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Abstract

To explain the origin of the observed matter-antimatter asymmetry in the universe, new sources
of charge-parity (CP) symmetry violation beyond the standard model of particle physics are
required. The oscillation frequency Am in the neutral B meson system is an important parameter
in overconstraining standard model predictions for CP violation in the quark sector.

We aim for a precision measurement of the lifetime 750 and oscillation frequency Am at the
Belle IT experiment. At the asymmetric electron-positron collider SuperKEKB, BB’ meson
pairs are produced in an entangled coherent quantum state. We reconstruct B mesons in three
hadronic signal decay channels B® — 7t D*)~ and employ flavor tagging algorithms to determine
the flavor eigenstate of the accompanying B meson decay. From a time-dependent fit to the
mixing asymmetry in the decay time difference of both B mesons, in seven bins of the flavor tag
figure-of-merit, we extract the oscillation frequency and lifetime.

From simulation, we analyse the (peaking) background compositions in all three signal channels.
We develop multi-dimensional fit strategies to separate signal and backgrounds and to extract the
background composition from Belle IT data. We fit in the energy difference AFE of the reconstructed
B mesons and the output of a continuum suppression boosted decision tree, trained on simulated
event samples. In simulation the fit consistently tells apart signal and backgrounds with deviations
of less than 10%. Pseudo-experiment indicate a stable and un-biased fit and the fit result on
176.9 4+ 12.6 b~ ' of Belle II data agrees with the expectations from simulation.

Kurzfassung

Um den Ursprung der im Universum beobachteten Materie-Antimaterie Asymmetrie zu erkléren,
sind neue CP (Ladungs-Paritdts-Symmetrie) verletzende Quellen, jenseits des Standardmodells
der Teilchenphysik, notwendig. Die Oszillationsfrequenz Am im neutralen B-Meson System
ist ein wichtiger Parameter, um die Beschreibung von CP-Verletzung im Quark-Sektor des
Standardmodells zu iiberpriifen.

Wir beabsichtigen eine Préazisionsmessung der Lebenszeit 7o und der Oszillationsfrequenz Am
am Belle IT Experiment. Am asymmetrischen Elektron-Positron-Collider SuperKEKB werden
BB’ Mesonpaare in verschrankten koherenten Quantenzustdnden produziert. Wir rekonstru-
ieren B Mesonen in drei hadronischen Signalzerfallskanilen B® — 7tD®)~ und bestimmen
den Flavor-Eigenzustand des begleitenden B Mesonzerfalls mit flavor-tag Algorithmen. Aus
einem zeitabhéangigen Fit der Mischungsasymmetrie als Funktion der Zerfallszeitdifferenz beider
B Mesonen, in sieben bins der flavor-tag figure-of-merit, kann die Oszillationsfrequenz und
Lebenszeit bestimmt werden.

Wir untersuchen die Hintergrundzusammensetzung in allen drei Signalkandlen in simulierten
Teilchenkollisionen. Mehrdimensionale Fitstrategien wurden entwickelt, um Signal und Hin-
tergriinde zu trennen und die Hintergrundzusammensetzung aus Belle IT Daten zu bestimmen. Der
Fit wird in der Energiedifferenz AFE der rekonstruierten B Mesonen und im Output eines boosted
decision trees zur Kontinuumhintergrundsunterdriickung, trainiert auf Simulation, durchgefiihrt.
In simulierten Kollisionen trennt der Fit Signal und Hintergriinde konsistent mit Abweichungen
von unter 10%. Pseudo-Experimente weisen auf einen stabilen und unvoreingenommenen Fit
hin. In 176.9 + 12.6fb~! Belle IT Daten, stimmt das Fit-Ergebnis mit den Erwartungen aus der
Simulation iiberein.
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1 Introduction

Astrophysical experiments measure a matter-antimatter asymmetry in the universe. In order to
generate such an asymmetry from an initially symmetric universe, the so-called charge-parity sym-
metry has to be broken in particle decays (CP violation). The standard model of particle physics
incorporates CP violation, but not to an extend necessary to explain the asymmetry. Our under-
standing of physics at the most elementary level is hence incomplete and we are searching for new
physics processes that violate the CP symmetry to the observed magnitude during the evolution
of the early universe.

The study of B mesons is a prime candidate in the search for new sources of CP violation.
Mesons are particles composed of elementary quarks, more precisely of one quark and one anti-
quark. Neutral mesons can oscillate into their antiparticles, a phenomenon which we call mizing.
A precise measurement of the neutral B meson lifetime and oscillation frequency is an important
result towards searching for new CP-violating processes.

At the SuperKEKB collider in Japan, large quantities of B meson pairs are produced. The par-
ticles and their decays are observed by the Belle II detector. The collider provides kinematically
well-known collisions in an exceptionally clean environment. The Belle II detector is optimized to
enable high-precision, high-statistics measurements of fundamental particle properties and physics
parameters, such as CP-violating parameters.

In this thesis, we aim for a precision measurement of the lifetime and oscillation frequency in
the neutral B meson system at the Belle II experiment. The thesis is structured as follows.

In Chapter 2, we briefly review our current understanding of particle physics. Special em-
phasis is placed on the discussion of flavor physics and we give a short historic retrospect of the
development of the quark model. We refer to astrophysical experiments which measure a matter-
antimatter asymmetry in the universe and discuss the discrete P, C' and C'P asymmetries and
how they are essential for the formation of a matter-antimatter asymmetry. We then review the
present status of CP-measurements in the quark sector and how we can search for new sources of
CP violation.

We subsequently derive the formalism for neutral meson mixing from first principles and apply
it to the neutral B meson system. We then see that the oscillation frequency can be extracted
from a time-dependent measurement of the mizring asymmetry.

In Chapter 3, we discuss the production of B mesons at the SuperKEKB collider and the
detection principles of the Belle II detector. Furthermore, we present the general workflow of an
analysis at Belle II.

Chapter 4 presents our analysis strategy in detail. We summarize the previously introduced
concepts and explain how we employ them for a precision measurement of the B meson lifetime
and oscillation frequency. The explanations focus on the treatment of backgrounds and in par-
ticular on so-called peaking backgrounds. We review previous measurements and explain how our
analysis strategy is expected to perform better in background suppression, resulting in decreased
measurement errors on the lifetime and oscillation frequency.

Chapter 5 discusses the reconstruction of detector responses into physics processes. Thereafter
a detailled analysis of (peaking) backgrounds is presented in Chapter 6, which was partly omitted
in previous analyses. This background analysis serves to understand the contributing backgrounds
and is important to assess their impact on the measurement.

Based on the findings from the detailed background analysis, we develop a multi-dimensional
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fit strategy to separate backgrounds and signal (Chapter 7). The fit performance and stability is
assessed in simulation and in so-called pseudo-experiments. Thereafter, we apply the fits to real
Belle IT data. We compare the fit performance with a one-dimensional fit model, such as employed
in previous analyses.

In Chapter 8 the full analysis is implemented, which consists of the fit to separate signal and
backgrounds and of a time-dependent fit of the mixing asymmetry. Chapter 9 concludes the thesis.

2 Theory

The Standard Model of particle physics (SM) describes our understanding of the elementary build-
ing blocks of matter and how they interact on the microscopic level. This chapter briefly describes
how we came to our current understanding of particle physics and why it is incomplete. Subse-
quently, the B meson mixing behavior is described. We here focus only on the physics that is
relevant for the measurement of the BY lifetime and mixing, and in no way aim to give a complete
description of the SM.

2.1 The Standard Model of Particle Physics
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Figure 1: Particle content of the Standard Model of particle physics [1].

Figure 1 shows the elementary particles in the SM, which are all pointlike. All matter is built
up of spin 1/2 fermions. They consist of 6 flavors of leptons (green in Figure 1) and of 6 flavors of
quarks (purple). We categorize them by their electric charge ¢ into charged and neutral leptons,
as well as in up- (¢ = 2/3) and down-type (¢ = —1/3) quarks. Furthermore, we distinguish three
generations of fermions which differ by their masses, but have the same spin and charge.
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The fermions interact through the following fundamental forces of the universe: the electro-
magnetic and weak forces (unified as electro-weak force) and the strong force. In the context of
quantum field theories (QFTs), the forces are mediated by the exchange of spin 1 gauge bosons
(red in Figure 1) and of the spin 0 Higgs boson. The gauge bosons arise in interaction terms,
when imposing the observed U(1)y X SU(2)r X SU(3)¢ symmetries on the physical predictions
[2]. By the Noether theorem, each continuous symmetry is associated with a conserved charge [3].
The gauge bosons couple to the charge specific for the force they mediate. All charged fermions
interact via the photon and interact weakly via the W, Z and Higgs bosons. The quarks in addi-
tion interact strongly via the gluons.

The gauge bosons and fermions obtain their masses through interacting with the scalar field
associated with the spin 0 Higgs boson. The latter is the final particle of the SM, which was
discovered most recently in 2012 at the Large Hadron Collider (LHC) [4][5].

2.2 Flavor Physics

In this thesis, we focus on how the fermions differ in their interaction properties, a field called
flavor physics. This section follows the explanations in [2] and [6].

Historically, the up- und down-quark were first known as constituents of neutrons and protons
in atomic nuclei. The discovery of strange particles involving strange-quarks lead to a number of
surprising observations. Initially, due to their unusually long lifetimes, strangeness was introduced
as flavor quantum number. Today we know that strangeness is conserved in strong decays and can
only change in weak decays. To account for the suppression of flavor-changing decays, Cabibbo
suggested that the up-quark couples to a superposition of the down-type quarks d and s

d-Vyg+s -Vys=d-cosb.+ s-sinb,, (1)

where the weak couplings V' are expressed in terms of the Cabibbo mixing angle 6.. He was able
to determine 6, ~ 13° from the relative branching fractions of leptonic decays of kaons K+ = |us)
and pions 7t = |ua> [7]. However this could not account for the strong suppression of flavor
changing neutral currents (FCNCs) in decays of strange particles, for example in

T(K+ — ot it)
NK+ — w0l*y)

~ 1076, (2)

The problem was resolved by the postulation of the charm-quark. Glashow, Iliopoulos and Ma-
iani (GIM) proposed a fourth quark which couples to the down-quark with same magnitude but
opposite sign as the strange-quark couples to the up-quark [8]. The weak and strong eigenstates
are hence related by

d ~ (Vua Vus) |d [ cosf. sinb.\ [d )
5] weak B Vea  Ves S strong - \—sin fc cosf. § strong .

In the so-called GIM mechanism, the combined processes result in a strong suppression of FCNCs.
The observed remaining FCNCs indicate the non-degeneracy of the masses m. # ms.

2.2.1 CP Violation

Another unexpected observation was made in decays of strange particles: in the so-called 8 — 7
puzzle, two particles of the same mass decayed to 2 and 3 pions respectively. These are fundamen-
tally different modes, since they are of opposite symmetries under so-called parity transformation
P. P acts on any wavefunction ¢ as Py(t, &) = Py (t, —Z) and hence

P|rrr) = P(m)? - (=1)! jarr) = —(=1)! |wrem)

2 l l (4)
Plrm) = P(m)”- (=1)" |rm) = +(=1)" |7m) ,
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where [ is the total angular momentum of the decaying particle and P(7w) = —1 [2]. According to
Lee and Yang, 0 and 7 were the same particle (today known as K) that weakly decayed to both
2 and 3 pions, thus violating parity in the weak force [9]. Shortly afterwards, Wu confirmed their
idea experimentally in 8 decays [10].

Parity P was only one of the discrete symmetries, that the laws of physics were believed to
exhibit. Charge conjugation C inverts all additive quantum numbers and thus interchanges par-
ticles with anti-particles. Although C' and P were maximally violated, nature was expected to be
symmetric under the combined CP transformation. The observation of a small degree of C'P sym-
metry violation (CPV) in kaon decays [11], motivated Kobayashi and Maskawa (KM) to extend
GIM’s four-quark mixing matrix by another generation of quarks [12]. Analogously to strangeness,
the flavor quantum numbers Charm, Bottom and Top (although named differently at the time)
were introduced, that are not conserved in weak decays. As will be shown in the following, the
postulation of a third quark generation makes it possible to introduce CPV in weak quark decays.

Typically, the 3 x 3 CKM mixing matrix is parametrized by three mixing angles 612, 613, 623
and one complex phase ¢

d d
s = VcokuMm |8
weak strong
Vud Vs Vup C12€13 512C13 s13e "
with Vokm = [ Vea  Ves  Veo | = | —s12¢23 — c12523513¢" 12023 — s12523513€"°  sazci3
Vie Vis Vi 512523—6120235136“s —012523—8120235136“s C23C13

where ¢;; = cos;; and s;; = sinf;;. In any QFT, we require hermitian Lagrangians £ = L, and
thus hermitian conjugate terms in £, in order to make measurable predictions. In the SM, the
Lagrangian and its CP conjugate for a weak decay of an up-type quark ¢ — ¢'W+ are given by

L o< Voq@ " a Wi + Vo @y as W, 5
cp _ _ _

L =Voq @ " aW,, + Vi ap " W,
where Vg, are the CKM mixing matrix elements. From Equation 5, it is clear that the complex
phase d in the CKM matrix induces CPV. While the complex phase in the CKM matrix is ir-
reducible, one can parametrize the 2 X 2 GIM mixing matrix such that it includes no complex
phase and hence induces no CPV. Thus by extending the quark-model to three generations, KM
introduced a mechanism for CPV.

Usually, the CKM matrix is expressed in terms of the Wolfenstein parametrization [13], to
reveal its hierarchic structure Vg > Vi, > V.

1—A2/2 A AN (p —in) A= s12
Voxa = -\ 1—\2/2 AN? + O\ with { A = s93/)\2
AN (1 —p—in) —AN? 1 AN (p —in) = s13e %

(6)

The GIM mechanism is implemented in the 6-quark model by the unitarity of the CKM matrix
Voxkum V(]?LKM = 1. The unitarity condition yields six independent relations for the off-diagonal zeros
of the unit matrix, e.g. the following relation involving quarks of the third generation

VuaVip + VeaVi + ViaViy = 0, (7)

which can be visualised as closing triangles in the complex plane (Figure 2). In these so-called
unitarity triangles, non-trivial angles ¢ # 0,7 indicate CPV. While all triangles have the same



2.2 Flavor Physics 11

area, their sides are of different lengths. Inserting the Wolfenstein parametrization in Equation
7, we find that for this particular triangle all sides are of same magnitude O(A\?). This results in
large angles and hence large CPV in systems, where the b-quarks are involved.

(0,0) (1,0)

Figure 2: Unitarity triangle corresponding to Equation 7.

(7,7) = (Rez,Im z) with z = — YeaVar [14],

cdVep

After the discovery of the third-generation bottom-quark at Fermilab [15], a measurement of
CP-violating effects in the B mesons was left to confirm the KM mechanism. With the observation
of long B meson lifetimes and substantial mixing rates in neutral B® mesons [16], two necessary
conditions for large CPV were met in the B meson system. This is due to the fact that the GIM
suppression of FCNCs in B° mixing is weakened by the large top-quark mass. The CKM elements
in Equation 7 correspond to B meson decays and the large angles in the corresponding unitarity
triangle reflect large CPV. Consequently, a great effort was made to construct the first generation
of high-luminosity B factories KEKB and PEP with their detectors, which eventually measured
[17][18]

VedVi

=0.699 4+ 0.017 [19]. 8
e ]) i ®)

sinfn) = s ang |

Although the SM can explain most observations, we know that it is not complete. Among
others, it does not account for the baryon-antibaryon (= matter-antimatter) asymmetry in the
universe. Satellite-based experiments measure no primary cosmic anti-proton or anti-helium fluxes
and non-sufficient y fluxes from annihiliation [20][21]. From anisotropies in the cosmic microwave
background (CMB) and measurements of light element abundances [22][23], we know that the
universe exhibits a baryon asymmetry

np —ngm _
nB;WBBMs-m 10£0,[24] (9)
vy

where n denote the number densities of (anti-) baryons and CMB-photons. According to Sakharov,
three conditions have to be met to generate a non-zero baryon asymmetry from an initially sym-
metric universe [25]. First, the universe must be in thermal non-equilibrium. To illustrate the two
remaining conditions, consider the example of a particle X decaying to only two final states. The
decay rates and their C P conjugates are given by

rX—fm=rLrX-7n) =7

— ANp=(r—7) (NY - ND), (10)
IX—=f)=1-1ETX=R)=1-7 e ( N B>

where N 1(31’2) are the baryon numbers of the two final states and ANp is the total change in baryon
number for an equal number of X and X decays. Clearly, for a baryon asymmetry ANg # 0, we
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need both baryon number violating Ng) - N g) # 0! and CP violating r — 7 # 0 decays [6].

In the SM, the source of CPV is given by the complex phase of the CKM matrix [26]. However,
the induced degree of baryon asymmetry nSBM /nB ~ 10716 < 1 is far from being able to explain the
observed asymmetry [27]. Hence, we search for additional sources of CPV in new physics beyond
the SM (NP). Two complementary approaches are persued in the search for NP: direct searches
at high energies to produce new particles (at LHC) and indirect searches at the high-intensity
frontier. At the second-generation B factory SuperKEKB with Belle II, deviations from SM
parameter predictions are searched in high precision analyses. One approach is to overconstrain
CKM-matrix-unitarity by precisely measuring all sides and angles of the unitarity triangles. Figure
3 shows the current experimental limits.

0.7

a4
o8
\,
- IIIIiIIII|Il|ll]l]l]lJlIlJlJlI[J[J

T e T T T T T T
b A S

0.6 Amd EK

Summer 18
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Figure 3: Unitarity triangle with current experimental limits [28].

2.2.2 Neutral Meson Mixing

An important parameter for overconstraining CKM-matrix-unitarity is the mixing parameter Am
(i.e. oscillation frequency) in the neutral B} meson system. Mizing describes the phenomenon
of neutral mesons oscillating into their antiparticles and will here be discussed in detail. In this
section, we describe the mixing behavior of generic neutral mesons, here denoted P°. Thereafter,
we specify the results for neutral B® meson mixing.

Due to mixing, neutral mesons propagating in time must be treated as superposition of the
. . . —0 .
meson and antimeson states, described by the wavefunctions |P°(t)) and ‘P (t)> respectively.

The time-evolution of the neutral meson/anti-meson state is governed by the Schrédinger equation
(Equation 11).

] = (e-5) [e] = G 22 G 5] ] o
=Hett

where the effective Hamiltonian H.g decribes neutral meson mixing and in general consists of her-
mitian matrices M and I', describing the mass and decay rate components [6]. In the Schrodinger
Picture formulation of quantum mechanics, the time-dependence is absorbed in the meson/anti-
meson state and Heg is time-independent.

1t is worth noting that baryon number conservation can be violated in the SM [23].
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Neutral meson mixing denotes transitions between the flavor eigenstates P° and P° and vice
versa, which are governed by weak flavor-changing interactions. While the weak interaction op-
erates on the flavor eigenstates, the mesons propagate in their physical mass eigenstates, which
are given by the eigenstates of the Hamiltonian. Non-zero off-diagonal components of H.g induce
mixing, which results in the flavor eigenstates to not coincide with the propagating physical mass
eigenstates.

Since CPT (with time reversal T'(t, ) = (—t, ¥)) invariance implies M1; = Mag and T'11 = Do,
solving Equation 11 for the time evolution amounts to finding the eigenstates of

My — T Mg — il a b
He = * % * % = . 12
ff <M12 — 1T, M- 2r11> <c a) (12)

We find the heavy (H) and light (L) mass eigenstates

|Pyy) = \/E\PO> T \/Z‘PO> (13)

Ep\P0>3Fq(ﬁ0>,

normalized such that |p|? + |¢|? = 1 and with eigenvalues

mH7L—%FH7L:a:Fvb-c. (14)

The resulting time-evolution for the mass eigenstates is
) i
|PH7L(t)> = exp |:Z (mH,L — QFH,L> t:| . |PH,L> . (15)

By the Born rule, the square of the magnitude of the wave function corresponds to the probability
density for detecting a particle at a specific point in time and space. Since Heg is not hermitian,
the eigenstates are non-orthogonal with complex eigenvalues. This leads to a non-unitary time-
evolution of the eigenstates, which means that probability is not conserved here. This is due to the
fact, that both P° and P eventually decay into other particles and disappear from the (P°, PO)
subspace [6].

From Equations 13 - 15, we can find the time-evolution for the flavor eigenstates

|PP(®)

% [1Pa(t) + | Pr (1)

_ }efiatefi\/at . [(1 i e”i‘/w) |P%) + 4 (1 - e+2NEt) ‘po>]
2
P (16)

02017+ L0 [P*)] ana

‘—0

P'(t))

where the time-dependence is encoded in

32 [PLO) = [Pu(0)] = 2o (0|P*) + 9.0 [P°).

26

_ }e—i(7rLL—%FL)t (1 + e(—iA?rH—%AF)t) )

1 _. ) )
gj:(t) = —zate—z\/ﬁt (1 :te+2z\/%t>
(17)

2
Therein, we defined the mass and decay width differences
Am=myg —mgp >0
Al = FL — FH
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In an experiment, we measure the decay rates

1 d
I'(P(t) = f) = ——=N(P(t) —
(P~ ) = 3GV PE) = 1)
for decays to some final state f and analogously for the decay rates to the CP-conjugate final state
f. Up to some common normalization, the decay rates for the flavor eigenstates are given by [29]

D(PO(t) = f) = | {fIH |P°@®)) I = |AsPlg+ () + g-()As]>  and
o

AF

—0 e (19)
D(P(t) = f) = [A7]* |9+ (t) +

where H is the Hamiltonian governing the decay transition with corresponding decay amplitudes

Ay =(fIH|P°) and Ay=(f|H|P")
_ —o =0 (20)
Afz<f|H‘P> and A?E<f|H‘P>,

and we defined the parameters A\ = %% and Ay = . As will be shown in the following, no

| ‘\\

q
P
detailed calculation of the hadronic effects and their uncertainties is necessary for a measurement
of the BY lifetime and mixing behavior.

2.2.3 Neutral B° Meson Mixing

The previous expressions simplify considerably, if we take into account the relative magnitudes of
mp, 'y, Am, AT for the considered type of meson. In general, mixing can either occur through
decays to intermediate meson states or through the exchange of virtual heavy particles. We re-
spectively call these the long- and short-distance contributions to mixing. Decays in long-distance
mixing contribute to a non-zero decay width difference AI'. The exchange of virtual heavy par-
ticles in short-distance mixing contribute to a non-zero mass difference Am of the physical mass
eigenstates [30].

Long-distance contributions are more difficult to compute than short-distance contributions.
This is due to confinement at long distances, i.e. low energies. Then, the degrees of freedom
of Quantum Chromodynamics (QCD) are composite hadrons rather than individual quarks. In
this regime, QCD behaves non-perturbatively and the uncertainties on the theoretical predictions
become significant. In B® mixing, I'15 is strongly CKM suppressed and long-distance contributions
can be neglected [6]. We therefore approximate

T T 1
AT < Am —> AT ~0 — Ty~ bt 8 _ 1 (21)
2 TBo
which leads to
1 . )
g:l:(t) ~ *e_lmLte_t/(gTBO) (1 Zl: e—lAmt) . (22)

2

Short-distance mixing proceeds via FCNCs in so-called box-diagrams, for example as depicted
in Figure 4. For a particular box-diagram, the larger the mass of the exchanged virtual particle,
the larger its contribution [31]. We have

my > mw > Me oy,

where m denotes the masses of the involved particles. Additionally, one has to take into account
the magnitudes of the corresponding CKM elements in the diagram. Thus for B® mixing, the
exchange of virtual top quarks vastly dominates, since the top quark is the heaviest quark and
b — t W~ transitions are not CKM suppressed (see Equation 6).
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Figure 4: Dominating box-diagrams in B° mixing.

In summary for B® mixing, we only account for the contribution in Figure 4. For D° and
K9 mixing no such simplification is possible, since mixing via top quarks is CKM suppressed and
long-distance mixing via real light mesons dominates.

Plugging Equation 22 in Equation 19, we find

—t/Tgo 1— |>\ |2 2Tm \
0 — 14,2 8 . A _ fog
(B (t) = f) = |Af] 5 { FRPWE cos(Amt) T+ oy sm(Amt)]
e A L-UNE 2y (23)
(B ()= f) = f|'ﬁ' —WCOb( m)+mbm( mt)| .

For a mixing measurement, we look at flavor-specific final states, i.e. final states f that are only
accessible from BY meson decays and not from B’ meson decays. Then, we have Zf = A? =0
and hence Ay = 1/A = 0. Assuming that there is no CPV in the decays [29], i.e. [Af| = \Zﬂ, we
compute the mizing asymmetry to
—0 _
At) = LB = f) - F(Eo(t) - f) = cos(Amt). (24)
L(BO(t) = )+ T(B(t) = f)

Thus, from a time-dependent measurement of the mizing asymmetry A(t), we can extract the
mixing parameter Am.

3 Experiment

To measure the time-dependent mixing asymmetry (Equation 24), we look at decays to flavor-

specific final states, i.e. final states that are only accessible from either B° or B decays. As
will be shown in Chapter 4, these decays exhibit low branching fractions (see Table 1). Thus,
large numbers O(10°) of B meson decays, i.e. high-luminosity colliders, are needed for a sufficient
statistical precision of the mixing asymmetry measurement.

In this high-luminosity environment, the decay rates I'(B — f) have to be measured as a

function of the decay time ¢ and of the flavor in which the B meson decays (either B® or FO). To
achieve this, high-resolution detectors with excellent particle identification and vertex resolution
are required. According to the principles of relativity, the decay time t}5, of a B meson with
non-zero velocity Biap, = v/¢ > 0 in the laboratory frame is dilated relative to the decay time tepms
in the centre-of-mass frame.

Z‘;CII’IS (25)

tiab = tems * Vab = ———= > tcms
\% 1—- ﬁ123b

where 71,1, denotes the Lorentz factor in the laboratory frame. Naturally in an experiment, larger
decay times can be measured with higher relative precision than smaller decay times. Thus the
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principle of time dilation is exploited in experiments, by producing the B mesons with non-zero
boosts vy > 0.

Two complementary experimental approaches exist to over-constrain CKM-unitarity and to
investigate B meson mixing. At hadron colliders, high B meson production cross-sections provide
high rates of B meson decays. The B mesons are produced at high energies and carry significant
boosts, e.g. By ~ 100 at LHC [26]. However, the hadronic nature of the interactions results in
large numbers of additional particles besides the B mesons, whose kinematics vary from event
to event. In contrast at lepton colliders, B mesons can be produced exclusively with constant
well-known kinematics. In the following, this chapter describes the experimental setup of the
electron-positron collider SuperKEKB and the Belle II detector and is based on [32] and [33].

3.1 SuperKEKB Collider

The SuperKEKB collider near Tsukuba in Japan is an asymmetric electron-positron collider,
optimized for the production of B mesons. As explained above, we can exploit relativistic time
dilation to increase the B meson decay length in the laboratory frame, and thus improve its
measurement precision in the detector. To this end, the T (4S) resonance is not produced at rest,
but with a boost 8y = 0.284 [33]. This is achieved using asymmetric beam energies,

EC.,. =T7GeV

" (26)

EYom = 4GeV,
which requires separate beam pipes for electrons e~ and positrons e*. Figure 5 shows a schematic
view of the SuperKEKB collider with its pre-accelerator stages and the Belle II detector at the
beam interaction point.

Electrons and positrons are collided at a center-of-mass energy +/s corresponding to the Y (45)
resonance rest mass,
Vs =my@us)c® =~ 10.58 GeV. (27)

The Y (4S5) resonance decays exclusively to a BB meson pair with a branching fraction of above
96% [34]. It thus provides a clean, low-background B° meson pair production mode, in which each
B meson carries exactly half of the collision energy /s in the center-of-mass frame. This can be
used as kinematical constraint to identify B mesons, which we will describe in Chapter 5.

In the eTe™ collision, the quark-antiquark (q = u, d, s, ¢) pair production cross section is about
3nb, which is large compared to a production cross section of about 1nb for the T(4S5) resonance
[32]. To investigate backgrounds from ¢g production, the collision energy can be decreased down
to the T(1S) resonance rest mass. Runs at the YT(55) and Y(6S5) resonance rest mass produce
heavier B mesons such as strange B mesons B,. However, B mesons oscillate much faster than
BY mesons and the Belle II resolution is not sufficient to resolve BY meson mixing (even so they
are resolved at LHC due to the large boost (7).

For the electron beam, electrons are generated by a radio-frequency gun and accelerated to
7GeV in the injector linac (linear accelerator), before being injected into the electron ring. To
generate positrons a tungsten target is irradiated with 3.5 GeV electrons about half-way down the
linac, producing brems-photons which are immediately converted into electron-positron pairs in a
second close-by target. Since the positrons are produced as secondary particles, their emittance
is high, i.e. the positron beam width is large and they exhibit a wide momentum spread. To
maximize the luminosity and minimize beam backgrounds, the captured positrons are fed into
a 1GeV damping ring. Therein, the positron beam emittance is decreased through synchroton-
radiation. Subsequently, they are reinjected into the linac, accelerated to 4 GeV and injected into
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Figure 5: SuperKEKB collider schematic [35].

the positron main ring.

SuperKEKB is the successor of the KEKB collider, which operated in the same tunnel and
provided ete™ collisions for the first-generation Belle detector. To probe physics beyond the
SM with high statistics, the second generation collider SuperKEKB is required to deliver an
instantaneous luminosity 40 times greater than KEKB [35]. Assuming gaussian beam profiles
with transverse widths (o,, o,) at the interaction point, the instantaneous luminosity of a storage
ring is given by
_ ane+ ne‘f

r— (28)

Ao, oy
where Vp is the number of bunches, f the circulation frequency and n the number of particles per
bunch [6]. To increase £, the number of bunches N;, cannot be increased arbitrarily at constant
ring radius, since neighboring bunches eventually interact unwantedly. Instead at SuperKEKB,
the beam currents are doubled and in the so-called nano-beam scheme, the beam size orthogonal
to the collider-plane is decreased to o, ~ 50 nm [35]. In June 2021, SuperKEKB delivered a record
instantaneous luminosity of 3.1-10%* cm™2s~!. In total, the experiment is expected to accumulate
an integrated luminosity of L = [ Ldt ~ 50 ab™!, a 50-fold increase compared to Belle.

3.2 Belle IT Detector

The Belle II detector is installed at the SuperKEKB beam interaction point and records collisions
with close to 47 solid angle coverage. It supercedes the Belle detector for which an upgrade was
mandatory in the new high-luminosity environment and due to the resulting increased backgrounds
and event rates. Belle II uses the same solenoid magnet and hence the same iron flux return yoke
(so that the outer dimensions are the same), with all detector components upgraded for Belle II.
Figure 6 shows schematic views of the Belle II spectrometer. Its forward/backward asymmetry is
based on the asymmetric collider.
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Figure 6: Left: cross section of the Belle IT spectrometer [36]. Right: schematic of sub-detector
structure from detector center to outer edge [37].

To resolve neutral B meson mixing at Belle II, an excellent vertex resolution is required. The
vertex detector (VXD) is the innermost detector component and consists of six layers of silicon
detectors. To keep the detector occupancy at a feasible level, the two innermost VXD layers were
realized as pixel detectors (PXD), while the outer layers function as strip detectors. In the PXD,
the DEPFET (DEPleted Field Effect Transistor [32]) technology allows for sufficiently radiation-
hard and very thin pixel sensors and thus minimizes multiple scattering in the detector material,
which is important for the vertex resolution. The innermost PXD layer is placed at a radius of
only 14mm around the 10 mm beam-pipe, while the outermost layer of the VXD stretches out
to 140mm [32]. The resulting vertex resolution is momentum-dependent and reaches a spatial
resolution of up to ~ 15 um [33]. The VXD also enables to measure tracks of particles that decay
before reaching the other detector components. However for the inner layers, the background and
hit rates become very large.

The tracking system of Belle IT consists of the VXD and the Central Drift Chamber (CDC).
The CDC is build up of a cylindrical gas volume around the VXD, in which charged particles leave
trails of ionized gas. Many so-called field wires stretch through the gas volume and build up a
well-known electric field, along which the ionized particles drift and in turn ionize gas molecules.
The induced currents are read out in sense wires and the particle’s track can be reconstructed.
The tracks curve in the magnetic field of 1.5 T, provided by the surrounding superconducting
solenoid magnet. From this curvature, the particle’s momentum is deduced. The CDC also
serves to measure the energy loss dE/dx of particles within its gas volume. The energy loss at
known momentum is specific for the particle’s mass and thus serves as PID for low-momentum
tracks that do not reach the outer detectors.

For every particle type, the PID is a combination of information from all subdetectors. Two
kinds of Cherenkov PID detectors are dedicated to improve charged hadron identification, e.g. to
separate K and m. In the barrel region a time-of-propagation counter (TOP) is used, while
an aerogel ring-imaging Cherenkov detector (ARICH) is used in the forward end-cap. Both
detectors make use of the emission of Cherenkov photons by charged particles, propagating at
speeds v > ¢, = ¢/n through a medium with refractive index n and speed of light ¢,,. The photon
emission angle 6 is given by

COSQZMZL, (29)
v-t nf

with time ¢ and hence specific for the particle’s velocity 5 = v/c. Plugging in the momentum
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|p] = myBe, we find
1
2 2 2 2( 2 2

m“c® = |p] (621>|m (n*-cos®6 — 1), (30)
and we can identify the particle by its invariant mass m, once its momentum |p] and Cherenkov an-
gle 6 is measured. In the ARICH, Cherenkov photons are produced in aerogel radiators and a ring
of photons is projected on photons sensors. Then, 6 can be deduced from the radius. In the TOP,
quartz bars serve as radiator. The produced photons travel in total reflection to the lateral pho-
ton detectors. 6 then is a function of the propagation time and the impact position on the detector.

The tracking and PID detectors are surrounded by the electromagnetic calorimeter (ECAL).
Its main purpose lays in the identification and energy measurement of electrons and photons. The
ECAL consists of highly segmented arrays of thallium-doped caesium iodide CsI(T1) crystal scin-
tillators, which are read out by photodiodes at their rear ends. Particles that interact with the
detector material, loose energy in the crystals through forming particle showers. The scintilla-
tor material becomes temporarily excited by ionizing radiation of shower particles and relaxates
through the emission of scintillation light. The detected scintillation light serves as measure for
the energy loss dF/dx of the incident particle. For fully absorbed particles, the ECAL measures
the particle’s total energy. In the forward region of the ECAL, the new high-luminosity environ-
ment may lead to increased pile-up noise and radiation damage. In the future, the ECAL forward
end-cap could be upgraded to radiation-hard, un-doped CsI crystals, which provide shorter scin-
tillation times but lower light outputs [32].

The final detector component is the K9 and muon detector (KLM), located outside the su-
perconducting solenoid. It serves to identify K9 mesons and y leptons that interact sparsely with
the detector material. The KLM is a sampling calorimeter, alternating between iron plates and
active detector elements. While resistive plate chambers (RPC) were used everywhere in Belle,
their dead-time in between hits is too large for the increased background rates in the forward-
region of Belle II. Instead, Belle II employs scintillator strips in the KLM-endcaps, that are read
out by silicon photomultipliers. The iron plates serve as magnetic flux return for the solenoid
magnet and significantly add to the calorimeter’s material density, in which the particles shower
hadronically.

Besides upgrading the detector components, Belle IT employs newly developed triggers to pro-
vide a broad scope of physics analysis topics despite the increased background levels at SuperKEKB
[33].

3.3 Data Simulation, Processing and Analysing

Figure 7 illustrates the general workflow of a physics analysis at Belle II. During data taking,
SuperKEKB supplies the detector with collisions. For the particles created in the collision (the
so-called event), the responses of parts of the sub-detector systems are evaluated in real-time. If
these satisfy a set of trigger conditions, the event is triggered, i.e. all detector components are read
out and stored for later evaluation. Triggers are vital to filter out physically interesting collisions
and to keep the event rate at a feasible level for the data recording systems.

To compare the recorded data from the detector with our expectations, we need to simulate
the dector response to the final state particles. We use Monte Carlo methods (MC) to simulate
events in two steps. First, the particle interaction from the electron-positron collision is generated
according to some physics model, e.g. the SM. This means generating the positions z* = (¢, &)
and four-momenta p* = (E,p) of all particles. Second, we need to simulate how the generated
particles propagate through the detector and how exactly each sub-detector responds.
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Figure 7: Basic Belle II analysis workflow scheme [38].

In the reconstruction of each event, we try to reconstruct the particles and their kinemat-
ics, based on the detector responses. Due to detector resolution and background processes, the
particle identification can only give a most likely estimate. Aside from detector calibration, the
simulated and recorded events are reconstructed in exactly the same manner. Particle types and
kinematics are reconstructed from clusters of hits in the calorimeters and from trajectories (also
called tracks) in the tracking detectors. Additionally for the simulated events, we know the truly
generated particles and can compare them with the corresponding reconstructed particle. This
process is called truth-matching the particles.

For the measurement of B meson mixing, we need to reconstruct the flavor of the decaying

B mesons, i.e. whether it contained a b quark (EO) or b quark (B°) at the time of decay. At B
factories such as SuperKEKB, the B mesons are produced exclusively, i.e. without other particles
in the event. Therefore after reconstructing a specific B-decay channel, called the signal B, all
remaining tracks and photons are assigned to the reconstruction of the other B meson, which
decays generically. A large fraction of B meson decay channels is approximately flavor specific,
i.e. can only be reached either through the decay of a b quark or a b quark. Therefore, the flavor
of the generically decaying B meson can be inferred from its reconstructed daughter-particles and
is to a good approximation independent of the reconstructed signal decay [6]. At Belle II, ded-
icated multivariate flavor-tagging algorithms were developed that compute flavor-tag estimates
from kinematic and PID information. These algorithms inclusively extract flavor-specific signa-
tures from a multitude of B meson decay channels and combine them into a final flavor tag. In
Belle IT MC, the flavor tagging efficiency was estimated at about 37% [33]. For further details on
flavor-tagging, we refer to [6],[39] and [40].

When performing an analysis of a specific physics process, we need to separate signal from
background. Usually, a large portion of background processes can be discarded by so-called selec-
tion cuts. We impose limits on selected quantities, such that only events with decays similar to
the expected signal remain. Further discrimination can for example be achieved by sophisticated
(multi-dimensional) fits or machine-learning techniques. In some cases, it is useful to first skim
the reconstructed events. Therein, we apply loose selection cuts to produce smaller data sets and
thus decrease the computational cost of subsequent analyses.

4 Analysis Strategy for Lifetime and Mixing Measurement

We perform a precision measurement of the lifetime TBY and mixing parameter Am of the neutral
B system. This section summarizes the concepts of the measurements and outlines the analysis
strategy. Special emphasis is put on the systematic analysis of backgrounds and on developing a
fit strategy to separate signal and backgrounds.

In the Belle IT detector at the SuperKEKB collider, BB” meson pairs are produced exclusively
from electron-positron annihiliation, i.e. without other particles in the event. The B mesons are
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produced in the flavor-conserving strong decay of the Y(4.S5) resonance and hence are in opposite
flavor eigenstates. Subsequently, they propagate in their physical mass eigenstates, which contain
both flavors in superposition until one of the B mesons decays in a certain flavor (B or anti-B
meson). At this point in time, the flavor of the other B meson is determined as opposite, since the

BB’ pair was produced in an entangled coherent quantum state. Thereafter, the B meson is free
to oscillate into the other flavor with a certain probability. Therefore, both B mesons can either
be observed in opposite flavor eigenstates (opposite-flavor events), or in the same flavor eigenstate
(same-flavor events).

For both cases, we expect time-dependent distributions for the numbers of opposite- and same-
flavor events, denoted Nor and Ngp respectively.?

exp || At /0]

4TBO

NOF,SF = . [1 =+ cos (Amdt)} , (31)

from which we can extract the lifetime 750, once the mixing parameter Am is measured. Here, we
do not measure the absolute decay times ¢1, t2 € [0,00) of both B mesons, but their decay time
difference At =ty —t; € (—00, 00).

From a time-dependent measurement of the asymmetry of these events,

) — Nsr(At)
) + NSF (At)

Amix (dt) N]YZEE

At -
= = cos [Am . At} ) (32)

At

we can extract the mixing parameter Am. By considering an asymmetry instead of absolute decay

rates, experimental uncertainties cancel out.

From Equation 32, it is clear that for every event we need to determine whether it was opposite-
or same-flavor. To distinguish opposite- and same-flavor events, we employ flavor-tagging. One B
meson, called B, is reconstructed in one of three signal channels with specific flavor (Table 1).
For the reconstruction of anti-B mesons, all charge signs are reversed and neutral D mesons are
replaced with neutral anti-D mesons.?

Table 1: Reconstructed B%_ decay channels.

sig
B , decay channel ‘ branching fraction [34]
BY D (—» Ktr7n)nt 25-1073-0.09 =2.3-1071
B° — D*~ |- DO(— K+7r+7r_7r_)7r_} 7t | 2.7-1073-0.68-0.082 = 1.5 - 10~
B® — D*~ | DO(— Kﬂf)w*] at 2.7-107%-0.68 - 0.04 = 7.3 - 1075

Since apart from the two B mesons no other particles are produced in the event, we assign
all particles remaining after the BSOig reconstruction to the other B meson, called Bi,. In flavor-
tagging, the flavors of Bgj, and Biag are inferred from their reconstructed daughter-particles. For
By decays, the charge sign of the 7% produced associated with the D®)F encodes the B, fla-
vor, when neglecting sub-leading order Feynman diagrams. At sub-leading order the final state is
accessible from both flavors (Figure 8), but the doubly CKM-suppressed (~ 10~%) amplitude is

negligible for practical purposes.

2Quantities with ~ denote the true values, i.e. measurements from an ideal experiment with perfect flavor-
tagging, detector resolution, etc. and no approximations.
31In the following and this entire work, CP-conjugate processes in anti-B meson decays are always implied.
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Figure 8: Feynman diagrams for B, decays, adapted from [39]. Left: leading-order. Right:
sub-leading order suppressed by ~ 10~* [34].

The flavor of By, is inclusively determined in flavor-tagging algorithms from a multitude of
different decays [40]. We may wrong-tag the Bi,g decay, i.e. assign the wrong flavor, depending
on the considered Bi,, decay and the reconstruction efficiencies. We here denote the fraction of
wrong-tagged decays w. We can express the number of decays Npo and Npo, tagged as BY and

B respectively, in the form
Npo = 6(1 —w) ~NBO +ew-J\~f§o

Ngo = (1 —’U))'NEO + ew - Npo,

. . x 7 - —0
where € denotes the tagging efficiency and Npo and N5o denote the true numbers of BY and B
mesons respectively?. We can now rewrite Equation 32 as

_ NOF(A:t) - NSF(A:t) = (1 - 2w) - cos [Am . A~t], (33)
Nor(At) + Nsp(At)

Amix(dt, w)

where Nor and Ngr respectively denote the measured numbers of opposite- and same-flavor events.
Due to wrong-tags the asymmetry becomes diluted by a factor r = (1 — 2w). By comparing
Equations 32 and 33, we find that the statistical errors scale as

. 1/./Npgo + N=
T Amix o / 50 B’ x ! . (34)
r

r €12

JAmix -

When determining the flavor of By, with flavor-tagging algorithms, we assign it a value ¢ - 7.

Therein, ¢ = +1 (—1) denotes the tagged flavor B° (EO) and the dilution factor r € [0, 1] depends
on the tagged flavor-specific signature. For r = 1(0), the flavor tag is certain (undetermined).
We now show that the statistical uncertainty (Equation 34) can be decreased, by separating the
tagged decays according to their dilutions r.

Suppose we group the tagged decays into dilution bins. In each bin ¢, we have a fraction of
decays €. with dilution r.. The total tagging efficiency e and the average dilution r are given by

Z €c
€ = €. r = — T
€
c

C

After grouping the tagged decays into dilution bins, the statistical error is given by

! oc\/Zec-rg—\/er2+Zec~(rc—r)2>\/ﬁ. (35)

T Amix

4We here assume that the wrong-tag fraction w and efficiency e are identical for both flavors. This is an
approximation since the detector performance may depend on the flavor. In the lifetime and mixing analysis, we
account for this as well as for tag-side interference (interfering processes in the Biag decay) in systematic errors.
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Hence, the statistical error is decreased through the binning [6]. In the lifetime and mixing analysis,
we group the tagged decays into 7 bins according to Table 2.

Table 2: Utilized bins in dilution 7.

Bin Number c \ Dilution »

0 0.000 < r < 0.100
0.100 < r < 0.250
0.250 < r < 0.500
0.500 < r < 0.625
0.625 < r < 0.750
0.750 < r < 0.875
0.875 < r < 1.000

SO W N

The bins are chosen in accordance with the Belle IT flavor tagging calibration [40]. The wrong-
tag fraction in Equation 33 becomes binned: w., ¢ =0, ..., 6.
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Figure 9: Schematic illustration of the distance Al between both reconstructed B vertices (adapted
from [41]).

Besides separating opposite- and same-flavor events, we need to measure the decay time dif-
ference At of both B mesons (see Equation 33). It can be inferred from the distance Al between
both reconstructed B decay vertices along the boost direction (Figure 9) and the accelerator boost
B~ of the electron-positron cms-system. By measuring the relative decay length Al instead of the
absolute decay lengths, uncertainties on the beam collision point are avoided. Then one has [6]

o _ AL BB

- - Al 2
At = =——— + — - Xt - co8Ocms PP, At Mee
ByVBe

= e T

(36)

where Bpyp, EE™ and f.ms denote the boost, energy and polar angle of the By, in the cms-frame.
Yt denotes the sum of the decay times from both B mesons. The B mesons carry a small momen-
tum in the cms-frame and thus the true decay time difference At is dependent on écms. In At, we
neglect the second term in Equation 36 and approximate the B, to be at rest in the cms-frame.
We call this the kinematic approzimation.

Figure 10 shows the simulated distributions in At (Equation 36) and At in the signal channel
BY[D~(K*n~ 77 )m"]. As expected the measured distribution At is smeared out, due to a finite
resolution of the boost 8y and the vertices, as well as due to the kinematic approximation.
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Figure 10: Simulated distributions in measured At and true At for signal channel
BY[D~(Ktr—7n7)r™].

In this analysis, we use a resolution function R to account for all detector effects and for the
kinematic approximation. Since these are of similar magnitude as the average At, the resolution
function has to be studied in great detail from simulation [6]. The resolution function was devel-
oped in [42] and is presented as part of the full analysis in Chapter 8. By convoluting with the
resolution function in each of the seven dilution bins ¢ = 0, ...,6, we relate the measured to the
true distributions.

Nép(At) — N§p(A?)
NEp(At) + N§p(At)
with N¢(At) = (N°(At
and ¢=0,...,6

Icmx(At) =

= (1 —2w,) - cos [Am - At]

) * R)(At) (37)

By simultaneously fitting Equation 37 on the measured asymmetries in all dilution bins, we
can in principle extract the wrong-tag fractions w,. and the mixing parameter Am.

However, one has to take into account systematic uncertainties from background decays that
are falsely reconstructed as signal and distort the measured values. Figure 11 shows the measured
distribution for reconstructed Bgig decays in the so-called beam-constrained mass My, from an
earlier Belle analysis [43]. We define M, and the so-called energy difference AE as

My, = \/(EC‘“S )2 — (Pg™)? and

beam

AE = Egns _ cms

beam>

(38)

where EfS - EE™ and pg™® respectively are the beam energy and the reconstructed B meson
energy and momentum in the cms-frame. For reasons that will be explained in Chapter 5, the
distributions in M. and AFE are convenient for separating backgrounds and reconstructed signal

decays.
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Figure 11: Dots: Distribution of reconstructed Bgig decays in the beam-constrained mass My, [43].

Dashed: Fitted background component. Solid: Fitted signal4+-background component.

In Figure 11, the distribution of reconstructed Bgig decays (dots) consists of true signal decays
and backgrounds falsely reconstructed as signal. In the real data, these background decays can-
not be distinguished from signal event-by-event. However, they can be estimated statistically in
fits. To separate out the true signal decays, a fit in M, is performed in [43]. From simulation,
the expected shapes in M. are extracted for backgrounds and signal. These shapes are then
fitted onto the measured distribution in Mp.. Figure 11 shows the fitted background (dashed)
and signal+background (solid) components. In this way, the number of true signal decays can be
estimated and the mixing asymmetry (Equation 37) is then computed only from these.

The fit strategy in [43] thus amounts to a two-dimensional fit in (M;., At). This fit strategy
was also implemented in an early Belle IT analysis [44]. The shape of background decays in At
is extracted from reconstructed decays with M. < 5.27 GeV/cQ. In this so-called sideband in
My, we expect only background decays (see Figure 11). The extracted background and signal
shapes in At and Mp, are then simultaneousy fitted onto the measured distributions in the signal
region My, > 5.27GeV/c?. In [43], the signal shape in At was extracted from simulation and
it was assumed that the background shape is identical in the side-band and the signal region.
To scrutinize this assumption we plot the background distributions in At, in both the sideband
and signal region in M. (left side of Figure 12). We see that the assumption from [43] is an
approximation. A more accurate background shape for At in the signal region can be extracted
from the side-band in the energy difference |AE| > 0.05 GeV (right side of Figure 12). Therefore
in this analysis we fit in AF instead of in Mj,. and we expect lower biases in the time-dependent fit.

For any fit, the extracted number of true signal decays is afflicted with uncertainties. For the
fit in Figure 11, an uncertainty arises from a particular kind of background. Peaking backgrounds
consist of B meson decays with missing or mis-identified tracks, that are falsely reconstructed as
signal decays. Since they also peak at My, ~ 5.28 GeV/c? like the signal decays (therefore the
name peaking backgrounds), they cannot be identified as background from a fit in Mp.. In [43] and
[44], peaking backgrounds were not evaluated in detail and resulted in a systematic uncertainty
on the lifetime 750 and mixing parameter Am.

For this lifetime and mixing analysis, we perform an extensive analysis of the (peaking) back-
grounds in simulation in all three signal channels (Chapter 6). This analysis serves to understand
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Figure 12: Distributions of reconstructed background decays in simulation in all three signal
channels combined. Right: Side-band and signal region in AFE. Left: Side-band and signal region
in Mp.. Top: Linear scale. Bottom: Logarithmic scale.

the contributing backgrounds and is important to assess their impact on the measurement. In
Chapter 7, we present a fit strategy that aims to decrease the systematic uncertainties on 750 and
Am by also fitting the peaking backgrounds.

Several fit strategies were tested to separate signal and backgrounds. As in [43], we studied the
backgrounds and signal in simulation and extracted the shapes of their distributions in selected
variables from simulation. We then fitted these shapes on the measured distributions, in order
to separate out the true signal decays from which the mixing asymmetry is computed. The fits
were first validated in simulation and then applied on Belle II data. Best results were obtained
for a two-dimensional fit in the event variables AE and the output of a continuum suppression
boosted decision tree, here denoted BDT.> These event variables and the detailed fit strategy will

5Fits including Fox-Wolfram moments were tested, but proved inferior to the CS-BDT and are omitted here.
The same applies to fits of AE in 2 bins of Mp.. Mp. and AE cannot be simultaneously fitted without accounting
for their correlation in signal (see Section 7.2.2 and Appendix B).
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be presented in Chapter 7. In the following we explain why the two-dimensional fit is expected to
perform better than a one-dimensional fit in only AFE.

For the lifetime and mixing measurement, we combine the two-dimensional fit in (AE, BDT)
with the time-dependent fit in At (Equation 37). In this analysis, we also take into account the
uncertainty on At, which we denote oa; in the following. This amounts to a four-dimensional fit
function in each dilution bin:

N(At, OAt, AE, BDT) = Nsig . Gsig(At, UAt) . Hsig(AE, BDT)

+ Z N{;kg : G{)kg(Atv aAt) : Hékg(AE,BDT), (39)
bkgs i

where the sum runs over all backgrounds, and G and H respectively are the distributions in the
fit variables (At,oa:) and (AE,BDT). Ngg and Ngkg respectively denote the fitted numbers of
signal and background decays.

For comparison, a simpler three-dimensional fit strategy in (AE,At,oa¢) is also adopted.
Here, the backgrounds and signal are separated in a one-dimensional fit in AE. We present this
fit strategy in Section 7.5. It amounts to a three-dimensional fit function in each dilution bin:

N(At, OAt, AE) = Nsig . Gsig(At, UAt) . Hsig(AE) + kag . Gbkg(At, UAt) . kug(AE), (40)

where different (peaking) backgrounds cannot be separated from each other, and are modelled
collectively in the second term. This assumes, that the background distribution Gy, in the decay
time difference is independent of AE. Figure 13 shows the simulated Gy for different regions in
AE.

0.3 Ly +  -0.1=AF[GeV]=0.02
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Figure 13: Simulated normalized distributions Gpig(At) in bins of event variable AE. All signal
channels combined.

Clearly, the assumption of a constant Gpig(At) distribution is not supported by the simula-
tion. This behavior can be explained in the following way: Different backgrounds exhibit different
distributions Gékg(At). Since the background composition changes with AE, so does Grig(At).
Our two-dimensional fit strategy in (AFE, BDT) is able to separate different backgrounds and ex-
tracts the background composition from data. Hence, we expect it to perform better than the
one-dimensional fit strategy in AF, resulting in lower systematic uncertainties on the measured
lifetime 7o and mixing parameter Am. We quantify the improvement by comparing the results
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from both fit strategies.

The analysis presented here builds on a previous analysis [44] and employs, besides the detailed
background analysis and new fit strategy, an improved resolution function model (see [42]) and
uses all available statistics of 176.9 + 12.6 fb™"! recorded on Y (4S) resonance until summer 2021.

5 Sample Processing and Reconstruction

The analysis of backgrounds is performed with simulated event samples. This section introduces
the simulation samples and the samples from real data. We explain the reconstruction which is
identical for simulation and real data samples.

5.1 Simulation Samples

The production cross-section from ete™ collisions at the T(4S) resonance does not only consist of
B meson pairs but also receives large contributions from non-resonant ¢q, ¢ = (u, d, s, ¢) and lepton
pair production. We generate simulation samples for each of the components listed in Table 3.
The combined set of these samples simulates 1ab ™" of data at the T(45) resonance. The numbers
of events for each contribution depend on the respective cross-sections and are also indicated in
Table 3.

Table 3: Generated generic simulation samples for background analysis.

Generic Simulation Sample | Luminosity [fb™!] Sil\grrligbgflafniifserg(fr;%iilé d
B"B’ 1000 212400 + 460
BtB~ 1000 67410 £ 260
Uy 1000 361200 £ 600
dd 1000 84100 +£ 290
cc 1000 505880 £ 710
s 1000 78960 + 280
T 1000 4046 + 64

Additionally, large samples of 2 - 10° signal-only events are generated for each signal channel.
These samples are used in the following to estimate the total signal selection and reconstruction
efficiency.

5.2 Data Samples

At the time of writing, the Belle II data samples listed in Table 4 are available for analysis.® The
applied reconstruction and selection cuts are identical to the ones applied on simulation samples.

Table 4: Available Belle II data samples for this thesis.

B° decay channel ‘ Available luminosity in Belle II data [fb™"]
BY[D~(Ktn—7m)nt] 176.9 +£12.9

B D*’[ﬁ(K*w*w*w*)ﬂ"]w*} Processing in progress®

BO D**[ﬁ(Kﬂf)w*}wﬂ 176.9 + 12.9

6We do not perform the processing and reconstruction of the data samples ourselves. In one channel, the process
was delayed due to malfunctions in the reconstruction of the event shape variables.
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5.3 Reconstruction

In simulation, the responses of all sub-detector systems are imitated as accurately as possible. The
resulting simulated event samples are then reconstructed identically to the real data samples.

We reconstruct a total of three hadronic decay channels B% — D(*)_ﬂ'ggst with different final

states in the subsequent D™*)~ decay. Two of them involve a D*~ — D Tow transition, in which
the resulting pion carries only a small momentum due to the small mass difference between the
D* and D mesons. This fact proves to be most useful in background suppression, as will be shown
in Section 6.3.

In a first step of the reconstruction, tracks are reconstructed which are later combined to form
the various mesons in the decay chain.

5.3.1 Track Reconstruction
Initially, tracks are selected according to the requirements listed in Table 5.

Table 5: Impact parameter and other requirements for track reconstruction.

Track | dr [cm] | dz [cm] | 6 in CDC acceptance particle ID | pems [GeV]/c
Tt <05 | |dz| <3 v’

K+ <05 | |dz| <3 v’ KaonID > 0.01
+ PionID > 0.01 or
Thast | <05 | [d2[ <3 v KaonID < 0.95
7Tsilow < 0.3

where dz and dr denote the longitudinal and radial impact parameters relative to the interac-
tion point (IP). The IP denotes the collision point of the beams and is measured using di-muon
ete™ — utu~ events [33]. The above cuts are intended to reject beam background tracks that
do not originate from an electron-positron annihilation at the IP.

The angle 6 denotes the polar angle of the track, which is required to be within the Central
Drift Chamber (CDC) acceptance 17° < 6 < 150° [38], except for low-momentum pions 7% . For
the latter, a loose cut pems < 0.3 GeV/c on the momentum in the center-of-mass-frame (cms) is

imposed instead.

PionID and KaonID denote the respective particle identification probabilities for a m or K,
using the available detector information. For the pions m  generated in association with the
D™~ additional cuts on the particle identification are required, to reject misidentified kaons.
Still, a background B® — D)~ K+ remains, which is treated separately from other backgrounds
(see section 6.1).

5.3.2 Signal B meson Reconstruction
After having selected tracks, they are combined to form charm mesons and eventually B mesons.
To combine reconstructed tracks to form D™*)* mesons, we impose selection cuts on their

reconstructed invariant masses m and the free energy in the decay Q = [m(D*) — m(D) —m(x)]c?
(Table 6).
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Table 6: Charm meson reconstruction selection cuts.

D decay channel ‘ m [GeV /c?] ‘ Q [GeV/c?]
Dt - K ntrnt 1.844 < m < 1.894
DY — K—rt

DY - K—ntpta—
D*t - DOt

slow

1.84 <m < 1.89
1.990 < m < 2.040 < 0.02

Again, we make use of the fact that very little free energy Q ~ 5.9MeV/c? [34] is available
in the D** decays, to impose an additional selection cut @ < 0.02 GeV/c? to suppress backgrounds.

Lastly, neutral B mesons are reconstructed from particles and tracks (Table 7),

Table 7: B meson reconstruction selection cuts and efficiencies.

B decay channel | My [GeV/c?*] | AE [GeV] | €[%]
BY[D-(Ktr 7 )rT] 527 < My, <53 | =01 < AE <0.25 | 41.6
BO D*‘[ﬁ(Kﬂrﬂr‘w‘)w_]w*‘} 5.27< My <53 | —0.1 <AE <025 | 26.4
B° D**[W(Kﬂr*)f]wﬂ 5.27 < My, < 5.3 | —0.1 < AE <0.25 | 374

where My, and AFE respectively denote the beam-energy-constrained mass and energy differ-
ence in the decay:

Mbc = \/(Egrer;sm)2 _ (ﬁ§m5)2
AE = Eglls _ ECIIIS

beam

(41)

For correctly reconstructed signal decays, each B meson carries half of the collision energy in the
cms-frame, i.e. EYDS . Hence, their distributions in M. and AE are expected to peak at the
true mp ~ 5.28 GeV/c? mass and at 0 GeV respectively. We use these kinematical constraints
to place selection cuts on the reconstructed B mesons in all channels (Table 7). The beam-
constrained mass M. provides a better signal/background discrimination than the reconstructed
invariant B meson mass mp = \/E% — p3. This is because the beam-energy resolution is smaller

than the resolution of Eg, composed from energy measurements of all B meson daughter particles.

The last column in Table 7 denotes the total reconstruction and selection efficiencies e, esti-
mated from the large signal-only simulation samples. Among others, they depend on the number
of reconstructed tracks, individual track reconstruction efficiencies and the imposed selection cuts.
Here, we only assess the combined effect by counting the correctly reconstructed signal decays.

When reconstructing the meson decay vertices, we let the individual track parameters vary
within their errors, in order to converge on the exact standard model masses of the charm mesons.
This is called mass-constraining the charm mesons and improves the AFE and M, resolutions.
Figure 14 illustrates this effect of mass-constraining on the distribution of simulated signal-only
events in AF (fitted as described in section 7). The width of the distribution decreases significantly
for mass-constrained decays.
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Figure 14: Normalized AE distributions for simulated signal-only events in B® [D~ (K7~ 7~ )71 t]
with and without mass-constraining.

6 Background Analysis for Lifetime and Mixing Measure-
ment

This section covers the detailed background analysis for the lifetime and mixing measurement.
The fits to separate backgrounds and signal are described in Chapter 7.

In previous analyses at Belle and Belle I, so-called peaking backgrounds were not evaluated in
detail [43][44]. In this background analysis, different types of (peaking) backgrounds are identified
and categorized. We first explain the categorization and then apply it on each of the signal
channels separately.

6.1 Decay Categorization Procedure

A tool for an event-by-event analysis of the reconstructed generic simulation samples was devel-
oped. We access generator-level event variables to compare the reconstructed decay channel to
the truly generated decay channel. This tool is used to verify the reconstruction process and
to identify peaking backgrounds. For the interested reader, its detailed workings are deferred to
Appendix A.

Using this tool and several additional event variables (see below), we categorize every recon-
structed decay into one of multiple categories. Figure 15 shows the categorization procedure.

We analyse the generic simulation samples (Table 3) and first discriminate between generated
events with and without the signal decay. We employ the event variable reconstructMCdecay’,
which returns a binary value indicating whether or not the signal decay was present in the event.

"Provided within the basf2 software framework.
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Figure 15: Categorization of reconstructed B meson decays into decay categories for BB~ and
BT B~ samples.

In the following, events generated with signal decays are described first. Afterwards, events gen-
erated with generic non-signal B decays are described.

In events that were generated with signal decays (left-hand-side of Figure 15) the signal
decay should ideally be reconstructed correctly and efficiently. However in practice, the recon-
struction cannot achieve a 100% efficiency. Besides the signal tracks, there are additional tracks in
the event. These stem from the accompanying Bi,e decay or from particles that interact with the
detector material, generating secondary tracks. We can reconstruct the decays in the categories
listed in Table 8.

Table 8: Reconstructed decay categories for events generated with signal decays.

Decay category \ Description

Signal Correctly reconstructed signal decays.

Signal with decay | Generated signal decays with decays in flight K — w(7), 7 — u(v)
or p — e(vv). Reconstructed as signal decay,

respectively with mis-identified 7, p, e in final state.
Self-Crossfeed One B meson decays in signal channel.

Reconstructed as signal decay with mix-up of tracks from

both B meson-daughters of T(45) decay.

Others Remaining un-categorized decays with generated signal decay,
with signal decay | reconstructed as signal decay.

in final state
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We use the event variable isSignal” to extract correctly reconstructed signal decays. isSignal
requires that all generated final state particles are correctly reconstructed. It does not account
for signal decays with subsequent decays in flight of the final state particles. These decays are
categorized as signal with decay in final state and specified in Table 8. The particles in brakets
escape the reconstruction, while the remaining are reconstructed as final state particles.

In a negligible number of decays (~ 1%), the event variables reconstructMCdecay and isSignal

fail to classify the reconstructed decay. This can happen in case of failed truth-matching and we
discard these events (see Figure 15).

Y(45)

/\\

- gt
— generator-level daughter
— generator-level mother
(X) escapes reconstruction

@) (kK o) m ow
ReCOnstructed D"

Figure 16: Example of a generator-level decay-chain with track mix-up in reconstruction (green).

After the reconstruction, we identify mix-up of tracks from both B mesons using the developed
tool. Particles with the same mother-particle are grouped together, until the full generator-level
decay-chain is reassembled. An example for the generator-level decay-chain in the described chan-
nels is given in Figure 16. If there is no common identical B meson ancestor for all reconstructed
Bz daughter-particles, there has been a mix-up of tracks in the reconstruction, such as in Figure

. -0 .
16. Here a 7+ track from the B decay was falsely assigned to the B, reconstruction.

tag

Within the developed tool, this procedure remains functional even when two particles of the
same type decay. This can happen, as one of the B mesons may oscillate into its anti-particle and
a reliable discrimination between both same-flavored B mesons is necessary.

For future analyses, this method of track mix-up detection was incorporated into a new event
variable isBBCrossfeed within the Belle II software framework.® It can simply be called in the
reconstruction and returns 1 (0) for (no) track mix-up in the reconstruction of a given B meson.
Furthermore, it returns NaN for failed truth-matching or if it was applied on a particle other than
a B meson.

If there is track mix-up in the reconstruction and a signal decay in the event, we call the decay
self-crossfeed (Table 8). Reconstructed decays with track mix-up and without signal decay in the
event are called crossfeed (Table 9).

8See basf2-software/analysis/variables/src/MCTruthVariables.cc. At the time of writing, isBBCrossfeed was
not yet released collaboration-wide, but is expected to be within release 6 of basf2.
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We now come to events that were generated with generic non-signal B decays (right-
hand-side of Figure 15). These decays should ideally be discarded by the selection cuts. However,
they may mimic the signal decay, pass the selection requirements and may be falsely reconstructed
as signal decays. We can falsely reconstruct these decays as signal decays in the following ways:

Table 9: Reconstructed decay categories for events generated with generic non-signal decays.

Decay category ‘ Description

Bto DMK Generated B — D™~ KT decays reconstructed as signal decay
with mis-identification of KT as 7T in reconstruction.

Generated non-signal decays reconstructed as signal decay, where
Partly Reconstructed | not all tracks of the generated decay are reconstructed, i.e. missing
four-momentum in reconstruction.

Mis-identified Generated non-signal decays reconstructed as signal decay, where
the particle type of a final state particle is mis-identified.

final
nal state This does not include B® — D™~ K+ decays.

Crossfeed Neither of both B mesons decay in signal channel.
Reconstructed as signal decay with mix-up of tracks
from both B meson-daughters of Y (4S5) decay.

Others Remaining un-categorized decays without generated signal decay,
without signal decay | reconstructed as signal decay.

We explicitely separate out falsely reconstructed B — D)~ K+ decays, since they represent
a significant fraction of the peaking backgrounds. In the reconstruction of these decays, the PID
from the detector responses fails and identifies the kaon as pion.

Furthermore, we identify non-signal decays partly reconstructed as signal decays through the
invariant B meson mass mp:

2 2 2 2
mp = (Z E7> - (Zmb) — (pr) — (pr) with ¢ € reconstr. tracks

where 4 runs over all reconstructed Bz daughter-particles and E, p{#¥:%) are their generated en-
ergies and momenta. For partly reconstructed tracks, not all daughter-particles of the generated
decay are reconstructed and mpg < 5.28 GeV.

In the following, the previously described decay categorization is applied to all three signal
channels. The continuum backgrounds 777~ and ¢g are added from their separate simulation
samples.
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6.2 Decay Categorization in B® — 7T D~ (7w~ KT)

Figure 17 shows the simulated distributions of reconstructed decays in the energy-difference AFE
and in the beam-energy-constrained mass Mp. (see the definitions in Equation 41) in the signal
channel B — 7+ D~ (7~n~ K ™). Table 10 shows the numbers of reconstructed decays categorized
in each decay category.
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Figure 17: Reconstructed simulated decays and decay categories. Left: Energy difference AE.
Right: beam-energy-constrained mass Mp,.

Table 10: Abundances of decay categories in the B — 7+ D~ (7~7~ K1) signal channel recon-
struction in 1ab™' of simulation.

Decay Category Number of Reconstructed Decays
in 1ab™! of Simulation
- 773 £28
Crossfeed 25160 + 160
Self-Crossfeed 2329 + 48
qq 145980 + 380
B » K*D®~ + hee. 2913 + 54
Partly reconstructed 1472 £ 38
Particle mis-identified 764 + 28
Signal 100130 + 320
Decay in final state 459 £ 21
Other with(out) signal decay 399 £ 20

As expected, the signal contribution peaks at AE =~ 0GeV and M. ~ 5.28 GeV. Due to im-

perfect detector resolution and beam energy measurements, the distributions have a finite width.
The range AE > 0.05GeV is called sideband in AE and contains a negligible amount of signal
decays. Still, we do not discard decays in the sideband, in order to retain some information about
the continuum backgrounds (see section 7.4 and Chapter 8).

The number of 777~ events that are falsely reconstructed as signal is small. This is expected
from the selection cuts and since we require 4 charged tracks in the reconstruction (the 7 branching
fractions to 4 or more charged particles are < O(1072) [34]).
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The contributions from crossfeed and self-crossfeed consist of decays with a mix-up of tracks
from both B meson decays in the reconstruction of Bgjs. A vast number of different decays can be
falsely reconstructed as signal decay, when mixing up tracks from both B meson decays. We can
list only the most abundant decays with crossfeed in the reconstruction in Table 11. As can be
seen in Table 11, also charged B mesons decays can be falsely reconstructed as B signal decay,
when assigning tracks from the By,, decay to it.

Table 11: Selected decays reconstructed as B® — 7+ D~ (7~ 7~ K1) with crossfeed in reconstruc-
tion.

Decay Reconstructed as Bg;, decay assil;?::(liciis sziongfégi sc‘lcilclac)t,ion Abundance
Bt - tD (1K) B~ > X 33%

Bt - atD (XD (n K*)), X =19, B~ — 71X 13%

B - ntD*~ (XD (xK*)), X =m,., B 1 X 3%

where X are particles that escape reconstruction and a 7~ from the accompanying By., decay
is falsely assigned to the signal decay. Especially low-momentum pions from D* decays frequently
escape detection and reconstruction.

Decays with self-crossfeed in the reconstruction consist of correctly reconstructed signal decays,
except for a missing D~ daughter-particle that is falsely assigned from the accompanying By
decay to the B, reconstruction.

A large fraction of falsely reconstructed decays consists of the gg continuum background. Quark
anti-quark production at the cms-energy /s = my(4 5)62 is about three times more frequent than
the T(4S) resonance formation itself. We only detect the resulting hadronized particles for which
the reconstructed energies and masses stretch over the whole range of AE and Mp,.

Falsely reconstructed B® — D™~ K decays represent a significant fraction of the peaking
backgrounds. The KT track can be mis-identified as 7+, i.e. as a particle with smaller rest mass.
Since the momentum |p’| of the kaon is precisely determined by its gyroradius in the solenoid field,
the energy of its track must be underestimated to meet the lower pion mass. For the shifted AE’,
we find

— —  m2 —m?
AE —~AE' =FEp — Ey=FE, — Ex = \/m2 +p2 —\/m3% +p2 ~ — K,

2|

where the square roots were approximated in Taylor series up to first order in m?/p? < 1. For
typically measured momenta |p] =~ 2.5 GeV /c in the laboratory frame, we find approximately

AE — AE' ~ —0.045GeV,

in agreement with the simulation (Figure 17). The beam-energy-constrained mass depends only
on the reconstructed momentum pp and is hence unaffected.

Partly reconstructed decays miss some tracks and hence four-momentum in the reconstruction.
Therefore they also peak at AE < 0GeV and the shape in M, is smeared out. Some common
non-signal decays partly reconstructed as signal involve D* decays where low-momentum pions
escape reconstruction, incompletely reconstructed p resonance decays and semileptonic decays of
charm mesons with undetected neutrinos (Table 12).
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In the leftmost column in Table 12 the truly generated decay is shown, which is falsely re-
constructed as signal decay. Here, the most common partly reconstructed decay is the decay
Bt — 7r+ﬁ0(7r_K +79) of a charged B meson. In the reconstruction, the charged particles are
correctly identified. The subsequent 7% decay involves an electron, which is mis-identified as 7~
in the reconstruction. The other daughter particles of the 7° escape the reconstruction (X in
Table 12). The reconstructed final state is hence (7, 77,77, K1), from which the signal decay
is reconstructed. From the kinematics of these four particles in the final state, the B meson mass
is reconstructed. Since the generated B meson was not fully reconstructed, m$<® < 5.28 GeV /c?
and the decay is categorized as partly reconstructed.

Table 12: Selected decays that are partly reconstructed as B® — 7D~ (7~ 7~ K™T).

Decay Partly Reconstructed | Missing Particle Abundance
as Bgjgz Decay in Reconstruction

Bt — ’/T+EO(’/T7K+’/TO(X€7)) X =7,e" 20%
BY 5 7t D* (XD (r~ 7~ K7")) | X =79, 14%
BY 5 pt(#xt*X)D (7" KT) | X=nr 13%
BY w7t D~ (s~ KT~ X) X=v 13%
Bt - XD (x*D~ (7 K*)) | X =xj 10%
B 5 atD(n D (I"XK*)) | X =7 8%

Decays reconstructed as signal decays, with mis-identified final states in the reconstruction,
mostly involve kaon/pion misidentifications and less often lepton/pion misidentifications. Some
common decays are listed in Table 13.

Table 13: Selected decays reconstructed as B — 77D~ (7=~ KT) with mis-identified final states.

Decay with Final State Mis-identified as Bgig ‘ Abundance

B - ntD* (n~D (K~ K™)) 54%
BY - 7~ D (atKTK™) 14%
B® — J/u(18)(ITI K (K—7+) 4%

The number of decays categorized into other with(out) signal decay are small (see Table 10).
More than 95% of these are prompt decays B® — 7~ 77~ K*, some of them with short-lived
(strongly decaying) resonances, such as p° and K*°. Since these decays do not involve a charm
meson decay, their reconstructed D meson mass distribution does not peak at mp ~ 1.87 GeV /c?,
as can be seen from the distributions in Figure 18. Instead, the distribution is homogeneous in mp
and an additional selection cut cannot be imposed without decreasing the signal reconstruction
efficiency.
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6.3 Decay Categorization in B® — n+D*~(n~ D' (r—n—n+K™))

Figure 19 shows the simulated distributions of reconstructed decays in the energy-difference AFE

and in the beam-energy-constrained mass in the signal channel B® — 7+ D*~ (W*EO (rmm~m T KT)).
Table 14 shows the numbers of reconstructed decays categorized in each decay category.
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Figure 19: Reconstructed simulated decays and decay categories. Left: Energy difference AFE.

Right: beam-energy-constrained mass Mp,.
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Table 14: Abundances of decay categories in the B — 7T+D*_(7T_EO(7T_7T_7T+K+)) signal chan-
nel reconstruction in 1ab™* of simulation.

Decay Category Number of Reconstructed Decays
in 1ab™! of Simulation
TrT— 2+1
Crossfeed 4134 + 64
Self-Crossfeed 2630 + 51
qq 11140 + 110
B° » K*D®~ + he. 1182 + 34
Partly reconstructed 545 + 23
Particle mis-identified 25+5
Signal 40780 £ 200
Decay in final state 866 + 29
Other with(out) signal decay 725+ 27

Compared to the previously described signal channel B — 77D~ (7~7n~K™), this signal
channel exhibits significantly fewer decays at the same luminosity. This depends on the branching
fractions of the decays (see Table 1) and the number of reconstructed tracks. The track recon-
struction efficiency depends on the momentum and every additional reconstructed track reduces
the overall reconstruction efficiency. Low-momentum 7w have an estimated track reconstruction
efficiency of € ~ 75% and for the other charged particles e ~ 95% [45].

From the decreased number of background decays, the strong background suppression through
the additional selection cuts on the D* decay is immediately evident. A very small number of
continuum 7777 events is falsely reconstructed as signal. As before, decays with crossfeed in the
reconstruction involve low-momentum pions from D* decays and D’ daughter-particles that are
falsely assigned from the Biag decay (Table 15) to the B, reconstruction.

Table 15: Selected decays reconstructed as B — ’/T+D*7(7T7EO(’/T7’/T77T+K+)) with crossfeed in
reconstruction.

Particles from Bi,; decay

Decay Reconstructed as Bg;z decay assigned to Bu, Reconstruction Abundance
B — 7T+D*_(7T_EO(W+K_)) B —rtr X 5707
B — 7T+D*_(7T_EO(7T+K_7T_X)), X=n" B’ = rtX ’
Bt 5 atD*(XD (nr ntKT)), X =19, B~ » 71X 19%
Bt — 7T+50(7T77T77T+K+) BT X 14%

Falsely reconstructed B® — K*D**(W’ﬁo(w*wﬁr*f{*)) decays are the main contribution
to the peaking backgrounds. Since they involve a D* — Dm decay, their reconstruction is not
suppressed by the additional selection cuts. For the majority of reconstructed decays with self-
crossfeed, the D* decay is correctly reconstructed and a D’ daughter-particle is falsely assigned
from the By, decay to the By, reconstruction.

Decays partly reconstructed as signal decays are shown in Table 16. Again, neutral pions 7°
are only partly reconstructed and electrons misidentified as 7.
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Table 16: Selected decays that are partly reconstructed as B — 7T+D*_(7r_50(7r_7r_7r+K )

Decay Partly Reconstructed Missing Particle Abundance
as Bgijg Decay in Bsjz Reconstruction
Bt = 1+t D% Xe )D (r-natK*)) | X =q,et 28%
B —» 7t D*~(r D (n~ K+n%(Xete ) | X =~ 14%
B = pt(at X)D*~ (D (n 77t K*)) | X =70 6%

The number of decays with kaon/pion and lepton/pion misidentifications in the reconstructed
final state is small (see Table 14). Of the decays categoried as other with(out) signal decays, 25%
are decays of the type DY — 77K _Kg(ﬂ+w_). The weakly decaying Kg resonance has a non-
negligible lifetime of 89.5 ps and can broaden the distribution in the decay time difference At. An
additional selection cut on the reconstructed mass of any two pions is impractical, as it severely

cuts into the signal reconstrution efficiency.

6.4 Decay Categorization in B — n+D*~(n~ D' (7~ K+))

Figure 20 shows the simulated distributions of reconstructed decays in the energy-difference AFE

and in the beam-energy-constrained mass in the signal channel B® — 7T+D*7(7T750(7T7K ).
Table 17 shows the numbers of reconstructed decays categorized in each decay category.
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Table 17: Abundances of decay categories in the B® — 7T+D*_(7r‘ﬁ0(7r_K *)) signal channel
reconstruction in 1ab~" of simulation.

Decay Category Number of Reconstructed Decays
in 1ab™! of Simulation

TrT— 4+2

Crossfeed 878 £ 30

Self-Crossfeed 199 + 14

qq 4392 + 66

B° » K*D®~ + he. 814 429

Partly reconstructed 301 £ 17
Particle mis-identified 7T+3

Signal 27660 £ 170

Decay in final state 338+ 18

Other with(out) signal decay 12+3

Compared to the previously described signal channel B® — 7+ D*~ (w‘ﬁo (r=m~ 7t KT)), here
the number of signal decays is lower due to a lower branching fraction (see Table 1). This channel
exhibits low (self-) crossfeed background contaminations, compared to the previously discussed

signal channels (Table 10 and 14). This is expected, since the D’ decays to only 2 charged tracks.
The lower the number of reconstructed tracks, the lower the probability for mix-up of any tracks
in the reconstruction.

In the few remaining reconstructed decays with self-crossfeed, low-momentum pions in the D*
decays are falsely assigned from the accompanying By, decay to the B, decay. Due to the addi-
tional selection cuts, these decays are strongly suppressed. In reconstructed decays with crossfeed,
there is an additional component of BY — 7+ D" (7~ K1) decays with an additional 7~ track from
the By, decay assigned to the Bgjz decay.

There is no contamination from decays of K3 resonances, since we require only one charged

pion in the D’ decay. Decays partly reconstructed as signal decays are analogous to the ones
presented for the BY — 7+ D*~(x~ D' (r~n~n* K)) signal channel (Table 16).

7 Fit Strategy to Separate Backgrounds and Signal

The previous section decribed a detailed background analysis, performed in generic simulation
samples. Of course, in data no generator-level event information is available as in the simulation
samples. Hence, to separate the backgrounds and signal, we perform a fit to the measured dis-
tributions of selected event variables. As explained in Chapter 4, we extract the shapes of the
distributions of backgrounds and signal from simulation. These shapes are then fitted onto the
measured distributions to separate out true signal decays. The fits are first validated in simulation
samples and pseudo-experiments. The final lifetime and mixing measurement is then performed
with Belle II data.

From the background analysis in Chapter 6, we know the detailed background contributions
and how they are reconstructed. While the background analysis was aiming to understand the
backgrounds in as much detail as possible, the fit does not aim to separate all categories described
in Section 6.1. The complexity of the fit increases with the number of backgrounds to separate.
For the lifetime and mixing measurement, we only need to separate backgrounds that differ in
their behavior in At (see Chapter 4). Hence for the fit we apply a simplified decay categorization,
compared to the one in Section 6.1, which copes with fewer categories.
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7.1 Simplified Decay Categorization

The simplified decay categorization can be obtained by combining categories in Section 6.1 or
simply by the procedure shown in Figure 21. Since all described channels are sensitive to the same
lifetime 7o and mixing parameter Am, we combine the samples of all reconstructed channels to
obtain the best possible statistics in the individual distributions to be fitted. This is especially
useful, since data-taking at Belle II is still in an early phase, with 176.9 4+ 12.6 b=t collected
on Y(4S) resonance until summer 2021. We separate out signal decays and falsely reconstructed

i common B meson ancestor

no (mcPDG)
[ yes
snerated si nan T e 3
generated signal decay T disoarded |
(reconstructMCdecay) [ — 1
no o
yes Signal
falsely reconstructed B—D""/K nan
(reconstructMCdecay)
no |__) B—)D(‘)K
yes
v
BB background

Figure 21: Simplified decay categorization for BB’ and B*B~ samples.

B — DMK decays as before and call all remaining decays BB backgrounds. Since other signal
decays and signal decays with decays in the final state (Section 6.1) constitute only a negligible
fraction of the decays and their distributions in the fit variables provide no distinctive features,
we do not separate them from signal.

77~ and ¢g backgrounds are combined as continuum backgrounds. As can be seen in Figure
22, they exhibit a significantly narrower distribution in At than signal and non-signal B meson
decays. This is expected, since the continuum background tracks originate directly from the vertex
at the beam interaction point.
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Figure 23 illustrates the composition of the total simulation sample. The inner pie chart
features the simplified decay categories, while the outer pie chart shows the components in the
detailed background analysis.
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Figure 23: Composition of full simulation sample of all channels combined.

7.2 Event Variables for Fit

To separate backgrounds and signal in data, we perform fits in AE and the output of a continuum
suppression Boosted Decision Tree, here denoted BDT. The latter was developed in [46] and is
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briefly introduced in this section. Furthermore, the correlations between AFE, BDT and At are
assessed.

7.2.1 Continuum Suppression Boosted Decision Tree output (BDT)

As explained above, quark-antiquark (¢ = u,d, s, ¢) pairs are produced with a cross section about
three times larger than the BB cross section at the Y (45) resonance and constitute the main back-
ground source in the signal reconstruction. A strong suppression of continuum backgrounds can
be achieved by requirements on the so-called event shape variables. Since the hadronized quark-
antiquark pairs carry much smaller masses than the hadronized B meson pairs, the former carry
much larger momenta. This results in a back-to-back topology of the hadronized quarks, with
small transverse momenta of the individual tracks (see Figure 24). In contrast to this, B mesons
are almost at rest in the cms-frame and their decay products are therefore isotropically distributed.

Figure 24: Event shape for continuum ¢g jets and B meson pair decay [47].

A continuum suppression boosted decision tree (CS-BDT) is applied, in order to separate out
continuum background decays with high reliability. This CS-BDT uses event-shape variables as
discrimination variables. For every decay, the CS-BDT returns an output classifier BDT, estimat-
ing the probability for a continuum background decay reconstructed as signal. An output of 0
indicates the highest probability for a continuum background decay, while an output of 1 indicates
the lowest probability.

Figure 25 shows the distributions of decays in AE and BDT for the full simulation sample com-
bining all channels. The strong separation power of the CS-BDT between continuum background
decays and other decays is clearly illustrated. We impose a loose selection cut BDT > 0.05 on all
channels, which removes 48.7% of continuum background decays, but retains 98.6% of the signal
decays. We cannot remove all continuum background decays with a single cut on BDT, without
severely cutting into the signal efficiency. This cut merely serves as loose pre-selection of events,
before applying the developed fit strategies.

7.2.2 Correlations between AF and BDT

When fitting simultaneously in multiple variables (we simultaneously fit the one-dimensional dis-
tributions in AE and BDT), we need to make sure that they are independent, i.e. not correlated.
This is because each of the two one-dimensional distributions has no knowledge about the other
and they are implicitely assumed ”independent” of each other.

Figure 26 illustrates the correlations between AE and BDT in the total simulation sample, sep-
arately for signal and backgrounds. The left column shows the normalized distributions in AF,
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Figure 25: Distributions of decays in AE and continuum suppression BDT output for full simu-
lation sample combining all channels.

in three different regions of BDT. The close agreement of the shapes shows their independence of
BDT. The right column of Figure 26 shows the corresponding density plots in the (BDT, AE) plane.

To quantitatively determine the linear (in-) dependence of two variables X and Y, one computes
their correlation coefficient
cov(X,Y)  E[(X —E[X])- (Y - E[Y])]

PX,Y = - )
0x 0Oy 0x 0Oy

i.e. the normalized covariance, with expectation value E. If increasing values in X yield increasing
(or decreasing) values in Y, the variables are linearly dependent and their correlation is non-zero.
In Figure 26, we indicate the correlations paggpr for signal and backgrounds. They are small,
compared to a maximal correlation of 1, and confirm the validity of simultaneous fits in AE and
BDT.

We bootstrap the simulation samples to estimate the confidence intervals for the correlation
coeflicients p. In bootstrapping we sample from the orginal samples, i.e. randomly choose pairs of
data points from the original samples. We sample with replacement, such that a particular data
point can be chosen multiple times. In this way, we use the original samples as estimator for the
underlying distributions that are unknown. Multiple samplings of a data point are understood as
multiple independent samplings from this distribution [6]. We sample repeatedly and generate 200
samples of the same size as the original sample. For each of the generated samples, we compute
the correlation coefficient p and estimate the confidence intervals from the distribution in p.

7.2.3 Correlations between At and BDT

As introduced in Chapter 4, the fit strategy for the lifetime and mixing measurement consists
in the two-dimensional fit in (BDT, AE) and the time-dependent fit. Again, we assume that the
variables are independent in our fit. Therefore, we also need to assess the correlations between
At and (BDT, AE). Figure 27 shows the correlations between At and BDT in the total simulation
sample, analogously to Figure 26. The correlations p are at most at the percent level (Figure 27),
approving the assumption of independent distributions in At and BDT.

As mentioned in Chapter 4, we do not fit in (AFE, M) due to larger correlations in the signal.
The corresponding plots are deferred to Appendix B.
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7.3 Extraction of Fit Shapes from Simulation Samples

For the fits in AFE and BDT, the shapes for backgrounds and signal are extracted from simulation
samples. The extraction of fit shapes is performed separately for same- and opposite-flavor events
and separately in the 7 dilution bins.

7.3.1 Extraction of Fit Shapes in Continuum Suppression BDT
Instead of directly fitting BDT, we fit its logarithmic transform LTBDT,

BDT — BDTynin BDT — 0.05
LTBDT(BDT) = In [} =1In [}

BDT,,ax — BDT 1 — BDT

where BDT,;, and BDT,,x denote the minimal and maximal BDT output values respectively. LTBDT
provides a shape that is preferably fitted with a Johnson Sy probability density function®

t 1 —
J(y;8,t) = ——————-exp |~ (s—&—t-sinhly)z} with y:u)
o

p
V2r(1+y2%)o [ 2
with real scalars s,t > 0 called skewness and tailweight respectively. The probability density
function is shifted and scaled by the real scalar parameters p, o > 0.

For the distributions in LTBDT, we perform unbinned mazimum-likelihood fits of Johnson Sy
probability density functions N - J(LTBDT; s, ¢, 4, o) with normalization N, corresponding to the
number of reconstructed decays. The continuum backgrounds exhibit a different shape in LTBDT,
which we use to separate them from signal. We model continuum backgrounds by a superimposion
of a Johnson Sy and a normal probability density function ¢:

fcont.(x; a, s,t, u, o, :U’/a U/) =a- ¢(£B, ﬂlaal) + (1 - (L) : J((E, S;tvﬂa U)

1 1(z—p\?
s .7 N & . = s~
with  o(x;u',0') = o exp [ ) < " > ]

where a € [0,1] denotes the relative normalization of the two distributions. The left column of
Figure 28 shows the individual simulated distributions in LTBDT for all decay categories and the
shapes extracted from it. The distributions are for flavor-tag bin 0'°, for opposite-flavor events.
Below each shape, the pull distribution (data(z;) — fit(x;))/0data(x;) is shown as a measure of the
fit quality.

7.3.2 Extraction of Fit Shapes in AFE

The right column of Figure 28 shows the extracted shapes in AFE for all categories. Since the
different backgrounds and signal exhibit distinct shapes in AFE, we employ various fit models.
Again, we perform unbinned mazimum-likelihood fits to extract the shapes.

The BB background is modelled by a linear combination of (first kind) Chebyshev polynomials
up to third order:

3
C(x;c0,01,¢2,03) = »_ ¢ - T(x)

i=0
with real scalars ¢; and polynomials T;(x) that are recursively defined as [49]

Tiv1(z) =22 -Ti(z) — Ti—1(x) with To=1,Ty ==.

9The Johnson probability density function was originally introduced as transformation of the normal distribution
¢. J(y) x ¢(t- g(y) + s) with some suitable function g. The support S of the probability density function depends
on the choice of g, in this case unbounded support —oco < y < oo, i.e. Sy [48].

10The shapes for the other dilution bins can be found in Appendix C.



7.3 Extraction of Fit Shapes from Simulation Samples

49

1250

- 7J“<|I| ﬁ'
'g 1410 § le \
& } £ 3000 |! |
g 250 g 10K J,'{f’\l\
4 ) L rur | I\
24 ¥ 5 it o, S BEeSEsEetTE
3 0 ++++m+++-+++-++++++- 1 +++*+++++'++ +.+++ T 0 +++++ +++++ “"+++++++ ++ ittt
R { v e, W < . 1 5 5.0 "+' 1000 h —010  —0n5 0o 0% .10 013 .20 25
LTEDT AE[GeV]
(a) Signal LTBDT (b) Signal AE
'E' é\ 'E'ln” +
z 30 £ -|ﬁ+H‘x +
'g 200 _}f;# \':* ‘; 100 + ++ \&“#}H
8 * | g
% 100 % il % }
* _—_.//f % + o
ERLL HH-|-H++++;}{+++-|-+++}++H+++‘}++++++++*+++{=H+++.H.|, E t}li_l -}HH+++;H_+++- i +++-I'-++f{',++++++ﬂ+++}+++HH}'I'H;
o _100 —75 —50 __;__;. n.“ g.;l .-,Iu = 0.0 —010 —ons 000 005 00 015 020 025
LTEDT AE[GeV]
(¢) BB background LTBDT (d) BB background AE
'E‘snu ;J[tt'\ '_E-'_’.}ﬂ j\{ %H
> 60 (" #\ > + *\‘m'
£ o\ £ } Jy +
§ " O ﬁ”#“hk# b
£ £ f ++Wﬁ#
3 o] + +++++ ++++++H+ i +++++;+++ ++I+H+++H+ T 0| iy +++++++’r"++++’f++ ++++++ ++++++ et
o 100 —-75 —50 —85 00 28 50 T 10,0 o _n_-l.n“ —ons 000 005 000 003 020 025
LTEDT AE[GeV]
(e) continuum backgrounds LTBDT (f) continuum backgrounds AE
il 100 %
z E
=8 E .{ lll
‘g 3 'E 60
gg” ‘2 1 }‘I
iu) _i 20 } xh
3 00| HisHHH +*+“++++ +++++ ++++H+++H+ 3 o gty +++++H+H++HH+H+HH-HH+HHH+Hi
o _100 —F5 —50 —25 DO 2.3 50 75 100 o —010 —0ns 000 005 000 015 020 025
LTBDT AFE[GeV]

(g) B— D™ K LTBDT

(h) B— DWK AE

Figure 28: Simulated distributions in LTBDT (left) and AE (right) with extracted shapes and pull

distributions. Opposite-flavor events, bin 0 in ¢ -

r.



7.3 Extraction of Fit Shapes from Simulation Samples 50

The falsely reconstructed B — D™ K shape is modelled by a Crystal Ball shape probability
density function [49]

v
|
Q

exp |3 (552)7] for 52
A (B-Z)" for TE < -

g

n 2
with A= (% - exp —ﬁ
ol 2

and B =" — ||
|

CB(z;p,0,a,n) = {

Q

which has a gaussian core with a powerlaw tail to its left. The parameter « indicates where to
make the transition between core and tail.

The signal shape is modelled by a linear combination of a normal distribution and a double
sided Crystal Ball probability density function [49]

fsig(x; a, w,o, 0/7 ar,nr,0R, ’I’LR) =a- ¢<$,M, UI) + (1 - a') . DCB(CU,/% g, aLvnlnaRanR)-

The two distributions share the same mean p and a € [0, 1] denotes their relative normalization.
The double crystal ball shape DCB also has a gaussian core, but with powerlaw tails to the left
and right. These are parametrized separately by («ar,nr) and (ag,ng):

. _z=p\T" Top
Ap- (B - = for =£ < —ap
for — S % S QR

DCB(‘/I;;/JHUa OéL,nL,OéR,’rLR) = exXp I:_% (u)Q

Ap - (BR — f;—“)_n for =£ > ag
with Az r and By g defined analogously to the one-sided crystal ball distribution.
Finally, the continuum backgrounds are modelled by an exponential distribution
E(x; ) < exp[A - z]
where the real scalar parameter A dictates the slope of the distribution.

A number of different fit strategies were tested in AE, LTBDT and other variables.® Best results
were obtained for a simultaneous fit in AF and LTBDT, which is used in the lifetime and mixing
measurement. We here only describe this two-dimensional fit. In section 7.5, we compare it to a
conventional one-dimensional fit in AFE.
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Figure 29: Distributions in AE (left) and LTBDT (right) for data and simulation scaled to the same
luminosity.

7.4 Two-dimensional fits in (AE,BDT)

As described in the previous section, we perform unbinned maximume-likelihood fits to extract the
shapes for each background and signal in AF and LTBDT. For each background and signal, we mul-
tiply the extracted one-dimensional distributions for AE and LTBDT to obtain a two-dimensional
probability density function

pdf(AE, LTBDT) = pdf(AE) - pdf(LTBDT).

We individually normalize each pdf over the fit range and sum the two-dimensional probability
density functions, to obtain the full two-dimensional fit function f:

f(AE,LTBDT, Ny, ..., N,,) = > N; - pdf;(AE,LTBDT) with i € decay categories

i=1

where ¢ runs over signal and all backgrounds. In the two-dimensional maximum likelihood fit to
separate backgrounds and signal, we fix this fit function but let the normalizations N; for signal
and backgrounds float free.

The agreement between simulation and data is not perfect (Figure 29). Typically, an inferior
energy resolution in data leads to slightly broader shapes in AE. Also, imperfect beam-energy
measurements lead to slight shifts of the distributions in AFE. To account for these differences,
we include additional free parameters (Table 18) in the fit, that allow the extracted fit shapes to
vary slightly.

Separating out the small B — D®) K component is challenging for the fit. Therefore, we fix
the relative normalization of B — D) K to the signal normalization from simulation. This is
reasonable, since we expect the relative branching fractions to be constant over all three signal
channels.

To reduce the reliance on the simulation, we let the extracted shapes as variable as possible
in the fit. We free the slope A of the extracted exponential shape for continuum backgrounds in
AF in each ¢ - r bin. The fit is able to determine A from the sideband AE > 0.05 GeV. We also
introduce free parameters in the shapes in LTBDT, to account for the differences in Figure 29. The
full set of free parameters is summarized in Table 18. Therein v (X) means that we do (not) use
independent free parameters for each ¢ - 7 bin or for same- and opposite-flavor events.
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Table 18: Free parameters in two-dimensional fit.

independent independent
Shape Free Parameters free params. free params.
for each for opposite
q - bin & same-flavor
glil%z??{ normalization Ngig v’ v’
gs:;g;gs:; normalization Neong. v’ v’
BB background normalization Ngg v’ v’
B _)Sg?glfg?g AE shift pq, scale o X X
continuum
background in AF slope A v X
continuum .
background in LTBDT | St f2, scale o2 X X
other .
shapes in LTBDT shift ug, scale o3 X X

7.4.1 Fit in Full Simulation Sample

Figure 30 shows the fit result in the full simulation sample of 1ab~'. For each flavor tag bin (rows)
and opposite- and same-flavor events (columns), the two-dimensional fit function f is projected
out on AF or LTBDT

AFErmax
f(LTBDT) = / f(AE,LTBDT)dAE
AEmnin
and analogously for f(AFE). In Figure 30, the projected one-dimensional fit functions are compared
to the fitted simulation samples (black dots). The fitted signal and background components are
shown in color, along with the pulls of their normalizations. Furthermore, the pull of the free
slope A, for the continuum background in AF, is shown. As indicated in Table 18, X is shared
between opposite- and same-flavor events for every flavor tag bin. Table 19 shows the fit results
for the remaining free parameters.

Table 19: Fit result for two-dimensional fit in full simulation sample.

Parameter \ Fitted Value \ True Value \ Pull

w1 [GeV] (3.0 £2.7)107° 0.0 1.1
o1 0.990 + 0.003 1.0 —3.3
o 0.014 £ 0.021 0.0 0.67
02 0.9963 £ 0.0049 1.0 —0.76
s —0.132 £ 0.021 0.0 —6.3
o3 0.9895 + 0.0014 1.0 —-7.5

Although the pulls in pus, os significantly deviate from the expectation (”true value” in Table
19), we accept this performance since the physically relevant parameters are the normalizations
indicated in Figure 30. Their maximal pull is below 2.5, which corresponds to a deviation of less
than 10%.

For comparison, we also attempt the fit with common fit shapes for all bins, extracted from
the full cumulative simulation sample. The result in Figure 31 shows large deviations between fit
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and fitted simulation samples in LTBDT. We conclude that the shapes vary significantly over the
bins, and that common fit shapes are not adequate.

7.4.2 Fit in Full Data Sample

To confirm the simulation/data agreement, we repeat the two-dimensional fit with individual fit
shapes in each bin in the full available data sample of 176.9 + 12.6fb~! (Table 4). Since data is
available only for two of the three signal channels, we fit shapes that were extracted from simula-
tion in only these two channels. In simulation, the fit performance in two and three signal channels
is equal. Figure 32 shows the projected fits. Table 20 shows the fit results in all free parameters
and compares them to the expected values from simulation samples of the same luminosity.

For the numbers NV of signal and background decays, the uncertainties on the expected values
from simulation result from the uncertainty on the collected luminosity 176.9 + 12.6fb~* (see
[50]). For X the uncertainties on the expected values result from the uncertainties on the extracted
shapes from simulation. As can be seen in Table 20, the fitted values in data agree well with the
expectations from simulation. The increased value in o7 and the shift in pu; are expected from an
inferior energy resolution and imperfect beam energy measurement in data (see Figure 29).

Table 20: Fit result for two-dimensional fit in full data sample.

Parameter Fitted Value Expected Value from Simulation | Pull
w1 [GeV] (—27.4+83)-107° 0.0 -3.3
o1 1.098 £ 0.009 1.0 1.1
2 (—3.448.5)-1072 0.0 —-04
02 0.99 £ 0.02 1.0 -0.5
"3 (2.74+6.0)- 1072 0.0 0.5
o3 0.995 £ 0.004 1.0 1.3
bin 0, A [GeV '] —1.094+0.33 —1.5440.10 1.3
bin 1, A [GeV ™| —1.99 £0.35 —1.55£0.10 —-1.2
bin 2, A [Gerl] —2.23£0.36 —1.61 £0.11 -1.6
bin 3, A [GeV_l] —1.44 £ 0.46 —1.56 £0.13 0.25
bin 4, A [GeV 1] —2.1440.44 —1.4240.14 1.6
bin 5, A [GeV ] —2.34£0.70 —1.32£0.20 —-14
bin 6, A [GeV ] —2.2423 ~1.540.48 —-0.3
OF, bin 0, Ngg 1852 + 49 1890 £ 138 -0.3
OF, bin 1, Ny, 2104 £ 52 2109 + 154 —0.03
OF, bin 2, Ny, 2340 £ 54 2307 + 168 0.2
OF, bin 3, Ngig 1793 £ 48 1782 £ 130 0.08
OF, bin 4, Ny 1634 £ 45 1604 £ 117 0.2
OF, bin 5, Ngig 1496 + 43 1526 + 111 -0.2
OF, bin 6, Ngig 1885 + 46 1937 + 141 —-04
SF, bin 0, Ngig 1871 £ 49 1812 4132 0.4
SF, bin 1, Ngg 1803 £ 48 1773 £ 129 0.2
SF, bin 2, N, 1606 £ 45 1573 £ 115 0.3
SF, bin 3, Ngig 976 £ 35 1047 £ 76 -0.9
SF, bin 4, Ngig 775 £ 31 805 £ 59 -0.5
SF, bin 5, Ngig 634 + 27 623 + 45 0.2
SF, bin 6, Ngig 574 + 26 549 £ 40 0.5
OF, bin 0, Ncont. 742 4+ 56 877 £ 62 —1.6
OF, bin 1, Neont. 809 £ 58 839 £ 60 —-0.4
OF, bin 2, Ncont. 827 + 58 820 £ 58 0.09
Continued on next page
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Table 20 — continued from previous page

Parameter Fitted Value Expected Value from Simulation | Pull
OF, bin 3, Ncont. 553 £ 50 646 £ 46 —1.4
OF, bin 4, Neont. 568 £ 42 575 + 41 -0.1
OF, bin 5, Neont. 280 £ 32 312 £+ 22 —0.8
OF, bin 6, Neons. 46 + 15 50+ 4 -0.3
SE, bin 0, Neong. 892 £ 57 854 + 61 0.5
SF, bin 1, Neont. 730 4+ 56 787 4+ 56 -0.7
SF, bin 2, Neont. 560 £ 50 628 £+ 45 -1.0
SF, bin 3, Neont. 388 + 35 370 + 26 0.4
SF, bin 4, Neont. 252 £ 25 275 + 20 -0.7
SE, bin 5, Neong. 94+ 19 137 £ 10 -2.0
SF, bin 6, Neont. 19+8 27+ 2 —1.0
OF, bin 0, Ngp 532 + 62 486 + 35 0.6

OF, bin 1, Nggp 511 £ 63 515+ 37 —0.05
OF, bin 2, N 504 £ 63 602 £ 43 -1.3
OF, bin 3, Nggp 564 + 57 506 + 36 0.9

OF, bin 4, Ngg 292 + 46 440 4+ 31 —2.7
OF, bin 5, N 245 + 38 307 + 22 —-14
OF, bin 6, Ngp 219 £ 27 227+ 16 —0.3
SF, bin 0, Ngp 361 £ 59 474 + 34 —-1.7
SF, bin 1, Ngg 425 £ 62 453 £+ 32 —0.4
SF, bin 2, Ngg 374 £55 377+ 27 —0.05
SF, bin 3, Ngp 166 + 38 221 +16 -1.3
SF, bin 4, Ngp 134 £ 28 164 £ 12 —-1.0
SF, bin 5, Ngg 107 + 23 98 + 7 0.4

SF, bin 6, Ngg 15+15 49+4 —2.2

7.4.3 Stability of Fit in Pseudo-Experiments

To validate the fit method, a set of pseudo-experiments is performed. By sampling from the
extracted shapes in AE and LTBDT, we generate 1000 pseudo simulation samples with poisson-
fluctuated normalizations. Their individual size corresponds to the expected number of decays in
150fb~! of data. For each pseudo sample, we perform the full two-dimensional fit and compare
the results to the original shapes. Figures 33 and 34 show the resulting pull distributions in all fit
parameters.

When assuming likelihood functions that are symmetric in the fit parameters, maximum-
likelihood fits find their average values. According to the Central Limit Theorem, these average
values are normal distributed, in the limit of large statistics. When computing their pull, we
expect standard normal distributions with mean g = 0 and width o = 1. If the fit is free of bias,
it will on average estimate the correct fit parameters and the mean of their pulls will be zero. If
the fit on average correctly estimates the uncertainties on the fit parameters, the pulls will have a
variance 02 = 1.

In Figures 33 and 34, we fit a normal distribution on all pulls and extract their mean p and
standard deviation o. Their values are as expected within their errors, indicating that the fit is
stable and not significantly biased.
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Figure 30: Full two-dimensional fit to total simulation sample of 1ab™'. Projected fit results in
LTBDT and AF, separately for 7 bins in ¢ - r and opposite- and same-flavor events. Individual fit

shapes for each bin.
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Figure 31: Full two-dimensional fit to total simulation sample of 1ab™'. Projected fit results in
LTBDT and AFE, separately for 7 bins in ¢ - r and opposite- and same-flavor events. Common fit
shapes over all bins.



7.4 Two-dimensional fits in (AFE,BDT) 57

Tag/Signal side: Opposite Flavor Tag/Signal side: Opposite Flavor Tag/Signal side: Same Flavor Tag/Signal side: Same Flavor
Integrated over LTEDT Integrated over AF ) Integrated over LTBDT ) ) Integrated over AF
—_ BB background + W BE background | H
b= g 2010 - gqkar I
E wanol - D | - DY 1200
S =400 : 4001
£l - Sl [
_‘E; + Data + Dsts
£ oo 1001 : 100
o5
w
= | L
0t 4l - o n
= 600] -8 backgraund | | : - background | '
n e
£ e 1 B gqbar 1200
% - o DK a0 400/ - o O
| [ _— i
EE 400 + Data + Data
g2, 1001 200/ (100
5 0T
w
H |
o — 0 | ]
L 00| B8 background ] i I BB background |
z O b i 400 B -
= - DK B | - e DK 1150
£ =400 el "
.E.E-l +  Data + Data 1100
wn oy £ |
g% 1001 0
& B a0
H / |
4ol S

138 backgrourd

L} N BB background |
- gqbar 2001 i. — b

J{KJ- B o 00K 200 . o 0K
. Sigral bl _— Signal
+  Dbata + bata

100 |
| 10014

# Events [arb. units],
bin 3ing-r

- B B backgound 88 background

£ 400 - b o T 200 = b

Ew -G DK 15 - e 0K
e - -

'r% E + Data 100/ +  Data

= 200 4 100,

E £

25

fir]

H-

B8 backgraund | 1000

fimal = W BE backgroutid
z 4001 e | - b |
5 -— o K 1501 _—E e DK il
e . Signal 1o il
8 = | |
A £ 500! + o 1061 e D 140
1w 21
= =01
5 at i20
w
ST
0* o sl
— . BB bachground i | BE background
£ 150 aabar
g « 400] Detie
el | Signal
5z 100/ + Do
LR =]
£ g 200| ll
IE = o0}
H

.0 0.1 0.2 i ; 1]
AE[GeV] LTEDT

o1 oo 00 0%
AE[GeV]

Figure 32: Full two-dimensional fit to total data sample. Projected fit results in LTBDT and AFE,
separately for 7 bins in g - r and opposite- and same-flavor events. Individual fit shapes for each
bin.



7.4 Two-dimensional fits in (AFE,BDT) 58

Tag/Signal side: Opposite Flavor Tag/Signal side: Same Flavor
binGing-r | hinOing r
1 -0,03740,031 e -0.002£0,032
200 o 0.99620.022 o 102420023 |
o
e 0y =0. -0, +0.
o 0.99620.022 @ 1.019+0.023
bin2ing-r bin2ing-r
q q
150| 122 -0.076:+0,032 u0.024£0032 1150
o: 1.02240.023 o:1.012+0.023
£ 00310032 a0 o3h 032
S L -0 +0. -0 +0.
= o: 0.99920.022 o 0.097+0.022 |
=100 binding-r bindingr 100
o -0.027£0.031 4:-0.056£0.031 |
o: 0.983£0.022 @: 0.97520.022
binSing-r binSing-r
50 w: 0.04820.032 #:-0.02740.032 |50
o: 1.00920.023 o 1.006+0.023 |
binGing-r binGing:r
U -0.120.032 :-0.055+0.031
0: 1.01720.023 o 0.96520.022
0 e —— ¥ -—-w.—.—..-‘ 0
250/ binding-r bin0ing: r 1250
B 0.03520.032 p: 0.01620,032
@ 1.01620.023 @ 1.0030.022
binling: r binling r |
200 4 0,02120,031 woosaz0032 200
o 0.991=0.022 @ 1.001+0.022
binDZGi;?q .Clr 031 hin()zDiEiq Iﬂro.‘i?
e 0 0. [T =+,
150 o 0.96640.022 o 099820022 |150
bin 3ing-r pin3ing-r
g2 : 0.02120.031 e 0.01320.031
= o: 0.98820.022 o 0.983+0.022
| binding-r binding r |
100 I 0.00820.031 s 0.00140.029 100
o: 0.97640.022 a: 0.92820.021
bin 5 ing-r BinsIng-r
: -0.054+0.032 W 0.05£0.032 |
50 o1 1.00320.022 o no9axn.022 | D0
binGing-r binGIng:r
u: 0.03220.031 {: -0.052£0.032
0 o: 0.97920.022 0:1.02220.023
binGing-r binOing r
1 —— e -0.043£0.032 e 0.04240,031
o 0.99920.022 o:0968£0.022 |5nn
208 b 0.0410.032 h 003940031 |
-0 00 -0 +0.
o: 1.02+0.023 o 0.974+0.022
bin2ing-r bin2ing:'r |
150 i -0.06940.031 w:-0.018+0.032 150
o 0.98220.022 @ 1.01220.023
bin3ing-r bin3ingr
2 1 -0.053+0.031 e 0.00320.032
= o: 0.97520.022 o2 1.005+0.022
100 binding-r binding:r 1100
o -D.03540,032 W: -0.022+0.031
o: 1.01120.023 : 0.989+0.022
binSing-r binSing:r |
| : -0.044:£0.031 p-0.11£0.032 |
S0 or 0.98120.022 @: 1.00620.022 |30
binGing-r binGiIng r
i -0,05320.03 4: -D.049+0.032
0 o: 0.96+0.021 0:1.00420.022
4 4
binQing:r
— w:-0.161£0.032
@:1.01740.023
200/ bin 1ing-r
Ly u: 0.11120.031
< 1 0.97840.022
[:1] = binZing: r
=% | Wi 0.29420.032
) g 150 a:1.021+0.023
v E bin3ing-r
Sk —— i 0.182+0.031
o 0.988+0.022
x 3
@ £100| bin 4 n g r
c D —— p: 0.05820.032
= 5 o 1.006+0.022
i) binSing-r
= | 023120031
e 50 @: 0.96520.022
binging-r
Wi -0.2330.031
" St @ 0.87820.022
=4 =2 0 2 4

pull

Figure 33: Toy-study of two-dimensional fit in 1000 fits of 150fb™" each (Part 1 of 2). Individual
fit shapes in each bin. For variable definitions see Table 18.
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Figure 34: Toy-study of two-dimensional fit in 1000 fits of 150fb~" each. Continued (Part 2 of 2).
Individual fit shapes in each bin. For variable definitions see Table 18.



7.5 One-dimensional Fit in AF 60

7.5 One-dimensional Fit in AF

The previously described two-dimensional fit separates backgrounds with different behaviors in
At. In this section, we compare it with a one-dimensional fit strategy in AFE. As explained in
Chapter 4, different background contributions cannot be separated when only fitting in AE. By
comparing the results for the one- and two-dimensional fits, we aim to quantify the improvement
on the fitted lifetime and mixing parameter uncertainties.

Since the distributions of continuum backgrounds and BB backgrounds are very similar in
AFE and there is no additional observable to distinguish them, we cannot separate them in the
one-dimensional fit. Instead, we model continuum and BB backgrounds together by a single ex-
ponential. Again, the shape is extracted from simulation samples, separately for opposite- and
same-flavor events and in the 7 dilution bins. Figure 35 shows the extracted shape for opposite-
flavor events in flavor-tag bin 0'!, along with the pull distribution.
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Figure 35: Simulated distributions in AFE for combined backgrounds, except B — D™ K with
extracted exponential shape and pull. Opposite-flavor events, bin 0 in ¢ - r.

As for the two-dimensional fit, we fix the relative normalizations of the B — D™ K component
to signal from simulation. Again, we introduce a free shift u; and a free scale parameter o;. To
reduce the reliance on simulation, we free the slopes of the exponentional background shape in
every bin. Table 21 summarizes all free parameters in the one-dimensional fit.

Table 21: Free parameters in one-dimensional fit.

Shape Free Parameters indif‘-:)i;i Zzi}fr;e(-e fﬁ;ﬁms. ifI::iZ;i)l.laézﬂs‘Z?nz?;‘lzvmosr.
BSiil%z?}i{ normalization Ngig v v
Conizgﬁgoi?li BB normalization Neont.&BB v g
B %SE&?IK??S AE shift p1, scale oy X 8
e . -

11 The shapes for the other dilution bins can be found in Appendix D.
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7.5.1 Fit in Full Simulation Sample

A fit on the full simulation sample of 1ab™! yields the results in Figure 36 and Table 22.

Table 22: Fit result for one-dimensional fit in full simulation sample.

Parameter | Fitted Value | True Value | Pull

p [GeV]

(—0.4+28)10 7

0.0

—0.1

o1 1.0060 £ 0.0031

1.0

1.9

The pulls are all within expectations and the fit correctly tells apart signal, falsely recon-
structed B — D™ K and other backgrounds. However, as discussed before, a separation between
continuum backgrounds and BB backgrounds is not possible. Hence when using this fit strategy,
these backgrounds have to be treated collectively in the full lifetime and mixing measurement. As
motivated in Chapter 4, this is not desirable due to their different behavior in At and may lead

to larger uncertainties.

7.5.2 Fit in Full Data Sample

To confirm the simulation/data agreement, we repeat the one-dimensional fit in the full available
Belle II data sample of 176.9 + 12.6fb ™! (Table 4). Again, the shape extraction from simulation
and the fit in data is performed in only two signal channels. The fit results are shown in Figure

37 and in Table 23.

Table 23: Fit result for one-dimensional fit in full data sample.

Parameter Fitted Value Expected Value from Simulation | Pull
11 [GeV] (—28.0+£8.5)-107° —3.3
o1 1.1240.01 12.0
bin 0, A [GeV 1] —2.38+0.23 —2.91+0.08 2.2
bin 1, A [GeV ] —3.28 +0.23 —3.00 4 0.08 1.1
bin 2, A [GeV ] —~3.41+0.24 ~3.17 £ 0.09 —-0.9
bin 3, A [GeV™!] —3.06 4+ 0.28 —3.1540.10 0.3
bin 4, A [GeV™!] —3.13+0.34 —3.10 £ 0.11 0.1
bin 5, A [GeV ] —4.0440.44 —3.2540.15 1.7
bin 6, A [GeV '] —4.3540.81 5.10 +0.24 0.9
OF, bin 0, Ny 1887 & 49 1890 + 138 —0.02
OF, bin 1, N4 2122 + 52 2109 + 154 0.08
OF, bin 2, N4 2369 + 55 2307 + 168 0.4
OF, bin 3, Ny 1823 4 49 1782 4130 0.4
OF, bin 4, Nyg 1657 + 46 1604 + 117 0.4
OF, bin 5, Nyg 1493 + 43 1526 4 111 —-0.3
OF, bin 6, N4 1899 =4 47 1937 4 141 —-0.3
SF, bin 0, Nyg 1990 = 49 1812 4 132 1.3
SF, bin 1, Ny 1828 4 49 1773 4 129 0.3
SF, bin 2, Nyg 1620 =+ 46 1573 4+ 115 0.4
SF, bin 3, Nyg 987 + 35 1047 + 76 —0.7
SF, bin 4, Nyg 798 + 32 805 =+ 59 —0.1
SF, bin 5, Nyg 637 & 28 623 + 45 0.3
SF, bin 6, Nyg 577 + 25 549 =+ 40 0.6
OF, bin 0, Neont.¢-BB 1239 + 43 1362 & 99 —1.1
OF, bin 1, Neont BB 1301 4 44 1354 4+ 99 —0.5
Continued on next page
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Table 23 — continued from previous page

Parameter Fitted Value Expected Value from Simulation | Pull
OF, bin 2, Neont.&BB 1301 £ 45 1422 £+ 104 —1.1
OF, bin 3, Neont.&BB 1086 + 41 1152 + 84 -0.7
OF, bin 4, Ncont.&BB 837 + 37 1015 £ 74 —2.2
OF, bin 5, Neont &BB 528 + 31 619 + 45 -1.7
OF, bin 6, Neont.&BB 251 £24 278 £ 20 -0.9
SF, bin 0, Neont.&BB 1222 £+ 43 1328 £ 97 —1.0
SF, bin 1, Neont.&BB 1130 £ 42 1240 £ 90 -1.1
SF, bin 2, Neont.&BB 919 + 38 1005 + 73 -1.0
SF, bin 3, Neont.&BB 543 £ 29 591 + 43 -0.9
SF, bin 4, Neont.&BB 362 £ 24 439 £ 32 -1.9
SF, bin 5, Neont.&BB 199 + 23 235 £ 17 —1.4
SF, bin 6, Neont.&BB 30+ 10 76 + 6 -3.9

The uncertainties on the expected values from simulation are analogous to Table 20. As can be
seen in Table 23, the fitted values in data agree well with the expectations from simulation. Again,
the increased value in o7 and the shift in p; are expected from an inferior energy resolution and
imperfect beam energy measurement in data (see Figure 29).

7.5.3 Stability of Fit in Pseudo-Experiments

As for the two-dimensional fit, we assess the stability of the fit in 1000 pseudo-experiments. Again,
we expect standard normal distributions in the pulls of all fit parameters. Figure 38 shows the pull
distributions. Analogously to Figures 33 and 34, we fit normal distributions to extract the mean
1 and width o of the pull distributions. The result agrees well with the expectation of standard
normal distributions, indicating that the fit is stable and not significantly biased.
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Figure 36: Full one-dimensional fit to total simulation sample of 1ab™
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Fit results in AF,

separately for 7 bins in ¢ - r and opposite- and same-flavor events. Individual fit shapes for each

bin. For variable definitions see Table 21.
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Figure 37: Full one-dimensional fit to total data sample. Fit results in AF, separately for 7 bins
in g - r and opposite- and same-flavor events. Individual fit shapes for each bin. For variable
definitions see Table 21.
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Figure 38: Toy-study of one-dimensional fit in 1000 fits of 150fb~ ! each. Individual fit shapes for

each bin. For variable definitions see Table 21.
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8 Lifetime and Mixing Measurement

In this Chapter we describe the time-dependent fits and how the previously described fits in AF
and BDT are implemented in the lifetime and mixing analysis.

8.1 Time-dependent Fits

As explained in Chapter 4, the measured distributions in the decay time difference At of the B
mesons are altered by the detector resolution and the kinematic approximation. We employ a
resolution function R to relate the measured and true distributions in At¢. For this analysis, a res-
olution function with a double gaussian core and exponential tails was developed from simulation
(Equation 42).

R(At, oar) = (1 = fail) - @(AL; fimain - TALs Smain - OA¢)
+ frail - (1 — fexp) - O(AL; fieail - OAL, Stail - OAt)
+ frail - foxp - (AL Lsail - TAL, Stail - TAL)
# (1= fr) -expp[At/c o] + [r - expr[—At/c- oai])

(42)

where ¢ denotes the normal distribution with mean p - oA+ and width s - oa;. Therein oa; is
the uncertainty on the decay time difference At and fi,; denotes the fraction of reconstructed
events in the tails of the distribution. The tails originate from the decays of secondary particles in
the B meson decays and consist of a gaussian outlier component and exponential tails. fexp (fr)
denotes the number of reconstructed events in the (right-sided) exponential tail. In Equation 42,
parameters in blue are free in the fit and parameters in magenta are fixed from simulation [42].

8.2 Integration of Background Fit in Time-Dependent Fit

The full fit strategy for the lifetime and mixing analysis consists in simultaneously fitting in
(At, oat) and in (AE, BDT). The fit variables (AFE, BDT) serve to separate signal and backgrounds,
for each of which the resolution function R(At, oa;) fits the time-dependance. As motivated in
Chapter 4, the background shapes in (At, oa;) are extracted from the side band in AFE, i.e. in
|AE| > 0.05GeV. Together with the signal shapes, they are then fitted on (At, oa¢) in the signal
region in AFE, i.e. in |AE| < 0.05GeV.

Figure 39 shows an exemplary fit on simulation in dilution bin 6. The fitted samples (dots)
are overlaid with the projections of the fitted shapes (solid) in all four fit variables. Fitted BB
background contributions are shown in orange, continuum background contributions in blue and
the remaining contribution is signal.'?> The pull distributions in Figure 39 indicate a good fit
quality in all variables.

By simultaneously fitting on the distributions in each of the 7 dilution bins and for opposite- and
same-flavor events, we can extract the wrong-tag fractions w, the lifetime 750 and the oscillation
frequency Am (see Equation 37). Table 24 summarizes all free parameters in the fit.

12For simplicity, the B — D™) K component is not shown in this preliminary fit.
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Fit Parameter

Table 24: Free fit parameters in full fit strategy.

Number of
Free Parameters

Explanation

TRBO 1 Neutral B meson lifetime
Am 1 Neutral B meson oscillation frequency
Niig 14 (7 dilution bins and OF,SF) | Number of reconst. signal decays
Ngp 14 (7 dilution bins and OF,SF) | Number of reconst. BB BG decays
Neont. 14 (7 dilution bins and OF,SF) | Number of reconst. continuum BG decays
A 7 (7 dilution bins) Free parameter for continuum shape in AE
U1, 01 2 Free shift and scale in AE shapes
L2, 02, [3, O3 4 Free shift and scale in BDT shapes
Weig 7 (7 dilution bins) Wrong-tag fraction for signal decays
WBB 7 (7 dilution bins) Wrong-tag fraction for BB BG decays
Weont. 7 (7 dilution bins) Wrong-tag fraction for continuum BG decays
sig sig
ﬁgain;ig main 5 Resolution function pars. for signal decays
Hiails Stail> Jtail
Himainy Smain 5 Resolution function pars. for BB BG decays
Htail> Stail> Jtail
Hiasi> Stmai 5 Resolution func f i
copthAn? S main . pars. for continuum decays
Heail > Stail » Jtail

We aim to compare the fit results with the one- and two-dimensional fit strategies in AF and
BDT. This serves to assess the impact of extracting the background composition from the data on
the lifetime and the oscillation frequency, which is only possible in the two-dimensional fit. When
using the one-dimensional fit in AF, all fit parameters in BDT are omitted and BB backgrounds

are treated collectively with the continuum backgrounds.

At the time of writing, a malfunction was discovered in the flavor tagger algorithms provided
within the basf2 software framework. In events with multiple B meson candidates, a flavor-tag
is computed only for one candidate and is assigned to all candidates. In simulation the average
candidate multiplicity is 1.1 and this malfunction induces a significant bias on the fitted value of
Am. This is why, at the time of writing, we cannot yet provide a precision measurement of the
lifetime 7o and oscillation frequency Am.
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9 Conclusion and Outlook

The universe exhibits a matter-antimatter asymmetry, whose origin cannot be explained within
the standard model of particle physics. To do so, new sources of charge-parity (CP) symmetry
violation in particle decays are a key requirement. A precise measurement of the oscillation fre-
quency in the neutral B meson system is an important probe towards overconstraining standard
model predictions for CP violation in the quark sector.

In this thesis we aim for a precision measurement of the lifetime 750 and oscillation frequency
Am in the neutral B meson system at the Belle IT experiment.

In the Belle II detector at the asymmetric SuperKEKB collider, BB meson pairs are pro-
duced from decays of the Y (4S5) resonance. In this analysis we make use of the well-known event
kinematics, to identify B meson candidates and to reconstruct the decay time difference At of
both B mesons. We reconstruct B mesons in three hadronic signal decay channels B® — 7+t D)~
and employ flavor tagging algorithms to determine the flavor eigenstate of the accompanying B
meson decay. This allows us to measure the mixing asymmetry as a function of the decay time
difference of both B mesons. From a time-dependent fit to the mixing asymmetry in seven bins
of the flavor tag figure-of-merit, we extract the oscillation frequency Am.

Peaking background decays are decays that mimic signal decays and alter the measured value
for Am and 7po. In earlier analyses, peaking background decays were not evaluated in detail and
resulted in a systematic uncertainty on the measurement. In this thesis, (peaking) background
contributions are analysed in detail from simulation in all three signal decay channels. Based on
the findings from the background analysis, we develop a two-dimensional fit strategy to separate
signal and background decays and to extract the background composition in Belle II data. We per-
form unbinned maximum likelihood fits in the energy difference AFE of the reconstructed signal B
meson and in the output of a continuum suppression boosted decision tree (BDT) that was trained
on simulated event samples. In simulation, the fit consistently tells apart signal and three kinds
of backgrounds with deviations of less than 10%. Pseudo-experiment studies indicate a stable and
non-biased fit. In 176.9 + 12.6fb~! of Belle II data, the fit results agree with the expectations
from simulation. For comparison, we also implement and test a one-dimensional fit strategy in AE.

Our full fit strategy for the lifetime and oscillation frequency measurement amounts to a four-
dimensional fit in AF, BDT, At and in the uncertainty on the decay time difference oa;. Tests in
simulation indicate a good fit quality in all fit variables and a promising signal and background
separation. However at the time of writing, a malfunction in the flavor tagger algorithm induces
significant biases on the fitted value for the oscillation frequency Am.

Outlook

Once the malfunction in the flavor tagger is corrected, we hope to demonstrate that our fit strategy
performs better than previous analyses and hope to provide the most accurate measurement yet of
7o and Am at Belle II. Furthermore we aim to show that the two-dimensional fit strategy in AF
and BDT is superior compared to the one-dimensional fit in AE. In contrast to the two-dimensional
fit, the one-dimensional fit cannot extract the background composition from data. Due to this,
we expect smaller systematic uncertainties on the measured values with the two-dimensional fit
strategy. By comparing the fit results for the two strategies, we aim to quantify the improvement.
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A Categorization Tool for Reconstructed Decays

In the generation of simulation samples, each generated particle is equipped with its PDG-identifier
genParticlePDG denoting the particle type, and a unique identification code genParticleID. We
use the latter to distingish between particles of the same type.

For every reconstructed final state particle, we extract both genParticlePDG and genParticleID
for the corresponding truth-matched particle. Subsequently, we also extract both variables for all
of their ancestor-particles up to five generations down the generator decay-chain. Typically in
the described channels, the mother-particles are descendingly identified as charm mesons, then B
mesons and finally as the Y(45) resonance (Equation 43).

truth-matched particle of generator =<0 generator generator generator
D D* B T(459) (43)
reconstructed final state ™, K mother mother mother mother

For falsely reconstructed decays, they differ from this. After having identified the ancestors
of the reconstructed final state particles, we reassemble them to form the true generated decay-
chain. Particles with the same mother-particle are grouped together as daughter particles. This
remains functional even when multiple particles of the same type decay, since the mother-particle
is uniquely identified through genParticleID.

In the simulation sample generation, the assigned value of the unique genParticleID ascends
from the primary Y(4S) resonance to the final state particles. Typically, the YT(4S) resonance
gets assigned a value of 0, and its two daughter B mesons values of 1 and 2 respectively. De-
pending on the number of generated particles in the event, increasing values are assigned until
the maximal values are assigned to the final state particles. Therefore to reassemble the decay-
chain, a hierarchical approach is applied, starting from the highest genParticleID and grouping
daughter-particles in descending order.

In some cases, particles of different generations in the generator decay-chain are direct joint
daughters of a mother-particle. For instance, in the decay of a D° meson in Equation 44.

+ generator 7T+
_— enerator
mother g—} DO (44)
K~ mother

The 7™ and K~ are of different generations in the generator decay-chain, but must be matched
as joint daughters of the DY. Hence it is important, to first assign the p*, which has the highest
genParticlelD, to its mother-pion. Only afterwards, we can group the D° daughter-particles.

B Correlations between AFE and M,,.

Figure 40 shows the correlations between AFE and My, in the total simulation sample, analogously
to Figures 26 and 27. Here the correlations in signal are larger, with about 14% compared to 3%
in Figure 26. This may be ascribed to the common dependence on the measured beam energy
(see Equation 41). In any case, the signal distributions in AE and M;, cannot simply be assumed
independent. For a precision lifetime and mixing measurement, a combined fit in (AE, M., At)
would thus require to take the correlations into account. This is why we instead adopted a fit
strategy in (AE, BDT, At), where the correlations are negligible (Figures 26 and 27).
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Figure 40: Correlations between AE and My, in total simulation sample combining all channels.
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Figure 41: Simulated distributions in LTBDT (left) and AFE (right) with extracted shapes and pull
distributions. Same-flavor events, bin 0 in g - 7.
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Figure 42: Simulated distributions in LTBDT (left) and AFE (right) with extracted shapes and pull
distributions. Opposite-flavor events, bin 1 in g - 7.
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Figure 43: Simulated distributions in LTBDT (left) and AF (right) with extracted shapes and pull
distributions. Same-flavor events, bin 1 in ¢ - 7.
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Figure 44: Simulated distributions in LTBDT (left) and AFE (right) with extracted shapes and pull
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Figure 45: Simulated distributions in LTBDT (left) and AF (right) with extracted shapes and pull
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Figure 46: Simulated distributions in LTBDT (left) and AE (right) with extracted shapes and pull

distributions. Opposite-flavor events, bin 3 in ¢ - 7.



C Extracted Shapes for Two-Dimensional Fit in all Dilution Bins for Same- and
Opposite-Flavor Events

80

pull

pull

pull

pull

# events [arb. un!ts] # events [arb. units]

# events [arb. units]

# events [arb. ur\its]

=

-HJLI

=

1400

11|[|

LAl

L0

A0

2010

1o

LAl

—2:5

— II“|
£ 200 |
E Lk 4||
}\ ) 15410 /_ll_
%Imu. ||
\ % ]
—J/] M [
P4 : 3 5] Ty i
H++H-+++++*'ﬂ'+h+*+ *++J.'+++4+++’,f3r'++'tj+'*’f+}%” 2 o Lig +++++++ it +++++++H+++++}H+Hi
E e 010 —o0s 000 005 0l0 0ls 020 023
LTEDT AE[GeV|

(a) Signal LTBDT

(b) Signal AFE

+ ’E’Sﬂ HJ-H
m* ; il 12%}.}
f \ %41! *
! g 5
vy}** ﬁ a0 + Htf*‘hi% +
5 ks A
it bt st 00 i +++++++++++++ ftt'n
e { v ¢ e, W < I . S 1) 2.4 . adl 75 100 . —010  —0n5 0o 105 0.1 013 .20 0.25
LTBDT AE[GeV]
(c) BB background LTBDT (d) BB background AE
10
£ Wb,
= 60 ]L J[ J[ j[
o I e
Hygy gt +++++*Jr 4 *’H ’n,+ *+++*HH+H+++H+ 3w +++’f++ Bt +++++++4+++++++ +"++++ i #y ++ *
~1600 =75 =50 =25 0.0 2.5 adl T 10 B =010 —00s oo 0.03 0.10 015 (.20} 0.25
LTBDT AFE|GeV]
(e) continuum backgrounds LTBDT (f) continuum backgrounds AE
El‘lll (\
+ { _‘.:_:'.m IIII ﬁ
2.
4
- s B o * + K....,i..... Fo ks, i
++++1+++H+iH++++++f+-!~++++,-r++++4+++-f++++H++HH S oo +++H+++++I+++H++H+i++++H+HH—H+++HHH+Hi
—10.0 =% =50 =23 [1‘ (] Z: -'JI i :’I 75 I 100 o —010  —0n5 0o 0% 0.1 015 .20 0.25
LTEDT AE[GeV|

(g) B— D™ K LTBDT

(h) B— DWK AE

Figure 47: Simulated distributions in LTBDT (left) and AE (right) with extracted shapes and pull
distributions. Same-flavor events, bin 3 in ¢ - 7.
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Figure 48: Simulated distributions in LTBDT (left) and AE (right) with extracted shapes and pull

distributions. Opposite-flavor events, bin 4 in ¢ - 7.
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Figure 49: Simulated distributions in LTBDT (left) and AFE (right) with extracted shapes and pull
distributions. Same-flavor events, bin 4 in ¢ - 7.
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Figure 50: Simulated distributions in LTBDT (left) and AFE (right) with extracted shapes and pull
distributions. Opposite-flavor events, bin 5 in g - .
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Figure 51: Simulated distributions in LTBDT (left) and AFE (right) with extracted shapes and pull
distributions. Same-flavor events, bin 5 in ¢ - .
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Figure 54: Simulated distributions in AFE with extracted shapes and pull distributions.
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