -33 -49 -56100 -30 74 0 -20 47 0 12 22 -1 -40 -1 9 0 2 43 -26

0 -1 -1 -4 -48 7 -7 -12 -15 -17 -16 -13 -9 -3 100 -56 17 -50 40 8 -32 23 -4 -14 5 21 1 6 1 5 -20 10

0 -1 0 -4 -38 4 -6 -12 -15 -15 -15 -12 -7 100 -3 -49 17 -41 17 8 -27 10 -4 -12 2 21 1 6 1 5 -20 12

0 -1 0 -4 -19 0 -5 -10 -12 -13 -12 -9 100 -7 -9 -33 17 -24 -18 8 -15 -10 -5 -7 -2 21 1 6 1 5 -20 15

0 0 0 -3 2 -3 -4 -7 -9 -8 -7 100 -9 -12 -13 -12 16 -1 -42 8 -1 -24 -5 0 -4 19 1 5 1 4 -18 17

0 1 0 -3 21 -4 -2 -3 -4 -3 100 -7 -12 -15 -16 9 14 22 -41 7 14 -23 -5 6 -4 17 1 5 1 3 -17 18

0 1 0 -2 35 -3 0 1 2 100 -3 -8 -13 -15 -17 26 12 39 -15 6 25 -9 -5 10 -2 15 1 4 1 2 -14 17

0 1 0 -2 41 -2 3 5 100 2 -4 -9 -12 -15 -15 35 10 47 18 5 31 10 -5 12 1 12 1 3 1 2 -12 15

-2 0 -3 -2 37 0 -4 100 5 1 -3 -7 -10 -12 -12 33 7 43 37 5 29 22 -4 11 3 9 0 2 1 1 -9 11

3 33 3 -1 21 -2 100 -4 3 0 -2 -4 -5 -6 -7 20 6 25 28 2 15 14 -2 6 2 7 0 2 0 1 -7 9

-2 -11 -9 0 -5 100 -2 0 -2 -3 -4 -3 0 4 7 -5 0 -6 6 0 -2 5 0 7 -2 0 0 0 0 0 0 -58

-1 0 0 0 100 -5 21 37 41 35 21 2 -19 -38 -48 68 -1 73 -5 0 49 -3 -2 20 -2 -1 0 -1 0 -2 1 7

1 0 0 100 0 0 -1 -2 -2 -2 -3 -3 -4 -4 -4 32 -1 1 -1 -18 0 -1 10 1 0 -17 2 62 5 24 14 -9

38 2 100 0 0 -9 3 -3 0 0 0 0 0 0 -1 1 0 1 -1 0 -1 -1 0 -1 0 0 0 0 0 0 0 5

10 100 2 0 0 -11 33 0 1 1 1 0 -1 -1 -1 4 5 2 0 2 -1 -3 1 -2 0 6 0 2 0 1 -6 14

100 10 38 1 -1 -2 3 -2 0 0 0 0 0 0 0 0 1 -1 0 -1 -2 -2 0 -2 0 0 0 1 0 0 0 1
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0 0 -1 -18 6 -72 6 17 17 19 19 17 16 14 13 -30 50 28 14 24 9 0 -29 -25 -11 53 -2 19 3 7 -56100

0 0 0 29 -3 7 -15 -20 -14 -17 -20 -22 -22 -22 -22 42 -57 -27 -18 -32 -14 -7 -8 -2 -6 -79 1 -36 -3 -24100 -56

2 -1 3 39 14 4 28 33 9 -13 -20 -20 -16 -12 -9 38 14 37 43 5 22 26 26 34 33 26 12 75 15 100 -24 7

0 1 0 15 4 -1 -2 10 7 -3 -5 -5 -6 -6 -6 13 12 19 14 -12 -7 -5 2 2 0 1 68 13 100 15 -3 3

1 -2 1 56 27 1 29 37 19 0 -10 -18 -23 -26 -27 46 22 53 42 10 31 26 26 42 27 39 8 100 13 75 -36 19

0 1 0 14 1 0 -3 9 5 -6 -7 -6 -5 -4 -4 13 5 12 11 -11 -6 -4 6 2 -1 -3 100 8 68 12 1 -2

0 -1 0 -34 -4 -5 11 11 13 20 25 27 28 28 28 -48 61 21 11 27 7 0 20 2 5 100 -3 39 1 26 -79 53

1 -1 2 8 7 6 10 5 -6 -8 -7 -7 -6 -5 -5 13 -6 4 11 -3 3 6 37 65 100 5 -1 27 0 33 -6 -11

0 0 1 19 11 13 6 3 -5 -9 -11 -11 -13 -14 -14 25 -15 4 7 -10 2 4 65 100 65 2 2 42 2 34 -2 -25

-2 1 -2 9 -4 12 -3 -7 -7 -9 -8 -6 -4 -3 -3 13 -13 -9 -3 -17 -9 -4 100 65 37 20 6 26 2 26 -8 -29

2 -2 2 24 24 5 41 25 -7 -20 -23 -19 -14 -9 -6 31 -36 -20 -6 54 84 100 -4 4 6 0 -4 26 -5 26 -7 0

1 -2 2 24 30 1 30 20 2 -4 -9 -12 -14 -15 -16 26 -45 -28 -13 76 100 84 -9 2 3 7 -6 31 -7 22 -14 9

1 -2 1 -18 3 -3 15 4 -1 8 11 11 11 10 10 -21 -43 -42 -27100 76 54 -17 -10 -3 27 -11 10 -12 5 -32 24

1 -1 1 35 32 1 40 54 3 -31 -36 -29 -19 -9 -4 42 40 79 100 -27 -13 -6 -3 7 11 11 11 42 14 43 -18 14

1 -1 1 45 43 -7 23 45 22 -3 -14 -19 -23 -24 -25 42 64 100 79 -42 -28 -20 -9 4 4 21 12 53 19 37 -27 28

0 0 0 -17 0 -10 3 18 18 16 16 17 17 17 17 -30100 64 40 -43 -45 -36 -13 -15 -6 61 5 22 12 14 -57 50

1 5 3 91 50 5 26 34 7 -24 -40 -48 -52 -54 -55100 -30 42 42 -21 26 31 13 25 13 -48 13 46 13 38 42 -30

0 -1 0 -54 -42 2 -7 -12 -6 3 7 10 12 14 100 -55 17 -25 -4 10 -16 -6 -3 -14 -5 28 -4 -27 -6 -9 -22 13

0 -1 0 -51 -37 0 -8 -12 -6 3 8 11 12 100 14 -54 17 -24 -9 10 -15 -9 -3 -14 -5 28 -4 -26 -6 -12 -22 14

0 -2 0 -46 -29 -2 -8 -14 -7 3 9 11 100 12 12 -52 17 -23 -19 11 -14 -14 -4 -13 -6 28 -5 -23 -6 -16 -22 16

0 -2 -1 -39 -21 -4 -10 -16 -9 3 9 100 11 11 10 -48 17 -19 -29 11 -12 -19 -6 -11 -7 27 -6 -18 -5 -20 -22 17

0 -2 -1 -29 -14 -6 -12 -19 -11 2 100 9 9 8 7 -40 16 -14 -36 11 -9 -23 -8 -11 -7 25 -7 -10 -5 -20 -20 19

0 -3 -1 -13 -3 -7 -15 -22 -14100 2 3 3 3 3 -24 16 -3 -31 8 -4 -20 -9 -9 -8 20 -6 0 -3 -13 -17 19

1 -3 1 14 14 -6 -18 -25100 -14 -11 -9 -7 -6 -6 7 18 22 3 -1 2 -7 -7 -5 -6 13 5 19 7 9 -14 17

-3 -5 -5 31 31 -3 -12100 -25 -22 -19 -16 -14 -12 -12 34 18 45 54 4 20 25 -7 3 5 11 9 37 10 33 -20 17

5 17 10 18 23 5 100 -12 -18 -15 -12 -10 -8 -8 -7 26 3 23 40 15 30 41 -3 6 10 11 -3 29 -2 28 -15 6

0 0 2 1 -4 100 5 -3 -6 -7 -6 -4 -2 0 2 5 -10 -7 1 -3 1 5 12 13 6 -5 0 1 -1 4 7 -72

0 -2 0 37 100 -4 23 31 14 -3 -14 -21 -29 -37 -42 50 0 43 32 3 30 24 -4 11 7 -4 1 27 4 14 -3 6

0 0 0 100 37 1 18 31 14 -13 -29 -39 -46 -51 -54 91 -17 45 35 -18 24 24 9 19 8 -34 14 56 15 39 29 -18

63 12 100 0 0 2 10 -5 1 -1 -1 -1 0 0 0 3 0 1 1 1 2 2 -2 1 2 0 0 1 0 3 0 -1

0 100 12 0 -2 0 17 -5 -3 -3 -2 -2 -2 -1 -1 5 0 -1 -1 -2 -2 -2 1 0 -1 -1 1 -2 1 -1 0 0

100 0 63 0 0 0 5 -3 1 0 0 0 0 0 0 1 0 1 1 1 1 2 -2 0 1 0 0 1 0 2 0 0
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R2
C 9
C 8
C 7
C 6
C 5
C 4
C 3
C 2
C 1

cT s, b
cT s, t
T tag
T sig
∆E
mbc

1 14 5 -9 7 -58 9 11 15 17 18 17 15 12 10 -26 49 8 -3 24 5 -3 -24 -3 1 55 3 13 4 7 -54100

0 -6 0 14 1 0 -7 -9 -12 -14 -17 -18 -20 -20 -20 43 -60 1 0 -23 0 0 -20 3 0 -84 -4 -31 -4 -25100 -54

0 1 0 24 -2 0 1 1 2 2 3 4 5 5 5 2 12 -2 0 6 -1 0 24 -2 0 29 3 61 7 100 -25 7

0 0 0 5 0 0 0 1 1 1 1 1 1 1 1 0 6 0 0 -2 0 0 1 0 0 6 34 8 100 7 -4 4

1 2 0 62 -1 0 2 2 3 4 5 5 6 6 6 9 18 -1 -1 5 -1 0 29 -2 0 35 3 100 8 61 -31 13

0 0 0 2 0 0 0 0 1 1 1 1 1 1 1 -1 7 0 0 -3 0 0 1 0 0 5 100 3 34 3 -4 3

0 6 0 -17 -1 0 7 9 12 15 17 19 21 21 21 -40 63 -2 0 25 0 0 25 -4 -1 100 5 35 6 29 -84 55

0 0 0 0 -2 -2 2 3 1 -2 -4 -4 -2 2 5 -1 0 -1 8 0 0 4 -1 -4 100 -1 0 0 0 0 0 1

-2 -2 -1 1 20 7 6 11 12 10 6 0 -7 -12 -14 22 -1 23 -1 0 14 0 -4 100 -4 -4 0 -2 0 -2 3 -3

0 1 0 10 -2 0 -2 -4 -5 -5 -5 -5 -5 -4 -4 12 -4 -3 0 -24 -2 0 100 -4 -1 25 1 29 1 24 -20 -24

-2 -3 -1 -1 -3 5 14 22 10 -9 -23 -24 -10 10 23 0 0 -1 7 0 1 100 0 0 4 0 0 0 0 0 0 -3

-2 -1 -1 0 49 -2 15 29 31 25 14 -1 -15 -27 -32 47 -1 19 0 3 100 1 -2 14 0 0 0 -1 0 -1 0 5

-1 2 0 -18 0 0 2 5 5 6 7 8 8 8 8 -20 -43 -1 0 100 3 0 -24 0 0 25 -3 5 -2 6 -23 24

0 0 -1 -1 -5 6 28 37 18 -15 -41 -42 -18 17 40 0 0 0 100 0 0 7 0 -1 8 0 0 -1 0 0 0 -3

-1 2 1 1 73 -6 25 43 47 39 22 -1 -24 -41 -50 74 0 100 0 -1 19 -1 -3 23 -1 -2 0 -1 0 -2 1 8

1 5 0 -1 -1 0 6 7 10 12 14 16 17 17 17 -30100 0 0 -43 -1 0 -4 -1 0 63 7 18 6 12 -60 49

0 4 1 32 68 -5 20 33 35 26 9 -12 -33 -49 -56100 -30 74 0 -20 47 0 12 22 -1 -40 -1 9 0 2 43 -26

0 -1 -1 -4 -48 7 -7 -12 -15 -17 -16 -13 -9 -3 100 -56 17 -50 40 8 -32 23 -4 -14 5 21 1 6 1 5 -20 10

0 -1 0 -4 -38 4 -6 -12 -15 -15 -15 -12 -7 100 -3 -49 17 -41 17 8 -27 10 -4 -12 2 21 1 6 1 5 -20 12

0 -1 0 -4 -19 0 -5 -10 -12 -13 -12 -9 100 -7 -9 -33 17 -24 -18 8 -15 -10 -5 -7 -2 21 1 6 1 5 -20 15

0 0 0 -3 2 -3 -4 -7 -9 -8 -7 100 -9 -12 -13 -12 16 -1 -42 8 -1 -24 -5 0 -4 19 1 5 1 4 -18 17

0 1 0 -3 21 -4 -2 -3 -4 -3 100 -7 -12 -15 -16 9 14 22 -41 7 14 -23 -5 6 -4 17 1 5 1 3 -17 18

0 1 0 -2 35 -3 0 1 2 100 -3 -8 -13 -15 -17 26 12 39 -15 6 25 -9 -5 10 -2 15 1 4 1 2 -14 17
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Figure 6.21: Correlation coefficients between mbc, ∆E and all the variables used in the stan-
dard continuum suppression. These variables are the thrust values Tsig and Ttag, the absolute
values of the cosines of the thrust angles θsig,tag

T and θsig,beam
T (denoted as cT s, t and cT s, b ),

the nine cleo cones C 1 − 9, the normalized Fox-Wolfram moment R2, the nine even KSFW
moments Hso

xl and Hoo
l , the missing mass squared M2

miss, and the transverse energy Et. The
correlation coefficients are calculated as in Sect. 4.3 and are given in percent.

6.7.2 Performance and selection criterion

The FBDT classifier for the optimized continuum suppression was trained using B0
sig candi-

dates reconstructed with four ECL photons in the final state. The size of the training sample
was about one million events. The events were sampled after the reconstruction and the se-
lection described in Sect. 6.4. The fractions of signal and of non-BB events were roughly the
same. The non-BB sample, corresponding to about 0.4 ab−1, contained events with light qq
and τ+τ− pairs in the proportions presented in Tab. 6.1. Including τ+τ− events in the trai-
ning sample had no impact on the discrimination power of the FBDT classifier on continuum
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Figure 6.22: The 2D distributions of (left) the thurst value Tsig againstmbc, and (right) the first
CLEO cone C 1 against ∆E for signal (solid red) and for non-BB (dashed blue) MC events.

events. After the training procedure, the test against over-fitting was performed in the same
way as for the FBDT combiner of the flavor tagger (see Sect. 4.4).

The performance of the final continuum-suppression FBDT classifier was similar for B0
sig

candidates reconstructed with four ECL photons, and for B0
sig candidates reconstructed either

with one converted photon or with one Dalitz π0. This is expected because the difference in
shapes between continuum and signal events does not depend on the reconstructed B0

sig decay
mode.

To enhance the fraction of signal events, a selection criterion was applied on the output of
the FBDT for all B0

sig candidates. This selection criterion was chosen such that the Figure of
Merit (FoM)

FoM =
Nsig√

Nsig +Ncont +Nτ+τ−
,

reaches its maximum value. Here, Nsig, Ncont, and Nτ+τ− are the numbers of signal, of con-
tinuum, and of τ+τ− events passing the selection. The FoM reaches its maximum value at
the same place if the number of τ+τ− events Nτ+τ− is removed from the denominator. Fi-
gure 6.23 (left) presents the distributions of the FBDT output yCS for signal, for non-BB , for
continuum, and for τ+τ− MC events. The distributions for signal and for non-BB MC events
are normalized such that the area below each curve equals unity, leaving the proportions of
continuum and τ+τ− events as given in Tab. 6.1. Figure 6.23 (right) shows the values of the
FoM depending on the requirement on yCS. The maximum is reached at 0.976 and its position
is denoted by a vertical black line. Thus, allB0

sig candidates are required to have a value greater
than or equal to it.

Since some of the employed continuum-suppression variables are slightly correlated with
mbc and ∆E (see Fig. 6.21), the output of the final continuum-suppression FBDT classifier
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Figure 6.23: Left: the output of the FBDT method used for continuum suppression yCS. The
distribution of yCS is shown for signal and for non-BB MC events. Right: value of the FoM
depending on the requirement on yCS. The maximum is reached at yCS = 0.976, corresponding
to the vertical black lines.

is also slightly correlated with mbc and ∆E. The correlation coefficient between yCS and
mbc is about 2% for signal events and less than 1% for non-BB events. And the correlation
coefficient between yCS and ∆E is less than 1% for signal events and about 3% for non-BB
events. Thus, after the requirement on yCS the shapes of the distributions and the correlation
coefficients between mbc and ∆E change slightly. Figure 6.24 shows the 2D distributions
for mbc and ∆E before and after the requirement on yCS. The shapes of the distributions
change slightly. However, the discrimination power between signal and non-BB events is not
considerably affected.

6.8 Flavor tagging
When the studies presented in this chapter were carried out, the flavor tagger was not fully
optimized. The total effective efficiency of the FBDT combiner, calculated using the r binning
of Belle, was εeff = 33.42± 0.10. To tag the flavor of B0

tag, the output of the FBDT combiner
was used; and the performance of this combiner was taken into account to model the signal
∆t distribution, and the ∆t distribution of wrongly reconstructed signal events.

For the set of pseudo-experiments which will be presented in Sect. 6.10, the continuum
and the BB background probability density functions were modeled using the official MC
samples corresponding to 1.8 and to 4.0 ab−1. The sizes of these samples are too small to
model the background PDFs for each of the r bins of the Belle binning. Therefore, the pseudo-
experiments were performed in a single r bin corresponding to [0.1, 1.0]. The range [0, 0.1)

was discarded because the continuum background peaks at r = 0, and because the signal
events in this range provide no flavor information. The q · r distribution of the continuum
background is shown for example in Sect. 4.8.

The ∆t probability function P(∆t, q), and the time-integrated probability P(q) for the
pseudo-experiments correspond to eqs. (4.7) and (4.8) in Sect. 4.2. These functions
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Figure 6.24: The 2D distributions of mbc against ∆E before (left) and after (right) the sup-
pression of non-BB events by requiring yCS ≥ 0.976. The correlation coefficient between
mbc and ∆E before the non-BB suppression was about 10% for the signal component and
0% for the non-BB component; After the non-BB suppression, it was about 9% for the signal
component and 1% for the non-BB component.

include the value of the wrong-tag fraction w, the difference ∆w, and the parameter
µ = εB0 − εB0/(εB0 + εB0) for each r bin. These values were determined using the official
Belle II MC sample used to test the flavor tagger. Table 6.2 presents the numbers characteri-
zing the performance of the FBDT combiner in the intervals r ∈ [0.0, 0.1] and r ∈ [0.1, 1.0].
In the latter interval, the value of µi equals (−0.06± 0.05) · 10−2. This value is very small
and can be neglected to a good approximation. For the pseudo-experiments, µ was set to zero.
The values in Tab. 6.2 correspond to the performance of the flavor tagger used for the study.

Table 6.2: Performance of the FBDT combiner on Belle II MC using the binning employed in
the performance study of B0→ π0π0. All values are given in percent.

FBDT Combiner on Belle II MC
r- Interval εi ∆εi wi ± δwi ∆wi ± δ∆wi εeff,i ± δεeff,i ∆εeff,i ± δ∆εeff,i

0.000− 0.100 12.5 0.10 47.68± 0.17 1.12± 0.34 0.027± 0.004 −0.026± 0.008

0.100− 1.000 87.4 −0.10 22.10± 0.05 0.67± 0.11 27.213± 0.104 −1.339± 0.207

6.9 Final selection and efficiency
After the reconstruction and the application of the requirements on ∆E, mbc, ∆t, continuum-
suppression FBDT output, and flavor dilution factor, an event can in principle contain several
B0

sig candidates. For the three reconstructed B0
sig-decay modes, Fig. 6.25 shows the number

of events containing one or several B0
sig candidates. The average of such a distribution, the
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Figure 6.25: Number of reconstructed B0
sig candidates per event and average multiplicities.

so-called event multiplicity, is 1.02 for the decay modes with four ECL photons and with one
converted photon, and 1.01 for the decay mode with one Dalitz π0.

Only one candidate per event can be correct: the probability that the reconstructed decay
is present on the tag and on the signal side is less than 10−12 (the branching fraction for
B0 → π0π0 is around 10−6). Thus, for each B0

sig-decay mode, only one candidate is selected.
To perform this, the candidates are ranked according to the flavor dilution factor r, and the can-
didate with the highest r value is taken as best candidate. A larger dilution factor means better
flavor discrimination. However, the fraction of events requiring such a selection is relatively
rare and thus the way of selecting the best candidate for each decay mode has no consider-
able effect. Since the event multiplicity is so small, the best candidate could be selected even
arbitrarily.

The best candidate selection is applied separately for each decay mode. An event still can
contain one best candidate for more than one decay mode, e.g. one best candidate for the
B0

sig → π0
Dal π

0
γγ and one best candidate for the B0

sig → π0
γCγ

π0
γγ decay mode. However, this is

not the case for events containingB0
sig candidates with four ECL photons. They have no overlap

with other decay modes and are ready to be analyzed after the best candidate selection.
Table 6.3 presents the number of events containing one best B0

sig candidate with four ECL
photons. The numbers are given for correctly reconstructed signal events (denoted as sig),
wrongly reconstructed signal events (denoted as WRS), and for B+B−, B0B0, continuum,
and τ+τ− events. In wrongly reconstructed signal events, the B0

sig candidate is a random com-
bination of particles which do not match the generated signal B0 meson. The numbers of
correctly and of wrongly reconstructed signal events were determined on a sample corres-
ponding to 73 × 50 ab−1, and scaled down to the expected Belle II integrated luminosity of
50 ab−1. These numbers, as well as all the numbers for signal events in the following discus-
sion, were obtained assuming the PDG branching fraction Bπ0π0

= 1.91 · 10−6 [28]. For an
integrated luminosity of 50 ab−1, the total number of expected B0 → π0π0 decays at Belle II
is about 103, 000. For non-signal events, the numbers are given for the integrated luminosities
of the available MC samples, and for 50 ab−1. Table 6.3 presents also the fraction of wrongly
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50 ab−1

Nsig 15068

NWRS 153

4 ab−1

NB+B− 827 10337

NB0B0 136 1700

1.8 ab−1

Ncont 2442 67805

Nτ+τ− 17 472

NWRS/(Nsig +NWRS) 1.0%

Purity 15.8%

Table 6.3: Number of events passing the final
selection for the B0

sig → π0
γγ π

0
γγ decay mode:

correctly reconstructed signal events Nsig,
wrongly reconstructed signal events NWRS,
continuum events Ncont, τ+τ− events, as well
as B0B0 and B+B− events. The numbers of
correctly and of wrongly reconstructed signal
events were determined on a sample corres-
ponding to 73 × 50 ab−1 and scaled down to
50 ab−1. The other numbers are given for the
integrated luminosities of the available MC
samples. In the right column, these numbers
are scaled up to a total integrated luminosity
of 50 ab−1. The fraction of wrongly recon-
structed signal events (WRS), and the purity
value are given for the scaled numbers.

reconstructed signal events and the purity. The purity is defined as

Purity =
Nsig

Nsig +NWRS +NB+B− +NB0B0 +Ncont +Nτ+τ−
.

The background BB events were obtained from the available 4 ab−1 MC sample. For
B+B− events, the largest contribution comes from resonant B+→ ρ+(→ π+π0)π0 decays,
and to a lesser extent, from non-resonant B+→ π+π0π0 decays, where in each case the
π+ gets lost. For B0B0 events, the largest contribution comes from B0→ π0π0π0 decays
and other similar decays with three π0s in the final state, such as B0→ K0

S (→ π0π0) π0 and
B0→ f0(→ π0π0) π0. In these events, one of the π0s gets lost.

Considering now the events containing B0
sig candidates with one converted photon or with

one Dalitz π0, for an integrated luminosity of 50 ab−1, only 348 events pass the best candidate
selections. Around half of them have two B0

sig candidates: one passing the best candidate
selection for the B0

sig→ π0
γCγ

π0
γγ mode, and one passing the best candidate selection for the

B0
sig→ π0

Dal π
0
γγ mode. This occurs because of the similarities between the e+e− pairs from

conversions and from Dalitz decays explained in Sect. 6.4. Figure 6.26 shows a pie chart
illustrating the situation. The events can be sorted into three groups. The events in Group I
contain only one B0

sig candidate passing the best candidate selection for the B0
sig→ π0

Dal π
0
γγ

decay mode. The events in Group II contain only one B0
sig candidate passing the best candidate

selection for theB0
sig→ π0

γCγ
π0
γγ decay mode. And the events in Group III are those containing

two best candidates, one for each decay mode.

One candidate has to be selected per event, and there are several possible ways to perform
this. The most simple way is to prefer one of the two reconstructed decay modes. In this case,
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Figure 6.26: The three groups of
events composing the total 348 sig-
nal events containing B0

sig candidates
with one converted photon or with
one Dalitz π0.

Table 6.4: Number of signal events where B0
sig matches the generated signal B0 (denoted as

sig), fractions of signal events with true Dalitz π0s and with true converted photons, fraction of
signal events where B0

sig does not match the generated signal B0 (denoted as WRS), and purity
value for two selection options.

Option 1: B0
sig→ π0

Dal π
0
γγ candidates have priority.

Candidate type Nsig NDal/Nsig [%] NConv/Nsig [%] NWRS/(Nsig +NWRS) [%] Purity
B0

sig→ π0
Dal π

0
γγ 271 54.2 45.8 1.1 17.7

B0
sig→ π0

γCγ
π0
γγ 77 28.8 71.2 3.9 14.8

Option 2: B0
sig→ π0

γCγ
π0
γγ candidates have priority.

Candidate type Nsig NDal/Nsig [%] NConv/Nsig [%] NWRS/(Nsig +NWRS) [%] Purity
B0

sig→ π0
Dal π

0
γγ 92 46.5 53.5 1.3 14.0

B0
sig→ π0

γCγ
π0
γγ 256 49.5 50.5 1.9 18.0

one has two options, either to select the B0
sig candidate with the reconstructed Dalitz π0 when

an event belongs to Group III, or to select the B0
sig candidate with the reconstructed converted

photon. For the two selection options, Tab. 6.4 presents the number of signal events where B0
sig

matches the generated signal B0, the fractions of signal events with true Dalitz π0s and with
true converted photons, the fraction of signal events where B0

sig does not match the generated
B0, and the purity. The numbers are for 50 ab−1. Note that for each candidate type there is
always a large fraction (in three of the cases around a half) of events which corresponds in
reality to the other type. And candidates with reconstructed converted photons have slightly
larger fractions of wrongly reconstructed candidates. The shapes of the distributions for these
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50 ab−1

NDal 147

NConv 124

NWRS 3

4 ab−1

NB+B− 12 150

NB0B0 0 -

1.8 ab−1

Ncont 40 1111

Nτ+τ− 0 -

Table 6.5: Number of events passing the final
selection for the B0

sig → π0
Dalπ

0
γγ decay mode:

Dalitz events NDal, conversion events NC,
wrongly reconstructed signal events NWRS,
as well as B0B0, B+B−, continuum, and
τ+τ− events. The numbers of correctly and
of wrongly reconstructed signal events were
determined on a sample corresponding to
73×50 ab−1 and scaled down to 50 ab−1. The
other numbers are given for the integrated lu-
minosities of the available MC samples. All
numbers are scaled to 50 ab−1.

candidates are very difficult to parametrize when performing a maximum-likelihood fit and
thus, this is one first argument in favor of option 1.

As shown in Sect. 6.6, the B0
sig-vertex resolution is much better for candidates with one

Dalitz π0 than for candidates with one conversion. In the case of option two, almost half
of the candidates with one conversion corresponds in reality to decays with one Dalitz π0.
Thus, reconstructing the vertex of the Dalitz π0 as a conversion would cause a considerable
deterioration of the B0

sig-vertex resolution. Furthermore, as also shown in Sect. 6.6, the ∆t

resolution for decays with conversions that are wrongly reconstructed as decays with Dalitz π0s
is better than for those reconstructed correctly. Therefore, for this thesis the priority was given
to the Dalitz candidates as in option 1.

For the time-dependent CP -violation analysis, only the B0
sig → π0

Dal π
0
γγ candidates (271

events) were taken. The remaining B0
sig → π0

γCγ
π0
γγ candidates (77 events) were excluded

because of their worse B0
sig-vertex resolution and their worse purity. These events could be

recovered in future when the reconstruction of electrons and converted photons will improve.
Table 6.5 presents the number of events of each kind passing the final selection for the

B0
sig→ π0

Dalπ
0
γγ decay mode. The total number of 271 events matching the generated signal B0

is composed of 147 events with true Dalitz π0s, and 124 events with true converted photons.
These numbers and the number of signal events where B0

sig does not match the generated sig-
nal B0 (WRS) were determined on a sample with a large number of events corresponding to
73 × 50 ab−1, and scaled down to 50 ab−1. The other numbers are given for the luminosities
of the available MC samples. When the number of events for one of the samples differed from
zero, it was projected to 50 ab−1.

Considering the background BB events, only twelve B+B− events passed the final selec-
tion. Of these events, eleven contain a resonant B+→ ρ+(→ π+π0) π0 decay (or the charge
conjugate) and one contains a non-resonant B−→ π−π0π0 decay. In all events, the charged
pion is lost, and one of the π0s either has a converted photon or is a Dalitz π0.
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For the three considered decay modes, Tab. 6.6 presents the absolute reconstruction effi-
ciency and the efficiency after the final selection. For events with converted photons and with
Dalitz π0s, the efficiencies correspond only to those reconstructed as B0

sig → π0
Dal π

0
γγ. To per-

form the set of pseudo-experiments, it was verified that the final selection efficiency is constant
over the whole ∆t fit range.

Table 6.6: Fraction of generated events in the acceptance N acc
gen/Ngen, reconstruction efficiency

Nrec/N
acc
gen and efficiency after final selection NFS

rec/N
acc
gen (the efficiencies are normalised to the

number of generated events in the acceptanceN acc
gen). Events with converted photons and Dalitz

π0s (first and second rows) were reconstructed as B0
sig→ π0

Dal π
0
γγ. The highlighted row corres-

ponds to the whole set used for time-dependent CP -analysis.

Decay. Channel N acc
gen/Ngen [%] Nrec/N

acc
gen [%] NFS

rec/N
acc
gen [%]

B0
sig → π0

Dal π
0
γγ 2.0 52.0 7.2

B0
sig → π0

γ
C
γ π

0
γγ 3.0 48.8 4.2

Dal + Conv 5.0 50.1 5.4
B0

sig → π0
γγ π

0
γγ 76.2 86.0 19.2

6.10 Estimation of precision with pseudo experiments
In this chapter, the goal is to estimate whether Belle II will be able to measure the mixing in-
duced CP -violation parameter Sπ0π0 after collecting its full integrated luminosity of 50 ab−1.
The other physical parameters related to the decay B0 → π0π0, namely the branching frac-
tion Bπ0π0 and the direct CP -violation parameter Aπ0π0, have been measured already, but the
precision is still limited by the sizes of the samples at Belle and BaBar.

The estimation of the precision forAπ0π0 and Bπ0π0 requires to formulate a model describing
the distributions of the discriminating variables ∆E and mbc. For Sπ0π0, a model describing
these variables as well as the ∆t distribution is required. Therefore, two independent models
were developed. The first one describes the ∆E and the mbc distributions of B0

sig candidates
with four ECL photons. This model is used to estimate the precision forAπ0π0 and Bπ0π0. The
second model describes the ∆E and the mbc distributions for candidates with a reconstructed
Dalitz π0. It describes as well the respective ∆t distributions and the output distributions of
the Dalitz-Conversion classifier, and is used to estimate the expected precision for Sπ0π0.

In an eventual analysis of the full data sample, the physical parameters describing the two
models would be used to extract the values of Aπ0π0, Bπ0π0 and Sπ0π0 from fits to the data.
Since the data are not yet available, the procedure is simulated in pseudo-experiments by using
MC samples with sizes corresponding to the expected ones.

In the following, the fit technique is briefly introduced. Next, the two developed models and
the performed pseudo-experiments will be explained. The validation of the procedure and the
results of the pseudo-experiments will be presented afterward.
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6.10.1 The extended unbinned maximum-likelihood fit

A standard technique to extract the values of physical parameters from a fit of a model to the
data is the maximum-likelihood fit. A detailed description of this technique focusing on its use
at B factories can be found in [29].

The first step in the procedure is to find appropriate probability density functions (PDF)
describing the distribution of each observable used in the fit. This is commonly referred to as
“model building”. Each PDF depends on a certain number of parameters. The parameters can
be either physical parameters of interest, or parameters representing quantities that affect the
relation between the physical parameters and the observables used in the fit. For example, in
time-dependent analyses, the ∆t PDF depends on the CP -violation parameters, which are the
targets of the whole effort, and the parameters ε, µ, w, and ∆w characterizing the performance
of the flavor tagger (see Sect. 4.2). When the observables used in the fit are uncorrelated,
their PDFs can be multiplied to form a multidimensional PDF. Otherwise the situation is more
complicated and, for example, conditional PDFs are required.

In general, several signal and background components contribute and the final PDF is
formed by adding the products of the PDF times the event fraction for each component. The
event fractions, as well as the parameters of the individual PDFs, build the total set of parame-
ters on which the final PDF depends.

Given a final PDF, its value at a certain point in its space is defined as a likelihood. For
measurements consisting of several statistically independent points following the same PDF,
the total likelihood is the product of the likelihood at each point. Such a total likelihood
is called unbinned because it is evaluated at each data point, and no binning of the data is
needed.

When the probability to observe a certain number of events, i.e. data points, depends on the
parameters of the final PDF, this has to be taken into account in the total likelihood. Usually,
the number of expected events follows a Poisson distribution. In this case, the total likelihood
is a product of the Poisson distribution times the product of the likelihood at each data point.
Such a likelihood is called extended. And the number of events for a certain component is
often called yield.

The parameters of the final PDF are determined by maximizing the total likelihood on data
points. In other words, the measured parameters are those for which the total likelihood is
maximal on a given set of data points. In practice, the logarithm of the total likelihood multi-
plied by −2 is minimized. This so-called negative log-likelihood has the same extremum and
is easier to calculate.

The parameters of the final PDF that are not physical parameters are determined on MC
samples or on control samples. For example, considering again the ∆t PDF of time-dependent
CP -violation analyses, the parameters ε, µ, w, and ∆w are determined from data on indepen-
dent control samples of self-tagging modes, while the CP -violation parameters are determined
from the data on the signal channel under investigation.
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For the pseudo-experiments presented in this chapter, the parameters characterizing the per-
formance of the flavor tagger were measured on an official MC validation sample as described
in Sect. 6.8. The parameters of the background components were determined on the official
MC samples described in Sect. 6.2; and the parameters of the signal components were deter-
mined on a signal MC sample, generated as explained in Sect. 6.2, with a large number of
signal events corresponding to 73 times the full Belle II integrated luminosity.

For the extended unbinned maximum-likelihood fit, the RooRarFit package was em-
ployed [148]. It is a user friendly framework developed at BaBar basing on ROOT and RooFit,
which use the fitting software MINUIT for numerical minimization [149, 150].

6.10.2 The four-photon model
For events with aB0

sig→ π0
γγπ

0
γγ candidate, the yield of correctly reconstructed signal eventsNsig

and the directCP -violation parameterAπ0π0 are extracted from an extended unbinned maximum-
likelihood fit in three dimensions. The three observables used in the fit are

• mbc ∈ [5.26, 5.29] GeV/c2,

• ∆E ∈ [−0.3, 0.2] GeV,

• q ∈ {−1, 1},

where the flavor q is the sign of the flavor tagger output yFBDT. The event model includes four
components:

• correctly reconstructed signal events, which will be called just signal events hereafter,

• wrongly reconstructed signal events (WRS),

• BB events excluding the signal channel,

• continuum events (hadronic events from light quark pairs and τ+τ− events).

Each component has its own three-dimensional PDF which is the product of the PDFs describ-
ing the distributions of the used observables individually:

Pj(mbc,∆E, q) ≡ Pj(mbc)× Pj(∆E)× Pobs
j (q),

where j extends over the four components given above. Forming the three-dimensional PDF
as a product of individual PDFs neglects the correlations between the observables used in the
fit. The correlation coefficient between mbc and ∆E is largest for signal events, determined
by MC to around 9%, and is lowest for continuum events (around 1%). The output of the
flavor tagger is found to be uncorrelated with mbc and ∆E. Correlations of more than 1%

have to be carefully taken into account to keep systematic effects under control. Since control
samples were not available for the study of systematic effects, and since the model neglecting
the correlations led to almost fully unbiased results, the correlations between mbc and ∆E

could be safely ignored.
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The total extended likelihood is given by

L ≡ e−
∑
j Nj

N !

N∏
i=1

∑
j

Nj · Pj(mi
bc,∆E

i, qi),

where i extends over the events in the MC sample used for a pseudo-experiment, and j over
the four components: signal, WRS, BB , and continuum. The free parameters of the fit are the
four yieldsNsig,NWRS,NBB andNcont, as well as theCP -violation parameterAπ0π0. All other
parameters are fixed. The PDFs for the different components have no common parameters.
Each one is independent. In the following, the PDFs are described explicitly for each signal
and background component. The results of the fits will be presented in Sect. 6.10.5 and 6.10.6.

Signal events

Signal events contain a B0
sig candidate matching the generated signal B0 meson. For these

events, the PDFs describing the mbc and the ∆E distributions are determined using a large
MC sample. The PDF describing the mbc distribution is the sum of an Argus function (see
App. C.2) and four Gaussian functions,

Psig(mbc) ≡ fA · ARGUS(mbc; a, c) + f3G ·
(
f1 ·G(mbc;µ1, σ1)

+ f2 ·G(mbc;µ2, σ2) + (1− f1 − f2) ·G(mbc;µ3, σ3)

)
+ (1− fA − f3G) ·G(mbc;µ4, σ4). (6.5)

And the ∆E PDF is the sum of two Gaussian functions and a Crystal Ball function (see
App. C.3),

Psig(∆E) ≡ f1 ·G(∆E;µ1, σ1) + f2 ·G(∆E;µ2, σ2)

+ (1− f1 − f2) · CB(∆E;α, n, µ3, σ3).

The parameters of the mbc and the ∆E PDFs are independent from each other. They are fixed
after fitting the PDFs to the MC sample. Figure 6.27 shows the fit projections for mbc and for
∆E on signal MC events.
For signal events, the time-integrated PDF describing the CP -Asymmetry is given by

Pobs
sig (q) ≡ 1

2

[
1− q ·∆w + q · (1− 2w) · Aπ0π0

(1− 2 · χd)
]

,

where the parameters w, and ∆w were determined as explained in Sect. 6.8. The CP -violation
parameter Aπ0π0 is a free parameter of the fit.
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Figure 6.27: Fit projections for true signal B0
sig→ π0

γγπ
0
γγ candidates. The fit projections are

shown onto mbc (left) and ∆E (right). The points (with error bars) represent the MC sample
used to find the PDFs.

Wrongly reconstructed signal events

Wrongly reconstructed signal events (WRS) contain a B0
sig candidate that does not match the

generated signalB0 meson. The PDFs for these events are determined on the same MC sample
used for signal events. The mbc PDF for wrongly reconstructed signal events is the sum of an
Argus function and three Gaussian functions (a fourth one turned out not to be necessary),

PWRS(mbc) ≡ fA · ARGUS(mbc; a, c) + (1− fA) ·
(
f1 ·G(mbc;µ1, σ1)

+ f2 ·G(mbc;µ2, σ2) + (1− f1 − f2) ·G(mbc;µ3, σ3)

)
. (6.6)

And the ∆E PDF is the sum of three Gaussian functions,

PWRS(∆E) ≡ f1 ·G(∆E;µ1, σ1) + f2 ·G(∆E;µ2, σ2)

+ (1− f1 − f2) ·G(∆E;µ3, σ3). (6.7)

The parameters of thembc and the ∆E PDFs are also found to be independent from each other,
and are fixed after fitting the PDFs to the MC sample. Figure 6.28 shows the fit projections for
mbc and for ∆E on wrongly reconstructed signal MC events.
The time-integrated PDF for wrongly reconstructed signal events is

Pobs
WRS(q) ≡ 1

2

[
1− q ·∆wWRS

]
, (6.8)
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Figure 6.28: Fit projections for wrongly reconstructed signal B0
sig→ π0

γγπ
0
γγ candidates

(WRS). The fit projections are shown onto mbc (left) and ∆E (right). The points (with er-
ror bars) represent the MC sample used to find the PDFs.

where ∆wWRS is modified to match the asymmetry in the fractions of wrongly reconstructed
signal events tagged as B0 or as B0. The number found on MC is ∆wWRS = (−19± 6)%.

BB events

Most of the background BB events come from events where one of the two B mesons de-
cays into a final state with three pions and one of the pions is lost. The largest contributions
come fromB+→ ρ+(→ π+π0) π0 decays where the π+ is lost, and fromB0→ π0π0π0 decays
where one π0 is lost. The mbc distribution for these events peaks almost at the same value as
for signal events. But the ∆E distribution is shifted towards negative values due to the miss-
ing pion. Since the distributions are similar for charged and for neutral BB events, they are
grouped together to form one single background class.

Figure 6.29 shows the fit projections for mbc and for ∆E on background BB events. The
mbc PDF is the sum of an Argus function and three Gaussian functions as for wrongly recon-
structed events (eq. (6.6)). The ∆E PDF can be described by a single Gaussian function. The
time-integrated PDF for BB events is defined in the same way as for wrongly reconstructed
signal events (eq. (6.8)). The parameters of the PDFs are fixed after fitting them to the official
BB MC sample corresponding to 4 ab−1.

Continuum events

The largest background contribution comes from continuum events. Continuum events and
τ+τ− events are grouped together to form a single background class because they have similar
mbc and ∆E distributions. This background class will be called just continuum hereafter. The
mbc distribution is described by the PDF Pcont(mbc) with an ARGUS function. The ∆E PDF
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Figure 6.29: Fit projections for background BB candidates reconstructed as B0
sig→ π0

γγπ
0
γγ.

The fit projections are shown onto mbc (left) and ∆E (right). The points (with error bars)
represent the MC sample used to find the PDFs.

is a first order polynomial,

Pcont(∆E) ≡ a0 + a1 ·∆E, (6.9)

where a0 and a1 are constants. Figure 6.30 shows the fit projections for mbc and for ∆E

on continuum. The parameters of the functions are fixed after fitting the PDFs to the official
MC sample corresponding to 1.8 ab−1.

For continuum events there is no CP asymmetry and thus Pobs
cont(q) = 1.

6.10.3 The ∆t resolution function

To measure the value of Sπ0π0, a time-dependent CP violation-analysis has to be performed.
Such an analysis requires the description of the measured ∆t distribution. The theoretical
∆t PDF for time dependent CP -violation analyses Pobs(q,∆t, ε, µ, w,∆w) (eq. (4.7)) is de-
rived from the quantum mechanical PDF P(∆t, q) (eq. (2.33)) and includes the effects caused
by the non-perfect performance of the flavor tagger. It excludes, however, the effects caused
by the detector alignment, the detector resolution and the vertex reconstruction algorithms on
the measured value of ∆t. At Belle an at BaBar, these effects were taken into account by
convoluting the theoretical ∆t PDF with a resolution function R(δt, σ∆t) (see eq. (4.21) in
Sect. 4.14).

For the pseudo-experiments presented in this section, the sum of three Gaussian functions
was used as ∆t resolution function. This approach was followed by BaBar. At BaBar, the
mean values and the widths of the two central Gaussian functions scaled according to σ∆t
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Figure 6.30: Fit projections for continuum B0
sig→ π0

γγπ
0
γγ candidates. The fit projections are

shown onto mbc (left) and ∆E (right). The points (with error bars) represent the MC sample
used to find the PDFs.

on an event-by-event basis. The event-by-event corrections accounted for systematic effects
arriving from the changes in the experimental conditions.

In the absence of control samples from data, event-dependent systematic effects affecting
the measurement of ∆t could not be studied. The simulated experimental conditions were
also constant. Therefore, the parameters of the function were set to constant values for all
events. Using the three Gaussian resolution function, the final ∆t PDF described very well
the distribution of the reconstructed ∆t. And the results for the CP -violation parameters were
unbiased. Additional tests where the B0 lifetime was measured showed also no bias, and
neither over- nor underestimation of the error.

Denoting the mean values and the widths of the three Gaussian functions by µi and σi, where
i = core, tail, and outlier (in order of increasing width), the ∆t resolution function used in
this thesis is given by

R(δt) ≡ fcore ·G(δt;µcore, σcore) + (1− fcore − foutlier) ·G(δt;µtail, σtail)

+ foutlier ·G(δt;µoutlier, σoutlier),

where the parameters fi stay for the respective fractions of the Gaussian functions.

The pseudo-experiments were performed for six different combinations of Aπ0π0 and
Sπ0π0 (see Sect. 6.2). Since the B0

tag-decay vertex distribution changes depending on the
CP -violation parameters, the parameters of the resolution function were determined for each
sample. In general, the parameters of the resolution function were adapted to match the ∆t

distribution for each type of events.
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Considering now e+e− → qq events, the proper-time distribution of the final state hadrons
has a prompt component, and a lifetime component. To model the ∆t PDF for qq events,
the BaBar approach [29] was also followed: the three Gaussian ∆t resolution function was
convoluted with a delta function describing the prompt component; and the widths of the three
Gaussian functions were adapted to fit the lifetime component.

6.10.4 The Dalitz-Conversion model
The Dalitz-Conversion model is more complex than the four-photon model. It was developed
for events with B0

sig → π0
Dal π

0
γγ candidates. In addition to mbc and ∆E, it includes two more

observables: the time difference ∆t and the output of the Dalitz-Conversion classifier yDC. The
output yDC is needed to distinguish between the two signal components, Dalitz and conversion
events, which differ in their ∆t resolutions. The background components are the same as for
the four-photon model. However, to model the background PDFs only very few events were
available because of the small conversion and Dalitz probabilities.

The yield of Dalitz events NDal, conversion events NConv, as well as the CP -violation pa-
rametersAπ0π0 and Sπ0π0 are extracted from an extended unbinned maximum-likelihood fit in
five dimensions. The five observables to be described by the fit are

• mbc ∈ [5.26, 5.29] GeV/c2,

• ∆E ∈ [−0.3, 0.2] GeV,

• yCD ∈ [0, 1],

• ∆t ∈ [−25, 25] ps,

• q ∈ {−1, 1}.

The event model includes five components:

• Dalitz events,

• conversion events,

• wrongly reconstructed signal events (WRS),

• BB events,

• continuum events.

Each component has its own five-dimensional PDF which is the product of the PDFs describing
the distributions of the observables:

Pj(mbc,∆E, yCD,∆t, q) ≡ Pj(mbc)× Pj(∆E)× Pj(yDC)× Pfinal
j (∆t, q),

where j extends over the five components. As for the four-photon model, the correlations
between the variables were disregarded in the fit.
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The total extended likelihood for the Dalitz-Conversion model is given by

L ≡ e−
∑
j Nj

N !

N∏
i=1

∑
j

Nj · Pj(mi
bc,∆E

i, yiCD,∆t
i, qi),

where i extends over the events in the MC sample used for a pseudo-experiment, and j over
the five components: Dalitz, conversion, WRS, BB , and continuum. The free parameters of
the fit are the five yields NDal, NConv, NWRS, NBB and Ncont, as well as the CP -violation
parameters Aπ0π0 and Sπ0π0. All other parameters are fixed.

Only the ∆t PDFs for Dalitz and for Conversion events share common parameters, namely
the B0 lifetime τB0, the mass difference of the mass eigenstates ∆m (see Sect. 2.5), the CP -
violation parameters, and the parameters characterizing the performance of the flavor tagger.
The mass difference ∆m enters also the ∆t PDF for wrongly reconstructed signal events.
The other PDFs have no common parameters and are independent from each other. In the
following, the single PDFs are described for each component.

Dalitz events

Dalitz events contain a B0
sig → π0

Dal π
0
γγ candidate matching the generated signal B0 meson.

And the reconstructed π0
Dal matches a generated Dalitz π0 coming from the signal B0 decay.

The PDFs for these candidates are determined on the same MC sample used for the signal
events of the four-photon model. The PDF describing the mbc distribution is the sum of three
Gaussian functions,

PDal(mbc) ≡ f1 ·G(mbc;µ1, σ1) + f2 ·G(mbc;µ2, σ2)

+ (1− f1 − f2) ·G(mbc;µ3, σ3). (6.10)

The ∆E PDF is the sum of two Gaussian functions and a Crystal Ball function,

PDal(∆E) ≡ f1 ·G(∆E;µ1, σ1) + f2 ·G(∆E;µ2, σ2)

+ (1− f1 − f2) · CB(∆E;α, n, µ3, σ3), (6.11)

The distribution of the output of the Dalitz-Conversion classifier yDC is modeled performing
an adaptive kernel density estimation (see App. C.4),

PDal(yDC) ≡ Key(yDC). (6.12)

And the final ∆t PDF (see Sect. 6.10.3) is given by

Pfinal
Dal (∆t, q) ≡ e

− |∆t|
τ
B0

4τB0

[
1− q ·∆w + q · (1− 2w)
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·
(
Aπ0π0

cos(∆m∆t) + Sπ0π0

sin(∆m∆t)
)]
⊗RDal(δt), (6.13)

where the parameters w, and ∆w were determined as explained in Sect. 6.8. The value of τB0

was fixed to the true MC B0 lifetime of 1.525 ps. And the value of ∆m was fixed to the true
MC mass difference of 0.507 s−1. Figure 6.31 shows the fit projections for mbc, ∆E, yDC and
∆t on the Dalitz MC events.
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Figure 6.31: Fit projections for true Dalitz B0
sig candidates reconstructed as B0

sig→ π0
Dalπ

0
γγ.

The fit projections are shown onto mbc (top left), ∆E (top right), yDC (bottom left), and
∆t (bottom right). The points (with error bars) represent the MC sample used to find the
PDFs.

Conversion events

Conversion events contain a B0
sig → π0

Dal π
0
γγ candidate matching the generated signal B0 me-

son. But the reconstructed π0
Dal matches a generated π0 with one converted photon coming from
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the signal B0 decay. The PDFs for these candidates are determined as well on the MC sample
used for the signal events of the four-photon model.

The mbc, the ∆E, and the yDC PDFs for conversion events are defined in the same way
as for Dalitz events: PConv(mbc) is the sum of three Gaussian functions as in eq. (6.10));
PConv(∆E) is the sum of two Gaussian functions and a Crystal Ball function as in eq. (6.11);
and PConv(yDC) is modeled performing an adaptive kernel density estimation as in eq. (6.12).

The final ∆t PDF is given by

Pfinal
Conv(∆t, q) ≡ e

− |∆t|
τ
B0

4τB0

[
1− q ·∆w + q · (1− 2w)

·
(
Aπ0π0

cos(∆m∆t) + Sπ0π0

sin(∆m∆t)
)]
⊗RConv(δt),

where the mass difference ∆m, the B0 lifetime τB0, and the parameters w, ∆w, Aπ0π0 and
Sπ0π0 are the same parameters entering the final ∆t PDF for Dalitz events (eq. (6.13)). Fi-
gure 6.32 shows the fit projections for mbc, ∆E, yDC and ∆t on the Conversion MC events.

Wrongly reconstructed signal events

The PDFs for wrongly reconstructed signal events are determined also on the MC sample used
for the signal events of the four-photon model.

The mbc PDF, PWRS(mbc), is an ARGUS function. The ∆E PDF, PWRS(∆E), is a single
Gaussian function. The distribution of yDC is described by the sum of a two Gaussian function,
a bifurcated Gaussian function (see App. C.1), and a first order polynomial,

PWRS(yDC) ≡ f2G ·
(
f1 ·G(yDC;µ1, σ1) + (1− f1) ·G(yDC;µ2, σ2)

)
+ fGb ·Gb(yDC;µ3, σL, σR)

+ (1− f2G − fGb) · (1 + a · yDC).

And the final ∆t PDF is given by

Pfinal
WRS(∆t, q) ≡ e

− |∆t|
τWRS

4τWRS

[
1− q ·∆wWRS + q · (1− 2wWRS)

·
(
AWRS cos(∆m∆t) + SWRS sin(∆m∆t)

) ]
⊗RWRS(δt),

where the parameters wWRS, ∆wWRS, AWRS and SWRS were determined by fitting the ∆t

distribution. The lifetime τWRS is fixed to the same value of the B0 lifetime τB0. However,
τWRS and τB0 are independent fit parameters. Figure 6.33 shows the fit projections for mbc,
∆E, yDC and ∆t on wrongly reconstructed signal MC events.
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Figure 6.32: Fit projections for true conversion B0
sig candidates reconstructed as

B0
sig→ π0

Dalπ
0
γγ. The fit projections are shown onto mbc (top left), ∆E (top right), yDC (bottom

left), and ∆t (bottom right). The points (with error bars) represent the MC sample used to find
the PDFs.

BB events

The few background BB events in 4 ab−1 come all from B+B− events where one of the B
mesons decayed into a final state with one charged and two neutral pions. The charged pion is
always lost, and one of the neutral pions either has a converted photon or is a Dalitz π0. The
mbc and the ∆E distributions resemble those of four-photon BB events: mbc peaks almost at
the same value as the signal events, and ∆E is negatively shifted due to the missing pion.

The mbc distribution is described by a PDF, PBB (mbc), which is is an ARGUS function.
The ∆E PDF, PBB (∆E), is a single Gaussian function. The yDC PDF, PBB (yDC), is modeled
performing a kernel density estimation as for Dalitz and for Conversion events. And the final
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Figure 6.33: Fit projections for wrongly reconstructed signal B0
sig→ π0

Dalπ
0
γγ candi-

dates (WRS). The fit projections are shown onto mbc (top left), ∆E (top right), yDC (bottom
left), and ∆t (bottom right). The points (with error bars) represent the MC sample used to find
the PDFs.

∆t PDF is given by

Pfinal
BB

(∆t, q) ≡ e
− |∆t|
τeff

4τeff

[
1− q ·∆wBB

]
⊗RBB (δt),

where the effective lifetime τeff and the parameter ∆wBB were determined by fitting the ∆t

distribution on the MC events. Figure 6.34 shows the respective fit projections for mbc, ∆E,
yDC and ∆t.
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Figure 6.34: Fit projections for background BB candidates reconstructed as B0
sig→ π0

Dalπ
0
γγ.

The fit projections are shown onto mbc (top left), ∆E (top right), yDC (bottom left), and
∆t (bottom right). The points (with error bars) represent the MC sample used to find the
PDFs.

Continuum events

As in the four-photon model, continuum events are the major background source. In the Dalitz-
Conversion model, continuum events are modeled without τ+τ− events, because none of them
passed the final selection in the available 1.8 ab−1 MC sample.

The mbc PDF for continuum events, Pcont(mbc), is is an ARGUS function. The ∆E PDF,
Pcont(∆E), is a first order polynomial defined as in eq. (6.9). The yDC PDF for continuum
events is the sum of two Gaussian functions and a first order polynomial,

Pcont(yDC) ≡ f1 ·G(yDC;µ1, σ1) + f2 ·G(yDC;µ2, σ2)
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+ (1− f1 − f2) · (1 + a · yDC).

And the final ∆t PDF is given by

Pfinal
cont (∆t) ≡ δ(∆t)⊗Rcont(δt).

Since continuum events have no CP asymmetry, their ∆t PDF does not depend on q. The fit
projections for mbc, ∆E, yDC and ∆t on continuum events are shown in Fig. 6.35.
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Figure 6.35: Fit projections for continuum B0
sig→ π0

Dalπ
0
γγ candidates. The fit projections are

shown onto mbc (top left), ∆E (top right), yDC (bottom left), and ∆t (bottom right). The
points (with error bars) represent the MC sample used to find the PDFs.
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6.10.5 Fit projections

The expected statistical uncertainties on Bπ0π0, Aπ0π0, and Sπ0π0 at Belle II are estimated by
performing pseudo-experiments on simulated MC events. For each pseudo-experiment, a sam-
ple corresponding to the Belle II integrated luminosity of 50 ab−1 is generated. Each sample
contains events from all considered components in the same proportion as expected in real
data. The signal and the background from wrongly reconstructed signal events are obtained by
extracting random sub-samples from fully simulated signal MC events. Due to the small size
of the respective MC samples, the BB and the continuum events are generated from the PDFs
modeled using the official MC samples.

For events withB0
sig→ π0

γγπ
0
γγ candidates, a time-integrated CP -analysis is performed using

the four-photon model. The fit projections for one of the pseudo-experiments are shown in
Fig. 6.36. The fit projections are shown onto mbc and ∆E for the four components (signal,
WRS, BB , and continuum events) as well as for the full event model.

For events withB0
sig→ π0

Dalπ
0
γγ candidates, a time-dependentCP -analysis is performed using

the Dalitz-Conversion model (both Dalitz and conversion events treated as Dalitz decays, see
Sect. 6.9). Figure 6.38 shows the fit projections for one of the pseudo-experiments. The fit
projections onto mbc, ∆E, yCD, and ∆t are shown for the five fit components and for the
full event model. To show the projections onto yCD and ∆t, the sample was enhanced in
the signal region by requiring the likelihood ratio Psig/(Psig + Pbkg) to be larger than 0.65

for each event. For events where the tag-side was tagged as B0, and for events where it was
tagged as B0, Figure 6.38 shows the fit projections onto ∆t separately. The projections are
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Figure 6.36: Projections of the fit results for candidates reconstructed as B0
sig→ π0

γγπ
0
γγ. The

fit projections ontombc (left) and ∆E (right) are shown for one pseudo-experiment. The points
(with error bars) represent the MC sample used for the pseudo-experiment. The full fit results
are shown by the solid blue curves.
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shown likewise for all the components and for the full event model by enhancing the sample
in the signal region.

For the same example pseudo-experiment, Figure 6.39 shows the time-dependent CP asym-
metry. The fit projections onto ∆t correspond to the results of the full event model for B0 and
forB0 shown in Fig. 6.38. The asymmetry below corresponds to (NB0 −NB0

)/(NB0
+NB0

).
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Figure 6.37: Projections of the fit results for candidates reconstructed as B0
sig→ π0

Dalπ
0
γγ. The

fit projections onto mbc (top left), ∆E (top right), yDC (bottom left), and ∆t (bottom right) are
shown for one pseudo-experiment. The points (with error bars) represent the MC sample used
for the pseudo-experiment. For the projections in the bottom, the MC sample was enhanced in
the signal region.
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Figure 6.38: Projections of the fit results for candidates reconstructed as B0
sig→ π0

Dalπ
0
γγ. The

fit projections for one example pseudo-experiment are shown onto ∆t. The MC sample was
enhanced in the signal region. The projection is shown for events where B0

tag was tagged as
B0 (top) and asB0 (bottom). The points (with error bars) represent the MC sample used for the
pseudo-experiment. The sample (Sample 1) was generated with the parameters ACP = 0.34
and SCP = 0.65. For q = +1, the signal distributions (Dalitz and Conv.) have large tails to the
right, and for q = −1 to the left. The first one is the current world average, and the second one
the predicted value by the CKMfitter group.
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Figure 6.39: Projection of the fit results for candidates reconstructed as B0
sig→ π0

Dalπ
0
γγ

onto ∆t. The fit projection is shown for one example pseudo-experiment. The MC sample
was enhanced in the signal region. The projection is shown for events where B0

tag was tagged
as B0 and as B0. The asymmetry (NB0 −NB0

)/(NB0
+NB0

) is shown below. The points
(with error bars) represent the MC sample used for the pseudo-experiment. The sample (Sam-
ple 1) was generated with the parameters ACP = 0.34 and SCP = 0.65.
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6.10.6 Fit validation and results

To verify that the signal yields and the CP -violation parameters are determined without bias
and without over- or underestimation of the error, a sufficiently large number of pseudo-
experiments (527 in this case) was carried out for each combination of input values Aπ0π0

and Sπ0π0 (see Sect. 6.2). From the fit results, the pulls and the residuals are calculated. The
pull is defined as the error weighted residual,

Pull(xoutput) =
xoutput − xinput

δxoutput

,

where xoutput is the fit output, xinput is the input value, and δxoutput is the fit uncertainty. In the
case of correctly determined uncertainties, the pull distribution follows a normal distribution
with mean equal to 0 and standard deviation equal to 1. A mean differing from 0 corres-
ponds to a bias expressed in units of the statistical uncertainty, while a standard deviation
smaller (larger) than 1 corresponds to an over-(under) estimation of the statistical uncertainty.

Figure 6.40 shows the pull and the distribution of the residuals for the signal yield Nsig,
and for the CP -violation parameter Aπ0π0 extracted from time-integrated analyses. The input
values for these pseudo-experiments are Nsig = 15068, and Aπ0π0

= 0.34. The fits to the pull
distributions are performed with a single Gaussian function. For the signal yield, the mean
value shows a bias around 13% arriving from the imperfect description of the signal events.
Considering the pull standard deviations, there is no large over- or underestimation of the error.

To estimate the statistical errors of the measured parameters, a single Gaussian function is
fitted to the distribution of the residuals xoutput − xinput and its standard deviation σ is taken as
statistical uncertainty. For the branching fraction Bπ0π0, the statistical uncertainty is estimated
using the relation

δBπ0π0

Bπ0π0 =
σNsig

Nsig

.

The measurement of branching fractions will be explained in Sect. 7.3.

Considering now time-dependent analyses, Figure 6.41 shows the pull distributions for the
yields of Dalitz and of conversion events, as well as the pull and the distributions of the
residuals for Aπ0π0 and for Sπ0π0. The input values used for these pseudo-experiments are
NDalitz = 147, NConversion = 124, ACP = 0.34 and SCP = 0.65. Within the uncertainties, the
mean values for all pull distributions agree well with 0, and the respective standard deviations
agree well with 1.

Due to the small number of events, the statistical uncertainty of Aπ0π0 is larger than the
one obtained from the four-photon sample. Thus, a time-dependent analysis of the Dalitz-
conversion sample is essential only to measure Sπ0π0.

Table 6.7 presents the final results of this performance study. It contains the estimated values
of δBπ0π0

/Bπ0π0, δAπ0π0 and δSπ0π0 for the different input MC values ofAπ0π0 and Sπ0π0. The
pull distributions and the residuals for the different MC input values can be found in App. D.1.
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Figure 6.40: Pull distributions and distributions of the residuals of the yield of signal events,
and of the CP -violation parameter Aπ0π0 for the fit of B0

sig→ π0
γγπ

0
γγ candidates. The input

values used for these pseudo-experiments are Nsig = 15068, ACP = 0.34 and SCP = 0.65.

To test the validity of the ∆t resolution function and the reconstruction procedure, the
B0 lifetime was extracted from the simulated events performing separate time-dependent ana-
lyses. This time, the CP -violation parameters Aπ0π0 and Sπ0π0 were fixed to the MC input
values and the B0 lifetime τB0 was released as free fit parameter. The yields for each compo-
nent were left free as well. Figure 6.42 shows the pull and the distributions of the residuals
for the B0 lifetime. The MC input value corresponds to 1.525 ps. Within the uncertainties, the
mean value of the pull distribution is consistent with 0, and the respective standard deviation
is consistent with 1.
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Figure 6.41: Pull distributions, and distribution of the residuals of the CP -violation para-
meter Sπ0π0 for the fit of B0

sig→ π0
Dalπ

0
γγ candidates. The input values used for these pseudo-

experiments are NDal = 147, NConv = 124, ACP = 0.34 and SCP = 0.65.
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Table 6.7: Statistical uncertainties δAπ0π0, δSπ0π0 and δBπ0π0
/Bπ0π0 expected for the full

Belle II data sample using the different input values of Aπ0π0 and Sπ0π0 employed to generate
the signal MC events (see Sect. 6.2).

Input values Time-integrated Time-dependent
Aπ0π0 Sπ0π0

δBπ0π0
/Bπ0π0 [%] δAπ0π0

δAπ0π0
δSπ0π0

0.34 [71] 0.65 [71] 2.2 0.03 0.28 0.22

0.43 [28] 0.79 2.2 0.03 0.29 0.23

0.14 [140] 0.83 2.4 0.03 0.26 0.21

0.14 [140] 0.40 2.3 0.03 0.29 0.20

0.14 [140] −0.61 2.3 0.03 0.27 0.22

0.14 [140] −0.94 2.4 0.03 0.28 0.22
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Figure 6.42: Pull and distributions of the residuals of the B0 lifetime for the fit of
B0

sig→ π0
Dalπ

0
γγ candidates. The MC input value is τB0 = 1.525 ps.

6.11 Comparison with Belle
The latest time-integrated measurement of Bπ0π0 andAπ0π0 at Belle will be discussed in depth
in Sect. 7.4.1 and 7.4.1. Considering only statistical uncertainties, the ratio δBπ0π0

/Bπ0π0 was
about 15%, and δAπ0π0 was 0.36. These values are expected to decrease inversely proportional
to the square root of the sample size and can be thus scaled using the relation√

LBelle

LBelle II
'
√

0.8 ab−1

50 ab−1 ≈ 0.13. (6.14)
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For the full Belle II data sample, this leads to an expected uncertainty δBπ0π0
/Bπ0π0

= 2.0%,
which agrees with the value of 2.2% estimated in this thesis (see Tab. 6.7), and to an expected
uncertainty δAπ0π0

= 0.05, which is close to the estimated uncertainty of 0.03.

6.12 Conclusion
The goal of this chapter was to show that Belle II will be able to measure the mixing-induced
CP -violation parameter Sπ0π0 after having collected its full data sample. The results show that,
in fact, the measurement is feasible for the expected sample size corresponding to 50 ab−1. The
estimated statistical uncertainty is

δSπ0π0

= 0.28.

A better reconstruction of electrons and of converted photons will potentially improve the
∆t resolution, which is already good enough for candidates reconstructed as B0

sig → π0
Dalπ

0
γγ

decays, but very poor for candidates reconstructed as B0
sig→ π0

γCγ
γ decays. Candidates recon-

structed as B0
sig → π0

γCγ
γ decays were therefore excluded from the analysis. Apart from that,

when this performance study was carried out, the flavor tagger was not fully optimized. And
due to the small amount of MC events available to model the background distributions, the
analysis had to be performed in a single bin of the dilution factor r, without exploiting the full
flavor tagging power. All these arguments show that an improvement in the Sπ0π0 precision is
possible. However, the Belle II performance was studied using MC events which were genera-
ted without beam-induced and without luminosity-dependent backgrounds. The reason is that
the track reconstruction algorithms were not optimized for events with additional background
when this study was carried out. At Belle II, the background levels are much higher than
at Belle. Therefore, the improvements sketched above will be needed to keep the precision
estimated in this chapter.

To validate the procedure for Sπ0π0, a time-integrated analysis was performed to estimate
the Belle II precision for the direct CP -violation parameter Aπ0π0 and the branching fraction
Bπ0π0. The estimated statistical uncertainties for the full Belle II integrated luminosity yield

δAπ0π0

= 0.03, and δBπ0π0

/Bπ0π0

= 2.2%,

proving the consistency with the previous Belle measurements for which the extrapolated val-
ues are δAπ0π0

= 0.05, and δBπ0π0
/Bπ0π0

= 2.0%.
The analysis presented in this chapter completed all the steps that have to be done on MC

events to perform a blind analysis. In the absence of control samples from Belle II data, dif-
ferences between MC events and real data could not be studied to estimate the systematic
uncertainties. For the measurement of Sπ0π0, however, the total systematic uncertainty is ex-
pected to be much smaller than the statistical one due to the expected large sizes of control
samples at Belle II. The systematic uncertainties affecting the measurements of Sπ0π0, Aπ0π0,
and Bπ0π0 will be estimated in the next chapter by projecting the systematic uncertainties at
Belle.





7 The unitarity angle φ2 at Belle II

7.1 Introduction
One of the key quantities in the examination of the CKM mechanism is the unitary angle φ2.
The major goal of this chapter is to estimate how precise Belle II will be able to determine it.

One of the limitations in the determination of φ2 has been the absence of the input obser-
vable Sπ0π0. As shown in the previous chapter, a measurement of Sπ0π0 will be feasible when
Belle II will collect its expected integrated luminosity of about 50 ab−1. One of the objectives
of this chapter, is to study the impact of this novel measurement.

The studies and the estimations are based on the isospin analyses of the decay channels
B → ππ and B → ρρ introduced in Sect. 2.10.2. The B → ππ and the B → ρρ channels
are currently the ones dominating the precision for φ2 [71]. After a brief introduction of the
analysis algorithm, the latest measurements of the input observables are reviewed. Next, the
systematic uncertainties expected at Belle II are discussed in detail. The Belle II precision is
estimated by projecting the statistical and the systematic uncertainties affecting the measure-
ments of the input observables. As major reference, the available Belle measurements are
taken. Using these measurements and the projections for Belle II, the isospin analyses are
performed, resulting in the expected uncertainty for the unitarity angle φ2.

7.2 The isospin analysis fit
The unitarity angle φ2 can be determined from the CP -violation parameters associated with
the decay channels B → ππ and B → ρρ. Here, non-negligible penguin contributions (pen-
guin pollution) to these decays prevent a direct determination of φ2. The goal of the isospin
analysis is to determine the pollution-corrected value of φ2 using isospin relations among the
involved decay amplitudes. For B → ππ and for B → ρρ decays, the isospin relations form
so-called isospin triangles (see Sect. 2.10.2). To perform the analysis, the decay amplitudes
are parametrized in such a way that they fulfill these triangle conditions.

The algorithm employed for the fit procedure involved in the isospin analysis is based on
the approach followed by Belle [87, 140], by BaBar [89, 151] and by the CKMfitter group [71,
152]. The algorithm assumes the parametrization given by eq. (2.61) in Sect. 2.10.2, which is
similar to the one proposed by Muriel Pivk and François Le Diberder [85]. This parametriza-
tion was slightly modified for the use in this work in order to simplify the calculations. In the
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algorithm, the absolute values of the decay amplitudes are given by

|A+0| = |Ã+0| =
√
a+0,

|A+−| =
√
a+− (1−ACP ),

|Ã+−| =
√
a+− (1 +ACP ),

|A00| =
( |A+0|2

2
+ |A+0|2 −

√
2|A+0||A+0| cos(φ2 − δ)

) 1
2

,

|Ã00| =
(
|Ã+0|2

2
+ |A+0|2 −

√
2|Ã+0||A+0| cos(φ2 + δ − 2φ2,eff)

) 1
2

,

where a+0, a+−, ACP , δ, φ2,eff and φ2 are real positive variables, and Ãij = e−2iφ1 Āij . Here,
φ2,eff is not corrected for penguin pollution bias. The amplitudes are used to calculate the
theoretical predictions for the physical observables,

B+0
theo =

τB
+

τB0 |A+0|2, B+−
theo =

|A+−|2 + |Ā+−|2
2

,

B00
theo =

|A00|2 + |Ã00|2
2

, A+−
theo = ACP ,

S+−
theo =

√
1−A2

CP sin(2φ2,eff), A00
theo =

|Ã00| − |A00|
|Ã00|+ |A00|

,

and

S00
theo =

2|A+0|2 sin(2φ2) + |A+−||Ā+−| sin(2φ2,eff)−
√

2|A+0|
(
|Ā+−|s̄+ |A+−|s

)
|Ã00|+ |A00|

, (7.1)

where s = sin(φ2 +δ) and s̄ = sin(φ2−δ+2φ2,eff). For the determination of φ2, a scan of the
confidence is performed by translating a χ2 distribution into a confidence level (CL). The χ2-
distribution is obtained by minimizing χ2 ≡ −2 log(L) at each value of φ2. The likelihood L
has the form of a multivariate normal distribution

L(θ) =
exp

(
1
2

(xdata − xtheo(θ))T Σ−1 (xdata − xtheo(θ))
)

√
(2π)n detΣ

,

which quantifies the agreement between the measured values xdata and the theoretical predic-
tions xtheo of the input observables,

x =
(
B+−, B00, B+0, A+−, S+−, A00, S00

)T ,
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where T stays for transposed. If no measurement is available for S00, a χ2 minimization is
also possible . The parameters

θ = {a+0, a+−, ACP , φ2, δ, φ2,eff}, (7.2)

correspond to the six unknown parameters of the analysis. The covariance matrix Σ con-
tains the uncertainties δxi =

√
δx2

i,stat + δx2
i,sys and the measured correlations cij between the

observables in the non-diagonal part. The respective coefficients are

Σij = cij · δxi δxj , cij = 1 for i = j. (7.3)

The scan of the confidence for φ2 is performed in steps of 0.5◦ in the range [0, 180◦]. At each
step, the value of φ2 is fixed and χ2(θ) = −2 log(L(θ)) is minimized. The CL is obtained
from the χ2 value using incomplete Γ functions [152]

CL = Prob(χ2(θ), Ndof) =
1√

2NdofΓ(Ndof/2)

∫ ∞
χ2(θ)

e−
t
2 ·t

Ndof
2
−1dt,

where χ2(θ) is the minimized χ2 value, and Ndof is the number of degrees of freedom, which
in this case is equal to 1, because φ2 remains unmodified during the χ2 minimization.

7.3 Extrapolation of uncertainties

To estimate the future Belle II precision for the measurement of φ2, the uncertainties of the
input observables entering the isospin analyses have to correspond to the full integrated lumi-
nosity of 50 ab−1. A way to perform this is to extrapolate the uncertainties of previous Belle
measurements. This approach is motivated by the similarities between Belle and Belle II.

Statistical uncertainties are expected to decrease inversely proportional to the square root of
the sample size, and thus to scale with the integrated luminosity as in eq. (6.14). In the fol-
lowing sections, the statistical uncertainties of all input observables are scaled in this way, ex-
cept for Bπ0π0, Aπ0π0 and Sπ0π0, where the statistical uncertainties were estimated performing
pseudo-experiments corresponding to the full Belle II integrated luminosity (see Sect. 6.10.6).

Systematic uncertainties can be classified into two types: reducible and irreducible. Re-
ducible systematic uncertainties are evaluated by comparing control samples from real data
with MC events from the corresponding channels. Therefore, they are expected to scale with
the integrated luminosity, as the statistical ones. Examples of systematic effects causing re-
ducible uncertainties are: detection and tracking efficiencies, detector alignment, PID cali-
bration, fractions of mis-reconstructed events, wrong-tag fractions (flavor tagging), histogram
shapes, model shapes, etc. Irreducible uncertainties depend on underlying physical processes,
on the detector resolution, on the algorithms used for the data analysis, or on the algorithms
used for the MC generation. They usually do not scale with the integrated luminosity.
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Two systematic uncertainties are considered to be irreducible for the measurement of bran-
ching fractions: the imperfect simulation of final state radiation, which plays a role for the
measurement of Bπ+π− (see Sect. 7.4.1), and the number Nprod

BB
of produced BB pairs1. The

branching fraction B(B → fsig) for a certain final state fsig is measured as

B(B → fsig) =
Nsig

εsigN
prod

BB

,

where Nsig is the signal yield measured on data and εsig is the efficiency for fsig determined
on signal MC events. The uncertainty on the simulation of final state radiation affects the
determination of εsig for certain decay channels, and is caused by the uncertainties inher-
ent to the simulation algorithm, which at Belle and at Belle II is the widely used algorithm
PHOTOS [153].

Considering now Nprod

BB
, at Belle, the number Nprod

BB
in the hadronic skim2 was given by

Nprod

BB
= Non-resonance − a · c ·Noff-resonance,

where Non-resonance is the number of recorded events at the Υ(4S) (
√
s = 10.58 GeV) and

Noff-resonance the number at 80 MeV below the resonance. The luminosity scale factor a is
measured using the number of recorded Bhabha N e+e− and di-muon events Nµ+µ− on and
off-resonance before the hadronic skim

a ≡ 1

2

(
N
e+e−

on-res

N
e+e−

off-res

+
N
µ+µ−

on-res

N
µ+µ−

off-res

)
.

The parameter c corresponds to the ratio

c ≡ ε
qq
on-res

ε
qq
off-res

,

where εqqon-res and εqqoff-res are the skim efficiencies on and off-resonance determined on conti-
nuum MC. The continuum MC has imperfections and, at present, it is not clear how to reduce
them. Since the value of c relies fully on continuum MC, its uncertainty does not scale with the
size of the samples and limits the precision for Nprod

BB
. Therefore, the uncertainty of Nprod

BB
is

assumed to be irreducible. At Belle II, the optimal method to measure Nprod

BB
is not established

yet and further studies are required.
For the measurement of CP -violation parameters, two systematic uncertainties do not scale

with the integrated luminosity: the one associated with the ∆t-resolution function, and the
one associated with the tag-side interference effect (see Sect. 4.10). The first one is related

1This effect is also referred to as “Luminosity” in the literature.
2A detailed description of the measurement of Nprod

BB
can be found in [154].
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to the uncertainties on the reconstructed B-vertex position and on the B-vertex resolution.
These uncertainties are related to the alignment of the vertex detector, the vertex reconstruction
algorithms and the vertex resolution. The alignment of the vertex detector will be performed
using control samples from the data, such as di-muon or two-body decays, and is thus expected
to improve at high luminosity. Due to the new nano-beam scheme (see Sect. 3.1), Belle II will
have also a more precise knowledge of the position and the size of the interaction region.
Aditionally, the new Belle II vertex algorithm for the tag side reaches an improvement in
resolution by almost a factor two [155]. The signal-side B0-vertex resolution is expected to
improve also by a factor two as the impact parameter resolution (see Sect. 3.3 and 3.4), thanks
to the new pixel detector (PXD). Therefore, the systematic uncertainties associated with the
B-vertex are assumed to decrease by a factor two [1], and, in a similar way, the uncertainty due
to the ∆t-resolution function is assumed to be partially reducible and to decrease by a factor
two. The second effect, the one associated with the tag-side interference, is assumed to be
fully irreducible since a way to mitigate it is not established yet (see discussion in Sect. 4.10).

7.4 The B → ππ system
In this section, the Belle II precision for φ2 is estimated considering the isospin analysis of
the B → ππ system. After a brief discussion of the current experimental status of the input
observables, the projections of the input observables are explained. Using these projections,
the isospin analysis is performed without and with the Sπ0π0 constraint.

Table 7.1 presents the latest measurements of the observables entering the isospin analysis of
theB → ππ system. The measurements were performed at Belle, at BaBar and at LHCb. Belle
and BaBar used data samples collected at the Υ(4S) corresponding respectively to 0.8 ab−1 and
to 0.5 ab−1. They succeeded in measuring all the observables involved in the isospin analysis,
except Sπ0π0.

LHCb has covered only those decays that have only charged pions in the final states. The
value of Bπ+π− was measured using a subsample from the Run 1 data set and the values of
Aπ+π− and Sπ+π− using the full Run 1 data set (see Sect. 2.8). Since LHCb can measure only
ratios between two branching fractions, the absolute branching fraction Bπ+π− was obtained
by measuring the ratio

Bπ+π−/BK+π− = 0.262± 0.009± 0.017 [156],

and multiplying it with the current world average for BK+π−. The measurements of Aπ+π−

and Sπ+π− are very precise and they are still limited by the size of the analyzed samples.
Updating these last two measurements by using the full Run 1 and Run 2 data samples, LHCb
could reach a precision level comparable with that expected at Belle II. However, LHCb is
not competitive for decays involving neutral pions because of the harsh hadronic environment.
Therefore, a considerable improvement in the precision for φ2 requires new measurements at
Belle II.
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Table 7.1: Latest measurements of the branching fractions andCP -violation parameters enter-
ing in the isospin analysis of the B → ππ system, performed by the Belle, the BaBar and the
LHCb experiments. The first uncertainty is the statistical one and the second is the systematic
one.

Belle BaBar LHCb

Bπ+π−
[10-6] 5.04± 0.21± 0.18 [157] 5.5± 0.4 ± 0.3 [158] 5.08± 0.17± 0.37 [156]

Bπ+π0
[10-6] 5.86± 0.26± 0.38 [157] 5.02± 0.46± 0.29 [159]

Bπ0π0
[10-6] 1.31± 0.19± 0.19 [140] 1.83± 0.21± 0.13 [151]

Aπ0π0
0.14± 0.36± 0.10 [140] 0.43± 0.26± 0.05 [151]

Aπ+π− 0.33± 0.06± 0.03 [160] 0.25± 0.08± 0.02 [151] 0.24± 0.07± 0.01 [161]

Sπ+π− −0.64± 0.08± 0.03 [160] −0.68± 0.10± 0.03 [151] −0.68± 0.06± 0.01 [161]

7.4.1 Expected precision at Belle II
The Belle measurements presented in Tab. 7.1 are extrapolated to the full Belle II luminosity
following the guidelines in Sect. 7.3. The statistical uncertainties of Bπ+π−, Bπ+π0, Aπ+π−

and Sπ+π− are extrapolated according to eq. (6.14). For Bπ0π0, Aπ0π0 and Sπ0π0, the statistical
uncertainties are taken from the performance study presented in Sect. 6.10.6; the values of
these uncertainties correspond to the results of the pseudo-experiments where the current world
averages for Aπ0π0 and Sπ0π0 were taken as input (first row in Tab. 6.7).

For each input observable, the individual systematic uncertainties are summed in quadra-
ture. Reducible systematic uncertainties are extrapolated in the same way as the statistical
uncertainties. In the following, the extrapolations of the systematic uncertainties affecting the
Belle II measurements are discussed.

Table 7.3 [157] shows the effects for Bπ+π− and Bπ+π0. At high luminosity, the large data
samples allow one to improve the modeling of fit components and, therefore, the fitting uncer-
tainties are expected to be reducible. In Table 7.3, the only irreducible sources are the number
of B mesons, Nprod

BB
, and the contribution from the PHOTOS simulation algorithm. Improve-

ments in the determination of Nprod

BB
and in the PHOTOS algorithm cannot be predicted. The

associated uncertainties are therefore not scaled.
Table 7.4 [140] shows the systematic effects for Aπ0π0 and Bπ0π0. Considering first Aπ0π0,

the fitting uncertainties due to the parametrization (modeling) of ρπ and other rare back-
grounds (BB background), as well as the continuum background are expected to decrease
with larger data samples and be thus reducible. Similarly, the fit bias is also considered to be
reducible. The Belle measurement of Aπ0π0 [140] does not include uncertainties associated
with flavor tagging. Therefore, a reducible flavor-tagging uncertainty is added to this list; the

3This source was included from Table VI of [151].
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Table 7.2: Extrapolation of the systematic uncertainties affecting the measurement of Bπ+π0

and of Bπ+π−. The values at 0.8 ab−1 correspond to Belle measurements and are taken from
Table II in [157].

δBπ+π0
/Bπ+π0[%] δBπ+π−/Bπ+π−[%]

Source 0.8 ab−1 50 ab−1 0.8 ab−1 50 ab−1

Tracking 0.35 0.04 0.70 0.09

K-π PID ratio 0.86 0.11 1.72 0.22

PID Ratio cut 0.92 0.12 0.24 0.03

MC statistics 0.17 0.02 0.15 0.02

Nprod

BB
1.37 1.37 1.37 1.37

π0 det. efficiency 4.00 0.51 - -
Signal PDF 0.73 0.09 0.50 0.06

Feed-across 1.19 0.15 1.50 0.19

PHOTOS - - 0.80 0.80

Charmless B bkg. 4.53 0.57 1.77 0.22

Total 6.49 1.59 3.42 1.63

value was taken from the BaBar Aπ0π0 measurement [151]. Considering now Bπ0π0, all the
effects in Tab. 7.4 are reducible apart from the luminosity effect (number of neutral B me-
sons). The reducible effects include fitting effects, which were already discussed, and effects
that depend on control samples like the π0 detection efficiency.

There are other two particular effects affecting only the measurement of Bπ0π0; they are
caused by the recovery of events with converted photons and by a special timing cut. At
Belle II, the estimated number of signal events with e+e− pairs (with converted photons or
Dalitz decays) after the final selection is about 2% of the estimated number of events with
four ECL photons (see Sect. 6.9). Using events with e+e− pairs in addition to those with four
ECL photons would improve the statistical error only by about 1%. Since this improvement is
negligible, it is assumed here that e+e− pairs will be discarded for the measurement of Bπ0π0.
Thus, the systematic effect caused by the recovery of converted photons is not considered.

The timing-cut effect originates from a special requirement on the trigger time of the ECL
crystals. The requirement was employed to suppress out-of-time background events originat-
ing from e+e− interactions, such as Bhabha scattering, which leave large energy depositions in
the ECL. These so-called “pileup” events are similar to genuine hadronic events with high en-
ergy back-to-back photons in the Υ(4S) frame and they pass the first-level trigger. At Belle II,
the control samples to study the effect of this timing cut will increase according to the inte-
grated luminosity. Hence, the respective uncertainty is expected to decrease.
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Table 7.3: Extrapolation of the systematic uncertainties affecting the measurement of Bπ+π0

and of Bπ+π−. The values at 0.8 ab−1 correspond to Belle measurements and are taken from
Table II in [157].

δBπ+π0
/Bπ+π0[%] δBπ+π−/Bπ+π−[%]

Source 0.8 ab−1 50 ab−1 0.8 ab−1 50 ab−1

Tracking 0.35 0.04 0.70 0.09

K-π PID ratio 0.86 0.11 1.72 0.22

PID Ratio cut 0.92 0.12 0.24 0.03

MC statistics 0.17 0.02 0.15 0.02

Nprod

BB
1.37 1.37 1.37 1.37

π0 det. efficiency 4.00 0.51 - -
Signal PDF 0.73 0.09 0.50 0.06

Feed-across 1.19 0.15 1.50 0.19

PHOTOS - - 0.80 0.80

Charmless B bkg. 4.53 0.57 1.77 0.22

Total 6.49 1.59 3.42 1.63

Table 7.4: Extrapolation of the systematic uncertainties affecting the measurement of Aπ0π0

and of Bπ0π0. The values at 0.8 ab−1 are taken from the latest Belle measurement [140].

δAπ0π0

Source 0.8 ab−1 50 ab−1

BB bkg. param. 0.06 0.008

Cont. bkg. param 0.08 0.010

Fit bias 0.02 0.003

Flavor tagging3 0.034 0.0034

Total 0.12 0.01

δBπ0π0
/Bπ0π0[%]

Source 0.8 ab−1 50 ab−1

Cont. bkg. param 11.0 1.39

π0 det. efficiency 4.4 0.56

Cont. ∆E and mbc 4.0 0.51

Assumed Bρπ 4.0 0.51

Off-res cont. bkg. 3.0 0.38

Assumed Brare 3.0 0.38

Cont. fraction 1.8 0.23

Fitted region 1.5 0.19

BB bkg. fractions 1.5 0.60

Luminosity 1.4 1.40

Fit bias 1.0 0.13

Rec. conv. photon 1.0 -
Timing cut 0.5 0.06

Total 14.2 2.27
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For Aπ+π− and Sπ+π−, the systematic effects given in Tab. 7.5 [160] are taken into account
for the extrapolation. Apart from the effects caused by the tag side interference and by the ∆t-
resolution function, all effects in this list are assumed to scale with the luminosity. The effect
denoted as flavor tagging, corresponds to the uncertainty on the wrong-tag fraction, which will
improve with larger data samples. Most of the uncertainties in Tab. 7.5 are fitting uncertainties
and depend on the accuracy of the shape description of the fit components. These uncertainties
are considered to be reducible. The only irreducible uncertainties are the ones associated with
the ∆t resolution function and with the tag-side interference effect.

As Table 7.5 shows, the tag-side interference is the dominant systematic effect for Aπ+π−.
As discussed in Sect. 4.10 and 4.11, the only way to completely eliminate this uncertainty is to
use only semileptonic categories for flavor tagging, at the cost of an increase in the statistical
uncertainty by about a factor

√
3 ≈ 1.78. However, the impact of this possible improvement

on the measurement of φ2 is minimal since the extrapolated systematic uncertainty of Aπ+π−

is not the largest uncertainty entering the isospin analysis.

Table 7.5: Extrapolation of the systematic uncertainties affecting the measurement of Aπ+π−

and of Sπ+π−. The values at 0.8 ab−1 correspond to Belle measurements and are taken from
Table II in [160].

δAπ+π−[10−2] δSπ+π−[10−2]
Source 0.8 ab−1 50 ab−1 0.8 ab−1 50 ab−1

IP profile 0.13 0.016 1.19 0.151

B tag track selection 0.30 0.038 0.33 0.042

Track helix 0.00 0.000 0.01 0.001

∆t selection 0.01 0.001 0.03 0.004

Vertex selection 0.37 0.047 0.23 0.029

∆z bias 0.50 0.063 0.40 0.051

Misalignment 0.40 0.051 0.20 0.025

τB0 and md 0.12 0.015 0.09 0.011

Data/MC shape 0.15 0.019 0.19 0.024

∆t resolution function 0.83 0.415 2.02 1.010

Flavor tagging 0.40 0.051 0.31 0.039

Bkg. param. shape 0.15 0.019 0.28 0.035

Bkg. nonparam. shape 0.37 0.047 0.57 0.072

Fit bias 0.54 0.068 0.86 0.109

Tag-side interference 3.18 3.180 0.17 0.170

Total 3.48 3.210 2.68 1.048
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Table 7.6: Branching fractions and CP asymmetry parameters entering in the isospin analysis
of the B → ππ system: Belle measurements at 0.8 ab−1 together with the expected Belle II
sensitivity at 50 ab−1.

Value 0.8 ab−1 50 ab−1

Bπ+π−
[10-6] 5.04 ±0.21± 0.18 [157] ±0.03± 0.08

Bπ+π0
[10-6] 5.86 ±0.26± 0.38 [157] ±0.03± 0.09

Bπ0π0
[10-6] 1.31 ±0.19± 0.19 [140] ±0.03± 0.03

Aπ0π0
0.14 ±0.36± 0.10 [140] ±0.03± 0.01

Aπ+π− 0.33 ±0.06± 0.03 [160] ±0.01± 0.03

Sπ+π− −0.64 ±0.08± 0.03 [160] ±0.01± 0.01

Table 7.6 presents a summary of the Belle measurements and the extrapolated uncertainties.
For Sπ0π0, the systematic effects are expected to be similar to those affecting the measurement
of Aπ+π− and Sπ+π−. Thus, a systematic error of about δSπ0π0 ≈ 0.03 is assumed. This gives
in total

δSπ0π0

= ±0.28± 0.03.

7.4.2 Results of the isospin analysis
The isospin analysis of B → ππ was performed using the Belle measurements and the pro-
jections for Belle II summarized in Tab. 7.6. The analysis was performed without and with
the Sπ0π0 constraint. The total uncertainties of the input variables are obtained by adding
in quadrature the statistical and the systematic uncertainties. At Belle, only the correlations
cij (see eq. (7.3)) related to the decay B0→ π+π− were measured. The values of these corre-
lation coefficients can be found in [162]. All the other coefficients were assumed to be null.

Figure 7.1 shows a geometrical representation of the isospin triangles in the complex plane
of B → ππ amplitudes. In Fig. 7.1 top, the weak phases and the proportions between the
magnitudes of the amplitudes correspond to the results of the isospin analysis for B → ππ

using Belle measurements. Figure 7.1 bottom shows the results using the same data together
with the constraint from Sπ0π0

= 0.83. There are two isospin triangles, one for the amplitudes
Aij and another for the CP conjugate amplitudes Ãij . The latter can be mirrored due to the
φ2,eff symmetry in the isospin equations (see eq. (2.64)). Additionally, each isospin triangle
can have two possible orientations leading in total to an 8-fold ambiguity in the determination
of φ2. Applying the Sπ0π0 constraint, the orientation of each triangle is fixed, reducing the
ambiguity by a factor 4.
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Figure 7.1: Geometrical representation of the isospin triangles. The weak phases and the
proportions between the amplitudes correspond to the results of the isospin analysis for
B → ππ using Belle measurements (top) and using the same data together with the constraint
Sπ0π0

= 0.83 (bottom). The SM compatible solution for 2φ2 is represented by the solid green
line. The Mirror solutions correspond to the green dashed lines.
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Figure 7.2 shows the results of the scan of the confidence for φ2. The results of the scan
using the current Belle measurements show eight possible solutions. At the level of one
σ (68% CL), Belle excludes the range φ2 ∈ [9.5◦, 81.6◦] [140]. Figure 7.2 shows also the
improvement of exclusion power at Belle II, still without a future measurement of Sπ0π0.

The scan including the Sπ0π0 constraint was performed for several possible values of Sπ0π0.
For some of them, the φ2 solutions are compatible with those obtained without the constraint.
The compatible solutions for Sπ0π0 can be estimated by calculating the theoretical predictions
with eq. (7.1). This calculation takes as input the fit parameters θ (see eq. (7.2)) obtained at
the solutions of the scan without the constraint. There are four compatible Sπ0π0 solutions. For
the generation of representative samples of signal MC events in chapter 6, these values were
taken as input.

Because of the expected experimental uncertainty, it is possible that the value of Sπ0π0

will differ from the compatible solutions. Figure 7.3 shows different possible scenarios. The
results of the scan of the confidence applying the Sπ0π0 constraint are presented for the four
compatible solutions, and for two non-compatible values. From the eight φ2 solutions, only
two remain after including the Sπ0π0 constraint, reducing the number of possible solutions by
a factor 4. Even in the cases where the value of Sπ0π0 is non-compatible, a large range can be
excluded at one σ.

For the compatible value Sπ0π0
= 0.83, the result of the scan is consistent with the current

measurements of the unitarity triangle. The width of the solution around 92◦ is about 4◦ at the
confidence level of one σ, thus δφ2 ≈ 2◦.
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Figure 7.2: Scan of the confidence for φ2 performing isospin analysis of the B → ππ system.
The black solid line (left) shows the result of the scan using data from Belle measurements (see
Tab. 7.6). The blue shaded area shows the projection for Belle II without Sπ0π0 constraint. The
dotted horizontal lines correspond to a CL of 68%.
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Figure 7.3: Scans of the confidence for φ2 performing isospin analysis of theB → ππ system.
The blue shaded area in all plots shows the projection for Belle II without Sπ0π0 constraint.
Results of the scan adding the Sπ0π0 constraint are shown for different Sπ0π0 values. The red
dashed lines show the results for the four compatible values of Sπ0π0, and the green dotted
lines for two non-compatible values. The dotted horizontal lines correspond to a CL of 68%.



244 7. The unitarity angle φ2 at Belle II

7.5 The B → ρρ system
The measurement of φ2 can be further improved by considering also the decay channel
B → ρρ. In the following, the Belle II precision for φ2 is estimated considering, as for
B → ππ, the isospin analysis of the B → ρρ system.

Table 7.7 presents the latest measurements of the observables entering the isospin analysis
of the B → ρρ system. The measurements were performed at Belle, at BaBar and at LHCb.
They are statistically compatible within one standard deviation, except for fρ

0ρ0

L , where the
measurement at Belle is compatible within two standard deviations with those at BaBar and
at LHCb. As in the case of B → ππ decays, LHCb has not covered those B → ρρ decays
where neutral pions are present in the final state.

In contrast to the B → ππ system, the final states of the B → ρρ system can be CP even
(with orbital angular momentum L = 0, 2), or CP odd (with L = 1), each one requiring an
independent isospin analysis. The isospin analysis is performed only for the dominant fraction
of decays leading to longitudinally polarized final states, which are pure CP even states.

7.5.1 Expected precision at Belle II

In the same way as for the B → ππ system in Sect. 7.4.1, the expected uncertainties for all
the input parameters were estimated by extrapolating previous Belle measurements. Only for
Aρ0ρ0 and Sρ0ρ0, BaBar measurements served as reference since there is no Belle measurement

Table 7.7: Latest measurements of the branching fractions, fractions of longitudinally po-
larised events and CP -violation parameters entering the isospin analysis of the B → ρρ sys-
tem, performed by the Belle, the BaBar and the LHCb experiments.

Belle BaBar LHCb

f
ρ0ρ0

L 0.21± 0.20 ± 0.15 [163] 0.75 + 0.11
− 0.14 ± 0.05 [86] 0.745+ 0.048

− 0.058 ± 0.034 [164]

Bρ0ρ0
[10-6] 1.02± 0.30 ± 0.15 [163] 0.92± 0.32 ± 0.14 [86] 0.94± 0.17± 0.09 [164]

f
ρ+ρ−

L 0.988± 0.012± 0.023 [87] 0.992± 0.024 +0.026
−0.013 [89]

Bρ+ρ−
[10-6] 28.3± 1.5 ± 1.5 [87] 25.5± 2.1 + 3.6

− 3.9 [89]

Aρ+ρ− 0.00± 0.10 ± 0.06 [87]−0.01± 0.15 ± 0.06 [89]

Sρ+ρ− −0.13± 0.15 ± 0.05 [87]−0.17± 0.20 + 0.05
− 0.06 [89]

f
ρ+ρ0

L 0.95± 0.11 ± 0.02 [88] 0.950± 0.015± 0.006 [90]

Bρ+ρ0
[10-6] 31.7± 7.1 ± 5.3 [88] 23.7± 1.4 ± 1.4 [90]

Aρ0ρ0 −0.2± 0.8 ± 0.3 [86]

Sρ0ρ0
0.3± 0.7 ± 0.2 [86]
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for these observables. The statistical uncertainties and the reducible systematic uncertainties
were extrapolated as in eq. (6.14). The total systematic uncertainties were calculated by adding
in quadrature the irreducible and the extrapolated reducible systematic uncertainties. Just as
for B → ππ, the tables contained in the cited publications were used for the extrapolation of
systematic errors.

Table 7.8 [163] shows the systematic effects considered for Bρ0ρ0 and for fρ
0ρ0

L . Apart from
the number of B mesons, all effects in this list are reducible. The uncertainties due to the
track-reconstruction and due to the particle identification efficiencies were determined using
independent control samples, and are thus expected to decrease with larger sample sizes. The
error due to a difference in the fraction of misreconstructed events between data and MC is
determined by varying this fraction and repeating the fit. The error on this fraction of events is
expected to reduce with larger sample sizes. All other uncertainties in this list are associated
with imperfections in the modeling of the fit components and are limited by the size of the
data sample. The effect “ρ0ππ helicity” denotes the uncertainty due to the modeling of the
B0→ ρ0π+π− helicity PDF.

At Belle, the interference between the four-pion final states was neglected in the measure-
ments of Bρ0ρ0, fρ

0ρ0

L , Bρ+ρ−, fρ
+ρ−

L , Aρ+ρ− and Sρ+ρ−. The impact of this effect was deter-

Table 7.8: Extrapolation of the systematic uncertainties affecting the measurement of Bρ0ρ0

and of fρ
0ρ0

L . The values at 0.8 ab−1 correspond to Belle measurements and are taken from
Table VIII in [163].

δBρ0ρ0
/Bρ0ρ0[%] δf

ρ0ρ0

L

Source 0.8 ab−1 50 ab−1 0.8 ab−1 50 ab−1

Nprod

BB
1.40 1.40 - -

Tracking 1.40 0.18 - -
PID 2.50 0.32 - -
Misrec. fraction 2.40 0.30 0.030 0.004

Resonance shape 0.20 0.03 < 0.001 0.000

Model shape 5.10 0.65 0.110 0.014

Histogram shape 8.50 1.08 0.080 0.010

B(B → a1π) 0.40 0.05 0.030 0.004

B(B → b1π) < 0.10 < 0.01 < 0.001 0.000

B(B → a2π) < 0.10 < 0.01 < 0.001 0.000

Fit bias 1.90 0.24 0.030 0.004

ρ0ππ helicity 6.30 0.80 0.050 0.006

Interference 8.40 1.06 0.030 0.004

Total 15.11 2.36 0.157 0.020
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Table 7.9: Extrapolation of the systematic uncertainties affecting the measurement of Bρ+ρ−

and of fρ
+ρ−

L . The values at 0.8 ab−1 correspond to Belle measurements and are taken from
Table VIII in [87].

δBρ+ρ−/Bρ+ρ−[%] δf
ρ+ρ−

L [10−2]
Source 0.8 ab−1 50 ab−1 0.8 ab−1 50 ab−1

Nprod

BB
1.38 1.380 - -

Tracking 0.70 0.089 - -
PID 2.50 0.316 - -
π0 det. efficiency 2.98 0.377 - -
IP profile 0.01 0.001 0.10 0.01

∆t selection 0.00 0.000 0.10 0.01

Vertex quality 0.16 0.020 0.00 0.00

B tag track selection 0.01 0.001 0.10 0.01

Flavor tagging 0.07 0.009 0.20 0.03

Model shape 3.47 0.439 0.30 0.04

Histogram shape 0.17 0.022 0.20 0.03

MC composition 0.04 0.005 0.70 0.09

Misrec. fraction 0.01 0.001 0.10 0.01

Fixed bkg. yields 0.00 0.000 0.10 0.01

B → a1
±π± model 0.01 0.001 0.20 0.03

Fit bias 0.53 0.067 0.20 0.03

B → 4π CP violation 0.03 0.004 0.60 0.08

(ρ±π±π0)NR helicity 0.04 0.005 2.00 0.25

Interference 0.01 0.001 0.20 0.03

Total 5.47 1.534 2.24 0.28

mined using MC sets which were generated such that the obtained yield ratio was equivalent to
the one found in the data. Each MC set was fitted with an incoherent model; and the standard
deviation of the fit results with respect to a calibration MC set was taken as systematic uncer-
tainty for each observable. Large data samples allow to determine yield ratios and to model
components more precisely. Thus this uncertainty can be considered to be reducible.

Table 7.9 [87] shows the list of systematic effects considered for Bρ+ρ− and fρ
+ρ−

L . Most of
the effects in this list were already discussed for the measurement of Bρ0ρ0 and fρ

0ρ0

L ; The only
irreducible effect is the uncertainty of the number of produced B mesons. The uncertainty due
to the π0-detection efficiency is determined using control samples and is thus reducible. The
“(ρ±π±π0)NR helicity” effect denotes the uncertainty due to the modeling of the helicity PDF
for non-resonant B0→ ρ±π±π0 decays. As previously discussed, effects related to modeling
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of fit components are expected to be reducible. A particular effect in Tab. 7.9 is the one
associated with flavor tagging. The measurement of Bρ+ρ− and fρ

+ρ−

L was performed in bins
of the flavor dilution factor r (see Sect. 4.2). This binning plays a role in the measurement
of CP -violation parameters since the fraction of wrongly tagged events is different in each
r bin. For the measurement of branching fractions this binning is not necessary. It is useful,
for example, if one wants to disregard r bins were the signal-to-continuum ratio is very small,
as discussed in Sect. 4.8. At Belle, the four observables Bρ+ρ−, fρ

+ρ−

L , Aρ+ρ− and Sρ+ρ−

were measured in a single analysis. Since the yield fraction is different in each r bin, this
effect had to be taken into account for the determination of Bρ+ρ− and fρ

+ρ−

L . With larger data
samples, the uncertainties on the wrong-tag fractions and on the yield fractions will decrease
and therefore this effect is reducible.

For Aρ+ρ− and Sρ+ρ−, the considered systematic effects are shown in Tab. 7.10 [87]. Apart
from the tag side interference, all sources in this list are reducible. The uncertainties due to
the IP profile, the vertex quality, the ∆z bias, and the detector misalignment are expected to
decrease due to the better alignment and the better knowledge of the size and the position
of the interaction region at Belle II. The uncertainties due to selection criteria, such as the
∆t selection and the B tag track selection, are expected to decrease with larger data samples.
Also the uncertainty of the MC composition is expected to decrease. The precision of physics
parameters is assumed to improve with high-precision measurements at Belle and at LHCb.
The uncertainty due to the possible CP violation in the BB backgrounds is expected to de-
crease since, with larger sample sizes, the accuracy in the modeling of the ∆t distributions
will improve. Among all systematic effects, the dominant source for Aρ+ρ− is the tag-side
interference. However, its effect in the determination of φ2 is negligible since the uncertainty
of Aρ+ρ− is not the largest uncertainty entering the isospin analysis.

Table 7.11 [88] shows the systematic effects considered for Bρ+ρ0 and fρ
+ρ0

L . Here again, all
uncertainties are assumed to be reducible, except the one associated with the number of B me-
sons. The uncertainty due to continuum suppression was estimated using control samples,
which will increase at high luminosity. Most of the other uncertainties are fitting uncertainties
which also scale according to the integrated luminosity. In this measurement, there was an ad-
ditional systematic effect due to a dependence of the detection efficiency on the ρ polarization.
The uncertainty on this efficiency is expected to decrease with a larger dataset.

Considering now Aρ0ρ0 and Sρ0ρ0, although the reference measurement was performed by
BaBar, the systematic effects affecting this measurement at Belle II are expected to be similar
to those affecting the Belle measurement of Aρ+ρ− and Sρ+ρ−. Therefore, the projected sys-
tematic uncertainties ofAρ+ρ− and Sρ+ρ− are taken also forAρ0ρ0 and Sρ0ρ0. A summary of the
Belle and the BaBar measurements together with the extrapolated uncertainties is presented in
Tab. 7.12.
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Table 7.10: Extrapolation of the systematic uncertainties affecting the measurement of Aρ+ρ−

and of Sρ+ρ−. The values at 0.8 ab−1 correspond to Belle measurements and are taken from
Table VIII in [87].

δAρ+ρ−[10−2] δSρ+ρ−[10−2]
Source 0.8 ab−1 50 ab−1 0.8 ab−1 50 ab−1

IP profile 0.68 0.086 0.94 0.119

∆t selection 0.04 0.005 0.06 0.008

Track helix error 0.02 0.003 0.01 0.001

Vertex quality 1.20 0.152 0.60 0.076

B tag track selection 0.84 0.106 0.95 0.120

∆z bias 0.50 0.063 0.40 0.200

Misalignment 0.40 0.051 0.20 0.025

Flavor tagging 0.71 0.090 0.51 0.065

Tag-side interference 1.02 1.020 0.08 0.080

Model shape 0.30 0.038 0.60 0.076

Histogram shape 0.19 0.024 0.31 0.039

Physics params. 0.02 0.003 0.02 0.003

MC composition 0.64 0.081 1.34 0.169

Misrec. fraction 0.60 0.076 0.50 0.063

Fixed bkg. yields 0.04 0.005 0.08 0.010

B → a1
±π± model 0.09 0.011 0.20 0.025

Fit bias 0.50 0.063 0.74 0.094

Bkg. CP violation 4.92 0.622 2.75 0.348

B → 4π CP violation 3.03 0.383 3.65 0.462

(ρ±π±π0)NR helicity 0.12 0.015 0.77 0.097

Interference 0.12 0.015 0.15 0.019

Total 6.26 1.284 5.22 0.692
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Table 7.11: Extrapolation of the systematic uncertainties affecting the measurement of Bρ+ρ0

and of fρ
+ρ0

L . The values at 0.08 ab−1 are obtained from an early Belle measurement [88].

δBρ+ρ0
/Bρ+ρ0[%] δf

ρ+ρ0

L

Source 0.08 ab−1 50 ab−1 0.08 ab−1 50 ab−1

Tracking 3.40 0.14 - -
PID 3.60 0.14 - -
π0 det. efficiency 4.00 0.16 - -
Continuum suppression 5.40 0.22 - -
∆E fit 7.00 0.28 - -
Nprod

BB
1.38 1.38 - -

Non-resonant decays 8.35 0.33 - -
Rare B decays 3.30 0.13 - -
Long. Polarization eff. 4.90 0.20 0.021 0.001

Total 15.01 1.50 0.021 0.001

7.5.2 Results of the isospin analysis

The isospin analysis of B → ρρ decays was performed using the Belle measurements and
the projections for Belle II summarized in Tab. 7.12. For Belle II, the analysis was performed
without and with Sρ0ρ0 constraint. For B → ρρ decays, the branching fractions have to be
multiplied by the fractions of events with longitudinally polarized final states. For the decays
B0→ ρ+ρ− and B+→ ρ+ρ0, the fraction of events with longitudinally polarized final states
is larger than 90%. The correlations between the observables are taken from the Belle
measurements. Only the coefficients for the decay B0 → ρ+ρ− are available. They can be
found in [87]. All other coefficients are assumed to be null.

Figure 7.4 shows the results of the scan of the confidence for φ2. The results of the scan
using the current Belle measurements are consistent with the published Belle results in [163]:
there are two possible solutions, one that is compatible with the SM, φ2 = (93.7± 10.6)◦, and
a mirror solution φ2 = (176.4± 10.6)◦.

Without Sρ0ρ0 constraint, the Belle II precision is about δφ2 ∼ 1◦ at the one-σ level (68%

CL). To estimate the precision with Sρ0ρ0 constraint, the value of Sρ0ρ0 is estimated such that
the solutions of the scan applying the constraint are compatible with the solutions of the scan
without it. The compatible value is Sρ0ρ0

= −0.14. Figure 7.4 (bottom) shows the projections
for Belle II without and with Sρ0ρ0 . For a better visibility, the range that is consistent with the
current measurements of the unitarity triangle was zoomed. Including the Sρ0ρ0 constraint, the
expected uncertainty of φ2 at the one-σ level reduces by about one third: δφ2 ∼ 0.7◦.
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Table 7.12: Branching fractions, fractions of longitudinally polarised events and CP violation
parameters entering the isospin analysis of the B → ρρ system: Belle measurements at 0.8
ab−1 and 0.08 ab−1, BaBar measurements at 0.5 ab−1 and expected Belle II sensitivity at 50
ab−1.

Value 0.8 ab−1 50 ab−1

f
ρ0ρ0

L 0.21 ±0.20± 0.15 [163] ±0.03± 0.02

Bρ0ρ0
[10-6] 1.02 ±0.30± 0.15 [163] ±0.04± 0.02

f
ρ+ρ−

L 0.988 ±0.012± 0.023 [87] ±0.002± 0.003

Bρ+ρ−
[10-6] 28.3 ±1.5± 1.5 [87] ±0.19± 0.4

Aρ+ρ− 0.00 ±0.10± 0.06 [87] ±0.01± 0.01

Sρ+ρ− −0.13 ±0.15± 0.05 [87] ±0.02± 0.01

Value 0.08 ab−1 50 ab−1

f
ρ+ρ0

L 0.95 ±0.11± 0.02 [88] ±0.004± 0.001

Bρ+ρ0
[10-6] 31.7 ±7.1± 5.3 [88] ±0.3± 0.5

Value 0.5 ab−1 50 ab−1

Aρ0ρ0 −0.2 ±0.8± 0.3 [86] ±0.08± 0.01

Sρ0ρ0
0.3 ±0.7± 0.2 [86] ±0.07± 0.01

For B → ρρ decays, the isospin analysis results in only two φ2 solutions event without the
Sρ0ρ0 constraint. This occurs because, for the decay B0 → ρ0ρ0, the product of branching
fraction and fraction of longitudinally polarized events is roughly hundred times smaller than
for the other B → ρρ decays. Thus, the A00 amplitude is very small. Figure 7.5 shows
a geometrical representation of the respective isospin triangles. The weak phases and the
proportions between the magnitude of the amplitudes are obtained from the isospin analysis.
As Figure 7.5 shows, the triangles shrink nearly into lines, leading to a collapse of the eight
possible solutions into two distinct solutions.

7.6 Expected precision combining the B → ππ and
the B → ρρ systems

At the current level of precision, the world average for φ2 is dominated by the B → ρρ system
and to a lesser extent by the B → ππ system [71]. The future φ2 precision at Belle II can
be thus estimated by combining the isospin analyses of B → ππ and B → ρρ. For this, the
projections for Belle II in Tabs. 7.6 and 7.12 are taken as input. The combination is performed
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Figure 7.4: Scan of the confidence level of φ2 performing isospin analysis of theB → ρρ sys-
tem. The black solid line shows the result of the scan using data from Belle measurements (see
Tab. 7.12). The blue shaded area shows the projection for Belle II without the Sρ0ρ0 constraint.
The red dashed line shows the result adding the constraint Sρ0ρ0

= −0.14± 0.07± 0.01. The
full range φ2 ∈ [0◦, 104◦] is shown on the top. For a better visibility, the range φ2 ∈ [83◦, 104◦]
is zoomed (bottom). The dotted horizontal lines correspond to a CL of 68%.
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Figure 7.5: Geometrical representation of the isospin triangular relations in the complex plane
of B → ρρ amplitudes. The weak phases and the proportions between the magnitudes of the
amplitudes correspond to the results of the isospin analysis for B → ρρ using Belle measure-
ments. The SM compatible solution for 2φ2 is represented by the solid green line. Due to the
small size of the amplitude A00, the isospin triangles contract and become practically lines.

by adding the individual χ2(θ) values, and using the total χ2(θ) to calculate the confidence
level.

At the level of precision at Belle, the solutions of φ2 from the individual isospin analyses
are compatible within one σ. Using the central values of the physical observables from Belle,
this is not the case at the expected level of precision at Belle II. In order to have central values
of the input observables that are consistent with one value of φ2, the value of Bπ0π0 is adjusted
by 3% downwards (the adjusted value is 1.27 · 10−6). This adjustment, which is within one
σ of the measured value, ensures that the solutions of the isospin analyses of B → ππ and
B → ρρ correspond to the same value of φ2.

Figure 7.6 shows the results of the scan of the confidence for φ2 combining the isospin
analyses of B → ππ and B → ρρ. As for the individual analyses, the correlations between
the observables are taken from Belle measurements [87, 162]. The φ2 scan using current
Belle measurements is performed without the S00 constraints. The projections for Belle II are
performed for both cases, without and with the S00 constraints.

Without the constraints, the estimated sensitivity is found to be about δφ2 ∼ 1◦. For the
case with the S00 constraints, the analysis is performed with central values of Sπ0π0 and
Sρ0ρ0 that are compatible in terms of φ2. These values are Sπ0π0

= 0.75± 0.28± 0.03 and
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Figure 7.6: Scan of the confidence for φ2 combining the isospin analyses of the B → ππ
and the B → ρρ systems. The black solid line shows the result of the scan using data from
Belle measurements. The blue shaded area shows the projection for Belle II without S00

constraints. The red dashed line shows the result adding the constraints Sπ0π0
= 0.75 and

Sρ0ρ0
= −0.14. The full range φ2 ∈ [0◦, 104◦] is shown on the top. For a better visibility, the

range φ2 ∈ [83◦, 104◦] is zoomed (bottom). The dotted horizontal lines correspond to a CL of
68%.
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Sρ0ρ0
= −0.14± 0.07± 0.01. With the constraints, the improvement in the precision at the

one-σ level is about factor 2: from δφ2 ∼ 1◦ to δφ2 ∼ 0.6◦. In both cases, however, a 2-fold
ambiguity remains. As Figure 7.6 shows, the results are dominated by the B → ρρ system.

7.7 Concluding remarks and prospects

This chapter was devoted to estimate the expected precision for the unitarity angle φ2 at
Belle II. For this, isospin analyses of the systems B → ππ and B → ρρ were performed.
At present, the uncertainties on φ2 are dominated by the measurements at Belle and at BaBar.
There is an 8-fold ambiguity in the determination of φ2 using B → ππ, which can be reduced
to a 2-fold ambiguity using B → ρρ.

The Belle II precision for the input observables was estimated by projecting the available
Belle measurements. For the observables Aρ0ρ0 and Sρ0ρ0, the BaBar measurement was con-
sidered. Statistical uncertainties were extrapolated assuming a data sample corresponding to
an integrated luminosity of 50 ab−1. Systematic uncertainties were estimated depending on
whether they are reducible or irreducible.

Using the projected measurements as input, the precision for φ2 was estimated via individual
and via combined isospin analysis of B → ππ and B → ρρ. The analyses were performed
with and without the S00 constraints. In the case of B → ππ, applying the S00 constraint with
the estimated uncertainty of δSπ0π0

= 0.28± 0.03 reduces the 8-fold ambiguity by a factor 4.
Since the value of Sπ0π0 can differ from the expected value within the SM, its measurement
offers the opportunity to find further tensions giving a hint at NP.

Assuming values of S00 that are consistent with the current φ2 solutions, the S00 constraints
reduce the uncertainty of φ2. However, a 2-fold ambiguity remains: one solution is compat-
ible with the SM, and the other is a mirror solution. The expected uncertainties of φ2 are
summarized in Tab. 7.13.

Table 7.13: Current world average error [71] and expected uncertainties of the determination
of φ2 performing isospin analyses of the decay systems B → ππ and B → ρρ together with a
combined isospin analysis of these two systems. For the current world average error, also the
decay system B → ρπ was considered.

Channel δφ2 [◦]

Current world average +4.4
−4.0

B → ππ 2.0
B → ρρ 0.7
B → ππ and B → ρρ Combined 0.6
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Isospin-breaking effects were ignored. At present, isospin-breaking effects can be only
partially included, and are of the order of magnitude of 1◦ − 2◦ [71]. At the level of precision
expected at Belle II, the inclusion of these effects still has to be examined [97].

In the projections performed in this chapter, the system B → ρπ was not considered. The
determination of φ2 from this system is not framed in a way that allows a simple estimation
of the future precision at Belle II: the interference between the contributing resonances is very
difficult to simulate in pseudo-experiments; and the uncertainties of the 27 input coefficients,
which have to be extracted via time-dependent Dalitz-plot analysis, cannot be easily extrapo-
lated. However, since there is no inherent ambiguity in the determination of φ2 usingB → ρπ,
this system will play an important role at Belle II: it will give additional input to rule out the
mirror solutions which are not compatible with the SM (see Sect. 2.10.3). Theoretically, this
system is the less affected by isospin-breaking effects. But experimentally it is the most chal-
lenging. The precision for φ2 is thus expected to be dominated by B → ρρ and B → ππ.

One should note that a major improvement in the precision for φ2 requires new precise
measurements at Belle II because LHCb is not competitive for decays involving neutral pions.





8 Conclusion and outlook

Within this thesis, three major goals were achieved. First, a new flavor tagging algorithm for
the Belle II experiment was developed, optimized, characterized and validated. This algorithm
now serves as the official Belle II flavor tagger. Second, the Belle II performance for the time-
dependent analysis of the decay B0 → π0π0 was studied, leading ultimately to an estimation
of the precision for the two CP -violation parameters Sπ0π0 and Aπ0π0, and for the branching
fraction Bπ0π0. Third, the precision on the future Belle II determination of the unitarity an-
gle φ2 was estimated. The studies presented in this thesis were published in dedicated sections
of the Belle II physics book [1].

A novel flavor tagger

The new Belle II flavor tagging algorithm developed in this thesis is designed to cope with
the unprecedented high-luminosity conditions and the increased beam backgrounds at Su-
perKEKB. It exploits the capabilities of the new Belle II detector and the new Belle II recon-
struction algorithms. It is based on the concept of tagging categories inspired by the signatures
present in flavor-specific B0 decays. The algorithm employs a novel multivariate method de-
veloped especially for Belle II, the Fast Boosted Decision Tree (FBDT). The development of
the algorithm is now complete; further information contained in the events beyond the ones
used in the algorithm was shown to have no additional discrimination power.

In the absence of Belle II data, the new Belle II flavor tagger was validated and characterized
on simulated Monte Carlo events and on Belle data. The validation sample was obtained from
the full Belle data sample, corresponding to 711 fb−1 collected at the Υ(4S) resonance, and
corresponds to events were the golden decay mode B → J/ψK0

S was fully reconstructed on
the signal side. The validation included a comprehensive test of robustness in which the input
information was systematically varied and the results on Belle MC were compared with the
results on Belle data. In all the cases, the results on data and on MC events were consistent
within the uncertainties.

In the algorithm, the information provided by the individual categories is combined by an
FBDT method. To cross-check the results, a multi-layer perceptron (MLP) is used to combine
independently the flavor information. Using the output of the FBDT combiner, the Belle II
flavor tagger reaches, on Belle data, an effective efficiency of

εeff = (33.5± 0.5)%.
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As a cross-check, the MLP combiner reaches (33.4± 0.5)%. The uncertainties are only statis-
tical; true systematic uncertainties can be determined once data from Belle II are available. For
comparison, the Belle algorithm reached an effective efficiency of (30.1 ± 0.4)% [29]. The
increase of 10% in effective efficiency corresponds to the improvements in the new Belle II
algorithm.

Using the output of the FBDT combiner, the effective efficiency on the latest official Belle II
MC sample (July 2018), which was generated with simulated background, is

εeff = (33.89± 0.04)%.

As a cross check, the MLP combiner reaches (33.88 ± 0.05)%. The uncertainties are again
only statistical. Even under the expected challenging background conditions, Belle II will
outperform its predecessor by about 10%. The effective efficiency is measured at around 34%

at Belle II because of the improved flavor tagger, the improved reconstruction algorithms, and
the improved detector.

Due to the novel nano-beam scheme at SuperKEKB, the distribution of the B0
tag-decay ver-

tex at Belle II is about twenty times narrower (in z-direction) than at Belle. Therefore, the
performance of the flavor tagger at Belle II will be slightly influenced by the effect of the
CP -violation on the B0

tag-decay vertex. At Belle, this effect did not play a role due to the
wide B0

tag-decay vertex distribution. One of the major conclusions is that, to counteract this
effect, it is mandatory to train the flavor tagger using Monte Carlo events generated without
CP -violation.

Time-dependent CP analysis of B0→ π0π0

The second part of this thesis was dedicated to the detailed study of the Belle II performance
for the time-dependent analysis of the decay B0→ π0π0, an analysis that has never been per-
formed, and for which experiments at hadron colliders cannot be competitive. The results of
the study show that the analysis is feasible for the expected Belle II sample size of 50 ab−1.
The proposed method to measure Sπ0π0 uses e+e− tracks from converted photons γC → e+e−

and from Dalitz π0
Dal→ e+e−γ decays to reconstruct the B0-decay vertex. Since events with

Dalitz decays have a better vertex resolution compared to events with converted photons, a
simple, but rather effective method was developed to distinguish between the two kinds of
events exploiting the geometrical properties of the e+e− track pairs.

The statistical uncertainty on Sπ0π0 was estimated performing sets of pseudo-experiments.
In the absence of control samples from real Belle II data, the systematic uncertainties were
assumed to be similar to the ones from the extrapolated measurement of Sπ+π−. Assuming a
data sample of 50 ab−1, the result is

δSπ0π0

= ±0.28 (stat)± 0.03 (syst).
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To validate the procedure for Sπ0π0, a time-integrated analysis was performed to estimate
the Belle II precision for the direct CP -violation parameter Aπ0π0 and the branching fraction
Bπ0π0. This analysis used events where the four final-state photons were reconstructed as
clusters in the electromagnetic calorimeter. The statistical uncertainties were estimated by
performing pseudo-experiments, and the systematic uncertainties by extrapolating the latest
Belle measurement of Aπ0π0 and Bπ0π0. Assuming a data sample of 50 ab−1, the result is

δAπ0π0

= ±0.03 (stat)± 0.01 (syst), δBπ0π0 = ±0.03 (stat)± 0.03 (syst).

Expected precision for the unitarity angle φ2

In the last part of this thesis, the impact of the Sπ0π0 measurement on the determination of
the unitarity angle φ2 was studied based on the isospin analysis of the decays B → ππ. The
studies showed that, applying the Sπ0π0 constraint, with the estimated uncertainty for Sπ0π0,
reduces the 8-fold φ2 ambiguity to a 2-fold one.

As a result of the combined isospin analyses of B → ππ and B → ρρ, the overall expected
Belle II precision for φ2 at 50 ab−1 is δφ2 ≈ 0.6◦, which is more than five times smaller
than the current world average. An important remark is that, since LHCb is not covering
B decays involving neutral pions, new precise Belle II measurements are required to improve
the precision for φ2.

Outlook

The new Belle II flavor tagger developed in this thesis will be an essential instrument to
ensure the success of the Belle II physics program. Even under the new challenging experi-
mental conditions at SuperKEKB, the new flavor tagger outperforms its predecessors reaching
a higher effective efficiency. The high-performance of the Belle II flavor tagger will help re-
ducing the uncertainties on CP -violation measurements, and will boost Belle II’s sensitivity
to possible New Physics effects. What still has to be performed is to calibrate the algorithm on
Belle II data using control samples of self-tagging modes, and to study the impact of the new
systematic effect associated with the novel nano-beam scheme.

The performance study for the decay B0→ π0π0 showed that the measurement of the miss-
ing observable Sπ0π0 is feasible at Belle II. However, since the measurement is very challeng-
ing, the full expected data sample of 50 ab−1 will be required. With the expected precision for
Sπ0π0, Belle II will be able to reduce the current ambiguities on the unitarity angle φ2 by a
factor 4, but may, depending on the measured Sπ0π0 value, also contribute together with other
measurements to further tensions in the SM, pointing ultimately to New Physics.
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A.1 The ∆t probability density for time-dependent
CP analysis

Starting from the decay rates eqs. (2.30) and (2.31) and taking into account the the GIM can-
cellations, i.e. setting |p

q
| = 1 (eq. (2.25)), one can write

Γ (t1, t2, q) = |〈f1, f2|H|B1(t1), B2(t2)〉|2

=
1

4
e−Γ (t1+t2) |A1|2 |A2|2

·
[
(|λCP |2 + 1) + q

[
(|λCP |2 − 1) cos(∆m∆t) + 2Im(λCP ) sin(∆m∆t)

]]
.

(A.1)

The goal is to calculate the ∆t probability density function P (∆t, q). The sum of both flavor
contributions, i.e. the sum over the two possible flavors on the tag side have to be normalized.
Since only the time difference ∆t = t1 − t2 is experimentally accessible and t1, t2 ∈ [0,∞),
one normalizes to unity in the region −∞ < ∆t <∞. , i.e.∫ ∞

−∞

∑
q

P (∆t, q) · d∆t =
1

N

∫ ∞
−∞

∑
q

Γ (t1, t2, q) · d∆t = 1.

Hence, the norm factor can be calculated calculated by:

N =

∫ ∞
−∞

∑
q

Γ (t1, t2, q) · d∆t

=

∫ ∞
−∞

1

2
e−Γ (t1+t2) A2

1A
2
2[1 + |λCP |2] · d∆t

with c :=
1

2
A2

1A
2
2[|λCP |2 + 1]

=

∫ ∞
−∞

c e−Γ (t1+t2) ·d∆t.
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For t1 > t2, i.e. ∆t > 0,

N = c e−2Γ t2

∫ ∞
0

e−Γ∆t ·d∆t,

and for t1 < t2, i.e. ∆t < 0,

N = c e−2Γ t1

∫ 0

−∞
eΓ∆t ·d∆t.

Now one defines t′ = min(t1, t2):

N = c e−2Γ t′
∫ ∞
−∞

e−Γ |∆t| ·d∆t

=
2

Γ
c e−2Γ t′

= τ e−2Γ t′ A2
1A

2
2[|λCP |2 + 1],

where Γ := 1
τ
. Rewriting now eq. (A.1) one obtains:

Γ (t1, t2, q) = Γ (t′, |∆t|, q)

=
1

4
e−2Γ t′ · e−Γ |∆t| |A1|2|A2|2

·
[
(|λCP |2 + 1) + q

[
(|λCP |2 − 1) cos(∆m∆t) + 2Im(λCP ) sin(∆m∆t)

]]
.

This leads finally to

P (∆t, q) =
1

N
Γ (t′, |∆t|, q)

=
1

4

e−2Γ t′ · e−Γ |∆t|A2
1A

2
2

τ e−2Γ t′ A2
1A

2
2

·
[ |λCP |2 + 1

|λCP |2 + 1
+ q

[ |λCP |2 − 1

|λCP |2 + 1
cos(∆m∆t) +

2Im(λCP )

|λCP |2 + 1
sin(∆m∆t)

]]
=

e−Γ |∆t|

4τ
[1 + q (ACP cos(∆m∆t) + SCP sin(∆m∆t))] .

A.2 Probability density for time-integrated CP analysis
To obtain a probability function that is independent of ∆t, but that takes the effect ofB0 mixing
into account, one needs to integrate eq. (2.33) over the whole range −∞ < ∆t <∞,

∫ ∞
−∞
P(∆t, q) · d∆t =

∫ ∞
−∞

e
− |∆t|
τ
B0

4τB0

[1 + q (ACP cos(∆m∆t) + SCP sin(∆m∆t))] · d∆t.
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First, one should consider that e−|x| and cos(x) are even functions and that sin(x) is an odd
function. The product of two even functions yields again an even function, and the product of
an even function with an odd function yields an odd function. The integral of an odd function
in a range x ∈ [−a, a] is zero for any a and thus

∫∞
−∞ e−|x| sinx = 0. Consequently, one needs

to integrate only∫ ∞
−∞
P(∆t, q) · d∆t =

1

4τB0

[∫ ∞
−∞

e
− |∆t|
τ
B0 ·d∆t+ qACP

∫ ∞
−∞

e
− |∆t|
τ
B0 cos(∆m∆t) · d∆t

]
.

The integral of an even function in a range x ∈ [−a, a] is twice the integral of the same function
in the range x ∈ [0, a]. Taking this into account, one obtains∫ ∞

−∞
P(∆t, q) · d∆t =

2

4τB0

[∫ ∞
0

e
− ∆t
τ
B0 ·d∆t+ qACP

∫ ∞
0

e
− ∆t
τ
B0 cos(∆m∆t) · d∆t

]
.

Using partial integration (or looking into a mathematical compendium like [165]), the integra-
tion gives∫ ∞
−∞
P(∆t, q) · d∆t =

1

2τB0

[
− τB0 e

− ∆t
τ
B0

∣∣∣∣∣
∞

0

+ qACP
e
− ∆t
τ
B0

1 + (τB0∆m)2

[
−τB0 cos(∆m∆t) + τ 2

B0∆m sin(∆m∆t)
] ∣∣∣∣∣
∞

0

]

=
1

2

[
1 + qACP

1

1 + (τB0∆m)2

]
= P(q),

where
1

1 + (τB0∆m)2
= 1− 2 · χd.

A.3 Probability densities for tsig and ttag

Starting from eq. (A.1) and using the definitions t1 = tsig, t2 = ttag, one can obtain the time-
dependent decay rate

Γ (tsig, ttag, q) = |〈fsig, ftag|H|Bsig(tsig), Btag(ttag)〉|2

=
e−Γ (tsig+ttag)

4 · (1 + |λCP |2)−1
· |Asig|2 · |Atag|2

·
[
1 + q

[
ACP cos

(
∆m · (tsig − ttag)

)
+ SCP sin

(
∆m · (tsig − ttag)

)]]
(A.2)
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To obtain the probability density function describing the ttag distribution, one needs first to
integrate eq. (A.2) over the full tsig range,

F (ttag, q) =

∫ ∞
0

Γ (tsig, ttag, q) · dtsig =

C

∫ ∞
0

e−Γ (tsig+ttag) ·
[
1 + q

[
ACP cos

(
∆m · (tsig − ttag)

)
+ SCP sin

(
∆m · (tsig − ttag)

)]]
dtsig,

(a) (b) (c)

where C = |Asig|2 · |Atag|2 · (1 + |λCP |2)/4. The calculation can be divided into three parts
(a), (b) and (c):

(a)
∫ ∞

0

e−Γ (tsig+ttag) dtsig =
e−Γ ttag

Γ
,

(b) qACP
∫ ∞

0

e−Γ (tsig+ttag) cos
(
∆m·(tsig − ttag)

)
dtsig =

1

Γ

e−Γ ttag

1 + (∆m
Γ

)2
·
[

∆m

Γ
sin(∆mttag) + cos(∆mttag)

]
,

(c) q SCP
∫ ∞

0

e−Γ (tsig+ttag) sin
(
∆m· (tsig − ttag)

)
dtsig =

1

Γ

e−Γ ttag

1 + (∆m
Γ

)2
·
[

∆m

Γ
cos(∆mttag)− sin(∆mttag)

]
.

Putting (a), (b) and (c) together, yields

F (ttag, q) = C · e−Γ ttag

Γ

[
1 +

qACP
1 + (∆m

Γ
)2

[
∆m

Γ
sin(∆mttag) + cos(∆mttag)

]

+
q SCP

1 + (∆m
Γ

)2

[
∆m

Γ
cos(∆mttag)− sin(∆mttag)

]]
.

Next, one calculates the normalization factor∫ ∞
0

[∑
q

F (ttag, q)

]
dttag =

∫ ∞
0

[
F (ttag, q = 1) + F (ttag, q = −1)

]
dttag

=
2 · C
Γ

∫ ∞
0

e−Γ ttag dttag = 2
C

Γ 2
,

to finally obtain the probability P(ttag, q),

P(ttag, q) =F (ttag, q) ·
Γ 2

2C
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=Γ · e−Γ ttag

2

[
1 +

qACP
1 + (∆m

Γ
)2

[
∆m

Γ
sin(∆mttag) + cos(∆mttag)

]

+
q SCP

1 + (∆m
Γ

)2

[
∆m

Γ
cos(∆mttag)− sin(∆mttag)

]]
.

In the same way, one can obtain P(tsig, q) by integrating eq. (A.2) over the full ttag range
and normalizing the result. This leads to

P(tsig, q) =Γ · e−Γ tsig

2

[
1 +

qACP
1 + (∆m

Γ
)2

[
∆m

Γ
sin(∆mtsig) + cos(∆mtsig)

]

+
q SCP

1 + (∆m
Γ

)2

[
sin(∆mtsig)− ∆m

Γ
cos(∆mtsig)

]]
.

In Sect. 4.7, the tsig and the ttag distributions were shown for ∆t > 0 and for ∆t < 0, where
∆t = tsig − ttag. To obtain for example the PDF describing the ttag distribution for ∆t ≤ 0,
one needs to integrate eq. (A.2) over the range tsig ≤ ttag, and then normalize the result. This
means

F (ttag, q |∆t ≤ 0) =

∫ ttag

0

Γ (tsig, ttag, q) · dtsig

⇒ P(ttag, q |∆t ≤ 0) =
F (ttag, q |∆t ≤ 0)∫∞

0

[∑
q F (ttag, q |∆t ≤ 0)

]
dttag

.

This yields

P(ttag, q |∆t ≤ 0) = Γ

[
e−Γ ttag

[
1 +

q

1 + (∆m
Γ

)2

{
ACP

(
∆m

Γ
sin ∆mttag + cos ∆mttag

)
+ SCP

(
∆m

Γ
cos ∆mttag − sin ∆mttag

)}]
− e−2Γ ttag

[
1 +

q

1 + (∆m
Γ

)2

{
ACP + SCP

∆m

Γ

}]]
.

For the PDF describing the ttag distribution for ∆t ≥ 0, one repeats the procedure, but
integrating over the range tsig ≥ ttag. The result is

P(ttag, q |∆t ≥ 0) = Γ e−2Γ ttag

[
1 +

q

1 + (∆m
Γ

)2

{
ACP + SCP

∆m

Γ

}]
.
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For the PDFs describing the tsig distributions for ∆t > 0 and for ∆t < 0, the procedure is
similar. One obtains,

P(tsig, q |∆t ≤ 0) = Γ e−2Γ tsig

[
1 +

q

1 + (∆m
Γ

)2

{
ACP − SCP

∆m

Γ

}]
,

P(tsig, q |∆t ≥ 0) = Γ

[
e−Γ tsig

[
1 +

q

1 + (∆m
Γ

)2

{
ACP

(
∆m

Γ
sin ∆mtsig + cos ∆mtsig

)
+ SCP

(
sin ∆mtsig −

∆m

Γ
cos ∆mtsig

)}]
− e−2Γ tsig

[
1 +

q

1 + (∆m
Γ

)2

{
ACP − SCP

∆m

Γ

}]]
.

A.4 Derivation of the triangular isospin relations for
the decays B → ππ and B → ρρ

For the derivation of the possible isospin configurations of an isovector pair hihj , where
h ∈ {π, ρ} and i, j, i + j ∈ {−, 0,+}, one should keep in mind a few basic concepts. First,
Isospin symmetry is approximate: the quarks u and d are considered as a spin-1

2
system (SU(2)

doublet) disregarding the mass and the electric charge differences between them. Using the
notation |I,mI〉, where I and mI = −I,−I + 1, ..., I are respectively the isospin and the
secondary isospin quantum numbers (the latter corresponding to the spin z-projection), the
isospin quark eigenstates can be written as

|u〉 =

∣∣∣∣12 ,+1

2

〉
|u〉 =

∣∣∣∣12 ,−1

2

〉
|d〉 =

∣∣∣∣12 ,−1

2

〉
|d〉 = −

∣∣∣∣12 ,+1

2

〉
.

One should briefly remember the spin addition rules. For a system of two particles with spin
I1 and spin I2, the total spin operator is I = I1 +I2. The possible total spin quantum numbers
are

I = |I1 − I2|, |I1 − I2 + 1|, ..., I1 + I2

The main task in the addition of angular momentum is a change of basis, from one which cor-
responds to the eigenstates of I2

1 , I
2
2 , Iz,1, Iz,2 to a basis which corresponds to the eigenstates

of I2, Iz, I
2
1 , I

2
2 . Symbolically one writes,

I1 ⊗ I2 = (I1 + I2)⊕ (I1 + I2 − 1)⊕ ...⊕ |I1 − I2|.
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To be noted is that the symbolic equation above becomes a correct equation if one replaces the
quantum numbers for each state with the multiplicities 2I + 1 and removes the circles around
the addition and multiplication symbols.
Considering now the eigenstates with I = I1 + I2, the top and the bottom eigenstates of I are

|I,mmax
I 〉 = |I1 + I2, I1 + I2〉 = |I1, I1〉|I2, I2〉,

|I,mmin
I 〉 = |I1 + I2,−(I1 + I2)〉 = |I1,−I1〉|I2,−I2〉.

The eigenstates in-between can be obtained by applying the lowering (raising) operator

I± = I1,± + I2,±, I±|I,mI〉 = ~
√

(I ∓mI)(I ±mI + 1)|I,mI ± 1〉.

onto the top (bottom) eigenstates. The top eigenstate with I = I1 + I2 − 1 can be obtained
by combining all possible kets with mI = I1 + I2 − 1 while requiring normalization and
orthogonality to the state |I1 + I2, I1 + I2 − 1〉. The lower eigenstates can be obtained again
by lowering. The same result is obtained starting from the bottom eigenstate and then raising.
This procedure is repeated until one arrives at I = |I1 − I2|, whose top eigenstate has to be
orthogonal to all the previous states with Iz = |I1 − I2|. In general, one can write

|I,mI〉 =

I1∑
mI,1=−I1

I2∑
mI,2=−I2

|I1,mI,1〉|I2,mI,2〉〈I1,mI,1|〈I2,mI,2|I,mI〉,

where the so-called Clebsch-Gordan coefficients 〈I1,mI,1|〈I2,mI,2|I,mI〉 can be found in
tables for the well-known common cases (e.g. in [28]) or calculated with a general formula
derived by G. Racah (See e.g. in [166]).
For a system composed of two isospin-1

2
particles, one obtains the following 1

2
⊗ 1

2
= 1 ⊕ 0

eigenstates:

|1,+1〉 =

∣∣∣∣12 ,+1

2

〉 ∣∣∣∣12 ,+1

2

〉
= −|ud〉, (A.3)

|1, 0〉 =
1√
2

(∣∣∣∣12 ,+1

2

〉 ∣∣∣∣12 ,−1

2

〉
+

∣∣∣∣12 ,−1

2

〉 ∣∣∣∣12 ,+1

2

〉)
=

1√
2

(
|uu〉 − |dd〉

)
, (A.4)

|1,−1〉 =

∣∣∣∣12 ,−1

2

〉 ∣∣∣∣12 ,−1

2

〉
= |ud〉, (A.5)

which form an SU(2) triplet corresponding to isovector (isospin-1) mesons like pions (J = 0)
and ρ mesons (J = 1); and

|0, 0〉 =
1√
2

(∣∣∣∣12 ,+1

2

〉 ∣∣∣∣12 ,−1

2

〉
−
∣∣∣∣12 ,−1

2

〉 ∣∣∣∣12 ,+1

2

〉)
=

1√
2

(
|uu〉+ |dd〉

)
, (A.6)
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corresponding to an isosinglet state, which, together with a |ss〉 component, forms the isospin-0
mesons like the η and the η′ mesons (J = 0), and the ω and the φ mesons (J = 1). From
eqs. (A.4) and (A.6) one obtains also the following useful equations∣∣∣∣12 ,+1

2

〉 ∣∣∣∣12 ,−1

2

〉
=

1√
2

(|1, 0〉+ |0, 0〉) , (A.7)∣∣∣∣12 ,−1

2

〉 ∣∣∣∣12 ,+1

2

〉
=

1√
2

(|1, 0〉 − |0, 0〉) . (A.8)

For a system composed of two isospin-1 particles, the possible 1⊗ 1 = 2⊕ 1⊕ 0 eigenstates
are

|2,+2〉 = |1,+1〉|1,+1〉, (A.9)

|2,+1〉 =
1√
2

(|1,+1〉|1, 0〉+ |1, 0〉|1,+1〉) , (A.10)

|2, 0〉 =
1√
6

(|1,+1〉|1,−1〉+ |1,−1〉|1,+1〉+ 2|1, 0〉|1, 0〉) , (A.11)

|2,−1〉 =
1√
2

(|1,−1〉|1, 0〉+ |1, 0〉|1,−1〉) , (A.12)

|2,−2〉 = |1,−1〉|1,−1〉, (A.13)

|1,+1〉 =
1√
2

(|1,+1〉|1, 0〉 − |1, 0〉|1,+1〉) , (A.14)

|1, 0〉 =
1√
2

(|1,+1〉|1,−1〉 − |1,−1〉|1,+1〉) , (A.15)

|1,−1〉 =
1√
2

(|1, 0〉|1,−1〉 − |1,−1〉|1, 0〉) , (A.16)

|0, 0〉 =
1√
3

(|1,+1〉|1,−1〉+ |1,−1〉|1,+1〉 − |1, 0〉|1, 0〉) . (A.17)

From eqs. (A.11) and (A.17), one obtains the useful equations

1√
2

(|1,+1〉|1,−1〉+ |1,−1〉|1,+1〉) =
1√
3
|2, 0〉+

√
2

3
|0, 0〉, (A.18)

|1, 0〉|1, 0〉 =

√
2

3
|2, 0〉 − 1√

3
|0, 0〉. (A.19)

For the final states of the decays Bi+j → hihj , which have to be symmetric under particle
exchange, it follows

|h+h0〉 =
1√
2

(
|h+

1 h
0
2〉+ |h0

1h
+
2 〉
)

=
1√
2

(|1,+1〉|1, 0〉+ |1, 0〉|1,+1〉) = |2,+1〉, (A.20)
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|h+h−〉 =
1√
2

(
|h+

1 h
−
2 〉+ |h−1 h+

2 〉
)

=
1√
2

(|1,+1〉|1,−1〉+ |1,−1〉|1,+1〉)

=
1√
3
|2, 0〉+

√
2

3
|0, 0〉, (A.21)

|h−h0〉 =
1√
2

(
|h−1 h0

2〉+ |h0
1h
−
2 〉
)

=
1√
2

(|1,−1〉|1, 0〉+ |1, 0〉|1,−1〉) = |2,−1〉, (A.22)

|h0h0〉 = |h0h0〉 = |1, 0〉|1, 0〉 =

√
2

3
|2, 0〉 − 1√

3
|0, 0〉. (A.23)

Considering now the effective Hamiltonian H for the transitions b → uud and b → uud, the
final states can have I = |1

2
+ 1

2
− 1

2
|,
(

1
2

+ 1
2

+ 1
2

)
= 1

2
, 3

2
. The z-components of the final

states are m = −1
2

+ 1
2

+ 1
2

= +1
2

for uud, and m = +1
2
− 1

2
− 1

2
= −1

2
for uud. In terms

of the amplitudes A∆I,If , where ∆I denotes the isospin shift and If the final-state isospin, the
Hamiltonian operators can be written as

b → uud → H = A 3
2

∣∣∣∣32 ,+1

2

〉
+ A 1

2

∣∣∣∣12 ,+1

2

〉
, (A.24)

b→ uud → H = Ā 3
2

∣∣∣∣32 ,−1

2

〉
+ Ā 1

2

∣∣∣∣12 ,−1

2

〉
. (A.25)

To calculate the decay amplitudes Aij ≡ 〈hihj|H|Bi+j〉 (eq. (2.46)), the basis of the terms
H|Bi+j〉 needs to changed,

H|B+〉 = H|1
2
,+

1

2
〉 = A 3

2

∣∣∣∣32 ,+1

2

〉 ∣∣∣∣12 ,+1

2

〉
+ A 1

2

∣∣∣∣12 ,+1

2

〉 ∣∣∣∣12 ,+1

2

〉
, (A.26)

H|B0〉 = H|1
2
,−1

2
〉 = A 3

2

∣∣∣∣32 ,+1

2

〉 ∣∣∣∣12 ,−1

2

〉
+ A 1

2

∣∣∣∣12 ,+1

2

〉 ∣∣∣∣12 ,−1

2

〉
, (A.27)

H|B−〉 = H|1
2
,−1

2
〉 = Ā 3

2

∣∣∣∣32 ,−1

2

〉 ∣∣∣∣12 ,−1

2

〉
+ Ā 1

2

∣∣∣∣12 ,−1

2

〉 ∣∣∣∣12 ,−1

2

〉
, (A.28)

H|B0〉 = H|1
2
,+

1

2
〉 = Ā 3

2

∣∣∣∣32 ,−1

2

〉 ∣∣∣∣12 ,+1

2

〉
+ Ā 1

2

∣∣∣∣12 ,−1

2

〉 ∣∣∣∣12 ,+1

2

〉
. (A.29)

The possible 3
2
⊗ 1

2
= 2⊕ 1 eigenstates are

|2,+2〉 =

∣∣∣∣32 ,+3

2

〉 ∣∣∣∣12 ,+1

2

〉
(A.30)

|2,+1〉 =

√
3

4

∣∣∣∣32 ,+1

2

〉 ∣∣∣∣12 ,+1

2

〉
+

1

2

∣∣∣∣32 ,+3

2

〉 ∣∣∣∣12 ,−1

2

〉
(A.31)

|2, 0〉 =
1√
2

(∣∣∣∣32 ,−1

2

〉 ∣∣∣∣12 ,+1

2

〉
+

∣∣∣∣32 ,+1

2

〉 ∣∣∣∣12 ,−1

2

〉)
(A.32)
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|2,−1〉 =

√
3

4

∣∣∣∣32 ,−1

2

〉 ∣∣∣∣12 ,−1

2

〉
+

1

2

∣∣∣∣32 ,−3

2

〉 ∣∣∣∣12 ,+1

2

〉
(A.33)

|2,−2〉 =

∣∣∣∣32 ,−3

2

〉 ∣∣∣∣12 ,−1

2

〉
(A.34)

|1,+1〉 =

√
3

4

∣∣∣∣32 ,+3

2

〉 ∣∣∣∣12 ,−1

2

〉
− 1

2

∣∣∣∣32 ,+1

2

〉 ∣∣∣∣12 ,+1

2

〉
(A.35)

|1, 0〉 =
1√
2

(∣∣∣∣32 ,+1

2

〉 ∣∣∣∣12 ,−1

2

〉
−
∣∣∣∣32 ,−1

2

〉 ∣∣∣∣12 ,+1

2

〉)
(A.36)

|1,−1〉 =
1

2

∣∣∣∣32 ,−1

2

〉 ∣∣∣∣12 ,−1

2

〉
−
√

3

4

∣∣∣∣32 ,−3

2

〉 ∣∣∣∣12 ,+1

2

〉
(A.37)

(A.38)

From the equations above, one obtains the useful equations∣∣∣∣32 ,+1

2

〉 ∣∣∣∣12 ,+1

2

〉
=

√
3

2
|2,+1〉 − 1

2
|1,+1〉, (A.39)∣∣∣∣32 ,+1

2

〉 ∣∣∣∣12 ,−1

2

〉
=

1√
2

(|2, 0〉+ |1, 0〉) , (A.40)∣∣∣∣32 ,−1

2

〉 ∣∣∣∣12 ,−1

2

〉
=

√
3

2
|2,−1〉+

1

2
|1,−1〉, (A.41)∣∣∣∣32 ,−1

2

〉 ∣∣∣∣12 ,+1

2

〉
=

1√
2

(|2, 0〉 − |1, 0〉) . (A.42)

Using eqs. (A.39) to (A.42) together with eqs. (A.3), (A.5), (A.7) and (A.8), the terms in
eqs. (A.26) to (A.29) give

H|B+〉 = H|1
2
,+

1

2
〉 =

√
3

4
A 3

2
|2, 1〉+ (A 1

2
− 1

2
A 3

2
)|1, 1〉, (A.43)

H|B0〉 = H|1
2
,−1

2
〉 =

√
1

2
A 3

2
|2, 0〉+

√
1

2
(A 1

2
+ A 3

2
)|1, 0〉+

√
1

2
A 1

2
|0, 0〉, (A.44)

H|B−〉 = H|1
2
,−1

2
〉 =

√
3

4
Ā 3

2
|2,−1〉+ (Ā 1

2
+

1

2
Ā 3

2
)|1,−1〉, (A.45)

H|B0〉 = H|1
2
,+

1

2
〉 =

√
1

2
Ā 3

2
|2, 0〉+

√
1

2
(Ā 1

2
− Ā 3

2
)|1, 0〉 −

√
1

2
Ā 1

2
|0, 0〉. (A.46)

Projection of the statesH|Bi+j〉 onto the final states in eqs. (A.20) to (A.23) gives,

A+0 = 〈h+h0|H|B+〉 =

√
3

4
A 3

2
, (A.47)
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A+− = 〈h+h−|H|B0〉 =

√
1

6
A 3

2
+

√
1

3
A 1

2
, (A.48)

A00 = 〈h0h0|H|B0〉 =

√
1

3
A 3

2
−
√

1

6
A 1

2
, (A.49)

Ā+0 = A−0 = 〈h−h0|H|B−〉 =

√
3

4
Ā 3

2
, (A.50)

Ā+− = 〈h+h−|H|B̄0〉 =

√
1

6
Ā 3

2
−
√

1

3
Ā 1

2
, (A.51)

Ā00 = 〈h0h0|H|B̄0〉 =

√
1

3
Ā 3

2
+

√
1

6
Ā 1

2
. (A.52)

From eqs. (A.47) to (A.49) and eqs. (A.50) to (A.52), one obtains finally the two isospin
relations called isospin triangles,

A+0 − A00 =

√
1

2
A+−,

Ā+0 − Ā00 =

√
1

2
Ā+−. (A.53)





B The Belle II flavor tagger

B.1 Probability density for CP violation analyses
considering flavor tagging

To obtain the probabilities P(∆t, q)obs and P(q)obs for CP violation analysis considering the
performance of a flavor tagging algorithm, one expresses first the efficiencies εB0 and εB0, and
the wrong tag fractions wB0 and wB0 in terms of ε, ∆ε, w and ∆w. From eqs. (4.5) and (4.6),
one obtains

εB0 = ε+
∆ε

2
, εB0 = ε− ∆ε

2
,

wB0 = w +
∆w

2
, wB0 = w − ∆w

2
. (B.1)

In terms of these quantities, the probability Pobs(∆t, q) for q = ±1 is given by

Pobs(∆t, q = +1) = εB0(1− wB0) · P(∆t, q = +1) + εB0wB0 · P(∆t, q = −1),

Pobs(∆t, q = −1) = εB0(1− wB0) · P(∆t, q = −1) + εB0wB0 · P(∆t, q = +1).

Insertion of P(∆t, q) (eq. (2.33)) for q = ±1 yields,

Pobs(∆t, q = +1) =
e
− |∆t|
τ
B0

4τB0

[
εB0(1− wB0) + εB0wB0 +

[
εB0(1− wB0)− εB0wB0

]
aCP (∆t)

]

Pobs(∆t, q = −1) =
e
− |∆t|
τ
B0

4τB0

[
εB0(1− wB0) + εB0wB0 −

[
εB0(1− wB0)− εB0wB0

]
aCP (∆t)

]
(B.2)

where aCP (∆t) = ACP cos(∆m∆t) + SCP sin(∆m∆t) (eq. (2.32)) . Using eq. (B.1), the
terms in the equations above give

εB0(1− wB0) + εB0wB0 = ε

[
1−∆w +

∆ε

2ε
(1− 2w)

]
, (B.3)

εB0(1− wB0)− εB0wB0 = ε

[
1− 2w +

∆ε

2ε
(1−∆w)

]
, (B.4)
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εB0(1− wB0) + εB0wB0 = ε

[
1 + ∆w − ∆ε

2ε
(1− 2w)

]
, (B.5)

εB0(1− wB0)− εB0wB0 = ε

[
1− 2w − ∆ε

2ε
(1−∆w)

]
. (B.6)

The probabilities in eq. (B.2) can be rewritten using eqs. (B.3) to (B.6) and defining µ = ∆ε/(2ε).
One obtains,

Pobs(∆t, q = +1) =
e
− |∆t|
τ
B0

4τB0

ε

[
1−∆w + µ(1− 2w) + [+(1− 2w) + µ(1−∆w)] aCP (∆t)

]

Pobs(∆t, q = −1) =
e
− |∆t|
τ
B0

4τB0

ε

[
1 + ∆w − µ(1− 2w) + [−(1− 2w) + µ(1 + ∆w)] aCP (∆t)

]
,

leading ultimately to

Pobs(∆t, q) =
e
− |∆t|
τ
B0

4τB0

ε

[
1− q ·∆w + q · µ · (1− 2w)

+ [q · (1− 2w) + µ · (1− q ·∆w)] · aCP (∆t)

]
.

For time-integratedCP violation analyses, one integrates
∫∞
−∞Pobs(∆t, q)·d∆t as in App. A.2.

The integration gives,

Pobs(q) =
1

2
ε

[
1− q ·∆w + q · µ · (1− 2w)

+ [q · (1− 2w) + µ · (1− q ·∆w)] · ACP
1

1 + (τB0∆m)2

]
,

where
1

1 + (τB0∆m)2
= 1− 2 · χd.

B.2 Calculation of statistical uncertainties

The statistical uncertainties of the effective efficiencies and of the different quantities charac-
terizing the performance of the flavor tagger are calculated via Gaussian error propagation.
For an observable f(x1, x2, . . . , xn), depending on n variables x1, x2, . . . , xn, the standard
deviation δf in case that the variables are independent is

δf =

√√√√ n∑
i

(
∂f

∂xi
· δxi

)2

,
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where δxi represents the standard deviation of the i-th variable xi. Using this formula, the
expressions used to calculate the statistical uncertainties are obtained.

Using MC information, one can determine in which events B0
tag is a B0 and in which events

B0
tag is a B0. For events in which B0

tag is a B0, the effective efficiency εeff(B0), in terms of the
effective efficiencies εieff(B0), is defined as

εeff(B0) =
∑
i

εieff(B0) =
∑
i

εiB0(rMC,B0)2
i , using εiB0 =

niB0

NB0

,

where the sum extends over all r bins. The total number of events NB0 in which B0
tag is a B0

can be written as
NB0 =

∑
j

njB0 + nuntagged
B0 ,

where the sum extends over all r bins, and nuntagged
B0 is the number of events for which a flavor

tag is not possible. Using this expression for NB0, one can rewrite the efficiencies εiB0 as

εiB0 =
niB0∑

j 6=i
njB0 + niB0 + nuntagged

B0

.

Starting with the standard deviation of εiB0, one needs first to calculate the partial derivatives
with respect to niB0, to njB0 for i 6= j, and to nuntagged

B0 . This gives,

∂εiB0

∂niB0

=


1∑

j 6=i
njB0 + niB0 + nuntagged

B0

+
−niB0(∑

j 6=i
njB0 + niB0 + nuntagged

B0

)2

 =
NB0 − niB0

N2
B0

,

∂εiB0

∂njB0

∣∣∣∣∣
i 6=j

=
−niB0(∑

j 6=i
njB0 + niB0 + nuntagged

B0

)2 =
−niB0

N2
B0

=
∂εiB0

∂nuntagged
B0

.

Using for the standard deviations of the numbers δniB0 =
√
niB0, and for δnuntagged

B0 =
√
nuntagged
B0 ,

the standard deviation of εiB0 is approximated as

δεiB0 =

√√√√(NB0 − niB0

N2
B0

)2

· niB0 +

(
−niB0

N2
B0

)2

·
(∑

j 6=i
njB0 + nuntagged

B0

)
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=

√√√√(NB0 − niB0

N2
B0

)2

· niB0 +

(
niB0

N2
B0

)2

·
(
NB0 − niB0

)
=

1

N2
B0

·
√(

NB0 − niB0

)
· niB0 ·NB0.

The standard deviation of δεi
B0 is obtained by replacing B0 with B0 in all the subscripts of the

equation above. For the differences ∆εi = εiB0 − εiB0 and the averages εi = (εiB0 + εi
B0)/2

one obtains
δ∆εi =

√
(δεiB0)2 + (δεi

B0)2, δεi =
1

2
δ∆εi.

And for the parameters µi = ∆εi/(2εi) one obtains

δµi =

√(
1

2εi

)2

· (δ∆εi)2 +

(−∆εi
2ε2

i

)2

· (δεi)2

∣∣∣∣∣ δεi =
1

2
δ∆εi

=
1

2εi
·
√

(δ∆εi)
2 +

(
∆εi
εi

)2

·
(

1

2
δ∆εi

)2

=
δ∆εi
2εi
·
√
µ2
i + 1.

The standard deviation of the wrong tag fraction wiMC,B0 = niB0,wrong/n
i
B0 is approximated as

δwiMC,B0 =
1

niB0

·

√√√√(niB0 − niB0,wrong) · niB0,wrong

niB0

. (B.7)

The same formula above applies in the case of B0 by exchanging the subscripts. For the
differences ∆wMC,i = wiMC,B0 − wiMC,B0 and the averages wMC,i = (wiMC,B0 + wi

MC,B0)/2 the
standard deviations are

δ∆wMC,i =
√

(δwiMC,B0)2 + (δwi
MC,B0)2, δwMC,i =

1

2
δ∆wMC,i.

For some figures, the asymmetry Aw = (wB0 − wB0)/(wB0 + wB0) is calculated. Its standard
deviation is

δAw =
2

(wB0 + wB0)2
·
√

(wB0 · δwB0)2 + (wB0 · δwB0)2.

Considering the dilution factor (rMC,B0)i = |1− 2 ·wiMC,B0|, its standard deviation is approxi-
mated as

δ(rMC,B0)i = 2 · δwiMC,B0.
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Coming back to the effective efficiencies εieff(B0) = εiB0〈rB0〉2i , the corresponding standard
deviations are

δεieff(B0) =

√(
2εiB0

)2

· δ(rMC,B0)2
i + (rMC,B0)4

i ·
(
δεiB0

)2

=

√√√√(2
niB0

NB0

(rMC,B0)i

)2

· δ(rMC,B0)2
i + (rMC,B0)4

i ·
1

N4
B0

·
(
NB0 − niB0

)
· niB0 ·NB0

=
(rMC,B0)i

N2
B0

·
√
N2
B0(2niB0)2 · (δrMC,B0)2

i + (rMC,B0)2
i ·
(
NB0 − niB0

)
· niB0 ·NB0.

The same formula applies using δ〈rB0〉i in cases where (rMC,B0)i is replaced by 〈rB0〉i. For
events where B0

tag is a B0, one has to exchange the subscript. For the differences
∆εieff = εieff(B0)− εieff(B0) one obtains

δ∆εieff =

√
δεieff(B0)

2
+ δεieff(B0)

2
.

For the total effective efficiencies εeff(B0) and εeff(B0), the standard deviations are

δεeff(B0) =

√∑
i

δεieff(B0)
2, δεeff(B0) =

√∑
i

δεieff(B0)
2
.

For the difference ∆εeff = εeff(B0)− εeff(B0) one obtains

δ∆εeff =

√
δεeff(B0)2 + δεeff(B0)

2
.

For studies on Belle data, the dilution factor is obtained from the mean values 〈r〉i. Their
standard deviations are

δ〈r〉i =
〈(r − 〈r〉i)2〉i√

N − 1
=
〈r2〉i − 〈r〉2i√

N − 1
.

Since ri = |1− 2wi|, the error of the wrong tag fractions wi from the mean values 〈r〉i is

δwi =
δ〈r〉i

2
.

For the effective efficiencies εieff , the standard deviation is

δεieff =
〈r〉i
N2
·
√
N2(2ni)2 · δ〈r〉2i + 〈r〉2i · (N − ni) · ni ·N ,
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where ni is the number of events in the i-th bin, and N is the total number of events. For the
total average effective efficiency, it follows

δεeff =

√∑
i

δεieff
2.

B.3 Input variables for each category
This section presents the MC distributions of all input variables, the correlations between
them, and the ranking provided by the FBDT for each category. These are obtained from the
Belle II MC sample which was used to train the flavor tagger (S. Sect. 4.5) during its devel-
opment. This sample corresponds to about 2.6 million B0 B0 events in which B0

sig decays
to J/ψ (→ µ+µ−)K0

S (→ π+π−) while B0
tag decays generically according to the known bran-

ching fractions. The sample contains only events where the decay channel B0
sig could be fully

reconstructed and correctly matched with the MC decay chain. The signal distributions cor-
respond to the target (or targets) of the respective category, while the background distributions
(Bkgr.) correspond to all other tracks on the tag side. For a better visibility, the distributions
are normalized such that the areas under the signal and the background distributions are equal
to unity.

The correlations Rij between two variables xi and xj correspond to

Rij =
Cij√
Cii · Cjj

,

where C is the covariance matrix

Cij = 〈(xi − µi)(xj − µj)〉 = 〈xixj〉 − µiµj ,

and µi, µj are the mean values 〈xi〉, 〈xj〉, respectively.

The variable ranking is provided by the FBDT algorithm [115]. The FBDT algorithm ranks
the input variables by counting how often they are used to split decision tree nodes, and by
weighing each split according to the separation gain and the number of events in the node [115,
124, 167]. The ranking is relative: the most important variable has measure 100, and the others
are in the range between 0 and 100.
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Figure B.1: Distributions of the input variables used for the Electron category.
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Figure B.2: Distributions of the input variables used for the Intermediate Electron category.
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Figure B.3: Correlations between the input variables used for the Electron category.
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Figure B.4: Correlations between the input variables used for the Intermediate Electron cate-
gory.
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Figure B.5: Distributions of the input variables used for the Muon category.
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Figure B.6: Distributions of the input variables used for the Intermediate Muon category.
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Figure B.7: Correlations between the input variables used for the Muon category.
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Figure B.8: Correlations between the input variables used for the Intermediate Muon category.
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Figure B.9: Distributions of the input variables used for the Kinetic Lepton category.
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Figure B.10: Distributions of the input variables used for the Intermediate Kinetic Lepton
category.
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Figure B.11: Correlations between the input variables used for the Kinetic Lepton category.
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Figure B.12: Correlations between the input variables used for the Intermediate Kinetic Lepton
category.
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Figure B.13: Distributions of the input variables used for the Kaon category.
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Figure B.14: Correlations between the input variables used for the Kaon category.
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Figure B.15: Ranking of input variables provided by the FBDT algorithm for different cate-
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Figure B.16: Distributions of the input variables used for the Slow Pion category.
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Figure B.17: Correlations between the input variables used for the Slow Pion category.
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Figure B.18: Distributions of the input variables used for the Fast Hadron category.
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Figure B.19: Distributions of the track p-value for the Slow Pion category (left) and for the
Fast Hadron category (right).
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Figure B.20: Correlations between the input variables used for the Fast Hadron category.
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Figure B.21: Distributions and ranking of the input variables used for the Kaon-Pion category.
The ranking is provided by the FBDT algorithm.
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Figure B.22: Correlations between the input variables used for the Kaon-Pion category.
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Figure B.23: Distributions of the input variables used for the Maximum P∗ category.
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Figure B.24: Correlations between the input variables used for the Maximum P∗ category.
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Figure B.25: Distributions of the input variables used for the FSC category.
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Figure B.26: Correlations between the input variables used for the FSC category.
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Figure B.27: Distributions of the input variables used for the Lambda category.
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Figure B.28: Correlations between the input variables used for the Lambda category.
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Figure B.29: Ranking of input variables provided by the FBDT algorithm for different cate-
gories.
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B.4 Studies without impact parameters
This section presents the results of studies which are complementary to the ones discussed in
Sect. 4.6 and 4.7. The aim of these studies was to investigate how the performance of the flavor
tagger changes when it is trained without using the impact parameters d0 and z0.

Figure B.30 (left) shows the output of the flavor tagger after being trained with the official
Belle II MC sample for which SCP = 0.69. The trained flavor tagger was tested for the three
different values of SCP . In all the cases, the central bump in the q · r distribution is centered
around zero. The total effective efficiency has compatible values values for the different values
of SCP , but the difference ∆εeff shows a slightly difference for SCP = 0. In contrast, when the
flavor tagger is trained with the same sample, but using the impact parameters (see Sect. 4.6),
the central bump is shifted, and the effective efficiency and the difference ∆εeff have diffe-
rent values for the different values of SCP . However, with impact parameters, the effective
efficiency is about 3 percent points higher. Figure B.30 (right) shows the output of the flavor
tagger multiplied by the true flavor qMC of B0

tag. For all values of SCP , the asymmetry between
B0 (qMC = −1) and B0 (qMC = 1) is similar. However, in contrast to the case with impact
parameters, the asymmetry is prominent in r bins where the tagging power is high.

Figure B.31 presents the corresponding values of ε, µ, w and ∆w for each r bin, as well
as the linearity checks. As Fig. B.31(a) and Fig. B.31(b) show, the values of ε and µ change
subtly for the different values of SCP , while the values of w and ∆w remain practically the
same. Fig. B.31(c) shows the linearity checks for the three different values of SCP . In average,
the output dilution rFBDT corresponds to the true dilution rMC. However, this does not hold if
one considers separately the events where B0

tag is a B0, and where B0
tag is a B0: for the r bins

between 0.25 and 0.625, the value of rFBDT differs considerably from rMC. In contrast, with
impact parameters, the individual linearity checks do not hold only in the lowest two r bins,
where the tagging power is low.

Figure B.32 shows the q · r output and the product qMC · q · r after training the flavor
tagger with the private Belle II MC sample for which (ACP ,SCP ) = (0, 0). The flavor tagger
is tested for the three considered values of SCP . In this case also the effective efficiency
reduces by about 3 percent points compared to the case with impact parameters. Additionally,
the qMC · q · r distributions show an asymmetry in r bins with high tagging power. In contrast,
with impact parameters, the distributions for B0 and for B0 overlap almost perfectly except at
the boundaries −1 and +1, where small asymmetries are present.

As Figure B.33 shows, even when the flavor tagger is trained with (ACP ,SCP ) = (0, 0)

avoiding impact parameters, the values of µ still change slightly depending on the value of
SCP . Considering the linearity plots, the dilution factor for B0 and for B0 events is slightly
non-calibrated in the r bin between 0.25 and 0.5. On the contrary, when the flavor tagger is
trained with (ACP ,SCP ) = (0, 0) using the impact parameters, the dilution factor is correctly
calibrated in average, and separately for B0 and for B0 in the whole range and in all the
considered CP -violation cases.
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Considering now the correlations with ∆t, Fig. B.34 shows the q·r output of the flavor tagger
and the product qMC · q · r for positive and for negative values of ∆tgen. The flavor tagger was
trained and tested with the Belle II MC samples for which (ACP ,SCP ) = (0, 0). As Fig. B.34
shows, the distributions for positive and for negative values of ∆tgen overlap perfectly. In
contrast, with impact parameters (see Sect. 4.7), they are slightly different. Even without
impact parameters, the effective efficiency for positive values of ∆tgen is slightly higher than
for negative values of ∆tgen. Considering the values of ∆εeff , there is also a small difference
between positive and negative ∆tgen ranges of about 0.2 percent points, which is the same
difference as in the case with impact parameters.

Figure B.35 shows the respective values of ε, µ, w and ∆w for each r bin, and for the
positive and the negative ∆tgen ranges. For ε, w and ∆w, there is no difference, but for the
parameter µ, there is a small one.

In conclusion, avoiding impact parameters eliminates the shift of the central bump depend-
ing on the CP -violation parameters, and reduces the correlations with the generated ∆t. How-
ever, a small correlation with the CP -violation parameters and with the sign of the generated
∆t remain. Additionally, small asymmetries and miscalibration effects become prominent in
r bins with high tagging power. And the effective efficiency drops by about 3 percent points.
Therefore, avoiding impact parameters is not an optimal solution. The best solution is to use
them, but training without CP -violation as shown in Sect. 4.6.



B.4 Studies without impact parameters 301

−1.0 −0.5 0 0.5 1.0
(q · r)FBDT

0

20000

40000

60000

80000

N
u

m
b

er
of

E
ve

nt
s
/

(
0.

02
)

Both

B̄0

B0

0

20000

40000

60000

80000

E
ve

nt
s
/

(
0.

02
) B̄0 (qMC = −1)

B0 (qMC = +1)

−1.0 −0.5 0 0.5 1.0
qMC · (q · r)FBDT

−0.2
0.0
0.2

N
B

0
−
N
B

0

N
B

0
+
N
B

0

(a) ACP = 0, SCP = 0.69.

εeff = 33.53± 0.05
∆εeff = 0.83± 0.10

−1.0 −0.5 0 0.5 1.0
(q · r)FBDT

0

20000

40000

60000

80000

N
u

m
b

er
of

E
ve

nt
s
/

(
0.

02
)

Both

B̄0

B0

0

20000

40000

60000

80000

E
ve

nt
s
/

(
0.

02
) B̄0 (qMC = −1)

B0 (qMC = +1)

−1.0 −0.5 0 0.5 1.0
qMC · (q · r)FBDT

−0.2
0.0
0.2

N
B

0
−
N
B

0

N
B

0
+
N
B

0

(b) ACP = 0, SCP = 0.

εeff = 33.46± 0.05
∆εeff = 0.67± 0.10

−1.0 −0.5 0 0.5 1.0
(q · r)FBDT

0

20000

40000

60000

80000

N
u

m
b

er
of

E
ve

nt
s
/

(
0.

02
)

Both

B̄0

B0

0

20000

40000

60000

80000

E
ve

nt
s
/

(
0.

02
) B̄0 (qMC = −1)

B0 (qMC = +1)

−1.0 −0.5 0 0.5 1.0
qMC · (q · r)FBDT

−0.2
0.0
0.2

N
B

0
−
N
B

0

N
B

0
+
N
B

0

(c) ACP = 0, SCP = −0.69.

εeff = 33.43± 0.05
∆εeff = 0.85± 0.10

Figure B.30: Performance of the FBDT combiner avoiding the impact parameters d0 and ξ0

for three values of SCP : (left) combiner output; (right) combiner output multiplied by the true
flavor qMC of B0

tag. The effective efficiencies εeff and the differences ∆εeff are given in percent.
The flavor tagger was trained using the official Belle II MC sample for which SCP = 0.69.
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Figure B.31: Performance of the FBDT combiner avoiding the impact parameters d0 and ξ0

for three different values of SCP . The flavor tagger was trained using the official Belle II MC
sample for which SCP = 0.69.
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Figure B.32: Performance of the FBDT combiner avoiding the impact parameters d0 and ξ0

for three values of SCP : (left) combiner output; (right) combiner output multiplied by the true
flavor qMC of B0

tag. The effective efficiencies εeff and the differences ∆εeff are given in percent.
The flavor tagger was trained using the private Belle II MC sample for which SCP = 0.
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(b) wB0, wB0, and ∆w = wB0 − wB0 for each r-bin.
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(c) Correlations between |rMC = 1 − 2wMC| and 〈|q · r|〉 for each r-bin.

Figure B.33: Performance of the FBDT combiner avoiding the impact parameters d0 and ξ0

for three different values of SCP . The flavor tagger was trained using the private Belle II MC
sample for which SCP = 0.
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Figure B.34: Performance of the FBDT combiner avoiding the impact parameters d0 and ξ0

for different ∆t ranges. The effective efficiencies εeff and the differences ∆εeff are given in
percent. The flavor tagger was trained and tested with Belle II MC generated with SCP = 0 .
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(a) εB0, εB0, and µ = (εB0 − εB0)/(εB0 + εB0) for each r-bin.
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(b) wB0, wB0, and ∆w = wB0 − wB0 for each r-bin.

Figure B.35: Performance of the FBDT combiner avoiding the impact parameters d0 and ξ0

for different ∆t ranges. The flavor tagger was trained and tested with Belle II MC generated
with SCP = 0.
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B.5 Test of Robustness
This section presents all the results of the test of robustness performed on Belle data, as de-
scribed in Sect. 4.9. Using all input variables, the q · r distributions of the FBDT and the
MLP combiners on Belle MC show good agreement with the distributions on Belle data. To
evaluate the differences between the results on MC and on data using only parts of the input
information, the input variables of the event-level multivariate methods were classified into
four subsets according to their type (PID or kinematic), the ranking provided by the FBDT
event-level methods (high rank or low rank), and the correlations between them. The sub-
sets are: PID-high, PID-low, kinematic-high, and kinematic-low. The four single subsets, the
six possible combinations of two subsets, and the four possible combinations of three subsets
yield 14 different combinations of variables.

For each combination of variables, the flavor tagger is trained using Belle MC and tested
on Belle MC and on Belle data. The results for the 14 different combinations of variables
are compared with the results of the final algorithm which uses all the variables together.
Figures B.36 to B.50 present the respective q · r output distributions on MC and on data,
and the linearity checks between 〈r〉 and rMC, for both combiners and for each combination
of input variables. The results are ordered according to the increase in effective efficiency
obtained by the FBDT combiner on data (see Tab. 4.8).

The linearity checks are important because the effective efficiencies on data are calculated
assuming that the linearity between 〈r〉 and rMC is also valid for 〈r〉 and rdata. As Figs. B.36
to B.50 show, for each possible combination of variables, this linearity holds.

The results show that the best performance is obtained using all the input variables as in the
current algorithm. And that within the uncertainties, the q ·r distributions of the FBDT and the
MLP combiners on Belle MC agree with those obtained on Belle data for each combination of
input variables.
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Figure B.36: Performance of FBDT and of MLP combiners using the kinematic-low variables:
a) q·r distributions (left) and correlations between |rMC = 1 − 2wMC| and 〈|q·r|〉 on Belle MC
(right); b) normalized q · r distributions on Belle data and on Belle MC.
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Figure B.37: Performance of FBDT and of MLP combiners using the PID-low variables: a)
q ·r distributions (left) and correlations between |rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC
(right); b) normalized q · r distributions on Belle data and on Belle MC.
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Figure B.38: Performance of FBDT and of MLP combiners using the kinematic high variables:
a) q·r distributions (left) and correlations between |rMC = 1 − 2wMC| and 〈|q·r|〉 on Belle MC
(right); b) normalized q · r distributions on Belle data and on Belle MC.
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Figure B.39: Performance of FBDT and of MLP combiners using all kinematic variables: a)
q ·r distributions (left) and correlations between |rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC
(right); b) normalized q · r distributions on Belle data and on Belle MC.
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Figure B.40: Performance of FBDT and of MLP combiners using the PID-low variables to-
gether with the Kinematic-low variables: a) q · r distributions (left) and correlations between
|rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right); b) normalized q · r distributions on
Belle data and on Belle MC.
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Figure B.41: Performance of FBDT and of MLP combiners using the PID high variables: a)
q ·r distributions (left) and correlations between |rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC
(right); b) normalized q · r distributions on Belle data and on Belle MC.
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Figure B.42: Performance of FBDT and of MLP combiners using all PID variables: a) q · r
distributions (left) and correlations between |rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC
(right); b) normalized q · r distributions on Belle data and on Belle MC.
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Figure B.43: Performance of FBDT and of MLP combiners using the PID-low variables to-
gether with the Kinematic high variables: a) q · r distributions (left) and correlations between
|rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right); b) normalized q · r distributions on
Belle data and on Belle MC.
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Figure B.44: Performance of FBDT and of MLP combiners using all kinematic variables
together with the PID-low variables: a) q · r distributions (left) and correlations between
|rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right); b) normalized q · r distributions
on Belle data and on Belle MC.
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Figure B.45: Performance of FBDT and of MLP combiners using the PID high variables
together with the Kinematic-low variables: a) q · r distributions (left) and correlations between
|rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right); b) normalized q · r distributions on
Belle data and on Belle MC.
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Figure B.46: Performance of FBDT and of MLP combiners using all PID variables to-
gether with the kinematic-low variables: a) q · r distributions (left) and correlations between
|rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right); b) normalized q · r distributions on
Belle data and on Belle MC.
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Figure B.47: Performance of FBDT and of MLP combiners using the PID high variables
together with the Kinematic high variables: a) q ·r distributions (left) and correlations between
|rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right); b) normalized q · r distributions on
Belle data and on Belle MC.
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Figure B.48: Performance of FBDT and of MLP combiners using all PID variables to-
gether with the kinematic high variables: a) q · r distributions (left) and correlations between
|rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right); b) normalized q · r distributions on
Belle data and on Belle MC.
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Figure B.49: Performance of FBDT and of MLP combiners using all kinematic variables
together with the PID-high variables: a) q · r distributions (left) and correlations between
|rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right); b) normalized q · r distributions on
Belle data and on Belle MC.
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Figure B.50: Performance of FBDT and of MLP combiners using all variables: a) q · r distri-
butions (left) and correlations between |rMC = 1 − 2wMC| and 〈|q · r|〉 on Belle MC (right);
b) normalized q · r distributions on Belle data and on Belle MC.



C Probability Density Functions

The probability density function (PDF) of a continuous random variable describes the relative
probability that the random variable takes a given value within its phase space. A PDF is
non-negative everywhere and its integral over the entire phase space is normalized to one. The
PDFs used in this work are presented in the following.

C.1 Gaussian distribution
The standard Gaussian probability density function (PDF) is defined as

G(x;µ, σ) =
1

N
· exp

(
−(x− µ)2

2σ2

)
,

where µ is the mean and σ is the width of the distribution; N is a constant normalization factor.
In some cases, a bifurcated Gaussian probability density function (PDF) is used

Gb(x;µ, σL, σR) =
1

N
· exp

(
−(x− µ)2

2σ2

)
, σ =

{
σL if x ≤ µ,

σR else,

which is and asymmetric Gaussian distribution with widths σL and σR on the left or right side
of the mean, respectively.

C.2 ARGUS distribution
The Argus distribution is an empirical function introduced by the ARGUS collaboration [168]
to model the phase space of multi-body decays near threshold (end point). In the case of
experiments at B-factories, it is commonly used to model the distribution of the beam-energy-
constrained mass mbc. ARGUS is defined as

ARGUS(x;x0, a, c) =
1

N
· x ·

(
1− x2

x2
0

)a
exp

(
c ·
(

1− x2

x2
0

))
for x ∈ [0, x0],

where x0 > 0 is the end point parameter, a is the power parameter (usually a = 1
2
), c < 0 is the

curvature parameter, andN is a normalization factor. In the case of experiments atB-factories,
the cutoff parameter for the distribution of the beam constrained mass mbc is the total beam
energy E∗beam =

√
s/2 in the Υ(4S) frame, which is an event dependent variable. Thus, the
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following notation is used

ARGUS(mbc; a, c) = ARGUS (mbc;E
∗
beam, a, c)

C.3 Crystal Ball function

The Crystal Ball function, named after the Crystal Ball collaboration, is a probability density
function (PDF) commonly used in physics to model distributions featuring a low-end tail. It
consists of a Gaussian core component and a power-law tail, below a certain threshold −α.
The function is given by

CB(x;α, n, µ, σ) = N ·

exp
(
− (x−µ)2

2σ2

)
, for x−µ

σ
> −α

A ·
(
B − x−µ

σ

)−n
, for x−µ

σ
≤ −α

,

where

A =

(
n

|α|

)n
· exp

(
−|α|

2

2

)
,

B =
n

|α| − |α| ,

and N is a normalization factor

N =
1

σ(C +D)
,

C =
n

|α| ·
1

n− 1
· exp

(
−|α|

2

2

)
,

D =

√
π

2

(
1 + erf

( |α|√
2

))
.

C.4 Kernel density estimation

The kernel density estimation is a non-parametric way to estimate the PDF of a random va-
riable. In comparison with a histogram, a kernel density estimation has the advantage that it
allows a continuous and statistically consistent estimation of a PDF through a series of density
functions. Given a univariate independent and identically distributed sample x1, ..., xn drawn
from a distribution with unknown density f , the shape of f is estimated as

f̂0(x) =
1

n

n∑
i=1

Kh(x− xi) =
1

nh

n∑
i=1

K

(
x− xi
h

)
,
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where K is the kernel and h > 0 is a smoothing parameter called bandwidth. The kernel is
a non-negative function that integrates to one. In the equation above, h is constant for all i.
This approach is thus called fixed kernel estimation. In this work, the used algorithm performs
a second iteration, where the bandwidth is modified depending on the local event density: an
approach called adaptive kernel estimation. The kernels are Gaussian functions with equal
surface. The estimated shape of f is then

f̂1(x) =
1

n

n∑
i=1

1

hi
K

(
x− xi
hi

)
=

1

n

n∑
i=1

1

hi

1√
2π

exp

(
−1

2
· (x− xi)2

h2
i

)
,

with

hi =

(
4

3

) 1
5
√

σ

f̂0(xi)
n−

1
5 ,

where σ is the standard deviation of the data. Further details of the general algorithm are
explained in [169]. The estimated PDF of the random variable is

Key(x) =
f̂1(x)

N
, (C.1)

where N is a normalization factor.
Fixed and adaptive kernel estimates assume that the domain of f is all of R. However, the

output of a multi-variate method is usually bounded, e.g. 0 < x < 1. Boundary conditions are
then required to properly normalize f̂1(x) without underestimating the value of the distribution
close to the boundaries [169]. In this work, the boundary problem is solved by mirroring the
data set about the boundaries.





D Performance study of the decay
B0→ π0π0

D.1 Distributions of the pull and the residuals
This section shows the distributions of the pull and the residuals of the pseudo-experiments
performed for the six different combinations of input valuesAπ0π0 and Sπ0π0 (S. Sect. 6.10.6).
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Figure D.1: Pull distributions for the yield of signal events. The input value for these pseudo-
experiments is Nsig = 15068. The input values for Aπ0π0 and Sπ0π0 are shown below.



328 D. Performance study of the decayB0→ π0π0

sigN - isig, N
1500− 1000− 500− 0 500 1000 1500P

se
ud

o-
ex

pe
rim

en
ts

 / 
( 

30
.0

 )

0

5

10

15

20

25

30

 / ndf = 0.7052χ

 14± = 43 µ

 10± = 331 σ

(a) ACP = 0.34, SCP = 0.65.

sigN - isig, N
1500− 1000− 500− 0 500 1000 1500P

se
ud

o-
ex

pe
rim

en
ts

 / 
( 

30
.0

 )

0

5

10

15

20

25

30

 / ndf = 0.7702χ

 15± = 18 µ

 10± = 333 σ

(b) ACP = 0.43, SCP = 0.79.

sigN - isig, N
1500− 1000− 500− 0 500 1000 1500P

se
ud

o-
ex

pe
rim

en
ts

 / 
( 

30
.0

 )

0

5

10

15

20

25

30

35  / ndf = 0.7072χ

 16± = 53 µ

 11± = 362 σ

(c) ACP = 0.14, SCP = 0.83

sigN - isig, N
1500− 1000− 500− 0 500 1000 1500P

se
ud

o-
ex

pe
rim

en
ts

 / 
( 

30
.0

 )

0

5

10

15

20

25

30

 / ndf = 0.9612χ

 15± = 130 µ

 11± = 349 σ

(d) ACP = 0.14, SCP = 0.40.

sigN - isig, N
1500− 1000− 500− 0 500 1000 1500P

se
ud

o-
ex

pe
rim

en
ts

 / 
( 

30
.0

 )

0

5

10

15

20

25

30
 / ndf = 0.5482χ

 15± = 46 µ

 11± = 351 σ

(e) ACP = 0.14, SCP = −0.61.

sigN - isig, N
1500− 1000− 500− 0 500 1000 1500P

se
ud

o-
ex

pe
rim

en
ts

 / 
( 

30
.0

 )

0

5

10

15

20

25

30  / ndf = 0.8912χ

 16± = 49 µ

 11± = 366 σ

(f) ACP = 0.14, SCP = −0.94.

Figure D.2: Distributions of the residuals for the yield of signal events. The input value for
these pseudo-experiments is Nsig = 15068.
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Figure D.3: Pull distributions for the CP -violation parameterAπ0π0 (time-integrated measure-
ment). The input values for Aπ0π0 and Sπ0π0 are shown below.
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Figure D.4: Distributions of the residuals for the CP -violation parameter Aπ0π0 (time-
integrated measurement). The input values for Aπ0π0 and Sπ0π0 are shown below.
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Figure D.5: Pull distributions for the yield of Dalitz events. The input value for these pseudo-
experiments is NDal = 147.
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Figure D.6: Pull distributions for the yield of conversion events. The input value for these
pseudo-experiments is NConv = 124.
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Figure D.7: Pull distributions for the CP -violation parameter Aπ0π0 (time-dependent measu-
rement). The input values for Aπ0π0 and Sπ0π0 are shown below.
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Figure D.8: Distributions of the residuals for the CP -violation parameter Aπ0π0 (time-
dependent measurement). The input values for Aπ0π0 and Sπ0π0 are shown below.
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Figure D.9: Pull distributions for the CP -violation parameter Sπ0π0. The input values for
Aπ0π0 and Sπ0π0 are shown below.
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Figure D.10: Distributions of the residuals for the CP -violation parameter Sπ0π0. The input
values for Aπ0π0 and Sπ0π0 are shown below.
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