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Abstract

This thesis presents a study of quantum entanglement in the Υ(4S) → B0B
0 system using the

hadronic B0 → D(∗)−π+ . As it is the first study of such kind at Belle II, this work is focused on
establishing an analysis framework, which enables testing disentanglement in hadronic B0 modes.
A novel event generator model has been implemented within basf2 to create a Signal MC samples
with 1 Mio. BB events, corresponding to an integrated luminosity of 1ab−1 which are reconstructed
in B0 → D(∗)−π+ decays.

The model of partial spontaneous disentanglement is implemented, where a fraction ζ of B0B
0

pairs disentangle right at production. The implementation is proven to be successful, as the model
is sensitive to such entanglement effects. Fits to ∆t distributions for different values of ζgen in Signal
MC samples return consistently the correct values for free parameter ζ within uncertainties. A
subsequent Toy Monte Carlo study once more shows the model’s and fitting processes’ suitability
for disentanglement studies, although some biased behavior for parameter ζ could not be fully
resolved. However, this thesis provides a proof-of-concept for future probes of entanglement at
Belle II.

The question, whether unaccounted disentanglement effects introduce a bias in time-dependent
CP violation measurements at Belle II is answered. Such effects in the region of ζ ∼ O(1− 10%)

is absorbed in form of a bias of 1 − 2% in wrong tag parameters. However, slight biases in these
parameters do in general not translate to a shift in parameters ACP and SCP , thus the worry of
an unaccounted systematic effect is for now mitigated.





Kurzfassung

Diese Arbeit untersucht die Quantenverschränkung im System Υ(4S) → B0B
0 unter Verwendung

des hadronischen Zerfallkanals B0 → D(∗)−π+. Da es sich um die erste Studie dieser Art am Belle
II Experiment handelt, liegt der Fokus dieser Arbeit auf dem Etablieren eines Analyseframeworks,
das Tests auf eine mögliche Aufhebung der Verschränkung in hadronischen B0 Kanälen ermöglicht.
Hierzu wurde ein neuartiges Event Generator Modell innerhalb von basf2 implementiert, womit
Signal MC Datensätze mit 1 Mio. BB, korrespondierend zu einer integrierten Luminosität von
1 ab−1 erzeugt wurden. Diese werden in den Zerfällen B0 → D(∗)−π+ rekonstruiert.

Ein Model partieller spontaner Aufhebung der Verschränkung wurde implementiert, bei dem ein
Anteil ζ der B0B

0 Paare direkt bei der Produktion ihre Verschränkung verlieren. Die Implemen-
tierung erweist sich als erfolgreich, da sich das Model sensibel gegenüber Verschränkungseffekten
zeigt. Fits an die ∆t-Verteilungen für verschiedene Werte von ζgen in den Signal-MC-Samples re-
produzieren konsistent die korrekten Werte des freien Parameters ζ innerhalb der statistischen Un-
sicherheiten. Eine anschließende Toy-Monte-Carlo-Studie bestätigt erneut die Eignung des Modells
und des Fitverfahrens für Verschränkungsanalysen, auch wenn ein gewisser Bias im Parameter ζ
nicht vollständig aufgelöst werden konnte. Insgesamt liefert diese Arbeit ein Proof-of-Concept für
zukünftige Verschränkungsstudien bei Belle II.

Abschließend wird die Frage beantwortet, ob nicht berücksichtigte Effekte der Aufhebung
der Verschränkung einen Bias in zeitabhängigen CP -Verletzungsmessungen bei Belle II hervor-
rufen könnten. Ferner wurden für partielle Aufhebungen der Verschränkung im Bereich von
ζ ∼ O(1−10%) Verzerrungen in Wrong Tag Fractions von etwa 1−2% gemessen. Da kleine sys-
tematische Verschiebungen in diesen Parametern im Allgemeinen jedoch nicht zu einer Verzerrung
in den CP -Verletzungsparametern ACP und SCP führen, kann die Sorge vor einem bislang un-
beachteten systematischen Effekt vorerst abgemildert werden.
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1 Introduction

The Standard Model (SM) of Particle Physics is the most successful and thoroughly tested theoret-
ical framework describing the fundamental particles and their interactions. While it has withstood
extensive experimental scrutiny, it is widely believed to be incomplete, as it leaves several funda-
mental questions unanswered.

The Standard Model fails to explain various phenomena such as the reason for the number
of fermion generations to be exactly three, the mass hierarchy between those generations or the
abundance of matter over antimatter in the universe. In fact, the SM offers a mechanism through
CP violation, in which a fraction of the matter dominance can be described, however the predicted
amount is several orders of magnitude too small to account for the observed asymmetry [1].

In the landscape of experimental high-energy physics, two approaches are pursued: the high
energy frontier and the intensity frontier. The former aims to directly access new physics by
producing New Physics (NP) particles at facilities e.g. the LHC, while the latter explores processes
with known particles with precision measurements where potential deviations from Standard Model
predictions may hint at NP. The Belle II experiment probes the intensity frontier and utilizes high-
luminosity e+e− collisions at the next-generation SuperKEKB accelerator to study B meson decays
with unprecedented precision.

As experimental precision improves, subtle quantum effects become accessible with increasing
sensitivity such as quantum entanglement, a cornerstone of quantum mechanics. Entanglement
describes a quantum state of a multi-particle system in which the constituent particles cannot be
described independently, even when spatially separated. This non-local correlation between mea-
surement outcomes was first highlighted in the famous Einstein-Podolsky-Rosen (EPR) paradox
[2], and later given quantitative form through Bell’s theorem [3], which provides a direct test for
the completeness of quantum theory.

While the validity of quantum entanglement has been extensively studied in systems of pho-
tons and atoms, its investigation in the context of heavy, unstable particles such as kaons, D, and
B mesons remains an active and compelling area of research [4]. These systems offer a unique
opportunity to test the limits of quantum mechanics within the framework of the Standard Model,
particularly in regimes where particles undergo both mixing and decay. Deviations from full quan-

1



Chapter 1. Introduction 2

tum entanglement in e.g. the B0B
0 system may arise not only from subtle effects within the Stan-

dard Model but also from a broad spectrum of theories beyond the SM, including proposals from
quantum gravity, dark energy, and string theory frameworks [5, 6]. Regardless of their underlying
mechanism, such disentanglement phenomena could lead to distortions in the measured system,
potentially biasing precision tests of the Standard Model — most notably in time-dependent CP
violation measurements.

In this thesis, a study of quantum entanglement in the B0B̄0 system is performed using the
hadronic decay channel B0 → D(∗)−π+. The analysis is a pure Signal Monte Carlo study on a data
set corresponding to an integrated luminosity of 1 ab−1 at Belle II. Mainly, the model of partial
disentanglement is investigated in which a fraction ζ of the B0B

0 pairs lose their entanglement and
subsequently evolve independently. The main goal of this thesis is to design a framework which
can be used for the first physics analysis of such kind at Belle II.

Thesis outline:

• Chapter 2 introduces the theoretical framework of the Standard Model, flavor physics, B0B̄0

mixing, CP violation, a qualitative review of Quantum Mechanics and disentanglement mod-
els in B0B

0 systems.

• Chapter 3 presents the Belle II experiment, including the detector setup, software framework
including Monte Carlo production and reconstruction algorithms.

• Chapter 4 lies out the analysis strategy, including resolution modeling and the final observed
∆t distribution, event selection, signal reconstruction and validation of Signal MC.

• Chapter 5 focuses on the studies of disentanglement models, single ∆t fits, toy MC, and
absorption studies.

• Chapter 6 concludes with a summary of the findings and an outlook on current prospects for
entanglement studies at Belle II.



2 Theory

This chapter provides the theoretical framework for the analysis. It starts by introducing the
basic concepts of the Standard Model of Particle Physics, the most successful theory in modern
physics. In the scope of this thesis, important processes and interactions are highlighted with a
special focus on the field of Flavor Physics. Furthermore, the most general concepts and ideas of
Quantum Entanglement and its mathematical treatment in the field of Quantum Mechanics are
introduced. Finally, the physical models for disentanglement in B0B

0 systems are introduced.

2.1 The Standard Model

The Standard Model (SM) is the prevailing theoretical framework describing fundamental particles
and their interactions, based on principles of quantum field theory and gauge symmetry [7, 8, 9]1.
It successfully unifies the electromagnetic, weak, and strong interactions, providing an accurate
description of almost all known experimental results in particle physics. The theory categorizes
particles into fermions, which constitute matter, and bosons, which mediate interactions. The
elementary particles of the Standard Model are grouped into three families of fermions and a set
of gauge bosons that mediate interactions. Fig. 2.1 shows all 12 fermions and 5 types of bosons
with current values for mass (upper limits for neutrinos), their charge and spin. Fermions grouped
into quarks and leptons are shown in purple and green, respectively. Gauge bosons are shown in
red while the scalar Higgs boson in shown in yellow. Both fermions and bosons are highlighted in
detail in the following.

Fermions: Fermions are Spin-1
2

particles and can be divided into two subgroups, quarks and
leptons. Both fermion groups can be further categorized into three generations, with same prop-
erties besides a hierarchy in mass. For leptons, every generation consists of a charged lepton and

1Throughout this chapter, these references will be used without explicit citation, unless otherwise stated.

3



Chapter 2. Theory 4

Figure 2.1: All particles in the Standard Model of Elementary particles. Fermions, consisting of
quarks and leptons are grouped into 3 generations. Gauge bosons which mediate forces are shown
in red. Finally, the only scalar boson, the Higgs is shown in yellow. [10]

a corresponding uncharged lepton, called neutrino which is massless in the SM2:(
νe

e−

)
,

(
νµ

µ−

)
,

(
ντ

τ−

)
. (2.1)

Every lepton generation carries a distinct lepton family number which is a conserved quantity.
Finally, antileptons are charge conjugate particles with same mass, but with inverted sign of
electric charge and lepton family number. Analogously, quarks are also paired in three generations
of each one up-type and one down-type quark:(

u

d

)
,

(
s

c

)
,

(
t

b

)
. (2.2)

These particles carry a fraction of the electric charge. The same way leptons have corresponding
antileptons, there is also an antiquarks for every quark. These antiquarks are of the same mass as

2Although, the SM predicts the neutrino masses to be zero evidence suggests a non-trivial neutrino mass. This
is proven through observations of neutrino oscillations [11].
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their corresponding quark, although the quantum numbers and charges listed in table 2.1 are of
the opposite sign. In Tab. 2.1, selected quantum numbers are shown.

B I3 S Q/e

u 1/3 1/2 0 2/3
d 1/3 -1/2 0 -1/3
s 1/3 0 -1 -1/3
c 1/3 0 0 2/3
t 1/3 0 0 2/3
b 1/3 0 0 -1/3

Table 2.1: Baryon number (B), third component of the isospin (I3), strangeness (S) and electric
charge (Q/e) of the individual quark flavor.

Moreover, all quarks carry the charge of the strong force - color; red, green and blue whilst
antiquarks carry anti-red, anti-green and anti-blue. The mediating particles of the strong force
couple to these colors. Note that these fermions only appear in bound doublet and triplet bound
states due to confinement. Doublets are called mesons and consist of a quark-antiquark pair, while
triplets are called baryons and consist of three (anti)quarks. In addition, all multiquark systems
have to be colorless, i.e. the colors of the bound quarks have to cancel out. In mesons a color
carrying quark must be matched with its respective anticolor carrying antiquark. In baryons all
three different (anti)colors have to appear in the bound state.

Gauge Bosons: Three of the four fundamental forces are the strong force, the electromagnetic
force and the weak force listed descending order of strength. They are mediated by their exchange
particles – called gauge bosons with Spin-1. Strong force is mediated by 8 gluons, electromagnetic
force is mediated by photons and lastly, the W± bosons and Z0 bosons mediate the weak force.
Since gluons interact solely with particles carrying color charge, they interact with quarks and
themselves. Within a strong process the color of quarks can be changed while the flavor remains
conserved. The photon is a massless boson with an electrical charge of zero. It interact with every
charged particle while conserving flavor. Finally, the weak force mediating charged W± bosons and
neutral Z0 bosons have masses of m(W±) = 80.3 GeV/c2 and m(Z0) = 91.2 GeV/c2, respectively
[8]. The masses arise from Spontaneous Symmetry Breaking of the Higgs field. Charged weak
interactions are responsible for flavor-changing processes with W± bosons mediating the process.
These gauge bosons arise naturally from the symmetry principles underlying the SM.
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The Higgs Boson: The SM has a single scalar field, the Higgs field with its corresponding
bosonH, which is responsible for spontaneous electroweak symmetry breaking and provides mass to
fermions and weak bosons through the Higgs mechanism. Its discovery completed the experimental
confirmation of the SM particle spectrum [12].

2.1.1 Standard Model Formalism

The Standard Model (SM) is a quantum field theory based on the gauge group:

GSM = SU(3)C × SU(2)L × U(1)Y , (2.3)

where SU(3)C describes Quantum Chromodynamics (QCD), SU(2)L governs weak interactions,
and U(1)Y corresponds to hypercharge.

The SM contains scalar Higgs doublet

H = (1, 2)1/2, (2.4)

and the three generations of fermions transforming under SU(2)L

QLi = (3, 2)+1/6, uRi = (3, 1)+2/3, dRi = (3, 1)−1/3,

LLi = (1, 2)−1/2, lRi = (1, 1)−1,
(2.5)

where i = 1, 2, 3 accounts for three generations. QLi and LLi represent left-handed quark and
lepton doublets, while uRi, dRi, and lRi are right-handed singlets. Left-handed fields couple to
the SU(2)L gauge bosons and thus participate in weak interactions. Right-handed fields do not,
making the weak interaction chiral and maximally parity-violating.

The Standard Model Lagrangian is composed of three main parts:

LSM = Lkin + LYukawa + LHiggs. (2.6)

Each term describes a fundamental aspect of particle interactions.

Kinetic Terms and Gauge Interactions

Gauge interactions are introduced through the covariant derivative:

Dµ =
(
∂µ + igsG

a
µt

a + igW i
µτ

i + ig′BµY
)
. (2.7)

Here, the first term corresponds to QCD with strong coupling gs, gluon fields Ga
µ, and SU(3)C

generators ta (a = 1, . . . , 8). The second term represents weak interactions with coupling g, weak
bosons W i

µ, and generators τ i (i = 1, 2, 3) of SU(2)L. The final term accounts for hypercharge
with coupling g′ and generator Y .
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The kinetic terms respect a global flavor symmetry:

Gflavor = U(3)3q × U(3)2l , (2.8)

where
U(3)3q = U(3)Q × U(3)u × U(3)d, (2.9)

U(3)2l = U(3)L × U(3)l, (2.10)

which is only broken explicitly by Yukawa couplings.

Electroweak Symmetry Breaking and the Higgs Mechanism

The Higgs potential,
V (H) = µ2|H|2 + λ|H|4. (2.11)

leads to spontaneous symmetry breaking (SSB) for µ2 < 0, with the vacuum expectation value:

⟨H⟩ = 1√
2

(
0

v

)
, v ≈ 246 GeV. (2.12)

As a result, the W± and Z0 bosons acquire masses

MW =
gv

2
, MZ =

√
g2 + g′2v

2
, Mγ = 0. (2.13)

After symmetry breaking, the gauge group reduces to

GSM = SU(3)C × U(1)em, (2.14)

where U(1)em is the gauge goup for electromagnetic interaction.

Fermion Masses and the Yukawa Interaction

Fermion masses arise through the Yukawa interaction:

LYukawa = −YuQ̄LH̃uR − YdQ̄LHdR − YlL̄LHeR + h.c. (2.15)

where H̃ = iσ2H∗. After SSB,
mf =

yfv√
2
. (2.16)

where mf is the fermion mass, with index f denoting the type of fermion. The Yukawa sector
introduces flavor structure and violates global flavor symmetry, leading to quark mixing discussed
in the following section.
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2.2 Flavor Physics

The Yukawa sector of the Standard Model, introduced earlier, not only generates fermion masses
but also governs the flavor structure of quarks and leptons. In the quark sector, this leads to flavor
mixing and a rich phenomenology including CP violation and meson oscillations.

In this section, the flavor structure of the SM is explored, for which the CKM Mechanism is
introduced. Moreover, flavor symmetries, their breaking, and neutral meson mixing are presented,
which play a crucial role in measuring SM parameters.

2.2.1 From Yukawa Couplings to the CKM Matrix

Consider the Yukawa Lagrangian from Eq. 2.15 and the Higgs vacuum expectation value after
SSB in Eq. 2.12. As already established, the mass terms in the Yukawa Lagrangian yield

Mu =
v√
2
Yu, Md =

v√
2
Yd. (2.17)

Since Yu and Yd are in general complex matrices, the mass matrices Mu and Md are also complex
and not necessarily diagonal. To obtain physical mass eigenstates, a unitary transformations on
the left-handed quark fields is performed

uL → VuuL, dL → VddL, (2.18)

where Vi is some unitary transformation matrix. This diagonalizes the mass matrices

Mdiag
u = V †

uMuVu, Mdiag
d = V †

dMdVd. (2.19)

While transformations for right-handed quarks do not affect the weak interaction, the left-
handed rotation induces mixing in the charged weak current

LCC =
g√
2
ūLγ

µW+
µ dL + h.c. (2.20)

Expressing the fields in their mass eigenbasis, the interaction becomes:

LCC =
g√
2
ūLVCKMγ

µW+
µ dL + h.c., (2.21)

where the so-called Cabbibo-Kobayashi-Masukawa (CKM) Matrix has been substituted:

VCKM = V †
uVd. (2.22)

named after Kobayashi and Masukawa who extended the Cabbibo Matrix to three quark genera-
tions. This unitary 3× 3 matrix encodes the misalignment between up-type and down-type quark
mass eigenstates. [7]
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2.2.2 CKM Mechanism

In the Standard Model, the CKM is a unitary 3 × 3 matrix which can be written in its general
form

V =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 , (2.23)

where subscripts denote quark flavors. The matrix elements’ absolute values describe the strength
of corresponding charged transition among quark flavors. As transitions within a generation have
the most dominant contributions, absolute values of the diagonal matrix elements are close to unity,
while the off-diagonals are relatively small. This becomes evident when looking at the so-called
Wolfenstein parametrization

V =

 1− λ2/2 λ Aλ3(ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4), (2.24)

where λ,A, ρ, η are real so-called Wolfenstein parameters, with λ = sin θc +O(λ2) where sin θc is
the Cabbibo angle. The current known values for these parameters are [13]

λ =0.221± 0.001,

A =0.81± 0.02,

ρ =0.14± 0.03,

η =0.35± 0.02.

(2.25)

This results in the following hierarchy in the elements:

|Aλ3(ρ− iη)|, |Aλ3(1− ρ− iη)| ≪ Aλ2 ≪ λ.

The condition of unitarity provides strict mathematical boundaries which can be represented
in a geometrical framework: the unitarity triangle. From unitarity, one gets V †V = 1 = V V †,
which gives

VijV
∗
ik = δjk, VjiV

∗
ki = δjk. (2.26)

For j ̸= k Eq. 2.26 give six further conditions:

VijV
∗
ik = 0, (2.27)

VjkV
∗
ki = 0. (2.28)
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Each of these conditions show a vanishing sum of three complex numbers, thus projecting a triangle
on the complex plane. Two out of the six unitarity triangles consist of three sides with their lengths
in the same order of magnitude in λ. They are given by

VudV
∗
td + VusV

∗
ts + VubV

∗
tb = 0. (2.29)

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0. (2.30)

Eq. 2.30 is especially interesting in studies of B meson decays, since element Vcb is particularly
important [14]. For this reason, Eq. 2.30 is now referred to as the Unitarity Triangle. All sides
of this triangle are roughly in the order of O(λ3). As convention, the sides are normalized by the
term VcdV

∗
cb. It reads

VudV
∗
ub

VcdV ∗
cb

+
VtdV

∗
tb

VcdV ∗
cb

= −1. (2.31)

Angles of the UT are noted in terms of α, β and γ, while Belle and Belle II Collaboration follow
a slightly different notation ϕ1, ϕ2 and ϕ3. The relation between the CKM matrix elements and
the angles can be seen here

ϕ2 = α = arg
(
− VtdV

∗
tb

VudV ∗
ub

)
, (2.32)

ϕ1 = β = arg
(
−VcdV

∗
cb

VtdV ∗
tb

)
, (2.33)

ϕ3 = γ = arg
(
−VudV

∗
ub

VcdV ∗
cb

)
. (2.34)

The resulting unitarity triangle is shown in Fig. 2.2. Current constraints on the angles of the

Figure 2.2: Sketch of Unitarity Triangle in the (ρ, η) plane. Sides are normalized to VcdV ∗
cb. Taken

from Ref. [13].
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Figure 2.3: Current results for the constraints for the unitarity triangle. Prepared for the 2023
CKM workshop: Santiago de Compostela (September), Spain. [15]

unitarity triangle are shown in Fig. 2.3. Diverse measurements in angles, but also in CKM
elements absolute values and mixing parameters such as ∆md and ∆ms constrain the current UT.
Ongoing measurements at B-factories Belle II and LHCb are working to further push the limits on
the global values. The case of the UT not closing is a direct hint to physics beyond the standard
model. This has been parameterized by C. Jarlskog for unnormalized UTs, the area of all six
unitarity triangles are the same and independent of the phase redefinition of the quark fields. This
allows for a phase independent measure of CP violation. This parameter is called the Jarlskog
invariant

Im[VijVijV
∗
ijV

∗
ij ] = J

3∑
m,n=1

ϵikmϵjln. (2.35)

In terms of Wolfenstein parameters, J can be rewritten to

J ≈ A2λ6η. (2.36)

Experiments have found the Jarlskog invariant to have a value around the order of 10−5. This
small value also explains why CP -violation measurements are so challenging. [1]
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2.2.3 B0 − B̄0 mixing

In 1955 Gell-Mann and Pais predicted neutral mesons and anti-mesons’ oscillation [16], which was
first discovered just one year later in the K0−K̄0 system [17]. It was not for another 32 years until
mixing was also observed independently in neutral B’s by the UA1 and ARGUS collaboration in
1987 [18, 19]. Following Feynman diagrams also referred to as box diagrams show the two dominant
processes under which mixing can occur for neutral B mesons.

Figure 2.4: Leading order box diagrams for B0
q → B

0

q transitions, with q = d, s. As the Yukawa
coupling is proportional to quark mass, the dominant contribution in virtual particles comes from
the top quark. [13]

In this Fig. 2.4 dominant box diagrams for the B0
q → B

0

q transition are shown. The accompa-
nying quarks q can be either d or s. The transition itself, although seemingly neutral, is mediated
by two charged W± bosons. Due to the proportionality of Yukawa couplings to the fermion mass,
the virtual quark contribution is dominated by the top quark.

Now, some useful formalism to build the mathematical framework concerning the B0 − B̄0

system is introduced. This is the effective Hamiltonian

Heff = M− iΓ

2

=

(
M11 M12

M21 M22

)
− i

2

(
Γ11 Γ12

Γ21 Γ22

)
,

(2.37)

which governs the time evolution of neutral mesons. Here, M and Γ are 2× 2 hermitian matrices
representing mass and decay rate components, respectively. As CPT conservation holds for off-
diagonal matrix elements they can be written as M12 =M∗

21 and Γ12 = Γ∗
21, while diagonal elements

are expressed as M11 = M22 and Γ11 = Γ22. For matrix Heff the eigenvalue problem has to be
solved, which in itself is not hermitian anymore. Consequently, the eigenvalues of the matrix are
complex and the eigenstates not orthogonal. As both B0 and B̄0 are not stable and will decay
after some time, probability is not conserved in this subspace spanned by the two mesons. In the
following, the explicit formalism of the system’s time-evolution is further investigated.
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The mass eigenstates of Heff can be written as a linear combination of B0 and B̄0

|BL,H⟩ = p |B0⟩ ± q |B̄0⟩ , (2.38)

where subscript L and H stand for light and heavy, respectively. Prefactors p and q fulfill |p|2 +
|q|2 = 1 and for normalization

q

p
=

√
M∗

12 − i
2
Γ∗
12

M12 − i
2
Γ12

, (2.39)

while for CP conserving cases p = q = 1/
√
2. Finally, the eigenvalues read

m1 −
i

2
Γ1 =M11 −

i

2
Γ11 +

q

p

(
M12 −

i

2
Γ12

)
, (2.40)

m2 −
i

2
Γ2 =M11 −

i

2
Γ11 −

q

p

(
M12 −

i

2
Γ12

)
. (2.41)

Here, m1,2 and Γ1,2 are introduced, which correspond to the mass and decay width of BL and BH

eigenstates and will from now on be written as mL,H and ΓL,H . As already implied, the condition
mH > mL holds and thus ∆md = mH − mL > 0. Also the decay width difference is non-trivial
with ∆Γ = ΓH − ΓL. The time evolution of a particle starting from B0 at t = 0 can be written as

|B0(t)⟩ = g+(t) |B0⟩+ q

p
g−(t) |B̄0⟩ , (2.42)

where
g± =

1

2
e−imLte−

ΓL
2

t
(
1± e−∆mte

∆Γ
2

t
)
. (2.43)

In the general matrix form, the time evolution of the two-state system can be written as

i
d

dt

(
|B0(t)⟩
|B̄0(t)⟩

)
= Heff

(
|B0(t)⟩
|B̄0(t)⟩

)
, (2.44)

with Heff from Eq. 2.37. The non-unitary evolution is caused by the fact that B0 and B
0 decay

into final states outside of the basis span by |B0⟩ and |B0⟩. In general, the mass eigenstates |BL⟩
and |BH⟩ are no longer orthogonal. [9]

The mass difference ∆m is an important parameter of the SM. The oscillation frequency imposes
a powerful constraint on CKM matrix elements, such as ϕ1 and ϕ2 [20]. Experimentally ∆md is
accessible through time-dependent measurements.
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2.2.4 CP Violation

At first, parity (P ) and charge (C) symmetries were believed to be exact. However, in 1956 first
evidence of parity violation was observed in the β decay of 60Co [21]. As already described earlier,
parity is maximally violated by the chiral nature of weak interaction. Also the C parity is violated
in weak interactions. Furthermore, CP violation refers to the violation of not only P and C, but
the product of these conjugations. CP violation was observed first in the K0-K̄0 oscillation in
1964 [17].

To understand CP violation, first formalism of decay amplitudes is introduced. These decay
amplitudes can be calculated by the sum of different processes, which contribute at different
strengths. The amplitude for a decay of an arbitrary initial state A into the final state f is defined
as:

Af =
∑
k

Ake
iδkeiϕk , (2.45)

Āf̄ =
∑
k

Ake
iδke−iϕk , (2.46)

where δk denotes the strong phase and ϕk = α, β, γ the weak phases. While weak phases are related
to the initial state decaying via weak interaction, strong phases are related to the final states. In
addition, Eq. 2.46 is the decay amplitude of the conjugated process, where not only the initial
state but the final state is conjugated as well, resulting in the weak phase’s negative sign. There
are three classes of CP violating processes: CP violation in decay, CP violation in mixing and
mixing induced CP violation.

CP violation in decay (also Direct CP violation) occurs in processes where ratio
∣∣∣ Āf̄

Af

∣∣∣ is not
equal to 1. In such process there are at least two weak phases ϕk and strong phases δk that are
non-trivial. In other words, two different amplitudes have to be involved in the decay. This can be
easily seen when calculating the difference between the absolute value of these decay amplitudes,
which yields [22]:

|Āf̄ |2 − |Af |2 ∝ sin(ϕ1 − ϕ2)sin(δ1 − δ2). (2.47)

The second class of CP violation is CP violation in mixing (also indirect CP violation). This
occurs in processes involving neutral decaying particles such as neutral kaons or B mesons. For
B mesons, if ⟨BL|BH⟩ is non-trivial, i.e. the states are not orthogonal, CP violation in mixing
occurs. This is caused by the difference between CP eigenstates and mass eigenstates [22].

Lastly, when B0 and its CP conjugated state B̄0 can decay into the same final state f mixing
induced CP violation can be observed. This is caused by the interference of the two contributions
to the same final state; a direct decay B0 → f and mixed decay B̄0 → B0 → f , for which resolution
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time-dependent analysis is necessary. The time-dependent amplitude yields:

Af (t) =
BF (B̄0(t) → f)−BF (B0(t) → f)

BF (B̄0(t) → f) +BF (B0(t) → f)
= Sfsin(∆mt)− Cfcos(∆mt), (2.48)

with ∆m = mBH
−mBL

and the real coefficients Sf and Cf . Note, that even in a process where no
CP violation in decay nor mixing occurs, a mixing induced CP violation can be observed because
of the interference term [22, 23].

2.3 B to charm decays

Most hadronic B meson decays are mediated via b → c transitions, as these are governed by the
large magnitude of the CKM matrix element |Vcb| compared to other b-quark transitions [14]. The
large phase space available in B decays allows for a broad variety of possible final states. Despite
the abundance of such decay channels, the charm sector remains challenging from both theoretical
and experimental perspective.

Theoretical predictions turn out to be complicated due to the fact that the final states are
purely hadronic, requiring non-perturbative QCD effects to be taken into account. While some
decay modes such as B0 → D−π+ are considered relatively simple, they still demand careful
treatment — although for this channel, certain QCD contributions can be computed from first
principles. [14]

From the experiment’s point of view, studies of these decays demand high-statistics data sets
due to the small branching ratios, as well as excellent energy and momentum resolution, along
with robust particle identification (PID) [20]. Meeting these requirements is demanding, however
crucial because of their important role in calibration procedures for the detector and reconstruction
algorithms [20].

2.3.1 Overview of b→ cūd transitions

Hadronic b → cūd decays, such as B → Dπ, are often described using the factorization ansatz.
This approach separates short-distance QCD effects, calculable in perturbation theory, from long-
distance effects that are treated non-perturbatively. In practical terms, this leads to decay ampli-
tudes being approximated by products of form factors and decay constants.

Fig. 2.5 illustrates representative Feynman diagrams. The color-allowed topologies (a, c) dom-
inate due to favorable color configurations, while the color-suppressed modes (b, d) are suppressed
by a factor of 1/NC , where NC = 3 is the number of QCD colors.

For the analysis in this thesis the focus will be on the channel B0 → D(∗)−π+, which follows
the topology shown in Fig. 2.5 c) for both D∗− and D−. Here, the spectator quark is a d, which
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later combines with c after the b → c transition. The virtual W+ boson results in a ud vertex,
which constitutes to a π+.

Figure 2.5: Feynman diagrams showing B+ → D̄0π+ (a, b), B0 → D−π+ (c) and B0 → D̄0π0 (d)
modes. Diagrams a), c) are color-allowed, b) and d) are color-suppressed.

2.3.2 Tag-Side Interference effect

For a decay channel to exhibit a non-zero CP asymmetry, it must involve at least two interfer-
ing amplitudes with distinct weak phases. However, this condition alone does not guarantee a
measurable CP violation effect. The primary focus in time-dependent CP asymmetry studies
has traditionally been on interference effects occurring on the reconstructed B meson (Bsig) side.
Nonetheless, as pointed out by authors of Ref. [24], an additional source of interference arises from
the tag-side B meson (Btag), where multiple amplitudes can contribute to the final state. This
effect is dubbed the tag-side interference effect (TSI). If Btag’s flavor at time of decay is not deter-
mined correctly, it could cause a systematic bias in the measured CP asymmetry of Bsig. While
Btag is reconstructed primarily in semi-leptonic and hadronic decay modes, only latter experiences
interference effects as semi-leptonic decays via a single amplitude in the SM [14]. While TSI is
an effect, as the name suggests, happening on the tag-side of course the physics is the same for
signal-side. As this thesis analyzes hadronic decays as signal, the theory will be presented here to
translate them later to signal-side.3

3It will be still called tag-side interference effect later, even when discussing the same effect on signal-side to
avoid semantic confusion.
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To illustrate the impact of TSI, consider the decay B → D−π+ followed by D− → K+π−π−.
This final state is accessible via the favored b→ cud transition in a B0 meson. However, the same
final state can also be reached from a B0 that has undergone B0 − B̄0 mixing first, followed by
the doubly-CKM-suppressed b→ ucd transition. The relative strength of these two amplitudes is
determined by the ratio of CKM matrix elements, approximately given by:∣∣∣∣V ∗

ubVcd
VcbV ∗

ud

∣∣∣∣ ≈ 0.02, (2.49)

with respect to the CKM-favored amplitude. Following Feynman diagrams in Fig. 2.6 show
a CKM-favored amplitude (left) and a doubly CKM-suppressed amplitude for the decay mode
B

0 → D(∗)+π−. The amplitude ratio between the favored (b → cud) and suppressed (b → ucd)

Figure 2.6: Feynman diagrams for CKM-favored amplitude (left) and doubly CKM-suppressed
amplitude for decay mode B

0 → D(∗)+π−. The ratio of these contribution is given by 2.49.
Interference of both amplitudes two reach the final state causes the tag-side interference effect
[14]. Figure taken from [25].

decay pathways can be expressed as:

Af

Af

= rfe
−iϕ3+iδf , (2.50)

where rf represents the relative magnitude of the suppressed decay amplitude, δf is the strong-
phase difference between the two contributing amplitudes, and the weak phase ϕ3. As Btag is
reconstructed from multiple decay modes, an effective ratio r′f and phase difference δ′f are intro-
duced to account for different tag-side modes. This interference modifies the time-dependent CP
asymmetry parameters S and C, which can be corrected by tuning the shape of the ∆t distribu-
tion. These corrections would broaden/tighten the distribution while slightly reducing/increasing
the amplitude, as shown in Ref. [24]. Consequently, for hadronic-tag events, CP asymmetry
parameters can deviate from their true values.
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There are two ways of mitigating systematic uncertainties arising from TSI: (i) restricting
the analysis to semi-leptonic or leptonic tag events to eliminate TSI effects4, (ii) utilizing control
samples to directly measure the CKM-favored and suppressed decay ratios, along with their phase
differences. Latter approach can be challenging as a new term in the ∆t distribution of the B0B

0

system has to be introduced in Eq. 2.60 proportional to sin∆m∆t. When looking at signal-side
TSI formalism introduces new possible fit parameters. The sine-term is modeled by parameters r′,
δ′ and ϕ = 2ϕ1 + ϕ3. Notice how the sine-term is different to the additional sine-term introduced
by disentanglement effects in Eq. 2.61 as ∆t is not an absolute value. As a consequence, a non-zero
contribution of TSI effects would lead to a asymmetric shift in the time-dependent asymmetry as
can be seen in the following relation

a(∆t) =
NOF (∆t)−NSF (∆t)

NOF (∆t) +NSF (∆t)
= cos∆m∆t+ fTSI · sin∆m∆t, (2.51)

where fTSI is the strength of the effect, depending on TSI parameters. Finally, tag-side interference
introduces an additional correction to the wrong-tag fraction w due to misidentification effects from
D0 − D̄0 oscillations. This modifies the effective mistagging fraction as:

weff = w +∆wTSI, (2.52)

where ∆wTSI depends on the decay modes involved and the degree of interference. Tag-side
interference represents a subtle but significant effect in time-dependent analyses of neutral B
mesons. While it does not introduce a bias in the absence of CP violation, it can alter the
effective tagging efficiency and introduce systematic uncertainties [25]. For interference on signal-
side, an important study will be pure Toy Monte Carlo studies, where data sets are sampled
directly from the model PDFs. Thus, different TSI sizes can be tested in a clean environment to
predict systematic impacts on mixing studies.

4This has been done by Go. et al. in Ref. [26] (See Sec. 2.5.2).
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2.4 Quantum Entanglement

2.4.1 EPR-Type Entanglement

The concept of quantum entanglement, introduced by W. Heisenberg [27] and discussed critically in
Einstein-Podolsky-Rosen (EPR) paradox [2], highlights the fundamental non-locality of quantum
mechanics. The EPR paper challenged the completeness of quantum mechanics by suggesting that
a hidden variable theory could provide a more fundamental description of reality. The paradox is
typically illustrated using Spin-1

2
systems but can be generalized to two-state quantum systems,

such as the neutral B-meson system.
In a typical entangled system, two quantum particles are prepared in a maximally entangled

state, such as:

|Ψ⟩ = 1√
2
(|↑⟩1 |↓⟩2 − |↓⟩1 |↑⟩2), (2.53)

where |↑⟩ and |↓⟩ represent the two possible outcomes of a measurement spin up and down,
respectively. This antisymmetric EPR-like state ensures that the measurement of one particle’s
state determines the state of the other particle immediately, no matter the spatial separation. This
property is what enables quantum non-locality tests. [2]

2.4.2 Bell Tests and the possibility of violations in the B0B
0 system

Bell’s Theorem [3] provided a concrete mathematical framework to test the validity of local hidden
variable theories against quantum mechanics. Bell derived an inequality that must be satisfied
by any theory based on local realism, and its violation would provide strong evidence in favor of
quantum mechanics.

In typical Bell tests, measurements are performed on two entangled particles using different
measurement settings, ensuring that their correlations cannot be explained by local hidden vari-
ables. Experimental violations of Bell’s inequalities in photon polarization, electron spin, and
atomic systems have confirmed quantum mechanical predictions. Moreover, the neutral B meson
system presents an interesting opportunity to test Bell inequalities in heavy flavor particle systems.

A generalized Clauser-Horne-Shimony-Holt (CHSH) inequality for a pair of entangled photons
with two polarization measurement devices on both sides reads [28]:

S = E(α, β)− E(α, β′) + E(α′, β) + E(α′, β′) ≤ 2, (2.54)

where α, α′ and β, β′ are possible angle settings on the polarizers. E(α, β) represents the correlation
coefficient of polarization measurement outcomes, defined as [3]

ER(α, β) =
R++(α, β) +R−−(α, β)−R+−(α, β)−R−+(α, β)

R++(α, β) +R−−(α, β) +R+−(α, β) +R−+(α, β)
, (2.55)
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where R(α, β) is the coincidence rate. If S > 2 is observed in experimental data, it would be a
direct violation of Bell’s inequality, ruling out any local hidden variable theory and confirming the
inherently non-local nature of quantum mechanics. To move from entangled photons to the B0B

0

system, the polarization angles α, β have to be replaced by ∆m∆t, thus the coincidence rate is
now defined as

RB0B0(t1, t2) =
1

4
e−2t′/τe−∆t/τ

(
1− e−∆/τ cos∆m∆t

)
. (2.56)

The unnormalized correlation function takes on the form

E(t1, t2) = −e−2t′/τe−∆/τ cos∆m∆t. (2.57)

Normalizing this equation to the undecayed B0B
0 pair, the correlation function in Eq. 2.55

becomes
ER(∆t) = cos∆m∆t, (2.58)

and is only dependent on the mixing parameter ∆m and the decay time difference ∆t. The CHSH
Inequality of Eq. 2.54 can be expressed as

S(∆t) = 3ER(∆t)− ER(3∆t) ≤ 2. (2.59)

Moreover, authors of Ref. [29, 30] have found the parameter x = ∆m/Γ to be a crucial parameter
in Bell tests. Following their argument, x has to be smaller than a numerically determined value
of N = 2.0, for B0B

0, D0D
0, K0K

0 and B0
sB

0

s. Experimental values show that x = ∆m/Γ is
greater than this threshold only for the B0

sB
0

s system with x > 20.6 [29], for the remaining neutral
meson systems no CHSH inequality violation is expected. Unfortunately, Belle II is not designed
to produce B0

sB
0

s, thus no bell tests can be performed at this experiment. Therefore, a different
approach has to be taken to test quantum entanglement in B0B

0 systems directly. Thus, this
thesis’ focuses on special disentanglement models described in the following Sec. 2.5.

2.5 Models of Quantum Disentanglement in the B0B
0 system

In this section the physics models are presented that are studied in the analysis. The models
are introduced as alternatives or extensions to the established Standard Model neutral B Meson
mixing. The applied framework does not introduce new interactions or new particles, it only
addresses the coherent oscillation of entangled B Meson pairs. Therefore, the following models
can be in accordance with SM as well as Quantum Mechanics. First, the so-called Spontaneous
Disentanglement (SD) Model is presented, followed by the Partial Spontaneous Disentanglement
(PSD) Model in which the crucial parameter ζ determines the fraction of disentangled B meson
pairs. The section closes with some remarks on the Time Dependent Disentanglement Model.
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2.5.1 Spontaneous Disentanglement

Firstly, the probability of survival (oscillation) for a B0 created at time t = 0 is defined as

P (t) =
1

2
e−Γt(1± cos∆mt), (2.60)

with ∆m the mass difference between the two mass eigenstates heavy and light, Γ the absolute
decay width. Now, consider the case of Spontaneous Disentanglement. The two B mesons coming
from the Υ(4S) resonance disentangle immediately after the pair production, hence, the indepen-
dent oscillation of both neutral B mesons. This follows Furry’s Hypohesis, in which an entangled
two-state system transitions into individual definite states in a probabilistic manner [4]. Due to
C-parity conservation of the Υ(4S), the initial state of the B meson pair is still asymmetric with
both particles in orthogonal states |B0⟩ and |B0⟩ at t = 0. The PDF can be derived starting from

PSD(∆t) ∝
1

2
e−Γt2(1± cos∆mt2)×

1

2
e−Γt2(1± cos∆mt2), (2.61)

where t1,2 is the absolute decay time of B1 and B2. By convention, B1 = Btag and B2 = Bsig is
chosen. After integrating over time t1, and simplifying Eq. 2.61 reads:

PSD(∆t) =
1

8
e−Γ∆t

[
2∓

(
1 +

Γ2

Γ2 +∆m2

)
cos∆m∆t± Γ∆m

Γ2 +∆m2
sin∆m|∆t|

]
. (2.62)

The main difference between the entangled PDF in Eq. 2.60 and 2.62 lies in the prefactor of the
cosine, which serves as a damping term and the emergence of a sine-term with an absolute ∆t in
the argument. The rigorous derivation of the SD PDF in Eq. 2.62 can be found in Appendix A.1.

Additionally, the time-dependent asymmetries for fully entangled and SD case is defined

a(∆t) =
NOF (∆t)−NSF (∆t)

NOF (∆t) +NSF (∆t)
= cos∆m∆t, (2.63)

aSD(∆t) = fcos · cos∆m∆t+ fsin · sin∆m|∆t|. (2.64)

where fcos and fsin are the prefactors of cosine and sine from Eq. 2.62 and the subscripts OF
and SF stand for opposite flavor and same flavor, respectively. The additional sine-term in Eq.
2.64 leads to a phase shift in the asymmetry, in respect to Eq. 2.63. Following Fig. 2.7 show
the PDFs and time-dependent asymmetries Eqs. 2.63 and 2.64 for the entangled and disentangled
case, respectively. When looking at the ∆t-distributions in Fig. 2.7, one can see a clear difference
especially in the same flavor PDFs. For the fully disentangled case the blue distribution does not
vanish at ∆t = 0, as for the entangled case (blue distribution in left Fig. 2.7). This is a direct
result of the disentangled oscillation. While for entangled B0B

0 pairs it would be impossible to
be in the same state at the same time (∆t = 0), this constraint does not exist for disentangled
pairs. The shapes of the red curves for both cases are seemingly similar, although the relative peak
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Figure 2.7: ∆t-distribution and time-dependent asymmetry a(∆t) for the case of full entanglement
(left) and full disentanglement (right). The PDF for the case of the B mesons decaying in opposite
flavor states and same flavor states are shown in red and blue, respectively. The plot on the bottom
shows the time-dependent asymmetry from Eqs. 2.63 and 2.64 for entangled and disentangled case,
respectively.

height at ∆t = 0 is lower for the SD case due to probability conservation. When looking at the
asymmetries for both cases the SD case shows a smaller amplitude and some phase shift compared
to the entangled case in left Fig. 2.7.

2.5.2 Partial Spontaneous Disentanglement

Moving on to the Partial Spontaneous Disentanglement model. Here, the fraction of spontaneously
disentangling B0B

0 pairs is reduced to only a fraction ζ ∈ [0, 1]. The PSD model is constructed
by an linear combination of the entangled PDF in Eq. 2.60 (PQM) and the SD PDF in Eq. 2.61
thus reads:

PPSD(∆t, ζ) = (1− ζ) · PQM(∆t) + ζ · PSD(∆t). (2.65)

This means for ζ = 0(1), PPSD takes on the form of the fully (dis)entangled case. After a simple
arithmetic exercise one gets the time-dependent combined PDF:

PPSD(∆t, ζ) =
1

8
e∆t/τ

[
2∓

(
2− ζ∆m2τ 2

1 + ∆m2τ 2

)
cos∆m∆t± ζ∆mτ

∆m2τ 2
sin∆m|∆t|

]
. (2.66)

This model has been studied at Belle by Go et al. [26]5. In the study, the time-dependent
asymmetry has been extracted by deconvolution of detector effects and correction for experi-
mental effects. The analysis has been performed for 152 × 106 BB pairs taken at the Υ(4S)

5This study also analyses a model proposed by Pompeili and Selleri [31] which is strongly disfavored by 5.1σ

compared to the entangled model. This model will not be included in this thesis’s analysis.
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resonance. Different from the Belle II experiment with the SuperKEKB accelerator, the data has
been taken on an asymmetric energy of 3.5 GeV and 8.0 GeV at the e+e− collider KEKB. More-
over, the fully reconstructed signal channels are the semi-leptonic channel B0 → D∗−l+ν with
D∗− → D

0
[K+π−(π0)]π−

s and D∗− → K+π−π+π−. Conversely, the tag-side B’s decay vertex and
flavor are determined by a flavor tagger algorithm described in [32]. Go et al. apply a lepton-tag
condition, i.e. only leptonic tags from highest purity are used. This has some advantages such as
having no Tag-Side Interference effects in turn of losing statistics. Exclusively using tags of the
highest purity reduces the wrong-tag fraction to a minimum.6 Fig. 2.8 shows the time-dependent
asymmetries for QM and SD model predictions and data. As SD is excluded by 13σ, consequently

Figure 2.8: The plot on the bottom show time-dependent asymmetry for fully entangled QM model
(left) and the fully disentangled model (right). The yellow boxes show the models’ predictions for
QM and SD case with ±1σ region. Data points with error bars show the region of ±1σ. While
QM is consistent with data, SD has been excluded with 13σ. Plots on the top show the pull
distribution. [26]

the more realistic case of PSD is studied by fitting the time-dependent asymmetry with a free
ζ
B0B

0 . For the fraction of PSD in the flavor basis B0 −B
07 they report a value of [26]

ζ
B0B

0 = 0.029± 0.057, (2.67)

consistent with full entanglement, though a small fraction of disentanglement in the O(1%) could
not be excluded, and a fraction of disentanglement in the O(10%) could not be excluded on the
90% CL.

6For more details regarding selection, cuts and treatment of background, refer to Go et al. [26] directly.
7Throughout this thesis ζ is always defined in this flavor basis of the B meson, as long as not explicitly stated

differently.
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Multiple things will be different in this thesis’s work as hadronic decay modes of the B0 are
studied. Using the semi-leptonic channel has been proposed as it offers a larger data set decreasing
statistical uncertainty. Additionally, while the loss of statistics when applying the lepton tag
condition has to be considered, the decrease of systematic uncertainty due to absence of TSI
effects in semi-leptonic modes could turn out to be beneficial. As far as sensitivity estimations go
for the parameter ζ at Belle II a simple extrapolation according to number of events is proposed.

2.5.3 Remarks on time-dependent disentanglement models

There are a variety of models describing possible ways of how quantum entanglement between the
two B mesons could be lost. Theoretical works focus mostly on time-dependent disentanglement
models, finding its origin in mathematical frameworks of so-called Open Quantum Systems with
the Lindblad formalism [33]. These were later put into context of heavy flavor decays by e.g.
Pompili & Selleri [31], Bertlmann et al. [34] and most recently Alok et al. [6], just to name a
few. Currently, there are ongoing studies at Belle II searching for time-dependent disentanglement
models, for example at the University Hawai’i. However, the search of time-dep. disentanglement
relies on the measurement of the absolute decay times of both B mesons, for which novel techniques
are currently under development. Here at Max-Planck-Institute for Physics’s Belle II group, a
focus has been set on studying disentanglement models using the decay time difference ∆t. This
approach has been motivated by the fact that the analysis stays model-independent, as absolute-
time dependent effects are integrated out. Therefore, they can be modeled in terms of the fraction
of disentanglement parameter ζ = f(Λ), with Λ being a universal parameter of disentanglement.
Moving forward, the model independent definition of ζ will be used.



3 The Belle II Experiment

Belle II is a project consisting of the SuperKEKB accelerator and Belle II detector located at the
research laboratory KEK in Tsukuba, Japan. To reach higher luminosities the KEKB accelerator
has been upgraded to SuperKEKB. Likewise, the Belle detector has been upgraded to Belle II.
The primary goal of this project is the search for NP in the flavor sector of the SM. Additionally,
this B factory will improve measurements of SM parameters, provide unprecedented access to the
τ -sector and allows for Dark Matter searches. The following chapter focuses on the apparatus of
the Belle II experiment and the Belle II Analysis Software Framework. Information used in this
chapter is taken from references [20, 35].

3.1 The SuperKEKB accelerator

SuperKEKB is an asymmetric e−e+-collider with a circumference of 3km, designed to reach in-
stantaneous luminosities of L = 6 · 1035 cm−2s−1. After production of the particles, the beams are
accelerated in the electron-positron linear accelerator. Then the e+ and e− are injected into the
low energy storage ring (LER) and into the high energy storage ring (HER), respectively. The
positron and electron beams with 4 GeV and 7 GeV, respectively, result in a center of mass (CM)
collision energy of

√
s = 10.58 GeV. These beams are brought to collision at the interaction point

which is located inside the Belle II detector. The CM has the same energy as the Υ(4S) resonance,
which is slightly above the energy threshold necessary for B meson pair production. Hence, the
electron-positron-pair annihilates partly into the Υ(4S) resonance which then decays in 96% of
the cases into an BB̄-pair [36]:

e−e+ −→ Υ(4S) −→ BB̄. (3.1)

25
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3.2 The Belle II Detector

The Belle II detector consists of seven sub-detectors used for the measurement of numerous quan-
tities. They are aligned concentrically around the collision axis in several layers. To account for
the boost of the Υ(4S) the acceptance is asymmetric in the polar angles between 17◦ and 150◦.
The detector can be divided into an inner layer and an outer layer of sub-detectors, the latter
is being reused from the predecessor Belle. The reused sub-detectors are the KL and µ detector
(KLM), the electromagnetic calorimeter (ECL) and the solenoid. The inner layer consists of the
Aerogel Ring-Imaging Cerenkov Detector (ARICH), the Time of Propagation Detector (TOP), the
Central Drift Chamber (CDC) and lastly the Silicon Vertex Detector (SVD) and Pixel Detector
(PXD). Hereinafter, the sub-detectors are introduced starting from the innermost to the outermost
sub-detector (In the Fig. 3.2: from the left to the right).

Figure 3.1: Three dimensional realistic schematic view of the Belle II detector. The sub-detectors
are marked accordingly to the device and in the order of the innermost to the outermost part,
from the top to the bottom [37].
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Figure 3.2: Simplified two dimensional schematic view of the Belle II detector, made out of 7 sub-
detectors: PXD, SVD, CDC, TOP, ARICH, ECL and KLM. The colors red, green and blue depict
the primary task of the devices that are tracking, particle identification (PID) and calorimetry,
respectively [38].

3.2.1 Sub-detectors

Vertex Detector (VXD)

Just around the beam pipe the VXD is located. It consists of two detectors: the Silicon Vertex
Detector (SVD) and Pixel Vertex Detector (PXD). The latter is the innermost detector, installed
right around the beam pipe. Combined data from these subsystems and the CDC enables the vertex
reconstruction of decayed B mesons. As already mentioned, the PXD is located right around the
beryllium beam pipe. The sensors used in this detector system are based on technology called
Depleted Field Effect Transistor (DEPFET) [39]. This device is made out of two layers with radii
14mm and 22mm with the interaction point at its center, illustrated in Fig. 3.3. The SVD is
composed of four silicon layers placed in radii between 38mm and 140mm from the beam pipe,
while three layers of forward sensors are orientated towards the IP, as can be seen in Fig. 3.4.

Central Drift Chamber (CDC)

The CDC is a cylindrical chamber filled with an 1:1 gas mixture of He-C2H6. Charged parti-
cles passing through the chamber ionize the gas, where wires inside the chamber can detect the
avalanche created by ionized electrons. By this mechanism the trajectory of charged particles can
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Figure 3.3: The PXD has a structure
composed out of two concentrically ar-
ranged layers of sensors, in the shape of
a windmill [40].

Figure 3.4: Schematic view of the Belle II VXD
made out of two layers of the PXD and four layers
of the SVD. [41]

be determined from the knowledge about the positions of ionizations. In combination with the
strong magnetic field the charged particles’ momenta are determined by considering their curva-
ture. Moreover, the SVD and CDC are important for particle identification as they measure the
ionization rates dE

dx
. The measurements in the drift chamber also contribute to the trigger system.

Time of Propagation Detector (TOP) and Aerogel Ring-Imaging Cerenkov Detector
(ARICH)

Information of charged particles’ kinematics gathered from TOP and ARICH are also essential
for particle identification. In the forward end cap region the ARICH is located. In a Cerenkov
radiator made out of aerogel, incoming charged particles produce Cerenkov light. These photons
can be registered in a photon detector. Incoming pions and kaons differ in mass. Thus, the angle
of the emitted light differs. ARICH can separate pions from kaons up to a maximum momentum of
4 GeV/c.

The TOP is located in the barrel region of the Belle II detector. Incoming beams of charged
particles emit Cerenkov light in quartz which is guided to the end of the crystal. A detector
registers photons and measures the time of propagation in the TOP. From this measurement the
particles’ velocities are calculated. Fig. 3.5 shows the working principle of the TOP detector.

Superconducting Solenoid

The superconducting solenoid measures 4.4 m in length and 3.4 m in diameter. It creates a strong
magnetic field of B = 1.5 T, which bends the trajectory of charged particles. This is used in the
CDC for momentum measurements.
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Figure 3.5: Top: general overview of the TOP detector. Bottom: Schematic view of the TOP. The
incoming charged particles K± and π± emit Cerenkov light, which is then guided by the quartz
radiator to the end of the crystal. Depending on the path the time until the photon reaches the
detector differs [35].

Electromagnetic Calorimeter (ECL)

The ECL is crucial for measurements of photon energies and angular coordinates as well as for
detection of clusters made by neutral pions with high momenta. Together with the KLM, the
calorimeter generates signals for trigger processes. Due to their high light output, thallium-doped
caesium iodide (CsI(Tl)) scintillation crystals are used for this detector, maximizing the rate of
photons.

KL and µ Detector (KLM)

The outermost detector, located at the barrel and end cap around the superconducting solenoid is
the KLM, which is made out of alternating layers of 4.7 cm thick iron and scintillator detectors.
It is used to detect long-lived Kaons K0

L and muons, with Kaons creating a hadronic shower when
passing through iron plates, triggering the detector. Muons - the only charged leptons penetrating
the KLM - and minimally ionizing charged hadrons with momentum above 0.6 GeV/c are detected
by depositing ionization energy.
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3.3 Simulation and Analysis Software at Belle II

At Belle II a variety of software is used for event and detector simulations, reconstruction and
data analysis. The software used in the scope of this thesis is the Belle II Software Framework
basf2. In the following section the Event Simulation process, starting from the decay models in
EvtGen, simulation of non-signal events and radiation using PYTHIA 8.2 and PHTOS and finally
the simulation of the detector response using Geant4 will be presented. In the second part, tools
used in the analysis such as Track and Vertex Reconstruction and the process of Flavor Tagging
are presented. Most general information about basf2 is taken from [20].

3.3.1 Event Simulation

For the study of B decays at Belle II, Signal Monte Carlo (MC) data generation is an essential
component. This process is facilitated using the event generator EvtGen, a versatile tool specifically
designed for simulating particle decays. The generation of Signal MC data involves several steps:
implementing decay models, compiling the necessary C++ code, generating the simulated events,
and validating the output against known standards. Each step ensures that the generated events
accurately reflect the expected physical behavior and detector responses. The information about
EvtGen is taken from Ref. [42] if not stated otherwise.

EvtGen operates within the framework of the Belle II Analysis Software Framework, which
integrates various software packages for a seamless simulation workflow. The MC samples are
produced to emulate physical processes originating from e+e− collisions at the Υ(4S) resonance,
followed by the decay into B meson pairs. These decays proceed into the final states of interest
as well as other background processes. To capture the complexities of particle interactions and
detector behavior, multiple software tools are used:

1. EvtGen This event generator models the decay chains of B mesons into exclusive final states.
It utilizes a dedicated decay file (dec file) containing the decay chain specifications and
branching fractions for each step in the process. EvtGen begins by simulating the production
of BB̄-meson pairs and proceeds through their subsequent decays according to the specified
decay file. For neutral B mesons, the oscillation is modeled before further decay.

2. PYTHIA 8.2: Since EvtGen exclusively handles decays into exclusive final states, PYTHIA 8.2
complements it by simulating non-resonant processes, e.g. hadronization, for any final states
not explicitly covered in the dec file. This ensures that the simulated events account for all
possible outcomes in a realistic manner.

3. PHOTOS: To get closer to reality in simulations, PHOTOS is employed to simulate final-state ra-
diation (FSR). This accounts emitted photons during particle decays, which can significantly
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impact the final state’s kinematics.

4. Geant4: The simulated particles and their interactions with the Belle II detector are modeled
using Geant4. This software incorporates a detailed description of the detector’s geometry,
material composition, and physics processes. This enables a realistic simulation of particle
tracking, energy deposition, and detector responses. The inclusion of beam background
effects further enhances the accuracy of simulated events to match experimental conditions.

3.3.2 EvtGen Model

A new EvtGen Model is used to generate spontaneously disentangled events. The model has been
developed in collaboration with Alexei Sibidanov (University of Hawai’i). This subsection will
provide a description of the idea of the VSS_BMIX_SD model. It is developed using the existing
VSS_BMIX as example, which is used to handle Standard Model Υ(4S) → B0B̄0 events with
subsequent B0 mixing. As the name already suggests this model handles decays of the type Vector
to Scalar-Scalar. In this usage case Υ(4S) is a C = −1 vector particle decaying into to scalar
particles with a adjustable fraction of coherent/independent mixing. The parameter C = −1

corresponds to η parameter used in the derivation in Appendix A.2. For coherent mixing, refer to
Ref. [42] as there were no changes made for that part. The independent mixing is governed by
the physics explained in theory chapter’s section 2.2.3. The VSS_BMIX_SD model can be used as
follows:

Decay Upsilon(4S)
1.0 B0 anti-B0 myB0 myanti-B0 VSS_BMIX_SD dm zeta;
Enddecay

Here dm corresponds to the physical oscillation parameter ∆m in units of ps−1, and zeta the
fraction of disentangled events in the PSD model. When setting zeta to zero, this model returns
the already established VSS_BMIX. As also remarked in [42] this new model is similar to the previous
VSS_MIX model, however has no longer the need of manually setting the ratios of mixed and
unmixed events using branching fractions. The correct distributions will also be provided for events
including a fraction of disentangled events, i.e. zeta ̸= 0. After the modeling of the oscillation,
the decays follow the classic decays given in dec-files 1143040100.dec and 1143062100.dec.

3.3.3 Track Reconstruction

Track reconstruction is used to reconstruct charged particles from primary and secondary vertices.
It is needed for vertex reconstruction and detector alignment for precise studies of time-dependent
CP violation measurements and systematic uncertainty studies. In basf2 track reconstruction is
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a two-step procedure, starting with track finding and then track fitting. Track finding requires
pattern recognition of clusters in PXD/SVD and CDC wire hits to assign them to one charged
particle. The identified clusters and wires belonging to one track are passed on to the track fitting
step. Here, the trajectory of each particle is obtained by track fitting from the hit positions. The
track fitting is based on GENFIT tracking framework, the Kalman filter optimized for Belle II, as
well as multivariate methods [20].

A charged particle propagating in a uniform magnetic field follows a helical trajectory charac-
terized by five parameters, which are - by convention - defined at a reference point P along the
trajectory. At Belle II, this reference point is chosen as the so-called Point of closest approach
to the interaction point, determined by extrapolating the track to the z axis. The five track
parameters utilized in the Belle II tracking software are:

• d0: The signed transverse distance from the IP to the point of closest approach. The sign
convention is defined such that, when moving along the track in the direction of the particle’s
momentum, the sign is positive (negative) if the IP is to the right (left) of the track at the
point of closest approach.

• z0: The signed longitudinal distance from the IP to the point of closest approach along the
beam axis.

• ϕ0: The azimuthal angle of the track at the point of closest approach.

• tanλ: The tangent of the dip angle, defined as the angle between the track’s momentum at
the point of closest approach and the transverse plane.

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

These track parameters are fundamental to reconstructing particle trajectories and obtaining pre-
cise measurements of decay vertices. Fig. 3.6 illustrates the impact parameters d0 and z0 within
the Belle II detector system. Impact parameters d0 and z0 are collected in bins of the pseudo-
momentum. To quantify the precision of track reconstruction impact parameter resolutions σd0

and σz0 can be defined as:

σd0 =

√
a2 +

b2

pβ sin3/2 θ
, σz0 =

√
a2 +

b2

pβ sin5/2 θ
, (3.2)

where a is the intrinsic detector resolution, b the multiple scattering coefficient in units of [GeV
µm] and the denominators in the equations the so-called pseudo momenta. Latter, account for
effects of multiple scattering. By fitting a Gaussian to the binned impact parameters the resolution
parameters from Eq. 3.2 can be estimated.
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Figure 3.6: Schematic view of track reconstruction parameters. Solid green line shows the particle’s
track with the dashed green line showing its projection on the xy plane. Impact parameters d0, z0
are the distance between origin and Point of closest approach on xy plane and the z coordinate of
the Point of closest approach, respectively. [25]

3.3.4 Vertex Reconstruction

Vertex reconstruction describes a technique where reconstructed parameters of decaying particles
are used to determine the decay or interaction vertex. In this procedure the vertex position is
reconstructed and the momentum as well as the invariant mass of the decaying particle is reevalu-
ated. Difference in decay time and decay length can also be calculated by a vertex fitter. At Belle
II, there are two main vertex reconstruction techniques, namely the Kinematic Fit library (KFit)
developed at Belle and the Reconstruction in an Abstract Vertices Environment (RAVE), a stan-
dalone software from CMS and finally the TreeFitter from the BaBar Collaboration. KFit and
RAVE are used for kinematic fits, while latter also serves for geometric fits. Moreover, TreeFitter
is used for entire decay chain fitting. [20]

In kinematic fits, known properties of specific decay chains are applied to improve measure-
ments, while kinematic constraints are acquired from Lagrangian Multipliers [20]. As usual for
many fitting processes, a χ2 function is defined which is minimized iteratively in order to obtain
parameter estimates on physical quantities. This procedure is usually applied in order to deter-
mine decay vertex positions. Through residual fits on the vertex’s’ coordinate components can
give limits on the spatial resolution.

Entire decay chains are fitted using the TreeFitter where trees are parameterized and fitted
globally. Sharing information across the whole tree even allows for access to modes rich in neutral
and missing particles. As the entire chain is parameterized, naive χ2 minimization is suboptimal
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Figure 3.7: Production of two entangled B mesons from the Υ(4S) resonance. Btag and BCP (Bsig)
propagate in an entangled state until Btag decays at ∆z = 0. BCP oscillates further until it decays
into final state ∆z. [43]

due to high computation lengths. Instead, Kalman filtering algorithm is applied which brings down
computation times significantly [20].

Moving on to a crucial application of vertex reconstruction in time-dependent CP violation
measurements - the tag-side B vertex fitting. The sensitivity on the vertex position has to be
sufficient to resolve neutral B meson oscillations. The difference between the tag-side and signal-
side B is defined as

∆t = tsig − ttag =
∆z

βγc
. (3.3)

with tsig and ttag the absolute decay times of the fully reconstructed signal-side B and the tag-side
B, respectively. ∆z is defined as the decay vertex positions’ difference of the two B mesons along
boost direction. As the tag-side B’s vertex sensitivity dominates the resolution of ∆t a precise
determination of the vertex position plays in important role in mitigating uncertainty. Following
sketch illustrates the evolution of both B mesons on tag-, and signal-side until their subsequent
decays. After their pair production in the Υ(4S) resonance, the tag-side B decays at ∆z = 0,
while signal-side BCP (Bsig) decays at ∆z. The difference in decay time is calculated using Eq.
3.3. In order to further optimize the χ2 function’s minimization, weights are introduced. These
weights are constraints imposed upon the D meson’s decay vertex. For this, an ellipsoid region is
defined around the beam spot orientated along the boost direction in which the B0 is more likely
to decay than the D. For decay vertices outside this defined region the tracks originating from
that point are assigned to the D. The following figure illustrates this beam spot constraint: More
detailed description of the tag-side B meson’s reconstruction can be found in Sec. 4.4.2.
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Figure 3.8: Schematic view of the tag-side B decay vertex in zx plane. A ellipsoid region centered
around the beam-spot (BS) along the boost direction is defined. While B0 decays more likely
inside this region, decay vertices outside this region are more likely to be D mesons (here, D+).
[20]

3.3.5 Flavor Tagging

As already introduced, at Belle II the B mesons are produced in pairs, in our case B0B
0. After one

B is fully reconstructed in the signal channel (signal side) the remaining reconstructed tracks and
neutral ECL and KLM clusters belong to the other B meson on the so-called tag-side. Especially, in
measurements involving CP -violation and B meson mixing require the determination of the Btag’s
flavor as this consequently dictates the flavor of Bsig at the time of Btag’s decay. The procedure is
done using so called flavor tagging algorithms, short - Flavor Taggers.
To determine the flavor of a decaying B meson, one can resort to so-called flavor-specific decays,
e.g. B0 → D−l+νl. These types of decays result in a final state, which can exclusively be reached
from a specific B0 state1. However, due to the huge amount of possible flavor-specific modes,
full reconstruction for many of them are dubbed unfeasible. Thus, the flavor tagger resorts to
sophisticated inclusive techniques to exploit information provided by signatures in flavor-specific
decays.
Already at Belle and BaBar experiments different flavor taggers have been developed. For the
more challenging experimental environment of Belle II new flavor taggers had to be developed,
while lessons from previous work have been incorporated.

1This is true to a good approximation. The effect of Tag-Side interference is caused by doubly CKM-suppressed
amplitude contributions which are considered as systematic uncertainty. See section 2.3.2 for more.
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Flavor Tagging Parameters

To quantify the flavor tagger some variables which will later be included in the observable PDF
are introduced here. Firstly, the efficiency needs to be quantified, which is defined as the ratio
between the number of events where the flavor tagger (N tag) can assign a flavor to over all events
(N):

ε =
N tag

N
. (3.4)

The case of the tag decision to be wrong is expressed by the fraction w, that can be used to express
the number of tag-side B0 mesons:

N tag
B0 = ε(1− w)NB0 + εwNB0

, (3.5)

N tag
B

0 = ε(1− w)N
B

0 + εwNB0 . (3.6)

Consequently, the observed asymmetry in CP -violation can be defined in terms of eqs. 3.5 and 3.6

aobs
CP =

N tag
B0 −N tag

B
0

N tag
B0 +N tag

B
0

= (1− 2w)
NB0 −N

B
0

NB0 +N
B

0

.. (3.7)

The statistical uncertainty for this value is given by

δaCP =
δaobs

CP

1− 2w

Ntag
B0 ≈Ntag

B
0

=
1√

N tag(1− 2w)
. (3.8)

Here the asymmetry is diluted by the term (1− 2w) which is the so-called dilution factor

r ≡ |1− 2w|, (3.9)

where r = 0 means no flavor information, hence w = 0.5, and r = 1 means a tag with full
certainty, hence w = 0, 1. Now, substitute the denominator by introducing N eff, the effective
number of tagged events. With this quantity, Eq. 3.8 becomes

δaCP =
1√
N eff

=
1√

εeff ·N
, (3.10)

where εeff is the effective tagging efficiency, defined as

εeff = ε · r2. (3.11)

Above relations show that maximizing the effective efficiency results in a minimization of statistical
uncertainty. Therefore, in CP -violation analyses the fits are performed in bins of the dilution factor
r. The strength of flavor discrimination is maximal for r close to 1. This method is also applied
when calibrating the flavor tagger. [25] The r-bins intervals are chosen to be

[0.000, 0.100, 0.250, 0.450, 0.600, 0.725, 0.875, 1.000]. (3.12)
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In the final step, the fact that a possible deviation arises for both w and ε when q = ±1 has to be
considered. This is caused by the detector’s charge-asymmetric performance. Thus, Eq. 3.4 and
w are extended to

ε =
εB0 + ε

B
0

2
, w =

wB0 + w
B

0

2
, (3.13)

where wB0 is the fraction of true B0 wrongly tagged as B0. The differences read

∆ε = εB0 − ε
B

0 , ∆w = wB0 − w
B

0 . (3.14)

To account for the charge-asymmetry the r-bins are multiplied by q = ±1.



4 Analysis Strategy

This chapter is divided into three parts. First, the physics model introduced in the theory chapter’s
Sec. 2.5 is reevaluated in terms of detector, kinematic and reconstruction effects. This step is
crucial to get from the purely physics model to the real observable model. In the second part the
analysis strategy is presented, which includes the choice of the decay modes, their reconstruction
and the applied selection. Here, the methods presented Chapter 3 are used. Finally, a naive Signal
MC validation is presented. Aim of this chapter is, to get the proper observable model and the
reconstructed Signal MC data, so studies on quantum entanglement can be performed later.

4.1 Observable PDF

Thus far, when discussing the shape of disentanglement models’ PDF only pure physics has been
considered. To get from theoretical prediction to measurable quantities under real conditions, one
has to take imperfect knowledge about the flavor of Btag, detector response and kinematic smearing
into account. The detector effects are modeled by the Resolution Function R(δ∆t, σ∆t) which is a
distribution of residuals δ∆t = ∆t−∆tMC, defined as the discrepancy between reconstructed and
true decay time difference. The reason that ∆t ̸= ∆tMC is due to the combined uncertainty on the
vertex position as well as tracks coming from intermediate charm decays on tag-side. In addition,
all other inefficiencies have to be accounted for, which will be done first by incorporating flavor
tagger parameters defined in Sec. 3.3.5.

38
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4.1.1 Flavor Tagger parameters in the PDF

Before moving on to the resolution function and its impact on the observable PDF, Flavor Tagger
parameters have to be included in the models’ PDFs, following the approach of Ref. [25]. The flavor
tagging parameters defined in Sec. 3.3.5 included for the SD as well as the PSD ∆t distributions
in Eqs. 2.61 and 2.65 give

P obs
SD (∆t; qsig, qtag) =

ε

8
· e−Γ∆t · [2 · (1− qtag∆w + qtagµ(1− 2w))

− [qtag · (1− 2w) + µ · (1− qtag∆w)] · qsig
× [fcos cos∆m∆t+ fsin sin∆m|∆t|],

(4.1)

where µ = ∆ε/(2ε), and qtag and qsig are the flavor of the tag-side and signal-side B meson,
respectively. The prefactors of trigonometric functions fcos and fsin follow the definition in Eq.
2.61. Finally, the ∆t distribution for PSD in Eq. 2.65 can be extended the exact same way as in
Eq. 4.1, with the only difference in the prefactors fcos and fsin depending on ζ.

4.1.2 Resolution function

Proceeding with inclusion of the detector response, the resolution function is presented here. The
choice of the resolution function’s nominal parametrisation follows the approach in Ref. [44]. An
alternative parametrisation, namely the BaBar shape has been also investigated [44]. Though it
requires fewer parameters that can be left to float in the fit, it has been shown to be less accurate
and introduces a small bias to mixing parameter ∆md.

The nominal resolution function parametrisation is defined as sum of a core and outlier (OL)
part

R(δ∆t;σ∆t) = (1− fOL)Rcore(δ∆t;σ∆t) + fOLROL(δ∆t;σ∆t), (4.2)

with fOL the fraction of outlier events. Moreover, Rcore(δ∆t;σ∆t) is the sum of two single Gaussians
G(x;µ;σ) and a Gaussian convoluted with the right- and left-side exponential tail exp±(x), with
x > 0 or x < 0:

Rcore(δ∆t;σ∆t) =(1− ftail) ·G(δ∆t;µmain · σ∆t, smain · σ∆t)

+ ftail(1− fexp) ·G(δ∆t;µtail · σ∆t, stail · σ∆t)

+ ftail · fexp ·G(δ∆t;µtail · σ∆t, stail · σ∆t)

⊗ ((1− fR)expL(δ∆t/c · σ∆t) + fRexpR(−δ∆t/c · σ∆t))

(4.3)

where σ∆t is the vertex fit uncertainty on ∆t. The indices main and tail describe the mean and
width of the tight (main) and wide (tail) Gaussian, respectively, while the constant c models the
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length of exponential tails. The three parameters fexp, ftail and fR account for the fractions of
events belonging to either exponential part, tail part (both, Gaussian and exponential tail) or right
exponential tail. Due to small tail contributions at small σ∆t, ftail is defined as a function of σ∆t

[44]
ftail(σ) = fmax · erf(σ, µ = fµ), (4.4)

where erf is the error function, which guarantees a smooth transition between small and large tail
fractions for σ∆t. Conversely, the OL part of Eq. 4.2 is defined as a single Gaussian with its mean
at the origin and dependence on σ∆t [44]

ROL(δ∆t;σ) = G(δ∆t, 0, σOL). (4.5)

The analytical convolution of the resolution function with the physics PDF from Secs. 2.5.1
and 2.5.2 is a crucial step to obtain the observed PDF. A general derivation of such convolution is
shown in Appendix A.3. Finally, the kinematic approximation can be included to the PDF to get
the full observed PDF.

4.1.3 Kinematic approximation

Moving on to the so-called kinematic approximation. Its inclusion is a crucial step towards ob-
taining the full observed PDF. The goal of the kinematic approximation is to bridge the difference
between the true decay time difference ∆τ in center-of-mass system (CMS) and the measured
decay time difference ∆t in lab frame [44]. This is achieved by considering B0B

0 system’s motion
in the CMS with respect to the boost direction. For different angles with respect to the boost
direction the measured decay time difference experiences an asymmetry which has to be accounted
for.

This effect is illustrated schematically in Fig. 4.1, where the B mesons’ motion in CMS is
shown schematically on the left. The mesons decay back-to-back both moving with the same angle
θ∗ with respect to the boost direction. Right plot shows the same flavor ∆tMC-distribution for
different θ = 45◦, 90◦ and 135◦ in orange, blue and green, respectively. The colors in both figures
correspond to each other. For this plot all detector and imperfections regarding the flavor tagging
process are still not included. Here, a sizable difference can be seen for different θ in regard to
the ∆tMC-distribution. Though, the symmetry is conserved when θ = 90◦, asymmetry arises for
θ = 45◦ and 135◦.
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Figure 4.1: The sketch on the left shows the Bsig and Btag for three different cases of θ∗ in the
center-of-mass system (CMS). The red arrow shows the direction of the boost. Bsig and Btag decay
back-to-back with θ∗ with respect to the boost direction. Right plot shows the ∆tMC distribution
for θ = 45◦, 90◦ and 135◦ in orange, blue and green, respectively. The colors in both figures
correspond to each other. [44]

Key parameters for this process are:

• ∆τ ∈ (−Στ,Στ), the true decay time difference between Btag and Bsig defined as
∆τ = τsig − τtag,

• Στ ∈ (0,+∞), the sum of the true decay time of Btag and Bsig,

• cos θ = cos θ∗ ∈ (−1, 1), the cosine of the polar angle of Bsig with respect to Υ(4S)’s boost
direction in Υ(4S)’s rest frame.

This set of three parameters describe the B0B
0 system for rotational invariance along azimuthal

angle ϕ in the detector while neglecting detector effects. The PDF can be constructed using these
parameters, resulting in

dp
d cos θd∆τdΣτ

=
dpτ

d∆τdΣτ
dpθ

d cos θ
, (4.6)

where pθ is the momentum along the θ direction. The differential term is defined as a function
only of θ:

dpθ
d cos θ

=
3

4
(1− cos2 θ). (4.7)

The term containing the momentum’s boost direction component pτ for neutral B mesons can be
expressed as

dpτ
d∆τdΣτ

=
e−Στ/τ

2τ 2
(1− cos∆m∆τ). (4.8)
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Next, the step from the true decay time difference ∆τ to the measured ∆tMC is taken, so the set
of parameters undergo the variable change of

∆τ,Στ, cos θ → ∆tMC,Στ, cos θ. (4.9)

The measured decay time difference can be defined as

∆tMC =
∆z

cβγγB
, (4.10)

where βγ ≈ 0.29 the Υ(4S)’s boost, γB ≈ 1.002 the gamma factor of B in boosted frame [20].
Furthermore, Eq. 4.10 can be expressed in terms of the true decay time difference

∆tMC = ∆τ +KΣτ cos θ, (4.11)

where K ≈ 0.225 is a beam energy dependent constant defined as K = βB/β [20]. In terms of
this parameter K, the interval in which ∆tMC is defined is now −Στ(1 − K cos θ) < ∆tMC <

+Στ(1 +K cos θ). The PDF from Eq. 4.6 after change of variables now reads:

dp
d cos θd∆tMCdΣτ

(∆tMC,Στ, cos θ) =
dpτ

d∆τdΣτ
(∆t(∆tMC,Στ, cos θ),Στ, cos θ). (4.12)

On the right hand side of Eq. 4.12, the PDF is expressed in terms of the observed decay time
difference ∆t, accessible by the Resolution Function defined in previous Sec. 4.1.2.

Before the final PDF can be written down, the parameters Στ and cos θ have to be integrated
out. Latter is averaged by an integral in range (−1, 1), while Στ ’s integral covers the range
between

[
|∆tMC

1+Ksign(∆tMC) cos θ
,+∞

)
. The resulting function is called the marginalised PDF. Lastly,

the resolution function R(∆t−∆tMC) from Eq. 4.2 is included. The PDF now reads

Pobs(∆t, σ∆t) =

∫ 1

−1

d cos θ
dpθ

d cos θ

∫ +∞

−∞
d∆tMC

∫ +∞

|∆tMC|
1+Ksign(∆tMC) cos θ

dΣτ
dpτ

d∆tMCdΣτ
R(δ∆t) (4.13)

= T
[
Pphys(∆t

MC)⊗R(δ∆t, σ∆t)
]
, (4.14)

where first row is the explicit form and the second row the general form with T the operator for
the kinematic approximation.

4.1.4 Tag-Side Interference as background of Disentanglement Effects

The TSI effect presented in Sec. 2.3.2 which is, as the name suggest an effect on the tag side,
is now relevant for this analysis as the signal channel B0 → D(∗)−π+ suffers from it as well. On
the signal-side however, TSI in B0 → D(∗)−π+ decays introduces a term ∝ sin∆m∆t which acts
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as a background for disentanglement effects. In principle, the two effects can be distinguished, as
shown in a recent study [45]. However, this needs to be tested thoroughly for the specific case
of the conditions presented here. For this, an important study will be so-called Pure Toy Monte
Carlo studies, where data sets are sampled directly from the model PDFs. That way, different TSI
sizes can be tested in a clean environment to predict systematic impacts on mixing studies. In the
scope of this thesis, such study has not been performed. Certainly, it has to be included in later
studies of systematic uncertainties as an effect on the tag side, if decided against (semi)lepton-tag
condition.

4.2 Likelihood Function and Fit Method

To extract physical parameters from the observed ∆t distribution, a likelihood-based fitting ap-
proach is adopted. The likelihood function L(θ⃗;x) is defined as a function of a set of parameters
θ⃗. To retrieve the model that describes the data best, a set of parameters is found that maximizes
this likelihood function. In practice, it is numerically more favorable to minimize the negative
logarithm of L instead of maximizing it due to numerical instabilities when multiplying small
numbers. Additionally, the computation of derivatives of a sum is simpler than that of a product.
Thus, the function minimized for a data set of N events with single event observables xi (e.g., ∆t,
tag information), the extended unbinned negative log-likelihood (NLL) is defined as

L = −
n∑
i

ln(f(θ|xi)), (4.15)

where f(θ|xi) is the probability density function evaluated at event xi and parameter θ [46]. In
this analysis, the ∆t PDF is built from a physics model combined with resolution function, flavor
tagging and kinematic effects, presented prior to this section.

In practice, the PDF is constructed using zfit [46], a python-based model fitting library based
on TensorFlow [47]. Here, the unbinned extended negative log-likelihood (NLL) is employed to
avoid discretization effects from binning, while simultaneously accounting for both the shape of
the ∆t distribution and the expected event yield via the extended term. The fit itself is performed
using a numerical minimization of the extended unbinned negative log-likelihood using the Minuit
algorithm implemented within the iminuit library [48]. This approach combines the numerical
stability of Minuit with the flexibility and speed of TensorFlow-backed PDF evaluation.
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4.3 Selected decay modes

In this analysis, hadronic decay modes of the neutral B mesons, namely B0 → D−π+ and B0 →
D∗−π+ are used. The branching fractions for these decays are given by [13]

BF (B0 → D−π+) = (2.51± 0.08) · 10−3, (4.16)

BF (B0 → D∗−π+) = (2.66± 0.07) · 10−3. (4.17)

The signal B is reconstructed in one of four channels:

and charge conjugated modes. The subscript in π−
s denotes so-called slow pions. Subsequent

decays of the D− and D∗− which result in a neutral kaon are not included, as reconstruction
efficiencies are worse, while not increasing the statistics significantly [44]. In the Signal MC, the
relative branching fractions are adjusted to be the same, i.e. B0 decays 25% of the times in
B0 → D−π+ and 75% in B0 → D∗−π+. The three subsequent decay modes of D∗− are each
accounted for with a 1/3 ratio, ensuring the same number of events for each mode. Although
this does not represent the reality as B0 → D∗−π+ and B0 → D−π+ have about the same size
of branching fractions, this is justified since there are no significant differences in these distinct
channels in relevant observables [44].

Tab. 4.1 shows the signal efficiencies for each of the four reconstructed channels. Since there
were two Signal MC samples generated for entangled and disentangled case, the efficiencies are
calculated individually and denoted by subscript QM and SD, respectively. Column Cut are divided
into Reconstruction, Selection and ∆t fit quality cuts. Prior refers to all cuts during reconstruction
and later preselection cuts, as well as final cuts. ∆t fit quality cuts refer to criteria applied after
the tuple processing.

The total signal efficiency is the best for B0 → D−π+, followed by B0 → D∗−[D
0
π−
s ]π

+ with
D̄0 → K+π−, then D̄0 → K+π−π+π−, and finally D̄0 → K+π−π0, as efficiency scales with
number of tracks and clusters to reconstruct. The efficiency is lower for channels including D∗−

as it contains slow pions (πs) which do not reach the CDC, thus has lower efficiency itself [49]. In
addition, B0 → D∗−π+ with D̄0 → K+π−π0 channel’s low efficiency is caused by clusters from
photons in π0 → γγ.
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Cut εsig [%]

B0 → D−π+ with D− → K+π−π−

Reconstruction, Selection 45.0
∆t fit quality cuts 89.5

Total 40.2
B0 → D∗−π+ with D̄0 → K+π−

Reconstruction, Selection 42.7
∆t fit quality cuts 89.6

Total 37.2
B0 → D∗−π+ with D̄0 → K+π−π0

Reconstruction, Selection 16.8
∆t fit quality cuts 90.1

Total 14.5
B0 → D∗−π+ with D̄0 → K+π−π+π−

Reconstruction, Selection 31.5
∆t fit quality cuts 89.7

Total 28.7

Table 4.1: Signal Efficiencies εsig for the four reconstructed channels.
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4.4 Event Reconstruction and Selection

In this section the reconstruction process and selection requirements are discussed. The recon-
struction of the decay modes B0 → D(∗)−π+ involves multiple steps. The reconstruction process
has two main goals: fully reconstruct the signal channel which defines the Bsig and find the flavor
of the other Btag using a flavor tagger (see Sec. 3.3.5).

4.4.1 Bsig reconstruction

The first step of the signal-side event reconstruction is to find D− and D̄0 meson candidates. This
is done combining charged tracks which satisfy specific criteria to ensure they originate from the
interaction point:

• Tracks are required to have a polar angle θ within the acceptance of the CDC.

• Impact parameter cuts of dz < 3.0 cm and dr < 0.5 cm are applied.

• A loose kaon identification (IDK > 0.01) is imposed on the kaon track.

In cases where the decay channel includes π0, candidates are reconstructed in π0 → γγ. There, can-
didates are formed from ECL clusters not associated with any tracks and several conditions prede-
fined in lists e.g. eff30_Jan2020, eff40_Jan2020 etc. Subsequently, the D0 or D− candidate is re-
quired to have its invariant mass within a loose window [1.810, 1.895] GeV centered asymmetrically
around its nominal mass mD± = (1869.5± 0.4) MeV [13]. For D− candidates, a slow pion (π−

s ) is
added to the D0 candidate. The D− mass and Q-value, defined as Q =M(D∗−)−M(D0)−M(π−),
must satisfy preselection requirements of Q ∈ [4.6, 7.0] MeV, which is centered around the known
energy release. Finally, the Bsig candidate is formed by combining a D(∗)− meson with a π+ track.
Loose selection criteria are applied to the beam-energy-constrained mass (Mbc) and the energy
difference (∆E), defined as [20]

Mbc =
√
E∗2

beam − p2B, (4.18)

where E∗2
beam is the reconstructed beam energy in rest frame with E∗2

beam =
√
s/2 and pB the

momentum of reconstructed particle. Furthermore, the energy difference ∆E is defined as

∆E = E∗
B − E∗

beam. (4.19)

In theory, correctly reconstructed B meson decays would have ∆E = 0 and Mbc = mB, with
mB = (5279.63±0.20) MeV the invariant B meson mass [13]. Following selection cuts are centered
around these nominal values.
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• Mbc must fall within 5.2 < Mbc < 5.3 GeV.

• |∆E| is constrained to [−0.10, 0.25] GeV GeV.

To enhance vertex resolution, a kinematic fit is performed on the Bsig decay chain, as explained in
Sec. 3.3.4. This fit incorporates constraints from the interaction point and known particle masses,
thereby refining the candidate selection.

4.4.2 Tag-side reconstruction

For each event that satisfies the preselection requirements, the remaining tracks and clusters are
utilized to reconstruct the Btag candidate. Specific criteria are applied on tag-side tracks:

• Tracks must have impact parameters within dz < 2.0 cm and dr < 0.5 cm.

• Tracks are required to have hits in all sub-detector components: PXD, SVD, and CDC.

• The momentum of each track must exceed 50 MeV/c to suppress contributions from beam
backgrounds.

The vertex of the Btag is determined using the vertex fitter Rave, which incorporates a beam spot
constraint to improve the quality of the vertex fit. This constraint confines the Btag vertex to
a tube aligned with the Btag momentum direction. For this, knowledge about the momentum
direction from the fully reconstructed signal-side Bsig is used which decays back-to-back. These
are incorporated to enhance the precision of the ∆t measurement.

The decay time difference (∆t) in the lab frame is calculated as:

∆t =
(zBsig − zBtag)

βγc
, (4.20)

where zBsig and zBtag are the reconstructed z-positions of the signal and tag-side vertices, and βγ

represents the Lorentz boost of the system.
To improve the resolution of ∆t, the uncertainties in vertex positions are propagated through

the covariance matrix obtained from the vertex fit. Events with poorly reconstructed vertices or
large ∆t uncertainties are excluded to maintain data quality.

Since this work is a Signal MC study further tighter cuts will not be necessary, as a clear signal
can be extracted already from loose cuts. This will also help to avoid compromising the sample
size.
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4.5 First validations of the Signal MC sample

To validate the Signal MC sample generated by a novel EvtGen model developed for this analy-
sis, the distributions of key kinematic and event selection variables are compared to their known
expected shapes. This step is crucial to ensure that the simulated events accurately represent the
physics of B0 → D(∗)−π+ decays and their successful reconstruction and selection. Distributions
of variables such as the beam-energy-constrained mass Mbc, the energy difference ∆E, the truth
Monte Carlo decay time ∆tMC, and key flavor tagging parameter qr extracted from GFlaT algo-
rithm are examined. The Mbc and ∆E distributions are expected to peak at their nominal values
for correctly reconstructed signal events, which are 5.27 GeV/c2 and ∆E = 0 GeV, respectively.
The ∆tMC distribution should follow the pure physics PDF’s shape shown in Fig. 2.7 for full
entanglement (left) and disentanglement (right). To confirm this, a simple fit without physical
interpretation is shown for ∆t distributions as well as for time-dependent asymmetries.

4.5.1 Mbc and ∆E distribution

Parameters Mbc and ∆E are crucial for determining the kinematics of a decay. These parameters
allow for event selection, as expectations on their values allow for defining variable ranges. In
case of ∆E and Mbc these value ranges are defined as above in Sec. 4.4.1. For analyses including
background or even on data tighter cuts can be defined. The 2D-histogram in the following figures
show the variable distribution of Mbc and ∆E for full entanglement and disentanglement.

The key takeaway from these Fig. 4.2 showing the Mbc and ∆E for full entanglement and
disentanglement is that both 2D-histogram show similar shape and peak around the same values
for both parameters. As expected, whether Btag and Bsig are entangled or not, is a purely quantum
mechanical property which does not alter the kinematics.

4.5.2 Flavor tagging parameters

To evaluate the performance of the flavor tagger the variable qr is considered. In the following,
two histograms for this variable are shown for both Signal MC samples with full entanglement
and disentanglement. Looking at these variables will be one of the validations of the Signal MC
samples, since asymmetries between flavors qtag = ±1 and also any differences between full entan-
gled sample and disentangled are easily detectable. Finally, Fig. 4.3 shows the qr histogram for
full entangled and full disentangled Signal MC data set, respectively. The blue and red histogram
show the distribution for qMC

tag = ±1, respectively. The combined histogram is shown in black.
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Figure 4.2: 2D-histogram for fully entangled (disentangled) Signal MC parameters Mbc and ∆E

after loose cuts are applied on the left (right). An expected peak around 5.275 GeV c2 < Mbc

< 5.284 GeV c2 and |∆E| < 0.02 GeV can be seen.

Figure 4.3: Histogram of the qr-distribution in fully disentangled Signal MC data set. Blue and red
histograms show the distribution for qMC

tag = ±1, respectively. Black histogram shows the combined
values.
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Both figures show the characteristic shapes of the q · r variables, also seen in Ref. [50], which
presents the newly developed Flavor Tagging Algorithm applied in time-dependent CP Violation
measurements. As expected, no significant deviation in shape for qMC

tag can be seen between the two
data sets with full (dis)entanglement. Any deviation in that regard would be a hint for either wrong
modeling on simulation level or reconstruction, as flavor tagging algorithms are independent of any
disentanglement effects. Furthermore, there is a recognizable symmetry for both figures between
qMC
tag = +1 and = −1 (blue and red histogram). The histograms show a strong peak |q · r|-values

close to ±1. This means the qr-bin in intervals 3.12 with highest purity is the most densely
populated. For lower |q · r| the blue and red distributions becomes mostly flat until q · r = 0. For
qMC
tag = ±1 and q · r < 0 (> 0), drops off but is non-zero due to mistagged events.

4.5.3 ∆tMC-distributions

For the analysis at hand, the arguably most important variable is the reconstructed decay time
difference ∆t. Defined as the decay time difference Btag and Bsig in the lab frame, the result-
ing ∆t’s distribution has been discussed in Sec. 2.5.1. For the PSD model, the distributions
smoothly go from the shape on the left to the shape on the right in Fig. 2.7. The following figures
show the ∆tMC distributions for the Signal MC data set for full entanglement and disentanglement.

Figure 4.4: Signal MC ∆tMC-distribution for full (dis)entanglement on the left (right). Blue and
red histograms show the ∆tMC for opposite and same flavor events. A difference in the entangled
and disentangled case can be seen when looking at Same flavor events. This difference is expected,
as already elaborated in Sec. 2.5.1.
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Fig. 4.4 show the ∆tMC distribution for full entanglement (left) and disentanglement (right)
for Opposite Flavor and Same Flavor events in blue and red, respectively. The x-axis shows ∆tMC

in the range of −10 ps and +10 ps, the y-axis shows the number of events. The distributions of
the Signal MC follow the expected shape shown in Fig. 2.7, thus are satisfactory. This behavior
can be even further validated by laying the physics PDF from Eqs. 2.60 and 2.61 on the Signal
MC data for OF and SF events. Additionally, the asymmetry from Eqs. 2.63 and 2.64 is plotted
above the data points. Note that this is not a fit but a simple plot, thus do not allow for physical
interpretation but the validation of prediction and simulated reconstructed data. Fig. 4.5 show the

Figure 4.5: Figure on the left (right) shows the Signal MC ∆tMC-distribution (upper plot) and
time-dependent asymmetry (bottom) for full entanglement (disentanglement). ∆tMC-distributions
are shown for opposite and same flavor events. The solid lines show the fits of pure physics PDF
from Eq. 2.60 (2.61) on the Signal MC data points to validate the parameter’s distribution shape.
A fit on the time-dependent asymmetry from Eq. 2.63 (2.64) is shown in the bottom plot as well.

fit of the ∆tMC distributions of Signal MC data as histograms for OF (blue) and SF events (red) in
the upper plot. The lower plot shows the time-dependent asymmetry data points in black. Solid
lines are simple plots of purely physical PDFs and asymmetries shapes. As a clear overlap of the
plotted curves with the data points can be seen, this naive validation is concluded as successful.



5 Studies of Disentanglement Models on Sig-
nal MC

With the analysis framework established, finally the analysis and study of disentanglement effects
on Signal MC can be performed. The main goal is to test a framework designed to study the
effects and modeling of quantum disentanglement. This is done by fitting the observable ∆t to
get best fit estimates for parameter ζ, the fraction of PSD. As the PDF contains many variables
including resolution function parameters an initial calibration of their values is needed. This is
achieved by running so-called residual fits on the observable δ∆t presented in Sec. 5.1.2, before
moving on to ∆t fits. For Single ∆t fits presented in Sec. 5.1.3, the physics parameter ζ is
fitted together with resolution function parameters and flavor tagging parameters. In order to
test the robustness of the fitter and the value extraction, subsequently a Toy Monte Carlo study
is conducted, using two well established methods; the Pure Toy MC study and the Bootstrap
method. Lastly, the question whether wrongly neglected small disentanglement effects introduce
a bias on time-dependent measurements at Belle II is addressed.

5.1 Fits on Signal MC

The analysis presented in the main part is performed on Signal MC generated for full entanglement
and disentanglement. As the real Belle II data size corresponds to an integrated luminosity

∫
Ldt ∼

500 fb−1, each Signal MC sample size is twice the real data’s size with an integrated luminosity∫
Ldt ∼ 1 ab−1. The MC data sets with a fraction of disentanglement between 0 and 1, are sampled

out of the two original data sets, so that the data sizes correspond to integrated luminosities shown
in Tab. 5.1.

5.1.1 ∆E fits

∆E is primarily influenced by the precision of the reconstructed final-state particles and the detec-
tor resolution. Signal events are expected to peak around zero due to energy conservation, whereas

52
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Signal MC with ζgen
∫
Ldt N (isSignal == 1)

0.0 ∼ 1 ab−1 ∼ 1.9 · 105

0.2 ∼ 1.2 ab−1 ∼ 2.4 · 105

0.4 ∼ 1.7 ab−1 ∼ 3.2 · 105

0.6 ∼ 1.7 ab−1 ∼ 3.2 · 105

0.8 ∼ 1.2 ab−1 ∼ 2.4 · 105

1.0 ∼ 1 ab−1 ∼ 1.9 · 105

Table 5.1: Integrated luminosities and approximate number of events after applying condition
isSignal == 1 for Signal MC with fraction of disentanglement ζgen.

background contributions, particularly those from combinatorial and misreconstructed events, ex-
hibit broader distributions not necessarily peaking around zero. The signal ∆E distribution is
modeled by a sum of a Crystal Ball (CB) distribution with left and right tails and a Gaussian.
The Crystal Ball function accounts for both asymmetric tails due to energy loss mechanisms and
detector resolution effects. Both Gaussian and CB share a common mean but have distinct width
parameters to accommodate asymmetry in the distribution. The gaussian distribution is defined
already in Eq. A.15. The double-sided Crystal Ball function is defined as follows:

fCB(x; x̄, σ, αL, nL, αR, nR) = N



AL

(
BL − x− x̄

σ

)−nL

, for
x− x̄

σ
≤ −αL,

exp

(
−(x− x̄)2

2σ2

)
, for − αL <

x− x̄

σ
< αR,

AR

(
BR +

x− x̄

σ

)−nR

, for
x− x̄

σ
≥ αR.

(5.1)

where

Ai =

(
n

|αi|

)n

· exp
(
−|αi|2

2

)
, (5.2)

Bi =
n

|αi|
− |αi|, (5.3)

with i = L,R. The normalization factor for region −0.10 < ∆E < 0.15 GeV [25]:

N =
1

σ(C +D)
, (5.4)

C =
n

|α|
· 1

n− 1
· exp

(
−|α|2

2

)
, (5.5)

D =

√
π

2

(
1 + erf

(
|α|2√
2

))
. (5.6)
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The ∆E fit on Signal MC data sets with full entanglement and full disentanglement are shown in
Figs. 5.1 and 5.3. Best fit parameters are listed in Table 5.2 and Table 5.3. Fit results for PSD
fractions with 20%, 40%, 60% and 80% in the Signal MC can be found in Appendix B.1.

When looking at the shapes and also fit values for Gaussian mean and uncertainty for both
full entanglement and disentanglement, no significant change in the kinematics can be observed.
The mean values of the Gaussian converge the theoretical value of ∆E = 0 with a precision in
the O(10−5). This serves as a confirmation of the assumed invariance of kinematics, regardless of
quantum entanglement in the B0B

0 system.

Parameter Mean Uncertainty

n∆E 238994 488
µ∆E −7.8810 · 10−5 2.7030 · 10−5

σ∆E 8.1893 · 10−3 9.0710 · 10−3

σGauss 0.0100 0.0001
fGauss 0.4314 0.0278
αL 1.3100 0.0503
αR 1.5371 0.0459
nL 1.7759 0.0600
nR 2.3702 0.0589

Table 5.2: ∆E fit parameters for Signal MC
with full entanglement.

Parameter Mean Uncertainty

n∆E 193314 439
µ∆E −11.8819 · 10−5 2.8848 · 10−5

σ∆E 8.3116 · 10−3 8.2476 · 10−3

σGauss 0.0100 0.0002
fGauss 0.3496 0.0332
αL 1.4169 0.04966
αR 1.6539 0.0480
nL 1.7283 0.0591
nR 2.2642 0.0619

Table 5.3: ∆E fit parameters for Signal MC
with full disentanglement.

5.1.2 δ∆t Residual Fits

Here, a fit to the ∆t residuals δ∆t is performed. The decay time difference’s sensitivity is limited
by signal-side vertex resolution1. As the residual fit on δ∆t is independent of flavor and disen-
tanglement effects this first fit is used to gauge the nuisance parameters needed for later studies.
Thus, for all values of ζgen, no significant deviation in fit parameters are expected, besides sta-
tistical fluctuations. The fit to Eq. 4.2 is performed for all qr-bins, while parameters describing
main, tail, and exponential parts are shared across qr-bins 0-5 and get a broader range for qr-bin
6. Parameter fOL is shared across all qr-bins.

Figs. 5.1.2 and Figs. 5.1.2 show the shapes for residual fits, and Tab. 5.4 for all seven qr-
bins for 0% and 100% PSD fraction in the Signal MC, respectively. Fits to Signal MC with
ζgen = 0.2, 0.4, 0.6, 0.8 can be found in Appendix B.2. The data points with error bars are

1In contrast, in the golden mode B0
sig → J/ψK0

S the resolution is limited by the tag-side vertex resolution [20].
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Figure 5.1: Fit to the ∆E distribution Signal MC events with full entanglement, using double-sided
Crystal Ball shape.

Figure 5.2: Fit to the ∆E distribution Signal MC events with full disentanglement, using double-
sided Crystal Ball shape.
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shown along with their fits to Eq. 4.2 in solid lines. The lower plots displaying the pulls show the
discrepancies between data and fit.

The fits for all MC samples across all qr-bins look reasonable. When looking at the pulls
no systematic under-/overshooting of data points visible. As expected, there are no significant
deviations in the parameter values between different fractions of disentanglement.

Parameter Fit estimate

fOL 0.0014± 0.0001

µMain −0.2395± 0.0071

µTail −0.9803± 0.0439

σMain 1.1950± 0.0087

σTail 2.3456± 0.0524

fTail 0.2898± 0.0115

fexp 0.2155± 0.0091

c1 [ps2] 5.0165± 0.1665

fTail, R 0.2573± 0.0109

fTail,µ 0.1916± 0.0048

fTail,σ 0.0625± 0.0059

µ
(6)
Main −0.1804± 0.0111

µ
(6)
Tail −0.8157± 0.0826

σ
(6)
Main 1.2010± 0.0137

σ
(6)
Tail 2.3343± 0.1081

f
(6)
Tail 0.2445± 0.0202

f
(6)
exp 0.2524± 0.0197

c
(6)
1 [ps2] 5.0281± 0.2502

f
(6)
Tail, R 0.2913± 0.0212

Parameter Fit estimate

fOL 0.0013± 0.0001

µMain −0.2353± 0.0072

µTail −0.9737± 0.0449

σMain 1.1921± 0.0091

σTail 2.3071± 0.0516

fTail 0.2970± 0.0121

fexp 0.2199± 0.0090

c1 4.9003± 0.1526

fTail, R 0.2625± 0.0108

fTail,µ 0.2003± 0.0034

fTail,σ 0.0504± 0.0043

µ
(6)
Main −0.1816± 0.0095

µ
(6)
Tail −0.6649± 0.0724

σ
(6)
Main 1.1791± 0.0133

σ
(6)
Tail 2.4075± 0.1025

f
(6)
Tail 0.2487± 0.0187

f
(6)
exp 0.2330± 0.0167

c
(6)
1 5.4704± 0.2626

f
(6)
Tail, R 0.2095± 0.0181

Table 5.4: Parameters from δ∆t residual fit on Signal MC with full (dis)entanglement on the left
(right). Superscript 6 represents the 6th qr-bin, which is fitted separately.
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Figure 5.3: Residual fits for Signal MC with full entanglement. Single figures show the fits on
different qr-bins 0-6 (left to right, top to bottom).
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Figure 5.4: Residual fits for Signal MC with full disentanglement. Single figures show the fits on
different qr-bins 0-6 (left to right, top to bottom).
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5.1.3 Single ∆t fits

The main part of the analysis is the fit of the observed PDF’s ∆t distribution from Eq. 4.14 to
the Signal MC data sets, each corresponding to 1 ab−1. This fit can be done to obtain the precise
parameter values for mixing parameters such as ∆md and τ as demonstrated in Ref. [44]. In this
case, the special interest and focus will lie on the determination of the value for the fraction of
PSD ζ. This is the main physics parameter left to float in the fit, as ∆m and τ are fixed to PDG
world averages2 [13]

∆md = (0.5065± 0.0019) ps−1, τB = (1.519± 0.004) ps. (5.7)

As OL and Tail parameters (except fTail) have been fixed in the previous residual fits to values
from Tab. 5.4, only core parameters are left free in the resolution function. This is justified by
the high sensitivity of mixing parameters, or in this case the fraction of disentangled B0B

0 pairs
especially to core parameters. To assess possible discrepancies between data and Monte Carlo in
studies of systematic uncertainties a alternative resolution function is used where no fixation of
certain parameters is necessary [44].

Flavor tagger parameters, such as wrong tag fractions, the uncertainty on the mistag as well
as efficiency are also free parameters in the fit. For the fit itself, the data is divided into 7 bins
of dilution factor r with intervals given in 3.12, with r-bin 6 having the highest purity of tagging
efficiency. In addition, the data is split into four flavor combinations B0B

0 and B0B0 and charge
conjugate. This is done to account more precisely for asymmetries between B0

tag and B
0

tag, as
pointed out in Ref. [51]. The combined parameter µi = (εB0

tag
− ε

B
0
tag
)/(εB0

tag
− ε

B
0
tag
) is the

weighted average of wrong tag fractions with qtag = +1 and −1. This results in a total of 28 qr-
bins that are fitted simultaneously. Free parameter ζ, and fTail are shared across all qr-bins, core
parameters and µi are shared across respective r intervals and finally w±

i are specific for qtag. To
avoid the fit to hit parameter limits the allowed parameter space for ζ is extended to [−0.1, 1.1].

The plots in Figs. 5.1.3 show the fits to the Signal MC with PSD fraction of 0% for the best
quality qr-bin 6, while plots in Figs. 5.1.3 show the fits to the Signal MC with PSD fraction of
100% for the best quality qr-bin 6. The fit parameters for both cases are summarized in Tab. 5.5.
For both full entanglement and disentanglement Signal MC, the remaining qr-bin 0-5 alongside
fits to the Signal MC samples between 0% and 100% PSD fraction, can be found in the Appendix
B.3.

2These are also the values which are used for Signal MC generation.
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The fitted shapes for same and opposite flavors with qtag both for PSD fraction ζ = 0 and ζ = 1

are consistent with the expectations seen in the physics PDFs in Figs. 2.7. When looking at the
pulls displayed in the lower plots, there is no systematic under-/overshooting visible. Moreover,
the generated values for PSD fraction ζ are within the fitted ζ’s ±1σ uncertainty for ζgen = 0, while
for ζgen = 1 the fitted value is about 1.15σ away. This will be reviewed in context of bias in Toy
MC studies. Remaining parameters for both fits have overlapping 1σ uncertainty regions, although
a slight deviation can be seen for µ6. Shapes between opposite flavor events B0B

0 and B0
B0 and

same flavor events B0B0 and B
0
B

0 are approximately the same, although a slight deviation can
be seen due to different values of w±

6 .
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Figure 5.5: ∆t-distribution fitted to Signal MC data with full entanglement (ζgen = 0). Data
points with error bars show Signal MC data for |qr| > 0.875 and B

0
B

0, solid line shows the fit.
The lower plot show the pulls.
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Figure 5.6: ∆t-distribution fitted to Signal MC data with full disentanglement (ζgen = 1). Data
points with error bars show Signal MC data for |qr| > 0.875 and B

0
B

0, solid line shows the fit.
The lower plot show the pulls.

Parameter Fit estimate

ζ 0.015 ± 0.032
µ
(6)
M1 0.0211 ± 0.0362
σ
(6)
M1 1.1091 ± 0.0694
fTail 0.3803 ± 0.0155
w+

6 0.0204 ± 0.0047
w−

6 0.0166 ± 0.0046
µ6 -0.0051 ± 0.0054

Parameter Fit estimate

ζ 1.028 ± 0.024
µ
(6)
M1 0.0447 ± 0.0360
σ
(6)
M1 0.9536 ± 0.0749
fTail 0.3910 ± 0.0158
w+

6 0.0090 ± 0.0063
w−

6 0.0203 ± 0.0060
µ6 -0.0207 ± 0.0079

Table 5.5: ∆t fit parameters for Signal MC with full entanglement and disentanglement, listed on
the left and right, respectively. Sub-/Superscript 6 expresses the parameter’s 6th qr-bin specific
value. ζ is the fraction of disentanglement and is fit simultaneously across all qr-bins, same for
fTail.
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Linearity Test

In the following, the linearity of the fitter’s response with respect to parameter ζ is evaluated.
Generated values ζgen are compared to the fitter’s best parameter estimates ζfit. When plotting
ζgen against ζfit a direct linear relation is expected. Any deviation from linearity would imply either
a wrong modeling or a problem in the fitting process.

The fitted values across all qr-bins for single ∆t fits on Signal MC ranging from full entanglement
to full disentanglement in 20% steps are summarized in Tab. 5.6. Note, that the size of Signal
MC on which the fit was performed (Tab. 5.1) changes, with samples with ζgen = 0.4 and 0.6

being the largest sample sizes, hence the smaller uncertainties most probably caused by statistical
uncertainties. The corresponding figures can be found in Appendix B.3.

Fig. 5.7 shows the dependence of the fitted value ζfit to ζgen, where values are taken from 5.6.
While error bars show the fitted values with their ±1σ uncertainty, the solid line shows a linear
fit to the points. For f(ζgen) = a1 · ζgen + a2 the fit gives the values

a1 = 1.006± 0.001, a2 = 0.009± 0.001,

which corresponds to a slope with a deviation from unity in the order of O(0.1%). Similarly, for
the y-axis intercept, which deviates from zero in the order of O(1%). As one can see, besides the
value at ζgen = 0.6, the linear fit always is within the ±1σ uncertainty region of the data points.
These results provide a first indication of linear behavior, which will be further quantified using
toy MC studies.

In all cases, the extracted values of ζ were found to be consistent with the Signal MC value
within the statistical uncertainties, indicating correct modeling. The sensitivity for ζ for this spe-
cific Signal MC study is determined to be at the few-percent level (3%), demonstrating the viability
of the hadronic channels for disentanglement studies despite their relatively low reconstruction ef-
ficiency compared to semi-leptonic modes.

5.1.4 Toy Studies

Toy Monte Carlo (Toy MC) studies are an essential tool. This type of study provides a controlled
environment in which one can test statistical methods, evaluate biases, and validate fitting pro-
cedures by generating pseudo-experiments that mimic events under well-defined assumptions [52].
The core idea behind Toy MC studies is to generate large ensembles of simulated data sets using
known PDFs and performing the same fitting procedure multiple times. By doing so, the stability
and performance of the model and fitter can be assessed and potential biases in extracted param-
eters can be determined while assessing statistical uncertainties. Two types of Toy MC studies are
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ζgen Fit estimate

0% (1.5± 3.2)%

20% (21.3± 2.8)%

40% (41.7± 2.3)%

60% (58.1± 2.2)%

80% (81.7± 2.4)%

100% (102.8± 2.4)%

Table 5.6: Summary of the single ∆t fit’s estimates on PSD fraction ζ, with respect to PSD fraction
in the generated Signal MC (ζgen).

Figure 5.7: Linearity study of the fitter. x-axis and y-axis show ζgen and ζfit, respectively. The
points with error bars represent the fitted values for ζ, while the solid line represents the linear fit.



Chapter 5. Studies of Disentanglement Models on Signal MC 64

used in this analysis, namely the Pure Toy MC and Bootstrap Method, each having advantages of
their own.

The Pure Toy MC approach generates pseudo-experiments directly from an analytical proba-
bility density function (PDF). Thereafter, the same model from which the data sets are sampled,
is used to fit back the data points. Looking at the individual fit estimates of single fits in the en-
semble, the PDF’s behavior under statistical fluctuation of parameters can be assessed. Moreover,
the bias can be quantified by determining the pull distributions of fit parameters.

In contrast, the Bootstrap method employs data sets bootstrapped from the full Signal MC
sample [52]. It is a powerful way of investigating the statistical uncertainty of measurements. The
bootstrap method introduces Poisson perturbations which emulate statistical fluctuations in the
data. By sampling from the Signal MC data sets, this technique ensures a direct test on the fitting
process while being exposed less to systematic uncertainties stemming from the PDF itself. Since
these replicas naturally include detector smearing and reconstruction inefficiencies, they provide a
way to quantify the extent to which detector effects influence the extracted physics parameters. If
a bias in ζ is observed in bootstrapped Toy MC but not in Pure Toy MC, this suggests that the
original data set is playing a significant role in the observed bias. Conversely, if a bias appears in
both methods, then it is likely that the source of the bias lies in the fitting procedure itself rather
than in the detector modeling.

In conclusion, each of these Toy MC approaches have distinct strengths. Pure Toy MC is op-
timal for isolating biases which stem from the fitting process and testing the statistical behavior
of the PDF in a controlled setting, while the bootstrap approach is essential for understanding
a bias introduced by modeling while also assessing the statistical uncertainty. The combination
of these two methods will provide a comprehensive validation framework, ensuring that the final
extracted values of ζ and other parameters are robust and free from artifacts introduced by the
analysis method itself.

An important figure of merit for these kind of studies is the so called pull, defined as

Pull =
xi − µi

σi
, (5.8)

where xi is the i-th fit value, µi the i-th central generated value and σi the i-the uncertainty on
the fit value [53]. The calculated pull values can be histogrammed for the number of occurrences.
Fitting a Gaussian to the data points would ideally result in a normal distribution with a mean
of zero and uncertainty at unity. Significant deviations from nominal values implicate systematic
bias.



65 5.1. Fits on Signal MC

Pure Toy Studies

To test the robustness of the fitting process itself, Pure Toy MC studies are now performed. For
this, 1000 independent samples are generated each corresponding to integrated luminosities given
in Tab. 5.1. The starting parameters are combined parameters from residual fits and single ∆t

fits for flavor tagger parameters. After sampling, the same PDF is refitted to the sampled data
sets to get the best fit estimates for each sample, while core and flavor tagging parameters are
left float together with ζ. Analogously to single ∆t fits in Sec. 5.1.3 tail and OL parameters are
fixed to values obtained in residual fits. The resolution function’s core parameters, as well as flavor
tagger parameters look healthy and unbiased. Thus, the focus only on parameter ζ is justified.
Finally, the pull distributions are calculated and then fitted by a Gaussian. Figs. 5.1.4 show the
pull distributions for parameter ζ.

Figs. 5.1.4 show the calculated pulls as points with error bars, the fitted Gaussian distribution
in orange and the reference line at x = 0 as red dotted line. The parameters of the Gaussian
are summarized in the following table 5.7. As for the mean values that should be consistent with
zero for a normal distribution, that only is true for the last two pull distributions. In those cases
however, the uncertainty is inconsistent with one. On the other hand, for the first three pull
distribution the uncertainty is indeed consistent with 1, whereas the mean is now deviating from
zero with > 1σ. Only for the generated value of ζgen = 0.5814 both mean and uncertainty show
a bias. When looking at the plots in the first two rows one can see that the peaks of the data
distributions seem to roughly agree with zero, however a tail to the right skews the Gaussian.
Thus, there seems to be a biased statistical fluctuation towards positive values, while the correct
value is still retrieved most frequently. To see how much the fitted values are really affected by

Generated Value ζgen Avg. ζfit Pull Mean Pull Uncertainty

0.0153 0.030± 0.061 0.503± 0.032 1.003± 0.022

0.2126 0.219± 0.065 0.293± 0.031 0.988± 0.022

0.4174 0.428± 0.056 0.400± 0.031 0.985± 0.022

0.5814 0.602± 0.059 0.568± 0.036 1.126± 0.025

0.8167 0.811± 0.057 0.027± 0.029 0.93± 0.021

1.0279 1.018± 0.044 −0.142± 0.028 0.878± 0.020

Table 5.7: Summary of mean and uncertainty of the fitted Gaussian to the pull distribution for
Toy MC. The value from which the Toy data is generated is given in the first column.

the bias shown in the pull distribution, the mean of all fitted values for each set of toy samples are
plotted. As in the linearity study shown in previous section’s Fig. 5.7, this should follow a unitary
linear function. Following Fig. 5.9 illustrates the behavior. This linear relation of the fitted value
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Figure 5.8: Pull distributions for the parameter ζ. Pure Toy MC data sets generated from PDF’s
with combined fit parameters obtained both from residual δ∆t fits and single ∆t fits on Signal MC
with PSD fraction written below the individual Figures. The orange curve is the Gaussian fit to
the Pull data points shown in blue. The dotted red curve shows the reference point of x = 0.
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Figure 5.9: Linearity test of the mean value of ζfit in each Toy MC generated with ζgen. The points
with error bars represent the mean of ζfit in each set of Toy MC samples, the solid blue line is the
linear fit with the parameters shown in legend. Red dotted line is the reference line with a0 = 1,
a1 = 0.

ζ’s mean in each set of Toy MC sample for ζgen shows that in spite of the bias manifested in Tab.
5.7 the linearity maintains. The reference line (red dotted line) is within the 1σ uncertainty of
the fitted ζ’s mean values. However, the performed linear fit has a small (O(1%)) but certain
deviation from a slope (a0) of 1 - the same for the y-intersect (a1). This is in accordance with the
bias observed before when looking at the pulls.

Bootstrapped Toy MC Study

Now, the bootstrap Toy MC study is presented. For this 1000 bootstrapped samples are generated
from the Signal MC each corresponding to the integrated luminosities given in Tab. 5.1. For each
bootstrap sample the same routine as for single ∆t fits in Sec. 5.1.3 is applied. Figs. 5.1.4 show
the pull distributions for parameter ζ. The resulting histogram data (blue points with error bars)
are then fit with a Gaussian, shown in solid orange lines.

Same as in pure Toy studies, the resolution function’s core parameters, as well as flavor tagger
parameters look healthy and unbiased. Thus, the focus only on parameter ζ is justified.

The parameter’s mean value for each ζgen, as well as pull distributions’ fitted values for mean
and uncertainty are summarized in Tab. 5.8. The generated value from MC is always within
the mean values’ ±1σ uncertainty, indicating a healthy fit. When turning to the pull’s mean and
uncertainty, the mean’s deviation from zero for ζgen = 0.8 and 1.0 are noticeable. Latter bias here
reaches almost 60%, while the data points look Gaussian distributed with no one-sided tails (see
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Fig. 5.1.4). This could be caused by the parameters’ upper limit in the fit bound at an unphysical
value of ζmax = 1.2. For the other sets of bootstrapped toy samples, there does not seem to be a
concerning bias.

To further asses the fit’s behavior in terms of change under variation of ζ a linearity plot is
shown. Fig. 5.11 shows the averaged values across the bootstrapped data sets from Tab. 5.8 with
respective uncertainties (error bars). A linear fit (blue line) is performed on the data points which
approaches the reference linear line with a0 = 1, a1 = 0 (red dotted line). One can see, the data
points’ error bars’ ±1σ uncertainty always includes the reference line. This visualizes the linearity
of the ∆t fit on the bootstrapped sample well, as the linear fit’s parameter estimates only deviate
in the order of O(1%) from reference.

In conclusion one can say, that the pull distributions shown in Figs. 5.1.4 do indicate a bias
which need further assessment, while it needs to be pointed out, that the average fitted values do
look healthy. A complete analysis including a full study on systematic uncertainties could shed
some light on the underlying sources of the remaining biases.

ζgen Avg. ζfit Pull mean Pull uncertainty

0% −0.011± 0.047 −0.226± 0.033 1.056± 0.024

20% 0.197± 0.045 −0.055± 0.032 1.019± 0.023

40% 0.400± 0.043 0.026± 0.032 1.019± 0.023

60% 0.606± 0.040 0.192± 0.033 1.029± 0.023

80% 0.808± 0.038 0.240± 0.033 1.039± 0.023

100% 1.018± 0.033 0.598± 0.033 1.046± 0.023

Table 5.8: Summary of the average fitted ζ value on bootstrapped toy MC, as well as mean and
uncertainty of the fitted Gaussian to the pull distribution. First column shows the PSD fraction
in the bootstrapped MC samples.

In this section pure and bootstrap Toy MC studies were performed to assess the pull and
bias distributions under controlled input conditions. All values extracted for pull and parameter
distributions are summarized for pure and bootstrapped in Tabs. 5.7 and 5.8, respectively. For
several cases biased pulls could be observed for Pure Toys in ζgen = 0., 0.6 at around 0.503±0.032

and 0.568± 0.036, respectively. In bootstrapped toys, the sample with ζgen = 1. showed a pull of
0.598± 0.033. However, the generated value is in accordance with the averaged mean value’s ±1σ

region of the parameter. As both linearity tests in Figs. 5.9 and 5.11 show, there might be some
counteractive behavior between model and fitter, indicated by the slight undershoot and overshoot
of the slope of 1 for pure (Fig. 5.9) and bootstrapped toys (Fig. 5.11), respectively. With an
emphasis on the correctly retrieved average fit values for ζ both in pure and bootstrapped toys,
the observed biases call for further investigation.
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Figure 5.10: Pull distributions for the parameter ζ. Bootstrap Toy MC data sets generated by
Poissonian fluctuations of Signal MC sample with combined fit parameters obtained both from
residual δ∆t fits and single ∆t fits on Signal MC with different values ζgen, indicated in titles. The
orange curve is the gaussian fit to the pull data points shown in blue. The dotted red curve shows
the reference point of x = 0.
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Figure 5.11: Linearity test of the mean value of ζfit in each bootstrapped sample generated with
ζgen. The data points with error bars represent the mean of ζfit with their uncertainties in each set
of samples, the solid blue line is the linear fit with the parameters shown in legend. Red dotted
line is the reference line with a0 = 1, a1 = 0.

5.2 Absorption of disentanglement effects resolution and mistag
parameters

In this section two types of effects surrounding time-dep. studies are tested: firstly, the resolution
functions’ and mistag’s parameter’s impact on disentanglement studies, and secondly, the impact of
wrongfully neglecting disentanglement effects. To conceptualize this, two avenues will be explored:
the direct impact of said parameters on the parameter ζ, and the behavior of parameters when
disentanglement effects are treated incorrectly. Moreover, three questions will be in the center of
attention:

• Question 1: Do floating resolution function parameters and wrong tag fractions introduce a
bias on the value ζ?

• Question 2: Do floating resolution function parameters absorb disentanglement effects when
ζ is assigned a wrong value in the model?

• Question 3: Do unaccounted disentanglement effects introduce a bias on CP violation pa-
rameters SCP and ACP ?

In fact, the first question can be answered straight forward, as the necessary study has already
been performed in Sec. 5.1.4. The interpretation has to be adjusted in this case however. While
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previously a technical interpretation has been presented, the argument here is going to be of
physical nature. Whether floating resolution function and flavor tagging parameters bias the
extracted value for ζ can be answered by looking at biases investigated using pure and bootstrapped
toy MC. As in Sec. 5.1.4 concluded, a bias has been found both from the modeling and fitting,
whether this has purely technical origins or also physical reasoning has unfortunately not been
resolved in the scope of this thesis. For further studies a study with calibrated core and flavor
tagger is suggested.

Moving on to the second question. As described earlier, the resolution function R(δ∆t, σ∆t)

models how detector and kinematic effects smear the time difference ∆tMC. In previous publica-
tions in which disentanglement effects were neglected, tail and outlier parameters were fixed on
entangled Signal MC while core parameters sensitive to mixing parameters ∆md and τ were left
free during the fit on data [54].

In the following, the aim is to study absorption of disentanglement effects by core parameters
and mistag. This type of test is relevant for all TDCPV measurements at Belle II which assume
full entanglement in B0B

0 pairs in flavor tagging. The strategy is the following: First, residual fits
are performed on realistically small fractions of PSD in the Signal MC3. Analogously as in Sec.
5.1.3, the parameters for OL and tail are fixed from δ∆t fits for further studies while leaving core
parameters float. In the next step, mixing parameters ∆m and τ are fixed alongside ζ = 0, in spite
of the true PSD fraction in the Signal MC being non-zero. This follows the same approach as in
Ref. [54], where ∆m and τ are fixed in order to retrieve CP violation parameters SCP and ACP .
With this, the direct impact of disentanglement effects on TDCPV measurements can be assessed.
Conversely, fixing ζ to zero allows to test how resolution function and mistag parameters behave
under falsely neglected disentanglement. As a reference, a fit with ζ fixed to the correct MC value
is performed as well. These fit values are then used as nominal value. Significant deviation from
the nominal value can be taken as indication for absorption effects.

Before proceeding to the main part of this study, the nuisance parameters consisting of tail
and OL parts have to fixed using residual fits. For this the same technique as before in Sec. 5.1.2
is applied, thus not explained any further in detail here. The residual fit are performed on Signal
MC with true PSD fractions of

ζ = [0%, 5%, 10%, 15%, 20%, 30%, 40%]. (5.9)

As already shown earlier residual fits are independent of flavor, therefore also independent of
disentanglement effects. This justifies the procedure of using this method to fix the nuisance
parameters for further studies sensitive to true ζ values.

3Realistically small means fraction of PSD should be in the non-excluded region of ζ < O(10%), found in the
last disentanglement study in Ref. [26].
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Subsequently, the deviation between the first ∆t fits with the nominal fits are plotted with
respect to the Signal MC’s true value. Here, the most compelling parameters are shown, namely
the resolution function’s main parameters µ(6)

M1 and σ(6)
M1 as well as the mistag parameters w±

6 . The
latter are shown for both relative deviations from nominal value and for absolute values of the
parameters. The remaining parameters for all other qr-bins can be found in Appendix B.4. Fig.
5.16 shows the absolute values of the minimized negative log-likelihood function defined in Eq.
4.15 for both cases, illustrating qualitatively the quality of fit.

Figure 5.12: Relative deviation of fit value with ζ = 0 from nominal value for parameter µ(6)
M1. The

dotted line for y = 0 shows the relative nominal value, data points with error bars are shown with
respect to the true PSD fraction in Signal MC, while the solid line shows a linear fit to the data
points.

Figs. 5.12 and 5.13 show a positive linear relation between ζgen and the deviation of parameter
values. However, in the realistic region of below 10%, no significant deviation from zero can be
observed. Only above ζtrue = 0.3 a slight deviation from zero above ±1σ can be seen for parameter
µ
(6)
M1. Although the deviation seems to occur earlier for σ(6)

M1, this is not until ζ = 0.2. Therefore,
a conclusion can be drawn that neglected PSD effects in the O(1%) do not introduce significant
shift in resolution function parameters.

Moving on, the focus is turned to the wrong tag fractions w±
i . In Fig. 5.14 the wrong tag

fraction’s relative deviation from the nominal value is shown in dependence of the Signal MC’s
true ζ value. The wrong tag fraction with positive and negative tag are shown as data points with
error bars in orange and blue, respectively. The linear fit manifests the linear relation between
ζtrue and the relative w±

6 deviation, which has a steep slope. Even for ζtrue = 0.05, the nominal
value is not in the ±1σ region of the data point anymore. As the trend is linear, the deviation
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Figure 5.13: Relative deviation of fit value with ζ = 0 from nominal value for parameter σ(6)
M1. The

dotted line for y = 0 shows the relative nominal value, data points with error bars are shown with
respect to the true PSD fraction in Signal MC, while the solid line shows a linear fit to the data
points.

Figure 5.14: Relative deviation of fit value with ζ = 0 from nominal value for parameters w±
6 . The

dotted line for y = 0 shows the relative nominal value, data points with error bars are shown with
respect to the true PSD fraction in Signal MC, while the solid line shows a linear fit to the data
points. Wrong tag fraction for negative/positive are shown in blue and orange, respectively.
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further increases. To gain a better qualitative understanding on the size of this systematic effect
this behavior introduces the absolute values of the parameters w±

6 are investigated, illustrated in
Fig. 5.15.

Fig. 5.15 now shows the same effect as before in Fig. 5.14, now in absolute values. The fit for
ζtrue = 0 is modeled correctly. w±

6 (ζgen = 5%) already deviates more than 1σ from the first value,
even more for w±

6 (ζtrue = 10%). Looking at the quantified value given in Fig. 5.14 for ζgen = 10%

deviates by about 1 − 2%. Since the flavor tagger should not be directly affected by any PSD
effects, a deviation from this value is a clear sign of mismodeling. Moreover, the bias also lies in
the same order of magnitude found as a systematic uncertainty on w±

6 in Ref. [54]. This finding
answers Question 3. Although the shift in w±

6 is a sizable effect, it does not translate to a bias for
the CP Violation parameters of ACP and SCP [54]. For the same reason, no bias for key physics
parameters are expected due to this absorption effect.

It can also be shown easily that falsely neglecting disentanglement effects indeed leads to
mismodeling by showing the achieved fit qualities illustrated in Fig. 5.16. Here, the NLL is the
likelihood function in which the PDF is inserted to retrieve a parameter estimation by maximizing
it (see Sec. 4.2), thus a higher absolute value implies a better fit. The figure shows the absolute
value of NLL’s function defined in 4.15 after the fit is performed with increasing ζtrue. Orange
dots show the value when ζ is fixed to the correct value, while the blue dots show the case for
falsely set ζ = 0. The absolute value has no quantitative meaning, however the change in the
values throughout different ζtrue can be interpreted qualitatively. Expectedly, the quality of the
blue points drop for increasing values of ζ while the orange stay about constant. Thus, the fit does
indeed experience a drop in and its quality is compromised by having to account for PSD effect.

With all supporting arguments, the main conclusion of this absorption study can be drawn.
Although, wrong tag fractions do deviate from nominal values by few percent within the unexcluded
ζ region and thereby absorbing disentanglement effects, the effect will have little to no impact on
key parameters in time-dependent CP Violation studies such as ACP and SCP . There is a final
remark to be made, about an indirect impact of disentanglement effects in processes involving
direct and mixing-induced CP violation. The phase shift introduced by PSD could cross-talk
between the phase shift caused by CP violation. This will also be subject of further studies.
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Figure 5.15: Absolute change of wrong tag fractions w±
6 for ζ = 0 when true PSD fraction in Signal

MC increases. Error bars show data points with respect to the true PSD fraction in Signal MC.
Wrong tag fraction for negative/positive are shown in blue and orange, respectively.

Figure 5.16: Absolute value of NLL function at maximum after fitting process. Fits with correct
ζ and false ζ in terms of the true MC value are shown in orange and blue, respectively.



6 Summary and Outlook

In this thesis, a study of quantum entanglement in the neutral B-meson system produced in
Υ(4S) → B0B̄0 decays has been conducted. The analysis was performed using fully hadronic decay
modes B0 → D(∗)−π+, reconstructed with Belle II Signal Monte Carlo. These channels provide
excellent vertexing performance, enabling a precise measurement of the proper time difference ∆t

between the decays of the entangled meson pair.

This work is motivated by the possibility of spontaneous or partial disentanglement of the B0B̄0

system unexcluded in the 1-10% region on the 90% CL [26], which would manifest as a deviation
from the quantum mechanical expectation in the time-dependent flavor asymmetry. Two classes of
models were considered: the Spontaneous Disentanglement (SD) model and its generalization, the
Partial Spontaneous Disentanglement (PSD) model, characterized by a disentanglement fraction
parameter ζ. In PSD Model a fraction of B0B

0 pairs disentangles right after production in the
Υ(4S) resonance, followed by an independent oscillation and decay. Thus, for a fraction of events
the assumption of full entanglement used in flavor tagging does not apply, where Btag’s opposite
flavor is assigned to Bsig at ∆t = 0, introducing a systematic error.

The data sets generated for this study have been produced locally within basf2. A novel
EvtGen model handling spontaneously disentangled B0B

0 pairs has been developed in collabora-
tion with the Belle II group of University of Hawai’i, as described in detail in Sec. 3.3.2. As this
thesis presented a successful study using the new EvtGen model including a naive Signal MC vali-
dation, when moving forward towards a publication a central MC production should be requested.
The generated data sets for full entanglement and disentanglement correspond to an integrated
luminosity of

∫
Ldt ∼ 1ab−1, which is twice the available real Belle II data size of

∫
Ldt ∼ 500fb−1.

Thereafter, the generated MC events have undergone reconstruction and selection (Chap. 4).

After the ∆E fits on the Signal MC were shown to be successful, the analysis’ initial assumption
of disentangled pairs’ kinematics does not differ from entangled ones has proven itself to be correct.
As first step, nuisance parameter’s consisting of resolution function’s outlier and tail parts have
been fixed for later single ∆t fits (Sec. 5.1.3) using δ∆t residual fits (Sec. 5.1.2). Subsequently,
single ∆t-fits have been performed. The extracted values of ζ summarized in Tab. 5.6 were found
to be consistent within uncertainties with the MC values. As the key parameter ζ is sensitive to
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disentanglement effects, the single ∆t fits serve as a proof-of-concept that this framework is in
general suitable for such studies at Belle II. When comparing the fitted values’ uncertainties in
Tab. 5.6 with a Signal MC data set corresponding to 1 ab−1 (O(2 − 3%)) to the findings of Go
et al. [26] (O(6%)), it can be seen that the sensitivity increases on paper. However, one must not
forget that the study of Go et al. has been performed on a much smaller sample of Belle data
corresponding to 152 × 106 B0B

0 pairs, while the values showed in this thesis is a pure Signal
MC study. Taking this into consideration, the gain in sensitivity is unpromising, thus motivating
once more the inclusion of semi-leptonic modes as suggested by several experts in TDCPV working
group at Belle II [55, 56, 57].

In the next step, the fitter’s robustness and possible bias have been investigated using Pure
Toy MC and Bootstrap Toy MC methods. Both approaches have proven the model and fitting
process to be consistent across different fractions of PSD to a certain degree when it comes to
extracting the correct value for ζ. However, some biases could be observed for parameter ζ both
from modeling and fitting. As one can see in the pull distributions for pure toy studies (Fig. 5.1.4)
a favored statistical fluctuation towards higher values can be seen. For bootstrapped toys, biases
without specific direction has been shown (Fig. 5.1.4). Both effect have to be further investigated
for the full analysis.

Finally, the absorption of disentanglement effects by non-physical parameters introduced by
detector effects and flavor tagging is investigated. This study serves the purpose of emulating the
case of wrongly neglecting a small fraction of PSD in the data and its impact on key CP Violation
parameters. It has been found that, the resolution function parameters do not change significantly
in the region of ζ ∼ O(10%), thus do not play a role in the absorption of disentanglement effects.
On the other hand, in the same region for ζ, wrong tag fractions deviated slightly yet significantly,
thus absorbing disentanglement effects. The shift however was found to be only by 1% - 2%. A
recent study showed that a bias in wrong tag fractions by few percent, do not leak through to CP
Violation parameters ACP or SCP [54]. The concern that earlier measurements could be directly
affected by falsely assuming full entanglement could therefore be mitigated.

Overall, the results presented in this thesis demonstrate that hadronic decay modes at Belle
II provide a viable and sensitive platform to probe quantum entanglement of the B0B̄0 system.
Although, deeper understanding of the model and fitter is necessary the developed methodology
and workflow in this thesis ranging from event generation, all the way to fits on physics observables
form an analysis framework for the first quantum entanglement study at Belle II.



A Physics

A.1 Derivation ∆t distributions for Spontaneous Decoher-
ence Model

The survival probability of a B0 meson created at time t = 0 is given by

P (t) =
1

2
e−Γt(1± cos∆mt), (A.1)

where ∆m denotes the mass difference between the two mass eigenstates, and Γ the absolute decay
width. For same flavor events, two cases and their complex conjugates are considered, in which the
B0 mesons decay with the same flavor. A derivation of the ∆t distribution for same flavor events
is now performed. The starting point is a case where two completely disentangled B0 mesons are
produced at t = 0 from the decay of the Υ(4S) resonance:

Plike(t1, t2) = 2 · 1
2
e−Γt1(1 + cos∆mt1) ·

1

2
e−Γt2(1− cos∆mt2)

+2 · 1
2
e−Γt1(1− cos∆mt1) ·

1

2
e−Γt2(1 + cos∆mt2),

(A.2)

with t1 and t2 the absolute times for the first and second B0 to decay, respectively. The variable
t2 is replaced with ∆t = t1 − t2, leading to the expression:

Plike(t1,∆t) = e−Γ(2t1+∆t)(1− cos∆mt1 cos∆m(t1 +∆t)). (A.3)

The addition theorem for trigonometric functions, cos(α+ β) = cosα cos β − sinα sin β, is applied
to separate t1 and ∆t, yielding

Plike(t1,∆t) = e−Γ(2t1+∆t)(1− cos2∆mt1 cos∆m∆t+ cos∆mt1 sin∆mt1 sin∆m∆t). (A.4)

The trigonometric identities cos2 α = 1
2
(1 + cos 2α) and sinα cosα = 1

2
sin 2α are then used:

Plike(t1,∆t) = e−Γ(2t1+∆t)(1− 1

2
(1 + cos 2∆mt1) cos∆m∆t+

1

2
sin 2∆mt1 sin∆m∆t). (A.5)
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Integration over t1 yields the final ∆t distribution:

Plike(∆t) =
1

8
e−Γ∆t

[
2−

(
1 +

Γ2

Γ2 +∆m2

)
cos∆m∆t+

Γ∆m

Γ2 +∆m2
sin∆m|∆t|

]
, (A.6)

which corresponds to the case of complete spontaneous disentanglement at t = 0.
The generalized PDF for same- and opposite flavor events under the spontaneous disentangle-

ment hypothesis is then given by

P SD
like,unlike(∆t) =

1

8
e−Γ∆t

[
2∓

(
1 +

Γ2

Γ2 +∆m2

)
cos∆m∆t± Γ∆m

Γ2 +∆m2
sin∆m|∆t|

]
. (A.7)

Further integration over time permits the determination of event yields for the given configu-
ration.

A.2 Time-integrated oscillation probabilities

Consider time-integrated oscillation probabilities. For completeness purposes, a generic formal-
ism for disentangled as well as (anti-)symmetric coherent wave functions is kept throughout this
calculation. For a time evolution starting from B0B̄0 at t = 0 the wave function reads:

|B0(t1)B̄
0(t2)⟩η =

1√
2

(
|B0(t1)B̄

0(t2)⟩0 + η |B̄0(t1)B
0(t2)⟩0

)
=

1√
2
e−

1
2
Γ(t1+t2)e−im(t1+t2)×[

− i sin

(
Γz

2
(t1 + ηt2)

)(
η
p

q
|B0B0⟩+ q

p
|B̄0B̄0⟩

)
+ cos

(
Γz

2
(t1 + ηt2)

)(
|B0B̄0⟩+ η |B̄0B0⟩

) ]
,

(A.8)

where z = x+ iy =
∆m+ i

2
∆Γ

Γ
. The parameter η = ±1, 0 which describes symmetric, anti-symmetric

or disentangled wave functions, respectively. Now, the time-integrated normalization of these three
states is

Nη =

∫
dt2

∫
dt1

[ ∣∣∣⟨B̄0B0|B0(t1)B̄
0(t2)⟩η

∣∣∣2 ∣∣∣⟨B̄0B0|B̄0(t1)B
0(t2)⟩η

∣∣∣2
+
∣∣∣⟨B0B0|B0(t1)B̄

0(t2)⟩η
∣∣∣2 + ∣∣∣⟨B̄0B̄0|B̄0(t1)B

0(t2)⟩η
∣∣∣2 ]

=
1 + ηy2

Γ2(1− y2)2
.

(A.9)
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Using this normalization, the probabilities of observing a same flavor event can be calculated as
follows:

Prob(B0B0) + Prob(B̄0B̄0) =
1

Nη

∫
dt2

∫
dt1
( ∣∣⟨B̄0B0|B0(t1)B̄

0(t2)⟩
∣∣2 + ∣∣⟨B̄0B̄0|B0(t1)B̄

0(t2)⟩
∣∣2 )

=
(x2 + y2)(2 + x2 − y2 + η(1 + x2y2))

2(1 + ηy2)(1 + x2)2
.

(A.10)
Similarly, the probability for opposite flavor events reads

Prob(B0B̄0) + Prob(B̄0B0) = 1− Prob(B0B0) + Prob(B̄0B̄0)

=
1

Nη

∫
dt2

∫
dt1
( ∣∣⟨B̄0B0|B0(t1)B̄

0(t2)⟩
∣∣2 + ∣∣⟨B̄0B̄0|B0(t1)B̄

0(t2)⟩
∣∣2 )

=
x4 + y4 + (2− η)(x2 − y2) + ηx2y2(x2 − y2 + 4) + 2

2(1 + ηy2)(1 + x2)2
.

(A.11)
As a cross check, one can integrate Eq. A.7 over ∆t and verify to arrive at the same expression
for η = 0 in Eqs. A.10 and A.11. [58]

A.3 Convolution with Resolution function R

The convolution here will be discussed in a more general way. The total resolution function consists
of the sum of the outlier (OL) and core part, seen here

R(δ∆t;σ) = (1− fOL)Rcore(δ∆t;σ) + fOLROL(δ∆t;σ), (A.12)

with fOL the fraction of outlier events. Rcore(δ∆t;σ) is a sum of two single Gaussians and a
Gaussian convoluted with the right- and left-side exponential tail:

Rcore(δ∆t;σ) =(1− ftail) ·G(δ∆t;µmain · σ, smain · σ)
+ ftail(1− fexp) ·G(δ∆t;µtail · σ, stail · σ)
+ ftail · fexp ·G(δ∆t;µtail · σ, stail · σ)
⊗ ((1− fR)expL(δ∆t/c · σ) + fRexpR(−δ∆t/c · σ))

(A.13)

We can look at the convolution of the decay probability distribution for variable ∆t from
equation A.7 with the resolution function in a general way. Due to linearity in the convolution
integral it is sufficient to look at one case which is easily extended to a multi-Gaussian resolution
function [59]. The integral of interest reads:

f(t; Γ,∆m,σ, µ) =

∫ +∞

−∞
dt′PSD(t

′)G(t− t′, µ, σ), (A.14)
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with

G(t− t′, µ, σ) =
1√
2πσ2

e−
(t−t′−µ)2

2σ2 . (A.15)

For the following derivation some functions have to be defined first, beginning with the Euler’s
formula, which states for any real x

eix = cosx+ i sinx. (A.16)

A special functions used frequently are error function (erf), the complementary error function
(erfc), and the Faddeeva function (w). The error function, denoted as erf(x), is defined as:

erf(x) =
2√
π

∫ x

0

e−t2 dt, (A.17)

and it measures the probability that a normally distributed random variable will fall within the
range [−x, x]. The complementary error function, erfc(x), complements erf(x) and is given by:

erfc(x) = 1− erf(x). (A.18)

It is often used in calculations involving Gaussian distributions. Additionally, the Faddeeva func-
tion, denoted as w(z), is a complex function related to the error function, commonly used in wave
propagation and signal processing, and is defined as:

w(z) = e−z2
(
1 +

2i√
π

∫ z

0

et
2

dt

)
. (A.19)

These functions are integral in deriving the final form of the convolution in the following. Using this
eq. A.7 can be rewritten in terms of complex exponential functions which forms the convolution
integral

f(t′; Γ, ω, σ, µ) =
1√
2πσ2

∫ +∞

0

dt′ e(Γ−iω)|t′| e−
t+|t′|+µ

2σ2 , t′ > 0, (A.20)

=
1√
π

∫ +∞

0

dy e−x2+(z−x)2e−(y−(z−x))2 (A.21)

=
1√
π
e−x2+(z−x)2

∫ +∞

0

dy e−(y−(z−x))2 , (A.22)

where substitution z = (Γ − iω)σ/
√
2, x = (t + µ)/

√
2σ2 and y = |t′|/

√
2σ2 is used. Shifting the
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integral limits to (z − x) yields

f(x; z) =e−x2+(z−x)2 1√
π

∫ +∞

(z−x)

dy e−y2 (A.23)

= e−x2+(z−x)2 · 1√
π

√
π

2
(erf(z − x) + 1) (A.24)

= e−x2+(z−x)2 · 1
2
(1 + erf(−(z − x))) (A.25)

= e−x2+(z−x)2 · 1
2
(1− erf(z − x)) (A.26)

= e−x2 · 1
2
e(z−x)2erfc(z − x) (A.27)

= e−x2 · 1
2
e−(i(z−x))2erfc(z − x) (A.28)

=
1

2
e−x2 · w(i(x− z)). (A.29)

Here, the symmetry property of the error function erf(−x) = −erf(x) in Eq. A.26 is used. In Eq.
A.27 and Eq. A.29 the properties Eq. A.18 and Eq. A.22 are used, respectively.

The total integrated form of the integral is: (getnflav)

εn

4
·
(
1− α

(
1− ζ

2

)
− β

[
1

1 + ∆m2
dτ

2
− ζ

2

1− 2∆mdτ

(1 + ∆m2
dτ

2)2

])
, (A.30)

with
α = qtag(∆w + µ · (1− 2w)),

and
β = qsig(µ(1− qtag∆w) + qtag(1− 2w)).



B Analysis on Signal MC sample

B.1 ∆E fits on Signal MC with 20%, 40%, 60% and 80% PSD

In this section supplementary tables for Sec. 5.1.2 can be found. Tabs. B.5 - B.8 show ∆t

fit parameters’ values for Signal MC with 20%, 40%, 60% and 80% fraction of disentanglement,
respectively. As expected, no significant deviations in shapes and fit values across the different
Signal MC samples can be observed. Moreover, the fit values are in expected ranges, particularly
the mean µDeltaE for all fits which are in the O(10−5), close to the theoretical value of ∆E = 0.

Parameter Mean Uncertainty

n∆E 238990 488
µ∆E −7.89 · 10−5 2.70 · 10−5

σ∆E 8.19 · 10−3 0.07 · 10−3

αL 1.3100 0.0503
αR 1.5371 0.0459
nL 1.7759 0.0600
nR 2.3702 0.0589
σGauss 0.0096 0.0001
fGauss 0.4314 0.0278

Table B.1: ∆E fit parameters for Signal MC
with 20% disentanglement.

Parameter Mean Uncertainty

n∆E 318740 564
µ∆E −10.2 · 10−5 2.34 · 10−5

σ∆E 8.25 · 10−3 0.08 · 10−3

αL 1.3387 0.0488
αR 1.5647 0.0458
nL 1.7646 0.0538
nR 2.3537 0.0552
σGauss 0.0097 0.0001
fGauss 0.4120 0.0287

Table B.2: ∆E fit parameters for Signal MC
with 40% disentanglement.

83
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Parameter Mean Uncertainty

n∆E 318920 564
µ∆E −12.20 · 10−5 2.27 · 10−5

σ∆E 8.33 · 10−3 0.07 · 10−3

αL 1.3805 0.0444
αR 1.6084 0.0422
nL 1.7353 0.0496
nR 2.3130 0.0523
σGauss 0.0097 0.0002
fGauss 0.3896 0.0281

Table B.3: ∆E fit parameters for Signal MC
with 60% disentanglement.

Parameter Mean Uncertainty

n∆E 239234 489
µ∆E −12.82 · 10−5 2.59 · 10−5

σ∆E 8.33 · 10−3 0.07 · 10−3

αL 1.4172 0.0434
αR 1.6462 0.0415
nL 1.7209 0.0526
nR 2.2779 0.0550
σGauss 0.0099 0.0002
fGauss 0.3572 0.0285

Table B.4: ∆E fit parameters for Signal MC
with 80% disentanglement.

Figure B.1: Fit to the ∆E distribution Signal MC events with 20% disentanglement, using double-
sided Crystal Ball shape.
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Figure B.2: Fit to the ∆E distribution Signal MC events with 40% disentanglement, using double-
sided Crystal Ball shape.

Figure B.3: Fit to the ∆E distribution Signal MC events with 60% disentanglement, using double-
sided Crystal Ball shape.
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Figure B.4: Fit to the ∆E distribution Signal MC events with 80% disentanglement, using double-
sided Crystal Ball shape.

B.2 δ∆t fits on Signal MC with 20%, 40%, 60% and 80% PSD

In this section supplementary tables for Sec. 5.1.2 can be found. Tabs. B.5 - B.8 show the
fit parameters’ values for Signal MC with 20%, 40%, 60% and 80% fraction of disentanglement,
respectively. All fit values are in agreement with corresponding parameter values in fits on different
MC samples. This is unsurprising, however an important test to control if there has been any
mistakes made during the sampling of data sets.
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Parameter Fit estimate

fOL 0.0014± 0.0001

µMain −0.2393± 0.0064

µTail −0.9911± 0.0393

σMain 1.1959± 0.0079

σTail 2.3473± 0.0466

fTail 0.2898± 0.0102

fexp 0.2142± 0.0080

c1 [ps2] 5.1032± 0.1488

fTail, R 0.2636± 0.0098

fTail,µ 0.1914± 0.0043

fTail,σ 0.0611± 0.0053

µ
(6)
Main −0.1737± 0.0101

µ
(6)
Tail −0.7857± 0.0687

σ
(6)
Main 1.1915± 0.0128

σ
(6)
Tail 2.3126± 0.0920

f
(6)
Tail 0.2556± 0.0190

f
(6)
exp 0.2360± 0.0159

c
(6)
1 [ps2] 5.2399± 0.2288

f
(6)
Tail, R 0.2792± 0.0180

Table B.5: Parameters from δ∆t residual fit on Signal MC with 20% disentanglement. Superscript
6 represents the 6th qr-bin, which is fitted separately.

Parameter Fit estimate

fOL 0.0014± 0.0001

µMain −0.2381± 0.0056

µTail −0.9825± 0.0339

σMain 1.1924± 0.0069

σTail 2.3215± 0.0398

fTail 0.2953± 0.0091

fexp 0.2171± 0.0070

c1 [ps2] 4.9679± 0.1229

fTail, R 0.2632± 0.0084

fTail,µ 0.1954± 0.0032

fTail,σ 0.0570± 0.0040

µ
(6)
Main −0.1853± 0.0079

µ
(6)
Tail −0.7420± 0.0590

σ
(6)
Main 1.1924± 0.0105

σ
(6)
Tail 2.3832± 0.0828

f
(6)
Tail 0.2450± 0.0151

f
(6)
exp 0.2405± 0.0139

c
(6)
1 [ps2] 5.3139± 0.2043

f
(6)
Tail, R 0.2613± 0.0154

Table B.6: Parameters from δ∆t residual fit on Signal MC with 40% disentanglement. Superscript
6 represents the 6th qr-bin, which is fitted separately.
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Parameter Fit estimate

fOL 0.0014± 0.0001

µMain −0.2374± 0.0065

µTail −0.9841± 0.0399

σMain 1.1934± 0.0080

σTail 2.3024± 0.0458

fTail 0.2954± 0.0107

fexp 0.2221± 0.0082

c1 [ps2] 4.8962± 0.1358

fTail, R 0.2668± 0.0098

fTail,µ 0.1986± 0.0032

fTail,σ 0.0521± 0.0040

µ
(6)
Main −0.1860± 0.0087

µ
(6)
Tail −0.6997± 0.0696

σ
(6)
Main 1.1883± 0.0120

σ
(6)
Tail 2.4169± 0.0986

f
(6)
Tail 0.2394± 0.0169

f
(6)
exp 0.2426± 0.0162

c
(6)
1 [ps2] 5.3175± 0.2339

f
(6)
Tail, R 0.2263± 0.0172

Table B.7: Parameters from δ∆t residual fit on Signal MC with 60% disentanglement. Superscript
6 represents the 6th qr-bin, which is fitted separately.

Parameter Fit estimate

fOL 0.0014± 0.0001

µMain −0.2306± 0.0055

µTail −0.9267± 0.0296

σMain 1.1830± 0.0067

σTail 2.2489± 0.0342

fTail 0.9960± 0.0614

fexp 0.2193± 0.0064

c1 [ps2] 4.8201± 0.1009

fTail, R 0.2623± 0.0079

fTail,µ −0.1002± 0.0098

fTail,σ 0.2119± 0.0055

µ
(6)
Main −0.1640± 0.0095

µ
(6)
Tail −0.5955± 0.0547

σ
(6)
Main 1.1479± 0.0154

σ
(6)
Tail 2.1248± 0.0869

f
(6)
Tail 0.9763± 0.1141

f
(6)
exp 0.2229± 0.0134

c
(6)
1 [ps2] 4.9543± 0.1726

f
(6)
Tail, R 0.2436± 0.0130

Table B.8: Parameters from δ∆t residual fit on Signal MC with 80% disentanglement. Superscript
6 represents the 6th qr-bin, which is fitted separately.
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B.3 Single ∆t fits

B.3.1 ∆t fits on Signal MC with full entanglement and full disentangle-
ment in qr-bin 0-5

In this section the single ∆t fits for full entanglement and disentanglement in qr bins 0-5, supple-
mentary to the plots shown in Sec. 5.1.3. The result shown here are fitted simultaneously with
results in qr-bin 6 presented in Sec. 5.1.3. Figs. B.3.1 and B.3.1 show the fits for full entanglement
and disentanglement, respectively. Tabs. B.9 and B.10 show all fitted parameters, including those
already shown in the main Sec. 5.1.3.

Parameter Mean Uncertainty

ζ 0.0153 0.0319
µM1 -0.1977 0.0376
σM1 1.0767 0.0399
µ
(6)
M1 0.0211 0.0362
σ
(6)
M1 1.1091 0.0694
fTail 0.3803 0.0155
w+

0 0.4814 0.0055
w−

0 0.4764 0.0054
µ0 -0.0274 0.0087
w+

1 0.4187 0.0050
w−

1 0.4071 0.0049
µ1 -0.0135 0.0078

w+
2 0.3232 0.0048

w−
2 0.3198 0.0048

µ2 -0.0146 0.0074
w+

3 0.2385 0.0058
w−

3 0.2400 0.0056
µ3 -0.0166 0.0087
w+

4 0.1670 0.0060
w−

4 0.1685 0.0060
µ4 -0.0090 0.0094
w+

5 0.1017 0.0055
w−

5 0.1050 0.0053
µ5 -0.0188 0.0080
w+

6 0.0204 0.0047
w−

6 0.0166 0.0046
µ6 -0.0051 0.0054

Table B.9: Single ∆t-fit parameters on Signal MC with PSD fraction of ζMC = 0.. The superscript
6 for resolution function parameters denotes the 6th qr-bin. The indices i = 0, ..., 6 for the flavor
tagger parameters denote the i-th qr-bin.

B.3.2 ∆t fits on Signal MC with 20% 40% 60% and 80% PSD

This section contains further single ∆t fits results presented in Sec. 5.1.3. The results shown here
are Signal MC fits with ζgen = 0.2, 0.4, 0.6, 0.8 for all qr-bins. Key parameter ζ’s fit values are
summarized in Tab. 5.6.
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Figure B.5: ∆t-distribution fitted to Signal MC data with full entanglement (ζgen = 0). Error bars
show Signal MC data for qr bins 0-5 (left to right, top to bottom) and solid line shows the fit. The
lower plot show the pulls.

Parameter Mean Uncertainty
ζ 1.0279 0.0243
µM1 -0.1625 0.0354
σM1 1.0137 0.0400
fTail 0.3910 0.0159
µ
(6)
M1 0.0447 0.0360
σ
(6)
M1 0.9536 0.0749
w+

0 0.4772 0.0070
w−

0 0.4772 0.0069
µ0 -0.0164 0.0122
w+

1 0.4195 0.0063
w−

1 0.4063 0.0062
µ1 -0.0169 0.0109

w+
2 0.3301 0.0062

w−
2 0.3309 0.0060

µ2 -0.0312 0.0103
w+

3 0.2367 0.0074
w−

3 0.2344 0.0074
µ3 -0.0023 0.0122
w+

4 0.1671 0.0082
w−

4 0.1750 0.0081
µ4 -0.0112 0.0132
w+

5 0.0891 0.0075
w−

5 0.0945 0.0074
µ5 -0.0124 0.0113
w+

6 0.0090 0.0063
w−

6 0.0203 0.0060
µ6 -0.0207 0.0079

Table B.10: Single ∆t-fit parameters on Signal MC with PSD fraction of ζMC = 1.. The superscript
6 for resolution function parameters denotes the 6th qr-bin. The indices i = 0, ..., 6 for the flavor
tagger parameters denote the i-th qr-bin.
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Figure B.6: ∆t-distribution fitted to Signal MC data with full disentanglement (ζgen = 1). Error
bars show Signal MC data for qr bins 0-5 (left to right, top to bottom) and solid line shows the
fit. The lower plot show the pulls.

Parameter Mean Uncertainty

ζ 0.2126 0.0276
µM1 -0.1876 0.0344
σM1 1.0767 0.0366
fTail 0.3867 0.0138
µ
(6)
M1 0.0194 0.0325
σ
(6)
M1 1.0539 0.0648
w+

0 0.4797 0.0051
w−

0 0.4780 0.0050
µ0 -0.0251 0.0083
w+

1 0.4194 0.0046
w−

1 0.4091 0.0046
µ1 -0.0094 0.0074

w+
2 0.3254 0.0045

w−
2 0.3236 0.0044

µ2 -0.0235 0.0070
w+

3 0.2379 0.0054
w−

3 0.2391 0.0053
µ3 -0.0140 0.0083
w+

4 0.1692 0.0057
w−

4 0.1738 0.0057
µ4 -0.0025 0.0089
w+

5 0.0990 0.0052
w−

5 0.1050 0.0051
µ5 -0.0194 0.0076
w+

6 0.0215 0.0045
w−

6 0.0173 0.0044
µ6 -0.0051 0.0052

Table B.11: Single ∆t-fit parameters on Signal MC with PSD fraction of ζMC = 0.2. The super-
script 6 for resolution function parameters denotes the 6th qr-bin. The indices i = 0, ..., 6 for the
flavor tagger parameters denote the i-th qr-bin.
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Figure B.7: ∆t-distribution fitted to Signal MC data with a fraction of disentanglement (ζgen = 0.2)
for all qr bins and four flavor combinations (left to right, top to bottom). Error bars show Signal
MC data binned in qr bins and solid line shows the fit. The lower plot show the pulls.
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Parameter Mean Uncertainty

ζ 0.4174 0.0229
µM1 -0.1879 0.0291
σM1 1.0516 0.0312
fTail 0.3900 0.0123
µ
(6)
M1 0.0290 0.0285
σ
(6)
M1 1.0576 0.0563
w+

0 0.4790 0.0047
w−

0 0.4766 0.0045
µ0 -0.0251 0.0076
w+

1 0.4183 0.0042
w−

1 0.4070 0.0041
µ1 -0.0139 0.0069

w+
2 0.3256 0.0041

w−
2 0.3259 0.0040

µ2 -0.0256 0.0065
w+

3 0.2369 0.0049
w−

3 0.2364 0.0048
µ3 -0.0101 0.0077
w+

4 0.1684 0.0053
w−

4 0.1728 0.0052
µ4 -0.0057 0.0083
w+

5 0.0985 0.0048
w−

5 0.1003 0.0048
µ5 -0.0111 0.0071
w+

6 0.0168 0.0042
w−

6 0.0208 0.0041
µ6 -0.0121 0.0049

Table B.12: Single ∆t-fit parameters on Signal MC with PSD fraction of ζMC = 0.4. The super-
script 6 for resolution function parameters denotes the 6th qr-bin. The indices i = 0, ..., 6 for the
flavor tagger parameters denote the i-th qr-bin.
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Figure B.8: ∆t-distribution fitted to Signal MC data with a fraction of disentanglement (ζgen = 0.4)
for all qr bins and four flavor combinations (left to right, top to bottom). Error bars show Signal
MC data binned in qr bins and solid line shows the fit. The lower plot show the pulls.
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Parameter Mean Uncertainty

ζ 0.5814 0.0217
µM1 -0.1958 0.0222
σM1 1.0761 0.0250
fTail 1.0000 0.0000
µ
(6)
M1 -0.0760 0.0234
σ
(6)
M1 1.1813 0.0469
w+

0 0.4817 0.0048
w−

0 0.4782 0.0047
µ0 -0.0228 0.0081
w+

1 0.4219 0.0043
w−

1 0.4097 0.0043
µ1 -0.0119 0.0072

w+
2 0.3292 0.0043

w−
2 0.3291 0.0041

µ2 -0.0252 0.0068
w+

3 0.2420 0.0051
w−

3 0.2398 0.0050
µ3 -0.0089 0.0081
w+

4 0.1726 0.0055
w−

4 0.1765 0.0055
µ4 -0.0098 0.0087
w+

5 0.1018 0.0050
w−

5 0.1058 0.0049
µ5 -0.0140 0.0075
w+

6 0.0236 0.0043
w−

6 0.0292 0.0041
µ6 -0.0154 0.0052

Table B.13: Single ∆t-fit parameters on Signal MC with PSD fraction of ζMC = 0.6. The super-
script 6 for resolution function parameters denotes the 6th qr-bin. The indices i = 0, ..., 6 for the
flavor tagger parameters denote the i-th qr-bin.
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Figure B.9: ∆t-distribution fitted to Signal MC data with a fraction of disentanglement (ζgen = 0.6)
for all qr bins and four flavor combinations (left to right, top to bottom). Error bars show Signal
MC data binned in qr bins and solid line shows the fit. The lower plot show the pulls.
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Parameter Mean Uncertainty

ζ 0.8167 0.0235
µM1 -0.1623 0.0330
σM1 1.0410 0.0358
fTail 0.3816 0.0139
µ
(6)
M1 0.0418 0.0320
σ
(6)
M1 0.9607 0.0657
w+

0 0.4796 0.0059
w−

0 0.4780 0.0058
µ0 -0.0193 0.0101
w+

1 0.4193 0.0053
w−

1 0.4057 0.0053
µ1 -0.0158 0.0091

w+
2 0.3295 0.0053

w−
2 0.3304 0.0051

µ2 -0.0278 0.0086
w+

3 0.2428 0.0063
w−

3 0.2377 0.0062
µ3 -0.0089 0.0102
w+

4 0.1702 0.0069
w−

4 0.1757 0.0068
µ4 -0.0072 0.0110
w+

5 0.0934 0.0063
w−

5 0.0952 0.0062
µ5 -0.0127 0.0094
w+

6 0.0130 0.0054
w−

6 0.0222 0.0051
µ6 -0.0206 0.0066

Table B.14: Single ∆t-fit parameters on Signal MC with PSD fraction of ζMC = 0.8. The super-
script 6 for resolution function parameters denotes the 6th qr-bin. The indices i = 0, ..., 6 for the
flavor tagger parameters denote the i-th qr-bin.
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Figure B.10: ∆t-distribution fitted to Signal MC data with a fraction of disentanglement (ζgen =

0.8) for all qr bins and four flavor combinations (left to right, top to bottom). Error bars show
Signal MC data binned in qr bins and solid line shows the fit. The lower plot show the pulls.

B.4 Absorption Studies

In this section, the plots for remaining parameters corresponding to the absorption studies pre-
sented in Sec. 5.2 are presented. The figures in the following all show the deviation of respective
fit parameters with falsely assumed full entanglement from the nominal value, in dependence of
the true value ζgen. Figs. B.11 and B.12 show the deviations for resolution function parameter µM1

and σM1, respectively. These are shared parameters across qr-bins 0-5 and fitted simultaneously.
Figs. B.13 - B.18 show the deviations for qr-bins 0-5.
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Figure B.11: Relative deviation of fit value with ζ = 0 from nominal value for parameter µM1.
The dotted line for y = 0 shows the relative nominal value, data points with error bars are shown
with respect to the true PSD fraction in Signal MC, while the solid line shows a linear fit to the
data points.

Figure B.12: Relative deviation of fit value with ζ = 0 from nominal value for parameter σM1.
The dotted line for y = 0 shows the relative nominal value, data points with error bars are shown
with respect to the true PSD fraction in Signal MC, while the solid line shows a linear fit to the
data points.
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Figure B.13: Relative deviation of fit value with ζ = 0 from nominal value for parameters w±
0 . The

dotted line for y = 0 shows the relative nominal value, data points with error bars show data points
with respect to the true PSD fraction in Signal MC, while the solid line shows a linear fit to the
data points. Wrong tag fraction for negative/positive are shown in blue and orange, respectively.

Figure B.14: Relative deviation of fit value with ζ = 0 from nominal value for parameters w±
1 . The

dotted line for y = 0 shows the relative nominal value, data points with error bars show data points
with respect to the true PSD fraction in Signal MC, while the solid line shows a linear fit to the
data points. Wrong tag fraction for negative/positive are shown in blue and orange, respectively.
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Figure B.15: Relative deviation of fit value with ζ = 0 from nominal value for parameters w±
2 . The

dotted line for y = 0 shows the relative nominal value, data points with error bars show data points
with respect to the true PSD fraction in Signal MC, while the solid line shows a linear fit to the
data points. Wrong tag fraction for negative/positive are shown in blue and orange, respectively.

Figure B.16: Relative deviation of fit value with ζ = 0 from nominal value for parameters w±
3 . The

dotted line for y = 0 shows the relative nominal value, data points with error bars show data points
with respect to the true PSD fraction in Signal MC, while the solid line shows a linear fit to the
data points. Wrong tag fraction for negative/positive are shown in blue and orange, respectively.
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Figure B.17: Relative deviation of fit value with ζ = 0 from nominal value for parameters w±
4 . The

dotted line for y = 0 shows the relative nominal value, data points with error bars show data points
with respect to the true PSD fraction in Signal MC, while the solid line shows a linear fit to the
data points. Wrong tag fraction for negative/positive are shown in blue and orange, respectively.

Figure B.18: Relative deviation of fit value with ζ = 0 from nominal value for parameters w±
5 . The

dotted line for y = 0 shows the relative nominal value, data points with error bars show data points
with respect to the true PSD fraction in Signal MC, while the solid line shows a linear fit to the
data points. Wrong tag fraction for negative/positive are shown in blue and orange, respectively.
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