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Measurement of the Branching Ratio B — D**fv, using the hadronic
Full Event Interpretation with Belle II Data

Abstract

The Belle IT detector is situated at the asymmetric e e' collider SuperKEKB at KEK in Tsukuba
in Japan, which operates with an energy slightly above the mass of the 7" (45) resonance. As a
result, pairs of B mesons are predominantly produced. Due to the clean experimental environ-
ment, various measurements to test the Standard Model and precisely determine its parameters
can be performed. This is e.g. the element V, of the CKM matrix among others, where one of
the leading systematic uncertainties arises due to decays of the nature B — D**/y,.

This thesis presents the first measurement of the branching ratio B — D™/, using the data set
collected with the Belle II detector between 2019 and 2022 and corresponds to about 364 fh*
of integrated luminosity at the 7" (45) resonance. To reconstruct the ”other” B meson, a mul-
tivariate analysis tool called ”"Full Event Interpretation” is used, which reconstructs a variety
of different hadronic decay modes. For the reconstruction of the signal side B meson, a light
charged lepton is combined with a D** meson that is reconstructed from various D7 and D*7m
combinations. In contrast to previously performed analyses, this analysis also takes the 7/ into
account in the reconstruction of the D** meson.

A selection of events is applied to obtain a sample enriched in B — D**f1, decays and a
binned maximum likelihood fit is performed to determine the branching ratio for the different
B — D™/, decay channels. To account for effects in the simulation that are currently not well
understood, the branching ratio is normalised to the branching ratio of the much more frequent
decay B — D"ly,.






Messung des Verzweigungsverhiiltnisses des Zerfalls B — D*"fy, unter
Verwendung der Full Event Interpretation mit Belle II-Daten

Zusammenfassung

Der Belle II-Detektor befindet sich am asymmetrischen e~ e’ -Beschleunigerring SuperKEKB
am KEK in Tsukuba in Japan, welcher bei einer Energie leicht oberhalb der Masse der 1" (45)-
Resonanz lauft. Aufgrund dessen werden hauptséichlich B-Meson-Paare produziert. Diese knnen
wegen der relativ sauberen experimentellen Umgebung genutzt werden, um verschiedene Messun-
gen zur Untersuchung des Standardmodells durchzufiihren. Des Weiteren konnen unterschiedliche
Parameter genau bestimmt werden. Einer dieser Parameter ist das CKM-Matrixelement V,, wel-
ches als eine Hauptquelle der systematischen Unsicherheiten die Zerfille B — D**¢u, besitzt.
Diese Arbeit prisentiert eine erste Messung des Zerfallsverhéltnisses von B — D™ {uy,-Zerfillen
unter Verwendung des Belle II-Datensatzes, welcher zwischen 2019 und 2022 mit einer integrier-
ten Luminositiit von 364 fb~ " auf der 1" (45)-Resonanz aufgenommen wurde. Zur Rekonstruktion
des ,,anderen “B-Mesons wird die Full Event Interpretation verwendet. Hierbei handelt es sich
um ein multivariates Analysewerkzeug, welches eine Vielzahl an hadronischen Zerfallsmoden re-
konstruiert. Zur Rekonstruktion des B-Mesons auf der Signalseite wird ein leichtes geladenens
Lepton mit einem D**-Meson kombiniert, wobei diese mit Hilfe von verschiedenen D7- und
D*r-Kombinationen rekonstruiert werden. Im Vergleich zu vorangegangenen Analysen werden
hier auch explizit die D**-Meson-Moden rekonstruiert, welche ein 7 beinhalten.

Eine Selektion der Ereignisse wird vorgenommen, um einen Datensatz mit vielen B — D" fy,-
Zerféllen zu erhalten. Mit Hilfe eines gebinnten Maximum-Likelihood-Fits werden die einzelnen
Zerfallsraten der B — D**{y,-Zerfille bestimmt. Aufgrund dessen, dass in der Simulation noch
Effekte auftreten koénnen, welche bisher noch unverstanden sind, werden die Zerfallsraten mit
dem viel hiufiger auftretenden Zerfall B — D" {1, normiert.
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CHAPTER 1

Introduction

The Standard Model of particle physics encodes our current understanding of the fun-
damental constituents of the universe and their interactions.

The first discovery of an elementary particle now contained in the Standard Model, the
electron, was already in 1897 by J.J. Thomson [1] using cathode rays. In the following
first half of the 20" century, further experiments analysing the structures of the atoms
and nuclei were performed, whereas the second half of the century focused more on the
structures that are currently thought of as fundamental.

In 1911, Rutherford [2] conducted his famous experiment, which consisted of shooting
alpha particles on a very thin gold foil. This gave the first insight into the structure of
an atom, that atoms consist of a heavy nucleus that is surrounded by electrons. During
the following years, the constituents of the nucleus, the proton [3] and the neutron [4],
were discovered in 1919 and 1931, respectively.

By this point, the understanding of the atomic structure had progressed significantly.
However, there were still many exciting new discoveries left to be made, such as the
muons [5] (1938) and the charged pions [6] (1947) in cosmic rays.

In parallel to the experimental discoveries of particles, there were also major advances
in theoretical physics, such as the mass-energy equivalence, special relativity and the
photo electric effect by Albert Einstein [7-10]. Moreover, Max Planck introduced the
concept of quantisation of energy [11]. These discoveries resulted in the emergence of
a new field. Namely, quantum mechanics in the 1920’s with the wave formulation by
Schrodinger [12] and quantum mechanics [13-15] by Heisenberg. Quantum mechanics
and Einstein’s theory of special relativity were then combined into the relativistic Dirac
wave equation by Paul Dirac [16,17]. After around another 30 years of evolution, this
resulted in the theory used to describe quantum electrodynamics [18-27] in the Standard
Model of particle physics in the 1950’s.

Over the following years, new particles detectors were built and higher energies reached,
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which resulted in even more particles that were discovered without a visible pattern.
To bring some order into the particle zoo, the special unitary group SU(3) was devised.
This led to the prediction of the quark model by Gell-Mann [28] and Zweig [29]. By also
introducing the concept of a colour charge and some further developments, the theory
of quantum chromodynamics (QCD) [30-32] to describe the strong force was born.
The discovery of the W= [33,34] and the Z boson [35,36] in the coming years led to
the assumption that the theory for the weak and the electromagnetic force could be
combined into a single theory, named the electroweak theory [37-39].

With the discovery of the b quark in 1977 [40], the gluon in 1979 [41-44] and the ¢ quark
in 1995 [45,46], all particles required for QCD were discovered.

The last particles to be discovered were the 7 neutrino in 2000 [47] and the Higgs bo-
son [48,49] in 2012, the latter of which was still a missing piece for the generation of
mass in the Standard Model.

As of today, the Standard Model is a well established theory, however, a few observed
phenomena still cannot be explained.

One such example is the observed asymmetry between matter and anti-matter in the
universe. Despite the assumption that equal amounts of matter and antimatter were
produced in the early universe, the observable universe is now predominantly composed
of matter. To address this asymmetry, Sakharov [50] proposed three essential criteria.
The first criterion is the violation of baryon number conservation and the second requires
CP violation. The third and last criterion demands interactions out of equilibrium.
The first two criteria can be tested with particle physics experiments, however the CP
violation predicted by the Standard Model in the weak interaction is still too small.
Therefore, this is further investigated at e.g. the Belle II detector, which focusses on
weak decays of the B meson.

The b — ¢ transitions are of particular interest. A ratio of the decay branching fraction
involving a 7 lepton divided by the branching fraction of a b — ¢ transition and a
light charged lepton can be used to probe the Standard Model, as the heavy 7 lepton
might have enhanced couplings to new particles not yet discovered. To get a very precise
measurement, all the background components need to be understood well. One of the
main backgrounds for this analysis is the decay B — D**f1, . Therefore, this analysis
performs a first measurement of the decay rate B — D**/1, at Belle II using a binned
maximum likelihood fit.

First, the Standard Model of Particle Physics is described in some more detail as well as
the so far measured branching ratios for the B — D**/1, decays in chapter 2. In chap-
ter 3 the experimental setup is explained, followed by the utilised recorded and simulated
data set in chapter 4. For this analysis certain tools are required that are explained in
chapter 5, followed by a thorough description of the reconstruction in chapter 6. In the
next chapter, chapter 7, the validation of the simulated data set is illustrated. After-
wards, the method for determining the branching ratio is described in chapter 8 including
the systematic uncertainties. Lastly, a conclusion and outlook are given in chapter 9.
If not explicitly stated, the charge-conjugated modes are also considered in this thesis.
This means that every particle is exchanged by its corresponding anti-particle.



CHAPTER 2

Theory

2.1. Standard Model of Particle Physics

The Standard Model of Particle Physics (SM) [37-39, 51-58] describes the elementary
particles and their interactions, the different forces. The SM is a relativistic local quan-
tum field theory based on the SU(3)q x SU(2)y, x U(1)y combined gauge groups. Being
one of the best tested theories, the SM is still not able to explain everything. It can
be used to explain three of the four fundamental forces, meaning the strong, the elec-
tromagnetic and the weak force. So far, gravity cannot be described by the SM, but
the time and length scales considered for particle physics are comparably short and the
mass scale very small and thus gravity does not need to be not considered here.

A schematic of the SM and all its elementary particles can be seen in fig. 2.1.

The three fundamental forces are mediated by spin-1-bosons. The gluons (g) are the
massless bosons associated to the strong force. They only couple to particles with a
colour charge. The mediators of the weak force are the massive charged W* and neutral
7" bosons that interact only with particles carrying a weak isospin and weak hyper-
charge, respectively. The massless photon () mediates the electromagnetic force that
only couples to particles having an electric charge. The last two interactions can be
combined in the electroweak unification [37-39).

The other elementary particles are twelve fermions with spin 1/2, which can be further
divided into six quarks and six leptons according to their coupling behaviour. Generally
speaking, both quarks and leptons can be further sub-divided into three families or gen-
erations with two particles each. The first generation comprises the lightest elementary
particles with higher generations being a higher mass copy of the first generation, but
being otherwise identical. As a result, elementary particles of higher families decay into
the particles of the first generation, meaning the elementary particles in the first gener-
ation are stable and make up our ordinary matter.



2. Theory

Standard Model of Elementary Particles
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Figure 2.1.: Schematic overview of the SM with the fermions on the left-hand side and
the bosons on the right-hand side. Shown are the masses of the individual
elementary particles, their charges and the spin. ©Wikimedia Commons

To each particle there exists an anti-particle that has the same mass, but e.g. opposite
electric charge.

The quarks (¢) are elementary particles with a colour charge and couple to all of the
three forces described by the SM.

The first generation of quarks consists of an up (u) and a down (d) quark with a frac-
tional electric charge of Q,, = +% eand Q4 = —% e. The charm (¢) and the strange quark
(s) make up the second generation. The third family contains the heaviest elementary
particle, the top (¢) quark, and its isospin partner, the bottom (b) quark.

Due to the fact that all quarks carry a colour charge, they are confined, meaning that
they form a bound state that is colourless. These colourless states are called hadrons.
Only the t quark is so heavy that it decays before it can hadronise. The hadrons can
either be a combination of a quark and an anti-quark, where the anti-particle has the
same mass as the particle, but opposite quantum numbers such as the electric charge.
The bound states with ¢ ¢ are called mesons. Baryons are hadrons with three quarks
(¢ q q) or three anti-quarks respectively. Both these hadrons have integer elementary
charge.

In addition to baryons and mesons there exist the hypothesis of pentaquarks, consisting
of four quarks and an anti-quark. The existence of these states has been claimed by e.g.
the LHCb collaboration [59,60]. Besides, there might be bound states containing two
quark- anti- quark pairs, called tetraquarks, where the most recent result from LHCb can
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be found in [61].

Compared to the quarks, a family of leptons consists of a charged particle and a cor-
responding neutral particle, the neutrino. In the SM the neutrinos are assumed to be
massless. This is however not the case as already seen in neutrino oscillations, the first
hint of which was already found in 1968 [62].

The first generation of leptons contains the electron (e~ ) and electron-neutrino ().
The muon (x) and the muon-neutrino (,) make up the second generation. The third
generation is composed of the tau (7~ ) and the tau-neutrino ().

The only particle not yet described is the Higgs boson. It is a spin-O-particle and without
it, the mass terms of all particles would break local gauge invariance, the basic principle
of the SM. Therefore, its discovery at the Large Hadron Collider (LHC) [48,49] in 2012

was a huge milestone in particle physics.

2.1.1. Quantum Electrodynamics

Quantum Electrodynamics (QED) [18-27] describes electromagnetic interactions which
are mediated by photons that couple to all electrically charged particles. It is mathemat-
ically represented by the unitary group of order 1, U(1)gy, and is the only interaction
of the SM with unlimited range in vacuum.

The Lagrangian for an electromagnetic interaction with a massive fermion ¢ and a mass-
less spin-1 photon field A" is given by:

Saep = $a)(" Dy~ mb(a) — (P F, (21)
= D)8, — m)Y(r) + 9o bA, — T, 22)

with D, = 9, — ig. A, being the covariant derivate. This is introduced to keep the
U(1)gps invariance, which then leads to a coupling between the photon field and the
electric charge. ) = ¢T’yo is the adjoint spinor, 4" are the Gamma matrices, m corre-
sponds to the particle mass, F,,, = 9,4, — 0,4, represents the field strength tensor and
considering the Einstein summation convention.

In eq. (2.2) the first term represents the free fermion field, whereas the second term
reflects the interaction between fermions and photons with a coupling strength of g,.
The third and last term stands for the free photon field.

However, self-couplings of the photon are not possible as it does not have an electric
charge.

Aforementioned, QED is described by U(1)gy under which its Lagrangian is also invari-
ant with a phase a(z), where x is dependent on space-time. The U (1), transformation
is given by:

Y(@) = (x) = () and A, — A, = A, + glaua. (2.3)
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2.1.2. Quantum Chromodynamics

The quantum field theory used to explain the strong interaction is Quantum Chromo-
dynamics (QCD) [30-32]. The strong interaction is mediated by gluons that couple to
the colour charge, similar to the electric charge in QED.

The colour was historically introduced to account for an additional degree of freedom
for the overall wave function of the A™" baryon. The AT consists of three identical
quarks with a total spin of J = 3/2. As the quarks are fermions, they need to satisfy
the Pauli exclusion principle. This means that for indistinguishable fermions, the state
should be antisymmetric for the interchange of any two quarks. Nonetheless, the com-
ponents of the wave function for the spin, the flavour and space are symmetric. Thus,
an additional component was needed and introduced, the colour. The resulting overall
wave function is therefore asymmetric again.

The colour charge has three discreet values and they are called, for visual purposes only:
red, green and blue.

QCD can mathematically be expressed in a non-Abelian Lie Group SU(3)q, where the
C in the subscript stands for the colour charge. The special unitary group of dimension
three has eight generators, where each generator corresponds to one gluon. The resulting
Lagrangian is given by the following expression:

. m o 1 a aurv
Lqep =@ E ¢q7“Du¢q — E Mgy — ZGWG mv. (2.4)
q q

Analogously to QED, v, and m, are the spinor field and the mass of the quark g.
The covariant derivative for the SU(3)¢ is defined as:
)

D,=9,— igs/\agz. (2.5)
Here, SZ denotes the eight gauge fields, corresponding to the eight gluons. Therefore,
a, the colour index, can have any value between one and eight. A” are the generators
of the SU(3)¢ and are expressed by the Gell-Mann matrices [63]. Thus, A“Sj, can be
thought of as a rotation of the colour space defined by SU(3)c. Besides, g = /4may is

the dimensionless coupling strength for the strong interaction.
The field strength tensor GZV for the gluon field SZ can be expressed by:

G/CLJ,V = %93 - 81/9Z - gsfabcgzglcn (26)

with f,;. being the structure constants of the SU(3)¢.

The Lagrangian in its form in eq. (2.4) is invariant under local SU(3)q gauge transfor-
mations.

In eq. (2.4), the first term is similar to the terms in eq. (2.2) for the QED Lagrangian.
It describes the free propagation of the quarks and additionally the interaction between
gluons and quarks. The second term is the mass term for the corresponding quark gq.
The last term accounts for the free gluon propagation and self-couplings of the gluon,
meaning three and four gluon vertices.
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Due to the self-coupling of the gluons, the strong interaction is special in many ways.
For an infinite number of self-interactions of the gluons, the strong coupling constant
gs, contrary to what its name suggests, is not a constant any more, but rather changes
it values. For smaller energies the coupling strength effectively increases and strong
interactions cannot be calculated using perturbation theory any more. In contrast, for
the high energy regime, the coupling strength decreases and the quarks and gluons can
be considered as being asymptotically free particles [53,54], making it possible to use
perturbation theory again.

The two effects that are responsible for the running of the coupling constant are: firstly
the shielding effect between a gg pair to reduce the coupling constant and secondly the
opposite effect arising because of the colour charge of the gluon, called anti-screening.
For large distances or small energies the effect of the gluons surpasses the effect of the
qq pair increasing the strong coupling strength.

This directly links to colour confinement, which explains why no coloured objects can
be found in nature and only hadronised quarks in form of bound states, the hadrons,
can be observed.

2.1.3. Weak Interaction and Electroweak Unification

Initially, the electromagnetic and the weak interaction were described by two disjoint
theories, quantum electrodynamics and quantum flavourdynamics. However, due to the
similarity of the currents of these two interactions, Glashow, Weinberg and Salam [37-39]
proposed a single Yang-Mills field with a SU(2);, x U(1)y Lie group.

The SU(2);, group introduces the three gauge fields W; (i = 1,2,3) with the gauge
coupling constant g and the generator I, which corresponds to the weak isospin. The L
in the subscript refers to the left-handed fields.

The weak interaction distinguishes between left-handed and right-handed particles, due
to the fact that the wavefunction of the fermions can be split into just these two com-
ponents, left-handed and right-handed.

One additional field B, is introduced via the U(1)y group with the gauge coupling con-
stant ¢’ and Y being the generator of the group. Y is called the hypercharge and defined
as: Y = 2(Q — I3) with @ being the electromagnetic charge.

The physical boson field for the photon (A) and the Z % boson can be connected to the

gauge group boson fields by using 0y, = tan ! (i), the weak mixing or Weinberg angle:

A\ [ cosby sinfy B (2.7)
7%) 7 \—sinby cosby ) \W?3)" '
The fields for the observed W bosons are related to the gauge boson fields via:
1
wE = —(w'Fiw?). (2.8)

V2

To generate the masses of the fermion and weak isospin fields and preserve gauge invari-
ance, the Higgs field is needed. It was introduced by Higgs, Englert and Brout and is
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therefore called Brout-Englert-Higgs mechanism [64,65]. The ground state of the Higgs
field spontaneously breaks the electroweak gauge symmetry. In this case the excitation
of the additional field corresponds to a scalar particle, the Higgs boson. The Higgs field
is added as a complex scalar SU(2) doublet ¢ = (¢, gf)o) with the potential V(¢). Here,
the parameters of the potential are chosen in such a way that the vacuum expectation
value v is not equal to zero and the electroweak gauge symmetry is broken in the mini-
mum, but the Lagrangian is kept symmetric. At the end, only the physical Higgs scalar
¢ = h remains. For this, Higgs, Englert and Brout received the Nobel Prize in 2013
after experiments confirmed its existence.

The Lagrangian for the electroweak interaction, using the SU(2);, x U(1)y gauge groups
and the Higgs mechanism, can be written as:

_ h
Low= Y <w = >wi (2.9)

~
fermion kinematics + Yukawa term

9 7 5 —r—
-5 Z%y“ (1 _ ) (T*W,j +T7W, ) b (2.10)
(2
weak charged current
—e Y Qb A, (2.11)
A
electromag;lretic current
20086 Z«m (gv gAY ) $iZ, (2.12)
weak neutral current
+|D,h)* — V(h) (2.13)
Higgs kinematics 4+ potential
1 1
— 1 BB - o (W, W) (2.14)
gauge field kinematics
g g 2 1
+ [ =—vh+=—h wrwhty — 7z z¢ 2.15
(2 ! )( ' 2 cos’(By) " 219

Higgs interaction with gauge vector bosons
+Lwwv (2.16)
———

Gauge boson three-point self interactions

—_———

Gauge boson four-point self interactions
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The sum of all the individual terms run over all the fermions i. 7 are the lowering
and raising operators for the weak isospin, which means that the weak isospin doublet
partners are connected at the interaction vertex.

The electromagnetic coupling constant e corresponds to the elementary charge and is
related to the coupling constant of the weak isospin fields g via e = gsin 6y,. The masses
of the bosons are given by My, = %ev sin Oy, and MZO = %ev sin Oy, cos Oy, where v cor-

responds to the vacuum expectation value of the scalar Higgs field h and are generated
by the coupling between Higgs and gauge boson fields. The mass of the photon M, =0
after the symmetry breaking. The mass of the Higgs boson arises due to the parameter
A in its potential V(¢) with M, = Av.

2.1.4. Symmetries

Symmetries are an important concept in physics to provide a basic way for the explana-
tion of physics laws. A symmetry corresponds to an operation on a system, which leaves
the system unchanged. This means that the transformed system is indistinguishable
from the original one.

In the context of classical physics this corresponds to continuous transformations like
translations in space, time or rotations.

The importance of the symmetries is stated in Noether’s theorem [66], which relates
continuous symmetries to conservation laws. In case of classical physics: energy, mo-
mentum and angular momentum conservation.

The three major discrete symmetries in particle physics are parity (P), charge conju-
gation (C') and time reversal (T'). All of these symmetries invert a certain physical
quantity. Applying the symmetry operators twice returns the original state of the sys-
tem. If X € {P,C,T} the following identify holds that:

X?=1, (2.18)
where [ is the identity operator.

Parity The parity operator (P) performs an inversion in space, meaning that it mirrors

the spatial components at the origin: P(Z) = —&. After the application of the
parity operator, the helicity of the particle is changed. The helicity projects the
particles spin onto the particles direction of motion. In case the spin and the
motion direction point into the same direction (parallel), the particle is called
right-handed, whereas if they are anti-parallel it is referred to as left-handed.
The angular momentum of the particle, however, stays unchanged under parity
operations and is therefore called a pseudoscalar.
The application of the parity operator on a fermion yields again the fermion with
eigenvalue +1 (P|f) = +|f)) and respectively P|f) = —|f) for the anti-fermion.
For hadrons the components are multiplied with an additional orbital angular
momentum part.
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Charge Conjugation The charge conjugation operator (C) does not only change the
electric charge as the name suggests, but also all other additive quantum numbers
such as flavour and colour charge. This changes a particle into its anti-particle
(C'|t) = |t)). The only particles that are eigenstates of this operator are a few
neutral particles (e.g. -, 770, n, J/i,...) so particles that are also their anti-particle.

Time Reversal The time reversal operator (7') exchanges an incoming particle into an
outgoing particle in a reaction. This operator has no particles that are eigenstates.

CPT The effect of C', P and T together is a fundamental theorem of quantum field
theory, the CPT theorem [67]. If this combination would not be conserved, it
would mean that Lorentz invariance is violated and the masses of particles and
anti-particles are not identical.

2.1.5. Symmetry violations

In electromagnetic and strong interactions the three discrete symmetries are individually
conserved. This was also assumed for the weak interaction, but Wu [68] showed that
parity is maximally violated. To test this, the beta decay of spin polarised cobalt nuclei
was investigated:

0o " Ni+e +1,. (2.19)

As the angular momentum is conserved, the electron and the electron-anti-neutrino are
emitted along the polarisation axis. If P was conserved in the weak interaction, the
electron would be emitted equally in alignment with the Cobalt spin axis and opposite
to it. However, it was observed that the electron was only emitted anti-parallel to
the spin axis, meaning that all electrons were left-handed. This means that the weak
interaction has a preferred handedness.

After the discovery of the parity violation, it can directly be concluded that also the
charge conjugation symmetry is not conserved. This can be seen in, for example, the
charged pion decay:

at — u+%. (2.20)

The charged pion is a spin-0 particle and due to conservation of angular momentum, the
decay products need to have the same handedness.

This however means that the (nearly massless) neutrino needs to be left-handed for the
weak interaction to couple to it. So the anti-muon is also left-handed in the pion rest
frame. If one would now apply the charge conjugation operator, the result would be:

T =T, (2.21)
Angular momentum is still a conserved quantity, which means that the p= and the 7,
would still be left-handed. This, however, was not what was measured experimentally.

The measured helicity of the ;1 was right-handed, which is also the handedness for the
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2.1. Standard Model of Particle Physics

7,
A right-handed particle 4~ and a left-handed anti-particle 4 seems to be a contradiction
to Wu’s observation of maximal parity violation in weak interactions.

This can be explained as the chirality is a Lorentz-invariant quantity, whereas helicity is
not. For massless particles the chirality and the helicity are equal, whereas for massive
particles this is not the case. There always exists another reference frame that is moving
faster than the particle, reversing its helicity.

The coupling to the "wrong” handedness is highly suppressed for lower masses, which
also explains why the charged pion prefers to decay into the u instead of the lighter e.

If one would now apply the parity operator on the 7 again, the handedness would also
be changed and it was assumed that at least C'P would be a conserved quantity in the
weak interaction.

This was tested by Cronin and Fitch [69] in 1964 using the neutral Kaon system. The
strong eigenstates K”(us) and K’(is) can convert into each other via so called box
diagrams, which results in a mixed state.

The strong eigenstates for the neutral kaon do not correspond to the CP eigenstates.
The application of the C'P operators on the strong eigenstates are given by:

CPIK") = +|K") (2.22)
CP|K") = —|K"). (2.23)

An arbitrary mixed state can generally be written as:
£) = N(pIK”) £ q|K")), (2.24)

where N is the normalisation and p and ¢ correspond to the fraction of K  and K"
states. As a result, the C'P eigenstates can be written as:

K1) =5 (1K) + 1K) (2.25)
1 _
K2) = 75 (1K) = 1E")) (2:26)

where the C'P eigenvalue for K; would be +1 and —1 for the K,. The K; would decay
into two pions, whereas the CP odd state would decay into three pions. This particle
would be longer-lived as it has less phase-space available compared to the C'P even state.
Therefore, Cronin and Fitch proposed an experiment, where a beam of neutral Kaons
was left to travel a long distance for the short-lived component to decay, so that only
the long-lived component was left. The results of the experiment showed, however, that
there were still a few Kaons decaying into the two pion state and not as assumed only
into the three pion final state. This can be explained by e.g. that the C'P eigenstate
K, does not exactly correspond to the long-lived state K 2 but rather also has a small
contribution from the other C'P eigenstate K;:

1

/14 e

K1) = (1K2) +€lKy)) - (2.27)
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The e parameter, which measures the strength of C'P violation due to mixing, was found
to be |e| = (2.228 +0.011) -10™° [70].

In general, for this type of C'P violation the decay rates for particle and anti-particle are
the same, the C'P violation occurs via mixing as the oscillation rate is not equal going
both directions. This results in a difference in C'P and weak eigenstates, meaning that
9] #1.

This kind of C'P violation can also be analysed in an asymmetry of the time-dependent
% decay rates, defined as:

_ 4
%(I_Ohys(t)_>€+X)_%(Iohys(t)_>£ X) 1_|1%|

AsL = 470 + 370 - g5 (2.28)
G Uphys (1) = 07 X) + G (Inys(t) = € X)) 1+ [}

where Ighys is an initial, mixed state and I?hys the corresponding initial anti-particle.
To experimentally determine the decaying flavour, semi-leptonic decays of the charge-
conjugated partner are used, as the flavour can be directly inferred by the charge of the
final state charged lepton in the decay.

This kind of C'P violation is time dependent, but the asymmetry is not, as can be seen
in eq. (2.28). It is constant and only depends on the two factors ¢ and p.

The second type of C'P violation, called direct C P violation, manifests itself in different
decay rates if all particles in a reaction are exchanged by their anti-particles:

B(I — f) # B — f). (2.29)

For the decay amplitude A; the particle I decays into the final state f and for A 7 all
particles are replaced by their corresponding anti-particle. When direct C'P violation
occurs \flf/Af| # 1, it means that the decay amplitudes are not invariant under the
exchange of particles with their corresponding anti-particles.

The effect of direct C'P violation is about three orders of magnitude smaller than the
mixing effect in the neutral kaon system, if ¢ is the size of the direct C'P violation
€ — (1.66 +0.23)-10~° [70].

Contrary to mixing, the direct C'P violation is also possible for charged hadrons. The
fully time dependent asymmetry for a general decay of a charged hadron I into the final
state f is given by:

DU o )T o ) A AP
TN S ) AT S ) A AP

(2.30)

The third and last type of C'P violation is called C'P violation in interference between
decay and mixing and is only possible for neutral mesons again. In this interference
process the decay of the neutral particle I O can either directly proceed into the final
state f or it can occur via mixing I Ry LN f. The final state f however needs to be
reachable by both particles I 0 and I" , making it a C'P eigenstate. Thus, the asymmetry
for the decay into the C'P eigenstate fop can be defined as:

4 (Dohys(t) = fop) — T (Ipys(t) = fop)

Afop(t) = QTF =0 dr /70
G Uphys(t) = fop) + G (Iphys(t) = fop)

. (2.31)
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2.1. Standard Model of Particle Physics

This type of time-dependent C'P violation is the main source of C'P violation in the
system of B mesons. There exist four different kinds of B mesons, the BY(db), the
B (ub), the B?(sb) and the B (cb). The first two B mesons B and B are usually
shortly referred to as B? and B'. The masses of these mesons are quite large, which
yields many possible different decay channels. This is useful in many aspects, as this
can be exploited to test the SM or detect deviations from it.

BY mesons are neutral particles and thus can oscillate. The physical eigenstates of the
neutral B meson have nearly the same life time, however they differ in their masses.
As already explained above, to measure C'P violation in the interference between decay
and mixing, the BY and the B” meson both need to be able to reach the same final
state. In the case of the B meson the investigated C'P eigenstate is J, /¢K§ . In this case,
the asymmetry simplifies to:

A o(t) = sin(Amt) sin(28), (2.32)

JHKS
with ¢ being the time between the tagging of one of the B mesons as either being B? or
B and the observation of the decay B — J, /¢K§ . Generally in experiments, where this
measurement is performed, B mesons are produced in BB pairs.

To determine the flavour of the B meson not decaying to the J, /ﬂ)Kg usually semi-leptonic
decays are considered as the charge of the charged lepton is directly linked to the flavour
of the B meson.

The sin(Amt) in the formula corresponds to the oscillation between B” and B and Am
to the mass difference between the two physical neutral B meson states.

A measurement in this way is only possible, because the B mesons are produced in a
coherent state. In this context coherent state means if one of the B mesons decays into
a flavour eigenstate the flavour of the other B meson is fixed at this point in time. This
fact is what makes the measurement possible in the first place.

However, the other B meson can still oscillate. This difference between the direct decay
and the mixing introduces a phase difference of 23. If one would integrate the C'P vio-
lation over time, it would vanish. Therefore, time dependent measurements are needed.
Now that C'P is also violated, C'PT is required to hold. In this case the proof of CP
violation directly links to the violation of T, which was soon after discovered to be
broken [71].

2.1.6. CKM Matrix

In the 1960’s, measurements suggested that the coupling of the W= bosons to a charged
lepton-neutrino pair is the same for all three generations of leptons, which is referred to
as lepton universality. The same behaviour was expected for the quarks with the W
boson coupling to a u and a d type quark pair.

This was however not what was measured. The decay rate for 7 (ud) — p" 7,
pared to K (u$) — p 7, is approximately 20 times higher than what would have been
expected for a universal coupling to the quarks.

This problem was solved by Nicola Cabibbo [72] in 1963 by introducing the concept of

com-
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2. Theory

quark mixing. This means that the weak eigenstates that couple to the W boson are
superpositions of the mass eigenstates of the quarks.

The quark mixing relates the mass eigenstates of the d and s quarks in the weak current
via a 2 X 2 rotation matrix:

d cosf, sinf.\ (d
(3/> B <— sinf, cos HC> <3> : (2.33)

This matrix allows for mixing between the first and the second generation of the quarks
with the only parameter in the 2 x 2 rotation matrix being the strength of the mixing
O, the Cabibbo angle.

In 1970 Glashow, Iliopoulos and Maiani proposed the GIM-mechanism [73] to explain the
much lower observed branching ratio of the Kg — u+ compared to only considering
ud and us couplings. It postulated another, at that time unknown, fourth quark, the ¢
quark. Therefore, the decay Kg — U ,u+ is also possible via the exchange of a virtual
¢ quark in the box diagram, which negatively interferes with the box diagram including
a u quark.

Nonetheless, the Cabibbo angle cannot explain the C'P violation observed in the SM.
Therefore, an extension to three generations was proposed by Kobayashi and Maskawa
in 1973: the Cabibbo-Kobayashi-Maskawa (CKM)-mechanism [74]. This unitary 3 x 3

matrix relates the weak eigenstates (dl s b’) to the mass eigenstates (d S b):

d d Via Ve Vip\ /d
s |=Vexm [s] = Vea Ves Ve | |5]- (2.34)
3 b Via Vis Vi b

The magnitudes of the elements of the CKM matrix can only be determined experimen-
tally, the latest values are [70]:

0.97373 £ 0.00031 0.2243 £ 0.0008 0.00382 £ 0.00020
Ve = 0.221 £ 0.004 0.975 £ 0.006 0.0408 £0.0014 | . (2.35)
0.0086 £+ 0.0002  0.0415 £ 0.0009 1.014 +0.029

It can be seen that the coupling of quarks within the same generation are highly preferred
over couplings to other generations.

A unitary N x N matrix has N (NN —1)/2 real parameters and (N — 1)(N — 2)/2 phases.
In case of the CKM matrix, this results in three rotation angles and one complex phase
0. Thus the CKM matrix can be parametrised as [75]:

1 0 O C13 0 813€_i6 C19 S12 0
Vokm = |0 ca3  s93 0 1 0 —s12 ¢ O, (2.36)
0 —so3 Coz) \—s513¢” 0 ¢ 0 0 1
where c;; = cos(f;;) and s;; = sin(¢;;). By using this parametrisation, the coupling

strength between the three quark generations can be related to the three angles. The
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2.1. Standard Model of Particle Physics

Cabibbo angle explained above corresponds to the angle 6,5,. The phase § enters the
wave function of any particle undergoing an interaction involving the respective CKM
matrix elements as ei(mM), which is not invariant under time reversal, and results in
the introduction of C'P violation in the SM.

Another widely used parametrisation of the CKM matrix is the Wolfenstein parametri-
sation [76]. It uses a Taylor expansion of A\ = sin(6,,), with terms of up to order A*, it

yields:

— N A AN (p—in)
Verm & S\ — 13 AN? +o0\Y . (2.37)
AN (1= p—in) —AN 1

The strength of C'P violation arises due to p — in in the CKM matrix elements V,;, and
Via-

To test the CKM mechanism, the unitarity of the Vi matrix can be used. It imposes
restrictions that need to be fulfilled by the matrix elements, meaning:

> ViiVie =0k, (2.38)

> ViVig = by (2.39)
j

The relations summing to zero represent triangles in the complex plane, called unitary
triangles. These triangles are over-constraint as the length of the sides and the three
angles are measured independently. If the CKM matrix would not be unitary this would
for example be a hint for additional quark generations or physics beyond the SM.

In total there exist six triangles with the same area, where the area is a measure for the
amount of C'P violation present in the SM.

The unitary triangle most commonly used is given by the relation:

VaaVab + VeaVeb + ViaVih, = 0. (2.40)

All sides have the same order A* in the Wolfenstein parametrisation. Thus, eq. (2.40)
is usually normalised to the bottom side with the corners being at (0,0) and (0,1). The
apex of the triangle is a measure for the size of the C'P violation. In fig. 2.2 a sketch of
this unitary triangle can be seen. The most recent measurements for the angles and the
length of the triangle sides are summarised by the CKMfitter group [77] in fig. 2.3. Here,
the measurement of sin(2/3) in the decay B — J /¢K§ corresponds one of the angles in
the unitary triangle.

All measurements are in good agreement with each other and therefore validate the
unitarity of the CKM matrix.
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(0,0) (1,0)

Figure 2.2.: Unitarity triangle for the b quark sector.
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Figure 2.3.: Experimental measurements for the unitary triangle provided by the CKM-
fitter group [77].
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2.2. B mesons

The b quark is the heaviest quark that hadronises to form bound states. It was discovered
in 1977 by the E288 experiment [40].

B mesons are the lightest particles containing a b quark and can therefore only decay
via the weak force. This results in a relatively large lifetime as no strong decays are
possible and the decay can only proceed via the fairly small CKM matrix elements V,,,
and V.

Depending on the resulting final state particles in the B meson decays, the decay modes
can be classified into three main modes: hadronic, leptonic and semi-leptonic. The
corresponding Feynman diagrams can be seen in fig. 2.4. The purely leptonic decay is
only possible for charged B mesons in the SM.

Figure 2.4.: Feynman diagrams showing, from left to right, the fully hadronic, semi-
leptonic and purely leptonic decay for the B~ meson at tree level.

In case of a hadronic decay, all decay products of the B meson are hadrons or on
fundamental level quarks and anti-quarks. For a purely leptonic decay of a B meson the
decay products are a charged lepton and a neutrino. A mixture of both, i.e. quarks and
anti-quarks as well as a charged lepton-neutrino pair are the signature for a semi-leptonic
decay.

For both the hadronic and the semi-leptonic decay modes, the b quark either decays
into a ¢ or a u quark, however |V | > |V,;,| meaning that the decay into a charm is
preferred due to the involved CKM matrix elements. Besides, the branching ratio for
the hadronic decay modes is the highest as the W coupling ratio is biggest [70]. The
hadronic decay is nonetheless particularly challenging as there are two CKM matrix
elements involved: one in the production of the W™ boson and the other one in the
decay. Additionally, there are many quarks present in this reaction resulting in QCD
effects that are theoretically hard to model.

Compared to that, the leptonic decays involve only one CKM matrix element in the
production and no additional QCD effects for the decay products, as these are only
leptons. However, these decays are helicity suppressed and thus have a low branching
ratio. Purely leptonic B meson analyses therefore need a lot of experimental data.

In contrast to that, the semi-leptonic decay modes of the B meson also just have one
CKM matrix element that contributes, like the leptonic decay modes. The leptons in
the final state is not involved in strong interactions which significantly reduces the QCD
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effects that play a major role in the hadronic decay modes. Besides, the decay rate for
the semi-leptonic decays is in-between the leptonic and hadronic modes.

As mentioned above, for semi-leptonic decays there is the possibility of a b — wu or
b — ¢ transition. The first kind of transitions are called charmless semi-leptonic decays
and due to the quark changing flavour across two generations, the contribution is much
smaller than the so called charm transitions.

The semileptonic B meson decays can however be used to determine |V,,| and |V,,|. To
do so, there exist different approaches either the inclusive and the exclusive measurement.
In the inclusive measurement of |V, |, all semi-leptonic decays containing mesons with
a c¢ quark (X,) are considered. Whereas an exclusive measurement just focusses on one
particular decay channel. The results of these two methods can be compared and a large
deviation between the two approaches has been observed as shown in e.g. [78]. This
tension is also seen, when the branching ratios of all measured exclusive decay rates are
summed up, which should yield in principle the same value as the inclusive approach.

2.3. The B — D¢y, decay

The decay B — D**/y, is one of the possible semi-leptonic decay channels for the B
meson [70] and may help to explain the difference between the sum of the exclusively
measured decays and the inclusive B — X fv, decays , see e.g. [78].

In addition, the uncertainty on the known branching ratio is one of the leading systematic
uncertainties in the determination of the matrix elements |V,,,| and |V,,| as stated in for
example [79].

The D™ mesons are orbitally-excited p-wave (L=1) mesons that consist of a charm and
a light quark.

According to Heavy Quark Effective Theory (HQET) [80], the dynamics of a meson can
be described by a heavy quark, meaning ¢ and b, that can be thought of as a static colour
source to the light quark, here u, d and s. The mass of the heavy quark is irrelevant
for the degrees of freedom of the light quark within the Q¢ system. Also, the dynamics
stay unchanged under the exchange of heavy quark flavours, called heavy quark flavour
symmetry. Besides, the heavy quark only interacts with gluons via the chromoelectric
charge, which is spin independent. The resulting heavy quark spin symmetry means
that the dynamics are unchanged under arbitrary transformations of the heavy quark
spin.

Due to this Heavy Quark Spin Symmetry (HQSS) [81], the D™ mesons form a doublet
of states with angular momentum j = s, + L. Here, s, corresponds to the spin of the
light quark. Thus the hadronic state can be described only by the quantum number of
the degrees of freedom of the light quark, as the dynamics are independent of the spin
of the heavy quark.

For the orbital angular momentum case of L = 1, the total angular momentum, i.e. the
total spin of the meson, parity and light quark angular momentum of the four D** states
are given by 07 and j = 1/2 for the D}, 11 and j = 1/2 for the D), 17 and j = 3/2
for the D, and 27 and j = 3/2 for the D}. The j = 1/2 states decay via the s-wave
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component resulting in rather broad resonances, whereas the j = 3/2 states are narrow
and decay in a d-wave with a typical decay width of about 20 MeV ¢ 2 [82-84].

The D} can decay into D, the D} and the D, decay into D*m and the D} can either
decay into D or D*r.

In fig. 2.5 the masses, the widths and the possible decay channels for the excited cg
mesons can be seen.
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Figure 2.5.: Mass spectrum of the ¢g§ mesons, where the open box shows the width of
the rather wide j = 1/2 states D, and Dj. The differently hashed lines
visualise the possible pion transitions, which mostly occur via the strong
interaction. Taken from [85].

The observed rates for the B mesons into the j = 1/2 states are similar to the rates into
the j = 3/2 doublet, which is in disagreement with current model calculations [86, 87|
that expect a smaller rate for j = 1/2 states.

Furthermore, there exists a problem with the D}, meson, which is usually parametrised
as a single resonance, however several studies have shown that it seems to be an overlap
of two states with different pole masses [88-90]. Therefore, a more complex function is
required to describe the s-wave component instead of a Breit-Wigner distribution. There
are various calculations that support this approach [91,92].

Due to the very low decay rate, it is experimentally challenging to measure the branching
ratio into any of the four D** mesons individually. Therefore, a more inclusive approach
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is used in the presented analysis where only the combined branching ratio into the
direct decay products of the D™ mesons are measured. Hence, the branching ratios

B — D(*)W&/ and B — D(*)mr&/ are determined.

There have been previous analyses by BABAR [84] and Belle [93,94], but only using
one charged pion in the final state. Additionally, there was a first measurement of D™
mesons into the two-pion state D™ nr by BABAR [95] with limited statistics. A fairly
recent measurement of the two-pion state has been performed at Belle [94]. In table 2.1
the previous measurements by BABAR and Belle are summarised.
This analysis presents the first measurement of the B — D™ {1, branching ratio into the

one pion state using Belle II data.

Belle

Decay channel BABAR

B’ 5 D'z rty, (0.43 +0.08 + 0.03) %
BY - D ntlty, (0.42 £ 0.06 & 0.03) %
BY = D*'x (0.48 4 0.08 + 0.04) %
BT = D xtrty, (0.59 4 0.05 & 0.04) %

B’ » D ata 0Ty, (0127 +0.039 £ 0.026 = 0.007) %
BY = Dz 0"y, (0.161 +0.030 4 0.018 + 0.008) %
B’ » D" ntx €Ty, (0.138 +0.039 % 0.030 = 0.003) %
BT — D"z 7 ¢y, (0.080 4 0.040 + 0.023 £ 0.003) %

%0
%0
%
%0
%
%0
%
%0

0.360 £ 0.018 £ 0.011
0.378 £0.013 £ 0.017
0.551 +£0.024 + 0.017
0.530 £ 0.019 £ 0.025
0.145 £ 0.018 £ 0.013
0.173 £0.014 £ 0.013
0.051 £ 0.021 £ 0.009
0.070 £ 0.015 £ 0.008

N N N N N N N N
— — — — — '

Table 2.1.: Measurements of the branching ratios B — D(*)ny@ and B — D(*)Trwéy@ at
BABAR [84,95] and Belle [94]. Here, the first uncertainty is statistical, the
second systematic and the third arises due to the normalisation mode.
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CHAPTER 3

Experimental Setup

The investigated data used in this thesis was collected with the Belle II detector [96],
which is the successor of the Belle detector [97] in Tsukuba, Japan. The Belle detector
successfully collected data of e e collisions between 1999 and 2010. It was located
at the High Energy Accelerator Research Organisation (KEK). The achievements and
results of the Belle experiment as well as the BABAR experiment are summarised in [98]
and [99].

In 2018, Belle II started recording first collision data at the upgraded asymmetric KEKB
accelerator, the SuperKEKB accelerator [100]. It is supposed to accumulate much more
data to further study CP-violation by producing entangled and boosted B meson pairs
in a clean experimental environment.

The following two sections will start by explaining the SuperKEKB accelerator in more
detail, followed by the Belle II detector with comments about changes made to the
previous Belle detector.

3.1. The SuperKEKB accelerator

The SuperKEKB accelerator is an asymmetric e e™ collider, which is located at the
KEK high energy research facility in Tsukuba in Japan. Being an upgraded version of
one of the first B factories, KEKB [101], SuperKEKB is also designed to produce as
many B mesons as possible to study CP-violation in the B system, probing its parame-
ters and measuring rare decays.

The asymmetric e~ ¢ collider operates at a centre-of-mass energy of /s = 10.58 GeV.
This energy is on the mass of the 7" (4S5) resonance, which is an excited bb bound state
and almost exclusively (= 96 % [70]) decays into a pair of neutral or charged B mesons.
Due to the fact, that the mass of the 7" (45) is just slightly above the mass of the two
B mesons, the two produced B mesons are nearly at rest in the centre-of-mass system
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(CMS). For measuring the spatial distance of the short-lived B mesons, to later measure
the CP-violation, the CMS is boosted with respect to the laboratory system. For this
reason, the energy of the electrons is chosen to be 7.0 GeV in the high energy ring (HER)
and 4.0 GeV for the positrons in the low energy ring (LER). This results in a boost of
By =~ 0.287 in the flight direction of the e .

To fill the two storage rings with electrons and positrons, a single linear accelerator is
used. For the production of electrons, an electron beam gun is utilised. Some of these
electrons are directly injected into the HER, whereas the other electrons need to strike a
tungsten target for the production of the positrons. The positrons need to pass through
a damping ring to reduce e.g. the emittance of the positron bunches, before being in-
jected into the LER.

A schematic of the SuperKEKB accelerator, as well as comments about performed
changes made to the predecessor, can be seen in Figure 3.1.
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Figure 3.1.: A schematic drawing of the SuperKEKB accelerator in Tsukuba in Japan.
SuperKEKB has two separate beam pipes, one to accelerate the electrons,
the high energy ring (HER), and one to accelerate the positrons, the low
energy ring (LER). At one of the two crossing points of the three kilometre
long beam pipes, the Belle II experiment is positioned. ©Belle 11

The boost for the KEKB accelerator, where the energy of the HER was 8.0 GeV and
3.5 GeV for the LER, respectively, was higher with approximately 5+ = 0.425. Moreover,
the instantaneous luminosity of the two accelerators is very different. The instantaneous
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luminosity £, used as a measure for the collider’s performance, can be expressed in terms
of the event rate 9 and the corresponding cross section o as:

dt
dN
— = Lo.
a 7
The instantaneous luminosity is given by:
N +N -
L= eJrief R;, (3.1)
dro,0,

where o, and o, correspond to the horizontal and vertical size of the two beams with
a Gaussian profile, N - and N - are the number of particles in a positron or electron

bunch and f is the bunch crossing frequency. R; is a correction factor which accounts
for geometrical effects associated to the bunch length and the finite crossing angle.

As can be seen in Equation 3.1, one option to increase the instantaneous luminosity
is to reduce the beam size at the collision point. This was done for the SuperKEKB
accelerator as well as increasing the beam currents [ e & N€+ = f compared to

the KEKB accelerator by a factor of two. The idea to increase the beam currents and
squeeze the beam size among others, was first proposed by P. Raimondi for the Italian
super B factory [102] and is called "nano-beam” scheme. Using this approach, the design
luminosity for the SuperKEKB accelerator is 8 x 103 cm 257! compared to the highest
recorded peak luminosity for the KEKB accelerator of 2.11 x 10% em 257

3.2. The Belle Il detector

The purpose of the Belle II detector, surrounding one of the two crossing points of the
SuperKEKB accelerator, is to measure the decay products or final state particles of the
two B mesons originating from the 7" (45) resonance. The Belle II detector is composed
of several subdetectors, each one measuring different properties of the final state parti-
cles such as charges or momenta.

Each subdetector will be explained in more detail in the following subsections. For fur-
ther reading please refer to [96] and [103].

The subdetector being closest to the interaction point (IP) is the pixel detector (PXD),
followed by the silicon vertex detector (SVD). These two tracking detectors are sum-
marised as the overall vertex detector (VXD). Also part of the tracking system is the
central drift chamber (CDC). All of these three subdetectors are immersed in a nearly
homogeneous magnetic field along the beam direction with a field strength of 1.5 T. The
superconducting solenoid magnet forces charged particles onto a bent trajectory.

To distinguish between kaons and pions, a time-of-propagation counter (TOP) in the
barrel region and an aerogel ring imaging Cerenkov detector (ARICH) in the forward
endcap region are included. For measuring the energy of the neutral photons as well as
the charged electrons and positrons, an electromagnetic calorimeter (ECL) is needed.
The outermost subdetector is used to identify Kg and muons. The Kg and muon de-
tector (KLM) consists of scintillator strips in the endcaps and glass-electrode resistive
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plate chambers in the barrel region.
An overall schematic drawing of the Belle II detector including the used coordinate
system can be seen in Figure 3.2.

e (7GeV)

et (4GeV)

Figure 3.2.: Schematic overview of the Belle IT detector with the vertex detector (VXD),
the central drift chamber (CDC), the time-of-propagation counter (TOP),
the aerogel ring imaging Cerenkov detector (ARICH), the electromagnetic
calorimeter (ECL), the solenoid and the K and g detector (KLM). Also
drawn is the coordinate system used at Belle II, where the origin corresponds
to the IP. Adapted from [104].

3.2.1. Vertex Detector (VXD)

The subdetector closest to the interaction point (IP) is the VXD, which is comprised of
the pixel detector (PXD) and the silicon vertex detector (SVD). The reason for mount-
ing a PXD very close to the IP is the existence of an irreducible luminosity dependent
background component, that is very large [105]. If silicon strip detectors would be used
instead, the occupancy, meaning for each triggered event the fraction of channels hit,
would be very high. Therefore, the first two layers (r =14 and 22 mm) of the VXD are
pixel detectors. They have 10M readout channels (the SVD has 245k readout channels)
and therefore a much smaller occupancy and resolution to measure origin vertices of
charged particles precisely. For the four outer layers (r = 38,80, 115 and 140 mm) sil-
icon strip detectors are used, as the occupancy is much less when being further away
from the beam pipe as it scales with 1/ .

The basic principle for both vertex detectors is based on the semiconducting material
silicon. For silicon the energy gap between the valence and conduction band is very small
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and thus it is possible for charged particles to generate electron-hole pairs, when they
are traversing the sensor. The number of free electrons is proportional to the deposited
energy and can be measured using external electronics. The measured signal can then
be converted into binary format and sent to the detector readout and the trigger.

The PXD is based on the DEPleted p-channel Field Effect Transistors (DEPFET) [106].
These DEPFET sensors are very thin with a thickness of the sensitive parts of about
75 um, which has the advantage of having a small material budget, resulting in a reduc-
tion of multiple scattered charged particles. This can be achieved because of the signal
amplification, which is done internally, and the high signal-to-noise ratio.

The combination of PXD and SVD is able to measure the vertices of the two decaying
B mesons. The SVD alone can also provide information about other decaying particles
such as the ones from the D mesons or the 7 leptons. The design of the SVD is sim-
ilar to the Belle SVD. This means that the modules have about the same thickness of
around 300 pm. But due to the lower boost at Belle II, the forward sensors of the three
outermost layers are tilted with an angle towards the beam axis direction.

A figure showing the PXD and the SVD, including the three tilted outermost layers, can
be seen in 3.3.

Ay

Figure 3.3.: Shown in blue are the two layers of the PXD (1, 2), followed by the four
layers of the SVD (3, 4, 5, 6) in orange. Starting from layer 4, the modules
of the SVD are tilted [107].

In general, the beam pipe and the first two detector layers of the Belle II detector are
much closer to the IP than at Belle. Furthermore, the VXD has a much bigger radius
than the Belle detector had. This results in a much better vertex resolution as well as
a better reconstruction efficiency for the decays such as K, g — 7 7 at Belle II.

3.2.2. Central Drift Chamber (CDC)

One of the major subdetectors used for tracking in the Belle II detector is the central
drift chamber (CDC). It is a multi-wire proportional chamber, which is filled with a 50:50
helium-ethane gas mixture. In total, it contains 14 336 sense wires arranged in 56 layers.
Each of these layers is either aligned with the magnetic field of the solenoid (”axial”) or
skewed with respect to the axial wires ("stereo”). The combination of information gained
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by the axial and stereo wires at the end allows to reconstruct a 3D helix track. Every
charged particle that traverses the CDC produces free electrons and ions. Due to the
large mass of the ions, they recombine quickly again. Compared to that, the electrons
are accelerated as a result of the applied electric field between this field and the sense
wires. Secondary ionisation processes happen up to the point, when a measurable signal
can be read out by the sense wires. By using ethane also in the gas, it can be ensured
that the cascading ionisation just happens locally around the sense wire. Due to the
magnetic field, the charged particle tracks are bent. With this knowledge the energy
loss per distance dF/dz and the momentum for each track can be inferred. Using this
dE/dx of each track, one can use the Bethe formula [108] to relate the measured track
to a particle. This is of particular importance for very low momentum particles, which
do not reach the outer subdetectors, thus the particle identification.

In comparison to the gas chamber of the Belle detector, the CDC is much larger. It
has a radius of 1130mm compared to the CDC in the Belle detector with 880 mm.
Furthermore, the drift cells itself are smaller, as there occur more collisions resulting in
an increase in background.

3.2.3. Particle Identification (PID)

The particle identification (PID) system for the Belle II detector used to discriminate
between charged particles, especially between pions and kaons, can be further split
into the aerogel ring imaging Cerenkov detector (ARICH) and the time-of-propagation
counter (TOP).

The ARICH is installed in the front-end cap, where it covers the polar angle in the range
between 17° and 35°. In the barrel region, the TOP is placed, where the range of the
polar angle between 32° and 120° is covered by it.

Both of the detectors used for PID exploit the Cerenkov effect. The effect is based on
a cone of Cerenkov photons, being emitted by a particle passing through a dielectric
medium with a speed, which is greater than the speed of light in the respective medium.
The Cerenkov angle 6 depends only on the velocity of the traversing particle and
the refractive index of the used material. It does not rely on information about the
momentum of the corresponding particle. By considering the measurement of the CDC
regarding the momentum and the velocity measurement from the PID, the mass of the
particle can be determined and thus kaons and pions can be distinguished.

A schematic drawing of the Cerenkov effect can be seen for the TOP in Figure 3.4. The
radiator used in the TOP is quartz, compared to the ARICH, which uses aerogel as the
Cerenkov radiator.

In the previous experiment, at the Belle detector, instead of the ARICH an aerogel
Cerenkov counter (ACC) and instead of the TOP a time of flight counter (TOF), were
used. One reason for changing the PID in addition to the higher backgrounds at the
Belle II detector is the reduced amount of material used for the PID. This in return
results in a better response of the electromagnetic calorimeter following in the next
outer layer.
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/— Cherenkov angle 6c
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photon detectors
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Figure 3.4.: A schematic showing the internal reflection of the Cerenkov photons result-
ing from a charged particle in this case either a charged kaon or a charged
pion. Taken from [96].

3.2.4. Electromagnetic Calorimeter (ECL)

About one third of the decay products of the B meson decays are neutral pions, which
mainly decay into a pair of photons. So far, the photons could not be measured by the
previous subdetectors. The subdetector concerned about measuring the energy of the
photons as well as the electrons and positrons, which could already be measured by the
previous subdetectors, is the electromagnetic calorimeter (ECL).

The ECL exploits electromagnetic showers. If an electron, positron or a photon enters
into a material, the particle loses its energy through bremsstrahlung or pair production,
therefore, resulting in a shower of particles. When the shower particles are below the
critical energy, they start to excite the material and are absorbed. The resulting light
can then be measuring using photo multipliers. The way this was incorporated into
the Belle IT ECL is to use a highly-segmented array of thallium-doped caesium iodide
CsI(T1) crystals. In total across the three detector regions of the barrel, forward and
backward end-caps 8736 crystals are installed. This results in a coverage of the solid
angle in the CMS of about 90 %.

Mainly all the hardware from the Belle ECL was reused for the Belle II ECL. The only
major difference between the two calorimeters is the improved readout system and the
reconstruction software for the Belle IT detector. The reason for this upgrade was mainly
the increased number of background processes.

3.2.5. K! and Muon Detector (KLM)

The magnetic flux for the solenoid returns through the iron return yoke, which is used
for the outermost system, the Kg and muon detector (KLM). The iron is used as an
absorber material, which is alternated with layers of resistive plate counters (RPCs).
The glass electrode RPCs, separated by a gas-filled gap, are parallel electrodes with a
very high bulk resistivity. If a charged particle passes through the gas, the gas molecules
are ionised and the electrodes are discharged. This discharge is local, as the resistance
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is very high. With the help of perpendicular readout strips, the location can thus be
measured.

The ECL has 0.8 interaction lengths for the Kg mesons, whereas the KLM adds an-
other 3.9 interaction lengths using 14 iron layers for the barrel and each end-cap region.
Therefore, the flight direction of the Kg can be determined.

Most of the other charged particles are being shielded by the iron structure and the
solenoid, but if one reaches the RPCs, a differentiation between the charged particle and
a muon can be done due to their energy loss, as muons barely interact resulting in a
much further travelled distance and less scattering in the KLM, or even just traversing
it.

With the higher background rates for the Belle II detector arising due to neutrons be-
ing produced in electromagnetic showers from background reactions such as radiative
Bhabha scattering, not in all the regions RPCs are being used as in Belle. Due to the
higher background fluxes, the detection efficiency for the RPC will be less, as there is
a long dead time for the recovery of the electric field after discharging. Therefore, the
RPCs in the end-caps of the former Belle detector were replaced by scintillators for the
Belle II experiment.

3.2.6. Trigger

The purpose of the trigger system is to discriminate background events from events,
which are interesting to investigate, during data taking. However, saving all data would
be overwhelming for the bandwidth as well as the data storage. Therefore, a trigger
system is required.

For this task, the trigger system for the Belle IT detector is nearly completely reused
from the Belle experiment. The triggering scheme is split into two triggering steps, the
hardware (Level 1) and the software (High Level Trigger [HLT]) trigger.

The hardware trigger is further divided into a sub-trigger system and one final-decision
logic (FDL). The sub-trigger collects information for a specific subdetector and sends it
to the FDL. The FDL has to combine the information from the sub-triggers and decide
if the event should be triggered or not. This approach was especially useful for hadronic
events, where the trigger system achieved an efficiency of nearly 100 % for Belle.

After the Level 1 trigger, a very simplified form of the event reconstruction, optimised
on speed, is performed and the HLT decides if the event is stored or not. In addition
to this binary decision, the HLT also classifies the events regarding to their underlying
physical processes.

Compared to the Belle trigger, the Belle II trigger also looks for events with low multi-
plicity, the dark sector, so single photon events and also axion-like particle searches using
two- and three photon events. This broadens the physics scope, but is a big challenge
for the data acquisition system.

Moreover, the trigger system for the Belle II detector has been upgraded by including
certain information about subdetectors to cope with the increase in the background
conditions.
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Data Sets

This chapter gives more details on the experimental data recorded at the Belle II detector
as well as information regarding the simulated data used in this analysis.

4.1. Experimental data

The experimental data set used for this analysis was taken during the time between
the end of the commissioning phase to prepare the accelerator and the detector for the
recording of data in 2019 and the first long shut down in 2022, where the detector un-
derwent an upgrade.

The total collected data set corresponds to about (423.593 +0.022)fb™* [109] of inte-
grated luminosity, however not all the data were recorded at the 7" (4S5) resonance. In
total, the analysed data set at the 7" (4S) resonance corresponds to an integrated lu-
minosity of (364.436 4+ 0.020) b [109]. The just mentioned integrated luminosity only
uses data sets that meet the quality constraints for physics measurements. These are
considered as "good” runs, and are therefore suitable for physics analyses. This data set
is competitive with the data set collected by the BABAR collaboration and corresponds
to about half the data set collected by the Belle detector.

In addition to the data set collected at the 7 (45) resonance, some data was recorded be-
low this resonance. This off-resonance data set corresponds to about (42.329 + 0.007) fh?
[109] and helps in understanding the continuum background as detailed in section 4.2.2.

4.2. Simulated data

Monte Carlo simulations (MC) are an important tool to determine the optimal event
selections for an analysis or produce signal and background model templates to extract
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certain quantities, such as a branching ratio, from the recorded data.

Since interactions of particles can be described using quantum mechanics, MC simu-
lations are based on probabilities. With the help of MC generators, it is possible to
produce simulated events that have very similar properties to experimental data. This
means, to be more precise, that the final state particles of the e~ e’ interaction can be
simulated. At first, the initial particles are passed through the MC generator, which
generates hard interactions and decays. Next, the generators handle the decay in flight
and the stable particles are passed through the detector simulation. Additionally, the
energy depositions in the different sub-detectors are simulated. These energy deposi-
tions produce measurable signals that mimic these energy depositions for the recorded
data. The simulation is made more realistic by considering beam backgrounds, which
arise due to e.g. the loss of beam particles during the machine operation, which lead to
electromagnetic showers and thus higher hit rates.

The simulation of the initial particles, i.e. the e~ et collision, the hadronisation and the
decays in flight is done using EVTGEN [110]. The interactions with the detector mate-
rial are simulated using GEANT4 [111], and its response using the open-source software
framework Belle II analysis software framework (BASF2) [112,113].

To account for final state radiation of photons originating from charged stable particles
PHOTOS [114,115] is used.

At last, the beam background is incorporated into the simulation [116].

4.2.1. B —» X_flv, decays

According to most recent measurements, the sum of all exclusively measured B — X {1
decays only adds up to roughly 90 % of the inclusively measured branching ratio for the
B — X_.ly, decays [70]. The remaining 10% of the B — X lu, decays, called the
7gap”, are filled in the MC generation with the so far unmeasured decays of the nature
B — D(*)n&/g and decays of the nature B — D(*)mrﬁl/e. The B — D(*)mrﬁuz decays
however proceed via the broad D) and D; states, which is much more plausible than the
generation using phase space, which is an alternative approach to model these modes.
The approach via the resonance has already been assessed in previous Belle measure-
ments [117].

A new model-independent calculation of the form factors (explained in more depth fur-
ther below) for the decays B — Dwly, just recently showed that the semi-leptonic gap
cannot be filled only by the assumed gap modes mentioned above [118]. Consequently,
the ideas that were so far considered at Belle and Belle II as theoretical explanations
for the ”gap” are excluded as an approach to describe the missing decays.
Unfortunately, there are no new proposals to fill the remaining gap in the simulation,
and therefore, the old approach is still used for this analysis. However, the simulation
of the gap already includes the newest branching ratios.

The calculation of the branching fractions for the different processes can be found in [117].
Here, branching fraction ratios, absolute measurements and the knowledge of isospin re-
lations between certain hadrons are exploited to determine the individual values. The
generated branching ratios are updated to newer values to account for e.g. improved
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measurements or theoretical calculations.
The resulting branching ratios and their uncertainties are summarised in table 4.1.

Process B(BT)x107* B(B’)x107?
B — DIy, 24.10+£0.71  22.40 + 0.66
B — D'ty 55.02+1.15  51.14 4+ 1.08
B — Djly, 4.20 +0.75 3.90 +0.70
B — Dty 4.20 £ 0.90 3.90 £ 0.84
B — D, ly, 6.63 & 1.09 6.61 & 1.01
B — Djly, 2.93 4+ 0.32 2.7340.30
B — Drrmly,  0.6240.89 0.58 4+ 0.82
B — D'nrmly, 216 +£1.02 2.0140.95
B — D,Kly,  0.3040.14 -

B — DiKly,  029+0.19 -

B — Dnly, 3.77 4 3.77 4.09 + 4.09
B — D*nly, 3.77 4 3.77 4.09 4 4.09
B — Xy, 108.00 £4.00  101.00 =+ 4.00

Table 4.1.: Branching ratios for the exclusive B — X f1, processes from [117], so that
the sum of the individual processes sums up to the measured inclusive B —
X Ly, branching ratio in the last row. The last two processes including 7,
mesons are so far unmeasured and thus an uncertainty of 100 % is assigned
to them.

The procedure to include the updated branching fractions into the simulation is by
reweighting the events based on their truth information using the weight wgg, where
the weight can be determined as following:

updated
BR)

e (4.1)

WRBR: =

with ¢ being the considered generated decay, BRUPdated being the updated and BRMC
the used branching ratio in the current simulation.

D*™) meson decays

Another very important contribution to a correct simulation are the form factors. These
encode the hadronic transition properties of the hadrons and need to be calculated
numerically. They have a significant impact on the shapes of kinematic distributions. In
some cases, the simulation does not include the newest parameters or models, therefore,
it is updated by reweighting the generated events.

In table 4.2, the form factor models used in the current simulation can be seen as well
as the form factor models that are now considered for this analysis. The general idea
to calculate the form factors for the b — ¢ transitions is considering the HQET as
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mentioned in section 2.3. The high masses of the b and ¢ are exploited, but due to the
finiteness of the masses, the form factor calculations need to be corrected by additional
terms such as 1/mg and a,(mg).

Process Form factor model No. parameters Reference
B — Dty, BGL to BLPRXP 9 [119]
B — D™y, BGL to BLPRXP 9 [119]
B — (Dp, D;)EVZ BLR to BLR 3 [120,121]
B — (D, D3)fy, BLR to BLR 4 [120,121]

Table 4.2.: The different form factor models used in the current simulation and the form
factor models considered for this analysis including references and the number
of parameters. For the B — D™*{y, decays the form factor models stay the
same only the input parameters are updated.

The updating of parameters as well as changing between different form factor models is
done using Hammer [122]. Hammer is a software package for matrix element reweighting.
It translates events generated with another form factor model to a new model including
the uncertainties of the new form factors. This is done by alternating the events via
weights in the following manner:

W = FMC . drnew
! Fnew dFMC7

(4.2)

where I' is the total and dI' the differential decay rate.

By using Hammer it is possible to not only change the central prediction, but also evalu-
ate the uncertainties originating from the form factor models. To do so, the chosen form
factor parameters are rotated into an uncorrelated eigenbasis. These rotated parameters
are varied within their +1 ¢ uncertainties to produce additional weights, such that at
the end there is one resulting variation for every form factor parameter.

Since the kinematics of the broad D**mesons are poorly known, the rotated parameters
are instead varied within +1.5 ¢ of their large uncertainties.

4.2.2. Light quark pair interaction

Another important process is the light quark pair production from e et interactions,
which is also called continuum or ¢¢ background.

Since the resulting hadrons are not produced in resonance, it is not possible to use
EVvTGEN directly. Rather, a combination of two MC generators is used. At first, the
KKMC generator [123] produces quark pairs while considering Initial State Radiation
(ISR), Final State Radiation (FSR) and also the interference between both. Secondly,
the general-purpose MC generator PYTHIA [124] produces a parton shower from the
quark pair, which is then hadronised.
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The resulting unstable hadrons and their decays in this hadronisation process are then
again simulated via EVTGEN.

Using this approach the key features of the off-resonance data sets are reproduced, but
they are highly dependent on many different experimentally determined input parame-
ters for PYTHIA. Currently, the determination for the parameters in PYTHIA is still
a work-in-progress in the Belle II collaboration and thus this part of the simulation is
assumed to be less reliable than the simulated BB samples.

In addition, events of the nature e e” — 7 7' are generated using the dedicated MC
generator TAUOLA [125].
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CHAPTER D

Tools

This chapter describes the used tools and methods for this analysis in detail. At first
in section 5.1 a general introduction about boosted decision trees is given. Following
this, the different reconstruction possibilities for the second B meson are mentioned
in section 5.2. In subsection 5.2.1 the Full Event Interpretation utilised at Belle II is
described. Afterwards, the Belle II analysis framework is explained in section 5.3. At
last, the used particle identification methods at Belle II are discussed in section 5.4.

5.1. Boosted Decision Trees

Multivariate algorithms (MVA) have become very popular during the last decades. They
are easy to use and take into account the correlation between variables, compared to
the traditional sequence of cuts for the categorisation of reconstructed events into signal
(the process of interest) and background events (incorrectly reconstructed events).

It is out of the scope of this thesis to give a full overview about boosted decision trees,
so the reader is referred to e.g. [126] for further information.

In general, there are two steps for an MVA. The first step is called fitting- or training-
phase, where the statistical model is sequentially learned from the given data set by
considering more and more features. There exist different approaches e.g. supervised
learning, meaning that the data set used for training is labelled as being a signal or
background event. During the second phase, the inference-phase, the model is used to
infer the desired information from a new independent data set.

For the best possible classification result however, the training needs to stop before only
learning statistical fluctuations, as this result does not generalise well on the new unseen
data set. This phenomenon is called overtraining and there are several ways to prevent
it, like simplifying the structure of the used MVA.
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There are different types of MVAs like Boosted Decision Trees (BDT) or Neural Net-
works (NN). The focus of this chapter lies on BDTs.

A single decision tree can be thought of as a series of one-dimensional splits of the data
set, where each split is optimised using a certain figure-of-merit (FOM). The labelled
data set is split at the point, where the separation becomes maximal on the statistically
independent data set.

A single decision tree however needs a large depth for a reasonable separation power,
meaning many branches where the separation improvement of the final splits is only very
small. This easily results in overtraining. To address this problem, the depth parameter
can be adapted or instead of training a comparably deep decision tree, one could com-
bine multiple shallow trees to a "forest”.

There are different approaches for combing shallow trees called bagging [127] and boost-
ing [128]. The bagging method is based on resampling with replacement, whereas the
boosting approach iteratively optimises assigned weights to the training data set in each
iteration step, so that misclassified data gains higher importance. During each iteration
step one tree is trained and the weights are updated accordingly for the training of the
next tree.

One boosting possibility is the Stochastic Gradient Boosted Decision Tree (SGBDT)
that combines gradient boosting [129] with stochastic gradient boosting [130].

For the stochastic boosting each tree is trained using the residual errors of the predeces-
sor as labels. While for the stochastic gradient boosting, at each iteration a subsample of
the training data is drawn at random (without replacement) and the randomly selected
subsample is used to train the learner.

At Belle II there are a few use-cases for SGBDTSs, for example the reconstruction of the
tag-side B meson or also for the particle identification. To be more precise, FastBDTs
(FBDTs) [131] are used.

FBDTs are SGBDTs in a fast and cache-optimised way. Compared to normal SGBDTs,
FBDTs are more robust to missing data, also allow preprocessing and an estimation of
the feature importance.

Missing data in this sense means that e.g. certain detector information are not available
due to technical reasons or the particle did not active a certain subdetector.

5.2. Reconstruction of B mesons

As already mentioned, B mesons are always produced in pairs at Belle II, but due to
their short life time they cannot be measured directly. The detector measures final state
particles or particles with a long life time.

In this analysis, only one of the B mesons (Bg;,) is reconstructed in the decay of inter-
est. The decay products of the other B meson, called Br,g, overlap with the Bg;, decay
products in the detector. Therefore, there exist different approaches how to reconstruct
or treat the Br,, meson with a trade-off between precision and efficiency.

The three possibilities to reconstruct the Br,, meson are called untagged or inclusive,
semileptonic, or hadronic tagging. For the untagged case, the Bgj, mesons is recon-
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structed in the decay of interest and the Br,, meson is not reconstructed at all. This
results in a large sample size with much statistics, however there are many possible
combinations during the reconstruction as all measured particles in the detector are
considered. Thus, this reconstruction approach yields many signal events, but also a
lot of background events from wrongly reconstructed events resulting in a high signal
efficiency, but a low purity.

The other two methods reconstruct the Br,, meson in exclusive channels. In case of the
semileptonic tagging, semileptonic decay modes are considered for the reconstruction
of the B meson. The semileptonic approach has one neutrino in the final state, which
results in missing kinematic information.

In contrast to this, the hadronic tagging method only uses hadronic decay modes to re-
construct the Br,, meson. The individual hadronic branching ratios however are much
lower than the semileptonic branching ratios. Besides, the tagging efficiency for the
hadronic tagging is in the order of 0(10_3).

The upside of using hadronic tagging is nevertheless that the total four-momentum of
the Br,, meson is well known and a very pure selected sample. Therefore, the hadronic
tagging approach is used in this analysis.

A schematic summarising the three different approaches to reconstruct the Br,, meson
including their efficiencies and their information content can be seen in fig. 5.1.

Inclusive Tag
e = O(100)%

Consistency of By,,

> 5
> . . —-
g Seimlleptomc Tag /IE S
Z e=0(1)% — g
i Knowledge of By, Ty =
e =

Hadronic Tag /

e=0(0.1)% —E<<<

Exact knowledge of By,, Y

Figure 5.1.: Schematic sketch of the three different tag approaches for the Br,, meson
including reconstruction efficiencies and their information content. Taken
from [132].
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5.2.1. Full Event Interpretation

Already at Belle there existed two different approaches to reconstruct the Br,, meson
hadronically. The first algorithm (see e.g. [133—-137]) is based on a fixed selection that
reconstructs specific B — DY x decay modes. The second approach is called Full Re-
construction (FR) [138] and increases the number of hadronically reconstructed decay
channels by exploiting multivariate analysis methods for the determination of a proba-
bility metric for the reconstructed decay at each reconstruction stage.

In previous measurements of the branching ratio B — D**fy, at Belle, the FR, which
was especially developed for Belle was used in [93]. The latest Belle measurement [94]
used the Full Event Interpretation(FEI) [132], which is the successor of the FR designed
for the Belle II experiment.

Approximately 200 SGBDTs from the FBDT package are used to combine final state
particles to B mesons using the FEI algorithm. The classifier uses a hierarchical ap-
proach with six stages. At the beginning lighter particles are combined to reconstruct
heavier hadrons.

The detailed six reconstruction and classification stages of the FEI are:

1. long-lived neutral (v and Kg) and charged (e, p 77, KT and p) particles formed
from tracks, calorimeter and KLM clusters,

2. reconstruction of J/i, 7 and 4,
3. reconstruction of K2 and X",

4. reconstruction of D and A},

5. reconstruction of D*,

6. reconstruction of BT and BY.

A schematic of the FEI can be seen in fig. 5.2.

For each reconstruction stage of the FEI, all previous particle candidates are combined to
heavier particles. After the recombination, the vertexing algorithm utilised at Belle [139]
is used to determine the probability that the combined particles originate from the same
vertex.

Following that, the SGBDT is applied and depending on the particle type the best 5-20
candidates with the highest classifier output are considered for the next reconstruction
step. Each classifier uses specific decay features, however, the production vertex is a
strong constraint. This so called best candidate selection is different than the one used
at Belle for the FR. In the FR, for each decay channel there were different threshold cuts
imposed on the classifier output. By considering only a certain number of candidates
per event the computing resources are more evenly distributed between events and decay
channels than for the FR. Thus, there is no single event that generates a large amount of
possible candidates that requires a lot of resources and a rather long next fitting phase.
At the end, the FEI has one last classifier that is used to assign a signal probability to
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Figure 5.2.: Schematic sketch of the FEI, where the hierarchical approach of the al-
gorithm is visible. Starting with detector information to build final state
particles and combining these to intermediate particles to at last form a B
meson candidate. Taken from [132].

the B meson and outputs up to 20 possible B meson candidates.

For the reconstruction of the intermediate particles and the B mesons the FEI recon-
structs more than 100 explicit decay channels for the intermediate particles, where the
explicit decay channels are summarised in [132]. For the charged B meson there exist
36 decay channels, whereas the neutral B meson is reconstructed in 32 decay channels.
There are different approaches on how to proceed now with the analysis after the Br,,
meson has been reconstructed. One possibility would be to use the candidate with the
highest signal probability or as an alternative investigate the signal side first, which
might however impact the ranking of the candidates.

Furthermore, the usage of the hadronic FEI for the reconstruction of the Br,, meson
reduces the combinatoric background significantly. It happens due to the fact that the
considered reconstructed particles are assigned to the tag side and cannot be considered
for the signal side reconstruction any longer.

In general, the FEI has a higher purity and larger tag-side efficiency than the FR by
using an improved classification method, additional channels and the best candidate
selection. This can also be seen in fig. 5.3a for the charged B meson and in fig. 5.3b for
the BO, where the FEI outperforms the FR in most cases, especially for regions with
high efficiencies, where most analyses can be found.
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Figure 5.3.: The tag-side efficiency in dependence of the purity for the charged and
neutral B mesons compared for the FR and the FEIL. Taken from [132].

5.3. BASF2

The Belle II analysis software framework (BASF2) [112,113] is used for the online pro-
cessing of the data as well as the post-processing of the simulated and experimental data
for this analysis. It is based on the data analysis framework ROOT [140,141] with most
of the code written in C++4. For higher flexibility, the BASF2 framework is however split
into individual modules with certain purposes. The programming language Python is
used for the configuration as well as the arrangement of the different modules.

In general, data and MC are saved in files with event-wise basic quantities. These quan-
tities, such as tracks, clusters or the combination of both, can be used to build particle
candidates. These particle candidates can then be further combined to intermediate
particles and at the end into an 7" (4S) candidate. Usually, there is more than one
Y (45) candidate at the end of the reconstruction due to combinatorics, therefore, a best
candidate selection needs to be performed to have only one reconstructed candidate at
the end.

5.4. Particle identification

To distinguish between different particle candidates, particle identification (PID) is a
useful tool. It uses information from all subdetectors except for the PXD. The PID gets
the particle velocity from the TOP and the ARICH, the energy loss per distance from
the tracking system and the deposited energy from the ECL as well as information to
distinguish between m and p depending on the traversing depth in the KLM.

There are two approaches at Belle II to combine all these detector outputs into one single
variable. The first approach, which is explained in more detail in [103], assumes that
the measured observables are independent between the different subdetectors and that
the different particle hypotheses can be described by independent likelihood functions.
To parametrise the likelihood functions Ld(w]i) for each particle hypothesis 7, joint
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probability density functions (PDFs), based on a set of observables « in each detector
part d, are utilised. In this analysis the simulation is used to determine the various
likelihood functions for the different detector parts. There are also other approaches
to determine the likelihood such as using well-measured physical processes or analytic
descriptions.

The resulting global likelihood £(x|7) is given as a product of the individual likelihoods
Ld(m\i) for each particle hypotheses.

By using Bayes’ theorem, the probability of identifying a particle candidate in hypotheses
1 against all other possible hypotheses j is given by:

_ Lafi)
>, 6% ali)

which is according to the Neyman-Pearson lemma the optimal discriminator.

Other possible particle hypotheses j that can be tested against are the two light charged
leptons, meaning electron and muon, the charged pions and kaons, the proton and the
deuteron.

The PID utilising likelihoods is considered in this analysis for the charged pions and
kaons as well as the muons.

The second approach [142] is based on MVAs. In contrast to the likelihood method it is
also helpful for low-momentum particles as the likelihoods for the ECL are determined
via E/p.

For the used BDT in this approach one can use many low-level features of the calorimeter
shower, such as the longitudinal development of the shower, that are highly correlated
and include other subdetectors directly via likelihoods instead of using their product.
The MVA approach is considered for the electrons in this analysis.

P(i|z) (5.1)
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CHAPTER O

Reconstruction

This chapter will outline the reconstruction of different particles from the final state par-
ticles measured as detector signals as well as the used selection cuts, to get a fairly clean
distribution to extract the branching ratio for the reconstructed B — D**fy, decays.
Following this, the reconstructed final state particles are combined for the reconstruction
of the D, D* and the D** mesons, which are then used to build B meson candidates and
at the end the 7" (45) resonance candidate.

The particle definitions and selection cuts used in this analysis are based on already per-
formed analyses at Belle II such as [143-145]. Furthermore, for correction factors to be
applicable, the selections between the samples for the determination of the corrections
and the sample the corrections are applied to need to be perfectly aligned. Only for the
selections of the D™ mesons in this analysis, there are no suggestions available.

After the reconstruction of the 1" (45) resonance, a best candidate selection is performed
so that maximally one candidate is left per event after all selection cuts are considered.
Moreover, the background categorisation of the reconstructed simulated samples will be
explained.

In addition to this, a study investigating the contribution of each D meson decay in
dependence of each reconstructed B meson decay mode for the significance of this par-
ticular decay channel is performed.

At last, there exist some corrections that either have to be applied to experimental or
the simulated data to account for e.g. efficiency differences.
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6. Reconstruction

6.1. Pre-selections of the hadronic FEI

The whole analysis is based on the hadronic FEI skims, which are filtered samples that
already include a few pre-selection cuts on tracks, ECL clusters and their multiplicity:

good track : dr <2cm, |dz| <4cm, pp>0.1GeVc ' (6.1)
good cluster :  0.296706 < 6 < 2.61799rad, E > 0.1GeV. (6.2)

The cuts on dr and dz ensure that the particle candidates originate from the IP. Here, dr
is the transverse distance with respect to the IP and dz the distance into the z direction.
pr is the transverse momentum of the particle and 6 its polar angle.

To be more precise, these track impact parameters at the point of closest approach
(POCA), meaning dr and dz, are measured with respect to the IP, as defined in [146].
At the end, at least three good tracks and clusters in the pre-selection of the FEI are
required. Besides, there is a lower cut on the sum of all cluster energies of the event in
the CMS frame at 4 GeV.

6.2. Neutral particles

This section will focus on the reconstruction of the neutral particles used to reconstruct
D™ mesons. At first, the two definitions of the photons v used to reconstruct neutral
m mesons are described, where a distinction has to be made between neutral pions
with a low momentum, meaning a momentum below 0.2 GeV c_l, for the D* meson
reconstruction as well as for daughters of the D™ meson and the nominal neutral pion.
This nominal pion has a momentum above 0.2 GeV ¢! and is used to reconstruct e.g.
D mesons.

At last, an explanation of the reconstruction of the K g is given.

6.2.1. Photon identification

The photons are not directly used in this analysis, they are only used to reconstruct
neutral pions by using clusters measured in the electromagnetic calorimeter.

As already mentioned, there are two different ~ definitions [147,148] used to reconstruct
the 7 mesons.

To suppress background originating from minimal ionising particles passing the ECL,
all reconstructed photons need to have a weighted sum of the number of calorimeter
crystal hits above 1.5, where energy splitting across overlapping crystals is taken into
consideration via these weights.

In general, the photon candidates are required to pass different energy selection cuts on
the clusters of the electromagnetic calorimeter depending on the ECL region. In the for-
ward endcap of the calorimeter, the energy threshold is 80 MeV, whereas the threshold
in the barrel region is 30 MeV and 60 MeV for the backward endcap.

To veto clusters originating from electrons in the ECL, additional CDC tracking infor-
mation is taken into account that removes photon candidates with associated measured
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tracks in the CDC. However, this information is only valid for tracks that pass the CDC.
Thus, only photon candidates that are reconstructed in the angular region of the ECL
that corresponds to the angular acceptance of the CDC, are considered.

Besides the already mentioned selection cuts, some additional selections on the photons
used in the slow neutral pion reconstruction need to be considered. At first, a loose
selection cut on the time of the ECL cluster of 200 ns is performed. Here, the cluster
timing is the time between the measurement of the photon in the ECL and the time,
when the event was triggered.

Furthermore, to distinguish between true photon clusters and fake photon clusters from
e.g. split-offs or track-cluster matching failures, a selection cut on a pre-trained MVA
classifier [149], trained using shower-related variables, is performed.

6.2.2. Neutral pion

For the nominal neutral pions [148], two photon candidates, as just described in the
previous section, section 6.2.1, are combined to form a 7" candidate. The invariant
mass of the nominal reconstructed 7’ candidate needs to be in the range of 120to
145 MeV ¢ 2.

Nominal neutral pions are required to have a momentum in the lab frame greater than
200MeV ¢ ', Pions with a momentum between 50and 200 MeV e ' are called slow
neutral pions [147].

In addition to this, the reconstructed mass of the slow neutral pion is only allowed to
deviate by 15 MeV ¢~ from the measured value of the Particle Data Group (PDG) [70].
For both neutral pion candidates, a mass fit is performed using KFit [150], which varies
the momenta of the daughter particles within their uncertainties to get a mass value as
close as possible to the nominal mass of the 7. For further reconstruction steps only
particle candidates are kept, where the fit converges.

6.2.3. K2

For the reconstruction of the K g two charged reconstructed tracks are combined, since
it decays into two charged pions in about 2/3 [70] of the cases.

A vertex fit using TreeFit [151] is performed and only candidates are kept, where the fit
converges. TreeFit is based on a Kalman Filter [152] for solving a least square estimate
for a globally fit decay chain. By using the vertex fit the resolution of measured param-
eters such as particle momenta or energies is improved. Besides, it helps in suppressing
combinatorial background.

In addition to this, a selection cut on the invariant mass of the K g candidate after the
vertex fit in the range of 450 to 550 MeV c2is applied.

To select mostly true K g meson candidates, additional selections on the flight distance
and its significance are conducted.
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6.3. Charged final state particles

In addition to the neutral (final state) particles, there exist two different types of charged
final state particles that are important for the reconstruction of intermediate particles
such as the D or B mesons. A distinction between two charged hadron types has to be
made. These hadrons can either be kaons or pions and charged light leptons, meaning
electrons or muons.

6.3.1. Hadrons

For the reconstruction of the charged kaon and pion, considered as daughters of the D
and D™ meson, similar selection cuts on the particles originating from the interaction
point as defined in section 6.1, are performed.

For both charged hadron candidates, the transverse distance to the IP needs to be in
the radius of 2cm and the distance in the z direction below 5cm. In addition to this,
the number of hits in the CDC for the considered track candidate must be more than
20.

To distinguish kaons and pions from each other and also from the light charged leptons, a
selection cut on the output value of the likelihood-based particle identification as detailed
in section 5.4 is performed.

One possibility to reconstruct a charged D* meson is combining a neutral D meson with
a charged pion. Due to the fact that the mass difference between the reconstructed D*
meson and the D’ meson is small, a special treatment of the charged pion has to be
performed. For this particular case of a slow charged pion, no selection on the track
candidates is done. All possible track candidates are considered.

6.3.2. Leptons

For the charged light leptons the same base selections on the IP are performed as for
the charged hadrons. On top of that, charged light lepton candidates need to be within
the CDC acceptance region.

Besides, for the reconstruction of the muon, only candidates that fulfil a selection cut on
the likelihood-based particle identification, which also ensures that there are measured
signals in the KLM, are considered.

For the electron candidates the particle identification is performed based on a BDT
method as this is more helpful for low-momentum particles. Details on the particle
identification can be found in section 5.4.

In addition to this selection on the PID, only muon candidates are considered, where the
momentum of the particle candidate in the centre-of-mass frame is above 0.7 GeV ¢t
This selection is slightly looser for the electron candidates with a value of 0.5 GeV .
Moreover, bremsstrahlung is an important phenomenon that needs to be considered for
the electron candidates, because the electrons lose energy when interacting with the
different detector components.

To take into account this energy loss and the resulting lower electron momenta, the
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electron candidates need to be corrected by calorimeter cluster energies that are assigned
to the corresponding electron track.

The calorimeter clusters that are considered as bremsstrahlung photons take into account
geometrical considerations. In case the photons are in a certain maximum angle 5 around
the considered electron track and pass a maximum energy selection E, the electron
candidates are corrected using this bremsstrahlung photon.

ax,y’

Electron momentum Maximal angle 8 Maximal energy F .y ,
p<0.6GeVc 0.1368 rad 0.09 GeV
pe(0.6GeVe ' 1.0GeVe ! 0.0737 rad 0.9 GeV
p>1.0GeVe ! 0.0632 rad 1.2GeV

Table 6.1.: Table showing the different momentum regions for the electron including the
optimal parameters for the maximal angle and the energy of the calorimeter
clusters assigned to bremsstrahlung photons.

As can be seen in table 6.1, there are three different momentum regions with different
selection criteria for the maximal angle and the maximal energy. These values have
been determined by minimising the difference between the reconstructed and simulated
electron momenta by the semi-leptonic working group in Belle II.

The calorimeter clusters already used for the bremsstrahlung corrections of the electrons
are not considered further in the reconstruction of the neutral pion daughters for the
B — D™y, decays.

6.4. Reconstruction of intermediate particles

By combining the final state particles, the signal decay B — D**/f1, and the normali-
sation decay B — D™{u, are reconstructed. A visualisation showing one example decay
tree for the reconstruction of the signal decay mode starting with the final state particles
on the right-hand side via the intermediate particles towards an 7" (45) resonance, can
be seen in fig. 6.1.

In general, it can be said that there exist various different decay modes to reconstruct
an intermediate particle candidate. However, it is usually not feasible to reconstruct
all of these decay modes. As for the B meson, described in section 2.2, there are three
possibilities for the considered mesons to decay. Either the hadronic, the semi-leptonic
and the purely leptonic decay modes (only possible for the charged B meson). For the
reconstruction of the D mesons these three decay modes are also possible. These de-
cays are mediated by the weak force, as the D meson is the lightest meson containing
a charm-quark. However, only the hadronic decay modes are considered for the D, see
section 6.4.1 for the considered decay modes in this analysis. The reason for using only
the hadronic decay channels is the considerably high branching ratio in addition to the
complete reconstruction of the considered meson, meaning that there are no undetected
particles such as neutrinos in the reconstruction.
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Figure 6.1.: Visualisation of an 7" (4S) decay tree for the signal mode, showing one
example decay possibility, where the D™ meson is shown in bold as a D*1
combination. Charge-conjugated decays are also included.

The D* and the D™ mesons are excitations of the D meson and therefore decay either
via the electromagnetic or the strong force, which means that the daughters of the de-
caying mesons can all be measured in the detector in some way and there are no missing
particles. The considered decay channels used in this particular analysis can be found in
section 6.4.2 for the D* mesons and in section 6.4.3 for the D** mesons or rather for the
Bg;g, as the D™ meson is not explicitly reconstructed, which will be explained further
below.

Therefore, the only missing particle on the signal-side in this analysis is the neutrino in
the semi-leptonic decay of the B meson.

Nonetheless, it is not possible to reconstruct all hadronic decay channels, especially for
the D mesons as some modes include a lot of neutral particles, which are in general
hard to reconstruct. This can result in a lot of wrongly reconstructed meson candidates.
Besides, some modes have a very low branching ratio compared to the other hadronic
channels.

In addition to the semi-leptonically reconstructed signal side, in section 6.4.4, the selec-
tion cuts for the hadronic FEI will be explained in further detail as well as the combi-
nation of the tag- and signal- side towards an 7" (4S5) candidate in section 6.4.5.

6.4.1. Neutral and charged D meson reconstruction

For the reconstruction of a D™ meson, a D meson is always required either via a direct
decay D™ — Dm or via a D" meson, therefore several different decay modes for the
charged and neutral D meson decay channels are considered as can be seen in table 6.2
including their branching ratios from [70]. For all decay channels mentioned in this
thesis, the charge-conjugated mode, meaning the interchange of all particles with their
respective anti-particles, is also reconstructed.

The kinds of particles used for the reconstruction vary, with charged particles such as
pions and kaons, which are easier to reconstruct than neutral particles such as 7" mesons.
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Decay channel Branching ratio

Neutral

D’ - Kt (

D’ 5 K nta? (

D’ 5 K rtatn™ (

D’ 5 K atatr a? |

D’ = K’ (1.240 + 0.022) %

D’ - Kirta~ (2.80 £ 0.18) %

D’ = Kirta x’ (5.2+0.6) %
(
(
(
(
(
(

3.947 £ 0.030) %
14.4+0.5) %
8.22+£0.14) %
4.3+0.4)%

D’ » KTK~ 4.08 +0.06) x 1077
D’ = rtr” 1.454 +0.024) x 10~°
D’ - KZKS 1.41 +0.05) x 107*
D’ — 7/7° 8.26 4 0.25) x 10~*
D’ — K2x"7" 9.1+1.1)x 107"

D’ & 7t 7? 1.49 + 0.06) %

Charged

Dt — K ntrnt

D" = K atatq?
DY - K ntatata™
D" — Kirt

Dt — Kg7r+7r0

Dt — KgTr+7r+7rf

9.38 4+ 0.16) %
6.25 4 0.18) %
5.7+0.5)x 1077
1.562 & 0.031) %
7.36 +0.21) %
3.10 4 0.09) %

o~~~ o~~~ o~ o~ —~

D" — KIKT 3.04 4 0.09) x 107*
D" - KTK 7t 9.68 +0.18) x 10~°
D" — ata? 1.247 4+0.033) x 10~°
DY = atrta 3.27+0.18) x 107°

Table 6.2.: All considered neutral and charged D meson decay channels and their PDG
branching ratio [70].
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Furthermore, the multiplicity of particles considered for the reconstruction differs quite
a lot with at least two particles up to a maximum of five particles for the reconstruction
of the D mesons.

Besides, the branching ratio for the different decay channels is very different.

A loose selection cut on the invariant mass of the neutral and charged D meson in the
range of 1.84 < M <1.89 GeV c?is performed.

It is observed that some modes are reconstructed with higher efficiency than others,
therefore a selection of the considered D meson decay channels is performed for the
different B mesons. This results in an improvement of the number of correctly recon-
structed D mesons and is directly linked to a purer D™ meson reconstruction, even
though the amount of statistics decreases.

Further information about the performed study as well as the results are given in sec-
tion 6.8.

6.4.2. Neutral and charged D* meson reconstruction

In some cases (see section 2.3), it is also possible for the D™ meson to decay into a D*
meson before the D* meson can then further decay into a D meson, therefore modes
with D™ — D*r are also reconstructed. As the D* meson is an excited D meson it can
either decay via the strong or the electromagnetic force into the ground state, the D
meson, again.

The considered decay channels for the neutral and charged D* mesons can be found in
table 6.3, including their PDG branching ratio values [70].

The decay D*" — DTx isnot allowed, because of phase-space availability, which means
that the masses of the DV and the 7~ meson are larger than the mass of the D*’.

Decay channel Branching ratio

Neutral
D 5 D7 (64.7+0.9)%
Charged

D" - D’z (67.7+05)%
D' =5 D’ (30.7+£05)%

Table 6.3.: Reconstructed neutral and charged D* meson decay channels considered for
this analysis and their corresponding PDG branching ratio [70].

The mass difference AM between the D* and the D meson is very small, which leaves
the neutral or charged m meson with only a very low momentum, as the phase space is
highly limited. Due to its low momentum, the 7 meson is usually called "slow pion”.
To only get the best D* meson candidates, a selection cut on the mass difference AM in
the range of 130 to 150 MeV/ ¢? is conducted for the neutral slow pions. For the charged
slow pion an even tighter selection cut in the range of 141 to 150 MeV/ ¢ is applied.
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The reason for making such a distinction in the selection is simply that the charged track
can be measured much more precisely than the low energetic cluster depositions of the
photons for the neutral slow pions.

The electromagnetic decay J DO'y is also allowed for the D* meson. It was also
investigated for this analysis to include this decay channel for the reconstruction of the
D*o, however this resulted in a lot of additional D* meson candidates due to the huge
number of measured photons in the Belle II detector that yielded many combinatorial
wrong candidates. Besides, these candidates do not have a really good resolution due
to the additional photon. Therefore, it was decided to exclude this decay channel and
focus on a more clean reconstruction, which is of particular interest for the D™ mesons.

6.4.3. Neutral and charged Bg;, reconstruction

For the reconstruction of the Bgj, meson, different combinations of the final state and
intermediate particles are considered.

For the reconstruction of the D** meson different combinations of neutral and charged
D™ r are formed. These are then combined with a light charged lepton to form a B
meson candidate. The reconstruction modes considered for the neutral and charged Bg;q
meson can be seen in table 6.4.

Decay channel AM e [GeV ¢?
Neutral

B - D=ty 0.15
B’ - D* =%y, 0.19
B’ » D=y, 0.25
B - D*’n 1ty 0.35
Charged

Bt — 17071'06+U4 0.19
Bt = D*%7%"y, 0.15
BT — D ntity, 0.25
BT — D* xtity, 0.30

Table 6.4.: Considered neutral and charged B meson decay channels for this analysis,
where the D™ mesons are printed in bold and the ¢ can either be an electron
or a muon. In addition to this, also the lower selection cut on the variable
AM pyx« is provided.

The different D™* mesons are not explicitly reconstructed. Although all of them have
been observed as summarised in [70], the data set taken by the Belle II detector so far
is not yet well enough understood to distinguish between their origin.

In addition to these signal decay channels, also the normalisation channel B — D*/y,
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6. Reconstruction

is reconstructed. It is used to normalise the branching ratio of the D™ mesons, so that
certain systematic uncertainties cancel out. This decay also occurs much more often and
is better understood. Besides, it can be used as a cross-check for e.g. the fit setup.
The considered decay channels for the normalisation mode can be seen in table 6.5.

Decay channel

Neutral
B’ - D" 1ty
Charged

B+ — 5*0€+V[

Table 6.5.: All considered neutral and charged B meson decay channels for the normal-
isation mode, where the £ can either be an electron or a muon.

In the D™ meson reconstruction, a lower selection cut on the invariant mass of the
pWr pair of 2.05 GeV ¢ to suppress background events arising from B — D"y, is
performed. An additional upper selection cut of 2.80 GeV c?is applied due to the as-
sumed D™ meson masses.

The first selection cut, the lower invariant mass cut, is inverted and used for the nor-
malisation mode B — D*f1, as an upper cut on the invariant mass of the D* meson.
This automatically results in two statistically independent samples, which is important
later, when calculating the ratio of the signal and the normalisation mode.

There still exists a significant amount of background in the signal mode after applying
these selection cut. Therefore, an additional selection on the resolution of the second
daughter of the D** meson, meaning either the charged or neutral pion, is conducted.
For this reason, the variable AM «« is defined as AM o = M(D(*)w) - M(D(*)) using

the reconstructed masses of the D™ r pair and the D™, The upper selection cut on
AM + is kept the same for all considered D™ decay modes with 0.9 GeV 072, whereas
the lower selection cut is chosen so that most of the wrongly reconstructed candidates
are removed.

Two example distributions for the motivation of the lower selection on AM «+ can be
found in fig. 6.2. All selections have been applied except for the selection on the resolu-
tion of the D™ meson and the best candidate selection. The candidates with the fainter
colour below the dashed line are removed.

It can be seen that particularly for the mode in the histogram on the left-hand side
a significant amount of B — D1, is removed, whereas the other B — D**(1;, decay
mode including a neutral pion has a worse resolution in AM ++ and thus the selection
cut cannot be chosen tighter.

The chosen values for the lower selection cut on AM «x for all B — D™*fy; decay modes
can be found in the right column in table 6.4.
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Figure 6.2.: Histograms motivating the lower cut on the variable AM « for two example
decay modes that can be found in the title of the plot. All selection cuts
except for the AM j«+ and the best candidate selection have been applied.

6.4.4. Neutral and charged By, reconstruction

For the reconstruction of the tag-side B meson, the hadronic Full Event Interpretation
is used. By choosing only the hadronic decay modes for the reconstruction, the four-
momentum of the Br,, meson can be precisely measured and thus the resulting purity of
the tagged sample is very high. However, the efficiency is about O(0.1 %) and therefore
very small.

For a general overview and additional information on the FEI, please refer to sec-
tion 5.2.1. The FEI outperforms its predecessor, the FR, in many ways. Nonetheless,
there are some significant observed performance differences between measured and gen-
erated data, which are discussed further later in section 6.9.6. Therefore, it is important
to do extensive studies of well-known physics processes and determine calibration factors
using physical properties to account for these performance differences.

Due to the fact that these calibration factors have been determined using a certain se-
lection, these selection cuts need to be reproduced exactly. This means, however, that
the tag-side can not be optimised for one particular decay channel on the signal side,
which reduces the reconstruction efficiency drastically.

For the current version of the trained hadronic FEI, there exist calibration factors for
two different working points for the output of the FEI. As a consequence of the low
branching ratio of the D** mesons, the lowest possible working point of the FEI with a
classifier output of more than 0.001 is chosen, which means a high efficiency.

To align the selection of this analysis with the selection used for the calibration factor
determination and also increase the number of correctly reconstructed Br,, meson can-
didates, some basic kinematic properties of B factories are exploited.

For correctly reconstructed Br,, meson candidates, the measured reconstructed mass
should correspond to the mass of the B meson. Besides, the total energy of one of the
two B mesons should match half of the beam energy in the frame of the 7" (45) resonance
Epeam,cms. Here, the rest frame of the 1" (4S) is defined as the CMS of the two colliding

93
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beams.

One could directly use these quantities, however two slightly modified variables, the
energy difference AFE and the beam-constrained mass M,,. are favoured. Both these
quantities are highly dependent on a very precise knowledge of the beam energy.

The definition of AFE is given by the following:

AFE = EBTag,CMS - Ebeam,CMS7 (63)

where EBTagchS simply refers to the energy of the Br,, meson in the CMS frame.
The beam-constrained mass M, is defined as follows:

Mie = \/ Bieam s /e = Pag, |*/€ (6.4)

where P Brag is the momentum vector of the reconstructed Br,, meson candidate in the
CMS frame.

Compared to the naive kinematic definitions using the mass and the energy of the re-
constructed Br,, meson, the altered variables also take into account the resolution of
certain detector components, as can be seen in eq. (6.3). AFE is highly dependent on
the particle hypotheses used to build a B meson candidate as well as on the detector
resolution to determine F By CMS-

By using a wrong combination of daughter particles the value of AF is shifted from its
nominal value of zero.

My, in contrast, is independent of the mass hypothesis for the final state particle as
only the momentum measurement of the final state particles is required to calculate
this variable. Furthermore, My can be used to distinguish combinatorial background,
meaning hadronisation processes of the light quark pairs from B meson candidates that
were reconstructed using the correct detector objects.

The candidates built using light quark pairs are expected to spread uniformly in the
allowed kinematic range, whereas the correctly reconstructed B meson candidates are
expected to peak at the nominal B meson mass.

To remove wrong Br,, meson candidates a selection cut on the energy resolution in the
range —0.15 < AE < 0.10 GeV and on the beam-constrained mass M, with a value of
above 5.27 GeV c_2, is applied.

After these selections, still a considerable amount of background arising from light quark
pair interactions remains. This can, however, be further suppressed by taking into ac-
count differences in the topological properties of T (4S) — BB decays and processes of
the nature e e — ¢g with ¢ € {u,d, c, s}, i.e. the light quark pair interactions.

In case of light quark pair interactions, the ¢ and ¢ are created back-to-back in the
centre-of-mass frame and each quark carries almost half of the beam energy. Therefore,
the resulting hadrons during the fragmentation process obtain only a small momentum
in the transverse plane. Hence, the particles show a jet-like structure after hadronisation.
Compared to that, for the BB events, the B mesons are produced nearly at rest in the
CMS frame. As the B meson is a pseudo-scalar particle i.e. spin-0 particle, the decay
products of the B meson have no directional preference and are therefore distributed
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isotropically in the detector volume. A schematic showing these differences can be seen
in fig. 6.3.

t?

p(q) = 5GeV/c B) =~ 0.3GeV/c

ete”™ —qq (q€{ud,s,c}) ete”™ — Y(4S) — BB

Figure 6.3.: Schematic of the different event topologies in the CMS system for the
light quark pair on the left-hand side, where the light quarks are produced
back-to-back in pairs in the e e’ annihilation, which results in a jet-like
structure. Whereas the BB shows a spherical shape on the right-hand side.
Taken from [153].

One quantity that exploits these differences in the event topology is the thrust, which
has already been developed in the 1980s by the PEP and PETRA accelerators for a
quantification of jets at high energy experiments [154].

The definition of the thrust axis T is given by the direction in which the sum of the
longitudinal momenta of all measured particles is maximised. The thrust T is described
by the following formula:

(6.5)

where p; is the momentum vector of the i-th final state particle in an event and the
maximisation is done over all possible directions  with |#| = 1 [154]. The thrust axis T
is the axis Z multiplied by T for which the thrust is maximal.

For the light quark pairs, the thrust leads to higher values (T — 1), as the event shape
has a strong directional preference, whereas for the BB events, the thrust prefers mini-
mal values with T — 0.5 as the decay products are isotropically distributed in the event.
The variable used to distinguish these two processes is the cosine of the angle between
the trust axis of the reconstructed Br,, meson candidate T, B and the thrust axis of all
remaining particles in an event that are not assigned to the reconstructed Br,, meson
candidate Tp, cos(Tg, Tp).

For the B meson decays at rest, a uniform distribution is expected, whereas for the de-
cay products of the highly boosted lighter particles, the thrust axes are collinear, which
produces a peak towards one. This means by using a selection cut of cos(fB, fo) <09
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a significant amount of continuum background is removed.
In addition to this, there exist the so called Fox-Wolfram moments [155]. These quan-
tities can be used to define the shape of an event and without making a distinction
between signal- or tag- side particles in an event. The definition of the 1™ Fox-Wolfram
moment H; is given by the following expression:
N
Hy = |pil|p;| Pi(cos(8; 7)), (6.6)
i,J

where the sum goes over all particle pairs 4, j up to the overall amount of particles N in
an event. cos(f; ;) is the angle between the momentum of the ith and jth particle and
P, corresponds to the Legendre polynomial of order .
Due to the fact that the Legendre polynomial of order 0 is Py = 1, a constant, the lowest-
order Fox-Wolfram moment is usually considered to normalise the other moments.
Of particular interest is the second-order moment, which is defined as:
_ Hy
= Fo‘
For even | ¢qg events show a peak at one, whereas for odd [, they produce a peak at zero.
Other processes give a wide range of values for R;.
Therefore, this is another important variable to discriminate between BB and ¢ events.
However, there has been a noticeable observed disagreement in this variable between
simulation and data. Therefore, this variable was removed from the selection.

Ry (6.7)

6.4.5. T (4S) reconstruction

After the reconstruction of Bgj, and Br,, meson candidates, these particles can be com-
bined to form a neutral 7" (4S5) candidate.

The three reconstructed 7" (4S) decay modes are summarised in table 6.6, where the last
option also takes into account mixing in the neutral B meson system.

Decay channels
T (45) — B;agB;g
T (4S) — By By
Y (4S) — B,y BS,

Table 6.6.: Considered 7" (4S5) decay modes for this analysis including mixing in the
neutral B meson system.

In addition to these three reconstruction modes of the 7" (4S5), the reconstruction of the
T (4S5) with a charge was also investigated, e.g. combine a charged Br,, meson candidate
and a neutral Bg;, meson candidate. The idea was that this approach would account for
missed charged tracks in the reconstruction. However, after extensive studies this pro-
posal was discarded, as it accumulated more wrongly reconstructed 7" (4S) candidates
than correctly built candidates.
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6.5. Rest-of-Event selection

After the combination of the Bgj, and Br,, meson candidates to an 1" (4S) candidate,
the ”"completeness constraint” can be imposed on this event.

One can look for particles not considered in the reconstruction of the 7" (4S) candidate.
These additional particles are called "Rest of Event” (ROE). For the ideal case, there
should not be any particles left in the event, as the event is completely reconstructed.
However, there might be tracks or clusters that were not used in the 7" (45) reconstruction
and might be a hint for wrongly reconstructed 7" (4S) candidates. However, particle
candidates in the ROE could also originate from material interactions with the detector
or simply fake particles. Therefore, a clean-up on the ROE particles is performed to
remove such particle candidates. This selection is based on [156].

The tracks in the ROE need to be within the CDC acceptance region and stem from
close to the IP with dr < lcm and |dz| < 3cm. Besides, tracks that are likely to
originate from low-momentum particles curling in the tracking detectors are rejected,
because there exists a high change of reconstructing them as duplicate track candidates.
This rejection of curling tracks is based on a pre-trained MVA selector [157] to recognise
curling tracks using Belle II data for the training.

For the clusters in the ROE, the ECL-region-dependent selection values are given in
table 6.7.

cluster region track pp clusterZernikeMVA
Forward 0.02GeVe ! 0.35

Barrel 0.03GeV ¢ 0.15
Backward 0.02GeVe ! 0.4

Table 6.7.: Selection criteria for the Rest-of-Event using different ECL regions, minimal
values for the transverse momentum p and the multivariate classifier value
clusterZernikeMVA.

The shower shape, which is the total energy deposit and distribution between ECL
crystals, can be used to distinguish between different particle types as the radiation
lengths differ. This difference can be exploited using MVA methods for example using
the moments of the Zernike polynomials with further information given in [158]. This
approach is already implemented in BASF2 and can be directly used by considering the
variable clusterZernikeMVA.

After the cleaning of the ROE, one additional selection cut is applied on the number
of tracks in the ROE. For a correctly reconstructed 7" (4S) candidate, there should not
remain any tracks in the ROE. Therefore, this region is referred to as the ”signal region”,
where the determination of the branching ratio will take place.

The region, where one or more additional tracks have been found in the ROE is called
”sideband region” and is used later on to investigate the agreement between simulated
and experimental data, see chapter 7.
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Another discriminating variable for background suppression of neutral particles in the
event is the sum of energy depositions found in the ROE, called EES&a However,
due to bad modelling of this variable in the generated samples, this variable is not
considered in this analysis. The reason for the seen disagreement might be that the
energy depositions within the particle beam are harder to simulate due to the higher
instantaneous luminosity at Belle II.

After the selection on the number of tracks in the ROE a cut on the missing mass m?mss
variable is performed, where the definition can be found in eq. (7.3). Further information
regarding this variable are given in section 7.3 and section 8.2.

The applied selection is —1 < m?niss <2GeVe 2

6.6. Best candidate selection

After all these selection cuts have been applied, it is still possible that there exists more
than one reconstructed 7" (45) candidate per event. However, in reality there is only one
T (45) resonance decaying into one BB pair.

Depending on the reconstructed mode, there are on average between two and five can-
didates before the best candidate selection (BCS). The most candidates are found for
modes, where the D™ meson is reconstructed using neutral pions. For modes, where the
D** meson is built from combinations of D™z mesons, the multiplicity of candidates
in an event is already close to one on average.

To select a best candidate special care has to be taken, as it can easily happen that
correctly reconstructed candidates are discarded. In addition, by considering a ranking
based on an invariant mass, the resulting distribution after the BCS for the extraction
of the branching ratio might show a peaking background structure, which would make
it harder for the fit to discriminate the different shapes of signal and background.

The first step in the BCS is to look for the Br,, meson candidate with the highest FEI
output for both the signal and the normalisation mode. However, it is often possible
that there exist still more than one candidate due to multiple Bg;, candidates. Thus,
for the B — D**/1; reconstruction mode, the D** — D*7 decay channels are favoured
over the reconstructed D** — D7 decay modes. By preferring the reconstruction of
the process D** — D", the resolution of the resulting D** mesons is improved as the
reconstruction of the D* meson, due to the slow pion, has a more distinct signature in
the detector.

For the case that there is still more than one reconstructed candidate per event left, the
absolute difference between the reconstructed and the nominal mass of the first daugh-
ter of the D™ meson, meaning either the D* or the D meson, is chosen to reduce the
multiplicity in each event to one. In case of the normalisation mode, the reconstructed
D™ meson is used directly instead of the first daughter in the D** meson reconstruction.
The mass difference should be unique for each candidate. In the rare instances, when
this is not the case, a random candidate is chosen.

As already mentioned, it is important to study the impact of a BCS based on a mass
variable. Therefore, a study has been performed to investigate, if the selection of a best
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candidate based on the mass difference results in a peaking background of the fit vari-
able. This has been done by comparing the shapes of the different background categories
for the fit variable before applying the last step of the BCS and after. The comparison of
shapes showed no sign for an increase in peaking background, thus the mentioned BCS
can be applied.

6.7. MC matching

After the whole procedure for the reconstruction of the 7" (4S5) resonance has been per-
formed as described in the previous sections, the reconstructed 7" (4S) events can be
classified into different categories based on their generator-truth information.

To do so, the reconstructed objects are compared with the generated objects in simula-
tion.

The following section will describe the classification of the simulated sample into dif-
ferent signal and background categories starting with the generator information of the
reconstructed signal lepton.

6.7.1. Signal components

For the truth-matching the decay tree on generator level is traversed starting with the
reconstructed light charged lepton. For an 7" (4S) candidate to be classified into the
signal component, meaning B — D™*/y,, the following criteria need to be met:

True lepton The reconstructed lepton can be matched to a light charged lepton on truth-
level and this lepton originates from a B meson, which is used as the generator

signal B meson referred to as Bgign.

True Bgs;; — D™ The first daughter of the generator-level ngn is a D™ meson. Fur-

thermore, it is required that the ngn meson does not have any additional daugh-
ters except for the charged lepton, the neutrino and final state radiation photons.

Not continuum This requirement ensures that the 7" (4S5) candidate does not originate
from a continuum or off-resonance simulated data set.

The signal component can then be further sub-divided into D** mesons decaying into a
D or D" meson and one or two additional = mesons, due to the fact that this analysis
focusses on the measurement of the branching ratio into a D™ mesons plus one additional
pion. This is later on also considered in the fit by the usage of two templates for both
pion multiplicities, as detailed in section 8.2.

In the considered MC matching for this analysis, the decays of the D and D" mesons are
not explicitly taken into account on generator level. This means that the truth-matching
allows for mis-reconstructed D or D* mesons in the D™ meson reconstruction.

The advantage of this approach is a non-peaking background in e.g. the fit variable.
This might occur when reconstructed Bgj, meson candidates have a missed particle in
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the reconstruction chain, such as a m,,,, but still peak at the expected value. On top
of this, the amount of statistics is increased and therefore also the efficiency.

The disadvantage is, however, a lower signal resolution, which results in smeared out
variable distributions.

Furthermore, the Br,, meson, meaning the reconstruction of the tag-side B meson using
the hadronic FEI is not required to fulfil any specific generator-truth level conditions.
Only the Bgj, meson candidate needs to fulfil the above defined signal requirements.

6.7.2. Background components

If the reconstructed candidate is not correctly reconstructed, there are different back-
ground categories that it can be classified into, depending on the generator information.
The background categories considered for this analysis are defined as follows:

Continuum The reconstructed candidates originate from a simulated continuum or off-
resonance MC simulation. For all the other background categories it is explicitly
demanded that the reconstructed candidates do not originate from a continuum
sample.

B — D{v, This category is almost identical to the signal category. The only difference
is that the sister” of the true lepton, meaning the first daughter of the ngn, is a

. *ok
D meson instead of a D™ meson.

B — D*/fv, This is also almost equal to the signal category, only this time the sister
of the true lepton is a D* meson.

Lepton fakes This category comprises reconstructed charged leptons that cannot be
matched to a charged lepton on generator level, meaning that the reconstructed
particle is presumably a hadron.

Other BB background This last category summarises all the reconstructed candidates
that do not match the signal definition neither can it be classified into any of
the categories mentioned above. This means especially that the reconstructed
candidates still originate from a BB event but not from the continuum sample.

6.8. D meson decay study

In general, there exist many different possibilities to hadronically reconstruct neutral
and charged D mesons, where the ones considered for this analysis can be found in ta-
ble 6.2.

To compare the importance of each reconstructed D meson decay channel for the recon-
struction of a single B meson, a figure of merit (FOM) is defined. The FOM used in this
case is given by FOM= S/v/S + B, where S corresponds to the number of generated
signal events and B is the number of background events. The value of the FOM will
increase as more signal and less background is selected. It is a rough measure for the
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expected sensitivity of the analysis.
In this analysis, the signal category is not further sub-divided. This means that the

full reconstructed B meson decay channel is not explicitly compared to the generated
one, but rather it is tested that the reconstructed decay is on generator level a resonant
B — DY wly, decay with arbitrary D™ sub-decay.
Before the actual study, based on the FOM, has been performed, the mass distributions
of the D meson for simulated and experimental data have been compared. Some modes
have already been excluded here due to observed differences between simulation and
data for both the signal and the normalisation mode. Besides, modes with only a few
reconstructed events were also dropped.
Due to the high purity of the B — D*f1, sample after the discardment of the D meson
decay channels with bad modelling in the simulation, no further optimisation of the
normalisation mode based on the D meson decay channels is performed.
The D meson study is performed only for the B — D**/f1, signal channels. At first, the
FOM is calculated once for each reconstructed B meson decay channel including all D
decay modes. Then one D meson decay mode is excluded one at a time and the FOM
is determined again.
The results can be seen in fig. 6.4a for an example decay mode using an electron as the
light charged lepton and in fig. 6.4b by taking the muon. The histograms for all other
reconstructed B meson decay channels can be found in appendix A.
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Figure 6.4.: Histograms showing the significance for one particular reconstructed B me-
son as stated in the title, where the light charged lepton is the electron on
the left-hand side and the muon on the right-hand side. The overall signifi-
cance is portrayed by the red line and the excluded reconstructed D meson

decay mode is shown on the x-axis.
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The red line in the histograms symbolises the overall significance of the B meson decay
channel in the title of the histogram and the different points show the significance, when
the decay mode shown on the x-axis is removed from the calculation of the FOM. This
means if after the exclusion of a D meson decay channel the significance is the same as
the overall significance or even above the overall significance, the red line, the D meson
decay channel can be removed from the reconstruction of the B meson without loosing
sensitivity. The reason is simply that this decay channel does not contribute to the
overall significance or even worsens it.

After the exclusion of the determined D meson decay channels, the overall significance
increases for the B meson reconstruction since in some removed channels more wrongly
reconstructed candidates than correct ones were present.

Other removed decay channels do not change the significance at all, mostly because of
their small branching ratio, see table 6.2. This means however, that more data in the
future might change the picture significantly.

In addition to that, it is noticeable that for the neutral D meson the decay modes of
particular importance in the reconstruction are D’ - K 7" and DY - K 777’ and
for the charged D meson the mode DT — K a'#" plays a major role. These are
modes that have a large branching ratio as well as only a few particles needed for the
reconstruction.

6.9. Corrections to recorded and simulated data

There exist corrections that are applied to simulation to change the underlying physics
model as for the form factors or include updated measurements like newer values of
branching ratios, as detailed in section 4.2.1. However, there also exist correction fac-
tors that need to be applied due to the performed selection, these can be for example
corrections that compensate for performance differences between experimental and sim-
ulated data such as particle identification and reconstruction or the efficiency of the
hadronic FEI for the tag-side.

6.9.1. Track momentum scaling

The track momentum scaling is a correction that needs to be applied to recorded data.
A shift in the invariant mass peaks [159, 160] for e.g. D’ D* and the K9S meson has
been observed between the data accumulated by the Belle II detector and the simulation
that considers values from [70].

The observed shift towards lower values can be explained due to a bias in the tracking
momentum, which results from a biased magnetic field map used for the data reconstruc-
tion. Currently, the magnetic field map is not finalised yet and therefore a run-dependent
scale factor is used as a correction. The determination of the scale factor is done by it-
eratively fitting the D’ mass in the decay D*" — [DO — K n]n" while taking into
account the changed three-momentum of the daughter particles originating from tracks
that are affected by a changed magnetic field map.
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6.9.2. Energy bias corrections

Like the previous correction, the energy bias correction is also applied to the experimental
data to account for an observed shift in the photon energy [161] between data and
simulation, which directly results in an invariant mass shift of the 7’ mesons.

For the determination of the corrections, the symmetric decays of the nature ¥ = Yy
and 77 — 7 in the range of the photon energy between 0.02 to 2.00 GeV are used [162].

6.9.3. Particle ID corrections

After the application of the lepton identification or hadron identification algorithm also
differences between MC and experimental data have been observed for the efficiencies,
but also for misidentification rates of these particles as well. These differences are de-
pendent on momentum and on the polar angle of the associated track and are therefore
applied as weights to the simulated particle candidates based on angle and momentum.
The efficiency factors are applied in case a reconstructed object can be correctly matched
to a generated object, whereas misidentification factors are used if the simulated candi-
date is not reconstructed correctly.

For the determination of the efficiency factors of the lepton identification, the following
four processes [163] are used J/p — €0, e et — e e ((T07), e et — e et () and
e et = Tt (y).

The combination of these four processes spans a wide range in lab momentum py,;, and
the polar angle € of the leptons, as each process dominates in a certain region, thus the
combination maximises the coverage and minimises the uncertainties.

A tag and probe method is considered for the determination of the efficiency for each
process separately. To do so, the tag sample is chosen based on the invariant mass of the
two lepton candidate tracks and event shape variables to make sure that a pure lepton
sample is selected. Here, the probe sample is a subset of the tag sample with a selection
cut on the lepton identification requirement.

The efficiency € can be calculated as following:

Sig

N,

g = ﬁ, (68)
Npass + Nfail

with NE;%S being the number of events that pass the lepton identification requirement and
N;ii% the number of events that fail the lepton identification requirements, respectively.
The correction factor is determined by taking the ratio of the efficiencies € between data
and simulation. This factor is usually close to one.

Besides, the simulated sample needs to be corrected for hadrons, meaning charged pions
or kaons that are misidentified as leptons, where the correction factors are further away
from unity.

Here, the tag and probe method is used again. For the pion misidentification factors the
following two decay channels are considered K g — 77 as well as the tau decay into
one or three charged pions. In contrast to this, for the charged kaon misidentification
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factor the decay D*" — (D" — K~ a")x" is used.

To determine the hadron identification efficiency and misidentification rates [164], a tag
and probe method using the same physical processes as for the determination of the
correction of their misidentification as leptons are used.

For each PID correction there exists an associated statistical and systematic uncertainty.

6.9.4. Slow charged pion corrections

In the decay D = D07T+, the 7" has a low momentum and is thus harder to recon-
struct. The slow momentum track efficiency is essential to account for the difference
between data and simulation in the range from 0.05 to 0.20 GeV ¢! The resulting
systematic uncertainty associated to this correction is one of the leading systematic un-
certainties in similar analyses, e.g. [165].

The corrections [166] are provided in bins of pion momentum. To determine these
corrections, the decay B — D*~ — (D’ - (K #t, K ntats  Kixta )n )n' is
considered, where a two-dimensional fit in bins of AE and AM, the mass difference
between D* and DO, is used.

Similar to the PID corrections, the correction factor is provided with a statistical and
systematic uncertainty.

6.9.5. Neutral pion efficiency corrections

Compared to the charged m, the 7’ is built from a pair of energy depositions in the
calorimeter, which are less well-measured. Therefore, there are also efficiency corrections
available for the 7’ mesons. These, however, need to be split further into the nominal
and slow 7’ efficiency corrections.

Nominal neutral pion

For the nominal neutral pion, the efficiency corrections [167] are determined in momen-
tum bins in the range from 0.2 to 3.0 GeV ¢! using the decay channels D’ &5 K nta?
and also 7 — 37Ti7r01/7. The correction factors are determined by comparing the DY or
0 . .

the 7~ mass peak between data and simulation.

At the end, there exists one correction factor that needs to be applied to simulated data.
It originates from the D’ method with an additional systematic uncertainty to account
for the difference in the determination of both these methods.

Slow neutral pion

To determine the corrections for the slow neutral pion [167] in the momentum range
0.05 to 0.20 GeV ¢! relative to the bin 0.2 to 0.4GeV ¢ ' the decay BT — (D*’ —
(Do - K _7r+)770)7rJr is used. The correction factor is measured by comparing the mass
difference between the charged D* meson and the neutral D meson. These corrections
also have associated systematic and statistical uncertainties.
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6.9.6. Tagging efficiency correction

As already mentioned in section 6.4.4, there exist some performance differences between
experimental and simulated data for the FEI that need to be corrected by a calibration
factor:

NData,i
)
Nyvc,i

KFELi ‘= (6.9)
for the reconstructed FEI channel or the combination of reconstructed channels .

To determine the correction factors rpgy; for different working points of the FEI output
two different independent decay channels are investigated.

The first method uses an inclusive approach by reconstructing semi-leptonic B meson
decays [168] and the other method does a partial reconstruction of the decays B —
DWr [169]. At last, a combination [170] of the two methods is achieved by doing a x°
parameter estimation.

Semi-leptonic calibration method

After the reconstruction and best candidate selection of the Br,, meson as detailed in
section 6.4.4, the reconstructed tag-side is combined with a light charged lepton that
possesses a momentum above 1.0 GeV ¢ in the B meson rest frame.

After the categorisation of the reconstructed Bg;, meson candidates based on simulated
data into different truth-components, a template fit using the light charged lepton mo-
mentum in the B meson rest frame as the fit variable is performed to determine the
number of signal and background events in data.

Hadronic calibration method

The other calibration method uses hadronic B meson decays. As for the semi-leptonic
calibration method, the reconstructed Br,, meson candidate is selected according to
section 6.4.4, where the best candidate is combined with a charged pion with the highest
momentum in the CMS. Afterwards the recoil mass of this combination is determined.
For B — D7+ decays this should peak at the D™ meson mass. Therefore, the invari-
ant mass is used to determine the number of these decays by performing a maximum
likelihood fit.

Compared to the semi-leptonic calibration method, the statistics is one order of mag-
nitude lower. However, the sample is much purer as the signal peak is much more
dominant. Besides, the background level is much lower and easier to model. Therefore,
the determined systematic uncertainties are smaller than for the B — X _ /1, calibration
method explained above.

Combination

The combination of the two determined calibration factors for each reconstructed Br,g
meson decay channel or subset are calculated via a X2 fit with further information
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in [170], where the discrepancies between the two calibration methods are taken into
account.
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CHAPTER [

Validation of Simulation

To test the correctness of the simulation such as the shape and the yield of the simulated
data, several studies have been performed to compare how well the simulation describes
the data.

This can be done using sidebands, where it is assumed that the amount of signal is
negligible compared to the background. Since these sidebands are independent of the
signal distribution, they do not bias the analysis and can therefore be used as a cross
check of certain background categories.

The sideband considered for this analysis depends on the number of tracks in the ROE
as defined in section 6.5. In case there is one or even more tracks left in the ROE, these
events are defined as a sideband, which will be further investigated in section 7.1.1.

In addition to this, also the modelling of the continuum simulation is tested in sec-
tion 7.1.2 by investigating off-resonance data not taken on the 7" (45) resonance.

At last, some of the tag-side distributions are investigated in section 7.2 as well as signal-
side variables in section 7.3 before looking at the fit variable m?niss as defined in eq. (7.3).
However, due to the numerous reconstructed decay channels only a few representative
distributions will be shown.

7.1. Sideband studies

Before looking at the signal region, a few checks were performed using the sideband
region. Every sideband region can be used to investigate different background categories
in e.g. shape and yield.
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7. Validation of Simulation

7.1.1. ROE sideband

The number of charged tracks in the ROE should be zero for correctly reconstructed
B — D"fy; and B — D™ /{1, decays in the respective reconstruction. For the case that
there exists one or even more tracks in the ROE of the reconstructed 7" (4S) resonance,
it can be assumed that these events are mainly background events. These are processes,
where the D** meson reconstruction is wrong and thus one or more tracks remain unused
in this event. Therefore, this region can be considered to investigate the agreement
between the simulation and the recorded data by not biasing the analysis.

In this region various variables can be investigated, to get a clear picture on the modelling
of the tag- and signal-side variables for certain background processes.
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Figure 7.1.: Distributions for AE of the Br,, meson for two B — D**ly, decay modes,
which can be found in the title of the plots.

In fig. 7.1 AFE (see eq. (6.3) for the definition of the variable) for two example decay
modes can be seen, additional variables can be found in appendix K.
The lower part of the histograms shows the pull of the distribution, which is defined as:

Nexp, - Nsim.
2 2
chp. + Osim.

, (7.1)

where N, and azxp. correspond to the number of experimental events and the associ-
ated uncertainty, Ng,, and agim. correspond to the simulated number of events and the
uncertainty. This uncertainty on the simulated samples includes the statistical uncer-
tainty from the simulation as well as the considered systematic uncertainties, which are
discussed further in section 8.5.

The differently blue coloured bands correspond to the one and two sigma confidence in-
tervals. In case the experimental and recorded data agree well, the black points for every
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7.1. Sideband studies

bin are close to zero and thus in the one or two sigma confidence intervals. However,
due to statistical fluctuations there are usually a few bins, where the deviation is a bit
larger.

In all the presented plots in the top right-hand corner the p value for each distribution is
presented. The p value can be calculated by first determining the X2 of the distribution
as follows:

2
2 (xb,D ta $b,Mc)
=) : (7.2)
b Ob,Data,MC

where the sums runs over all bins b of the histogram and x; corresponds to the number
of events in bin b of the data or MC sample , respectively. o}, patavc is the combined
uncertainty on the yield of data and MC samples. Then, the difference from unity
between the determined X2 value plugged into the cumulative X2 distribution function
with the number of degrees of freedom being the number of bins minus one, is determined.
For distributions, where a good agreement between simulation and experimental data
is visible, the p value should be close to one, whereas for distributions with a small p
value, the simulation does not describe the data well.

In general, however, a reasonable agreement between simulation and data is visible.
Therefore, no additional steps have to be taken to account for a particular mismodelling.
As already mentioned in section 6.4.4, some variables are not well described in the
simulation and are therefore removed from the selection, see e.g. fig. 7.2. Even though
the p value sometimes is sensible, a clear mismodelling particularly in the low R, region
can be seen because the p value does not take systematic trends or shifts into account.
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Figure 7.2.: Distributions for the R, variable, as defined in eq. (6.7), for two B — D**{y,
decay modes, which can be found in the title of the plots.
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7. Validation of Simulation

7.1.2. Off-resonance data comparison

The continuum or ¢ processes are especially hard to model in the simulation, because
of the Pythia tuning as described in section 4.2.2. Therefore special care has to be taken,
when this process is an important background in an analysis.

This can be done by investigating the agreement between the recorded off-resonance data
set and the continuum MC. The off-resonance data set has been collected 60 MeV below
the T (45) resonance, which means that no BB mesons pair could have been created
and only light quark pairs are produced.

Different variables can be investigated after the continuum MC is scaled down to the
amount of recorded off-resonance data. The recorded data set is quite small with an
integrated luminosity of 42.3 fb~! and therefore, the data points have huge statistical
error bars.

Two example distributions for the region with no additional tracks in the ROE and one
or more tracks can be found in fig. 7.3. Most of the other modes have even less statistics,
thus these two distributions are chosen to demonstrate the agreement.
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Figure 7.3.: Comparison of the mfmss for the reconstructed B — D"/, decay mode in
the title of the plot in the region with one or more tracks in the ROE on
the left-hand side and no tracks in the ROE on the right-hand side.

Within the statistical uncertainties these distributions are compatible with one another
and therefore the decision was made not to apply any additional corrections or uncer-
tainties to the continuum MC.
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7.2. Investigation of tag-side variables in signal region

Now, that the sideband region as well as the continuum MC have been investigated fur-
ther and a reasonable agreement between simulation and data has been observed, some
tag-side variables in the signal region are investigated. For this, the reconstruction of the
Bgiy and Br,, meson towards an 1" (4S5) resonance has been performed, however, only
quantities regarding the Br,, meson are investigated to analyse potential mismodelling
between simulation and data.
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Figure 7.4.: Comparison between simulation and data in the signal region using the AF
variable of the Br,, meson for the B — D**{vy; decay channel in the title of
the histogram.

Two example distributions for AF in fig. 7.4 and for M, are given in fig. 7.5 (see eq. (6.3)
and eq. (6.4) for the definition of the variables). Also in these variables, a reasonable
agreement between the recorded and simulated data set can be observed.
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B*-sD n*tetv, [cdt=364.4fb1 BO-D ~n%u* v, Jcdt =364.4fb71
¢ Exp. data == B-D' v " ¢ Exp. data == B-D'tv "
O\ MC syst. unc. R B-DIv p value: 0.69 X Wsyetune. =3 80t p value: 0.1
704 %z MCstat. unc.  EEH lepton fakes wti MC stat.unc. B lepton fakes
= B-D"niv [ other BB bkg. 250 EEm B-D"ni =1 other BB bkg.

m 8-D"nniy =1 continuum mm 8-0" iy =3 continuum

200

150

Events / (0.001 GeV)
Events / (0.001 GeV)

50

52700 52725 52750 52775 52800 52825 52850 52875  5.2900 52700 52725 52750 52775 52800 52825 52850 52875  5.2900
Mec [GeV] mc [GeV]

Figure 7.5.: Comparison between simulation and data in the signal region using the
beam constraint mass of the Br,, meson for the B — D** (v, decay channel
in the title of the histogram.

7.3. Investigation of signal-side variables

After also investigating the tag-side in the signal region, also some checks using variables
of the signal-side are performed. One such variable is the momentum of the light charged
lepton in the CMS, as can be seen in fig. 7.6. For this variable, a good agreement between
simulation and data is seen.

Another very important variable that has been investigated is mfniss, which is considered
as the variable to extract the branching ratio for the signal and normalisation mode.
minss can be calculated as follows:

2 2
Mupiss = (pBSig — Dy _pD*(*)) ) (73)

where p By Pt and Py correspond to the four-momentum of the Bgj, meson, the

charged light lepton and the D™ or D* meson, respectively. Here, it depends which
mode is reconstructed either the signal mode D** or the normalisation mode D" to
chose the corresponding meson. As the D™ meson is not explicitly reconstructed, the
four-momentum of the corresponding D7 meson pair is added to determine the four-
momentum of the potential D** meson candidate.

Besides, the four-momentum of the Bgj, meson cannot be measured directly, because
there is the undetected neutrino. Rather, it has to be inferred from the tag-side, as the
Bg; and the Br,, meson are created back-to-back in the 1" (4S5) rest frame. The other
required quantities can directly be measured with the detector.

The corresponding distributions can be found in fig. 7.7.

A good agreement between the simulated and experimental data is visible in this variable.
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Figure 7.6.: Momentum of the light charged lepton in the CMS in the signal region for
the B — D™*{1, decay in the title.
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Figure 7.7.: mfmss in the signal region for the B — D**/1; decay in the title.
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7. Validation of Simulation

Also all the other B — D**fy; and B — D"/, decay modes have been checked and a
good agreement has been observed for all channels, where some example histograms for
the B — D™/, can be found in appendix B and in appendix C for the B — D*/y,

decays.
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CHAPTER 8

Branching Ratio Determination and Systematic Uncertainties

8.1. Theory of the fit

To determine the branching ratios of the B — D**/1; decays, a binned maximum likeli-
hood fit using the PYHF package [171,172] is performed. It relies on HISTFACTORY [173],
where the underlying theory is described in [174].

This chapter, based on [175], will briefly introduce maximum likelihood fits using many
parameters that can give e.g. information regarding differences between simulation and
data arising from systematic uncertainties.

The main idea is to estimate these numerous parameters using the observed data distri-
butions. Here, the different parameters @ with the estimators 0 need to be determined
in one single fitting procedure, where bold parameters correspond to a vector of param-
eters.

However, to be a single good estimator, it needs to be efficient, unbiased and consistent.
This means that the estimator 6 converges to the true value 6 for a large number of data
points IN. Besides, it should have a small variance and the expectation value must be
equal to the true value 6.

The parameters are estimated as follows: At first, for the given measurement, the data
is divided into N statistically independent data points {z;}. Every single data point can
be described by an (unknown) probability density function P(x;|0) (PDF), where 0 are
the parameters that need to be determined.

The likelihood function for this unbinned case with the joint probability density for the
data set @ = {x;} is given by:

N
L(x|0) = HP(xZ-IO). (8.1)
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8. Branching Ratio Determination and Systematic Uncertainties

If the estimation of parameters @ equals é, the likelihood function has its global maxi-
mum.

However, this approach does not take into account statistical uncertainties on the total
number of data points N. This means, if one would perform the measurement again,
one would see a Poisson fluctuation from the measured events N around the (unknown)
expectation value v.

This is incorporated into the extended maximum likelihood function. However, usually
its logarithm is used due to its monotonous nature as it reduces the product to a sum,
which is better for iterative minimisations.

The extended log-likelihood is given by:

N
In L(xz|v,0) = Zln P(z;]0) + NInv — v, (8.2)
i=1

from which the additive terms that are independent of the parameters @ are dropped.
To now measure the decay rate, one needs to incorporate the rate as a parameter into the
likelihood function and extract its value by determining its optimum for the measured
data. Nonetheless, the data is not completely pure, which means that the data must
be described by more than one PDF P(z|@). This is also the case in this analysis,
nevertheless, the different P(xz|@) have different distributions for different components.
The difference in shapes Pg(x;|0) for signal and Pg(x,;]|0) for background processes can
be exploited to determine the fraction of signal-like and background-like events in a given
data set {z;}.

To incorporate this for the fraction of signal-like events, the signal strength parameter
w is included into the model. This is also the parameter of interest in this analysis. It
allows to scale the amount of signal events in the simulation up or down. For the case
1 = 0, there exists no signal and the background-only hypothesis is considered.

When the scaling parameter p is set to one, the hypothesis of signal and background is
taken from the expectation according to the simulation.

Hence, the total number of events in the measurement is given by N = uS + B with S
and B being the number of postulated signal and background events respectively. Also,
the additional parameters @ are usually called nuisance parameters (NPs).

By replacing v with uS + B eq. (8.2) yields:

N
In L(z|p, 0) = Z In[pSPg(2;10) + BPp(x;]0)] — (1S + B), (8.3)

which is now dependent on the signal strength parameter p.

For a computationally more efficient calculation, the data is binned if the number of
obtained data points N is sufficiently large. This however results in bin-wise probabilities
for the PDFs Pq(x;|0) and Pg(x;|0). Besides, each bin b now has the number N, of events
accumulated into it.

By taking this into account, the likelihood can be written as a product of the Poisson

76



8.2. Fit setup

probabilities to measure N, events in bin b:

L(N|v,0) = [] Poisson(Ny|uv; (S.0) + vy (B,9)). (8.4)
b € bins

Here, VE and 1/5 correspond to the expected number of events in bin b to be signal- or
background-like. Regardless, both are dependent on the NPs 6.

In general, there are different ways how to include the NPs into the fit. The three
different types account for different kinds of systematic uncertainties.

The first type includes statistical uncertainties that arise due to the limited simulation
in each bin. The nuisance parameters 7, are different for each bin b and uncorrelated,
but constrained by the overall amount of events in process p. Due to this bin-wise
modification, the number of NPs would increase drastically with more bins. Thus, the
statistical uncertainty is evaluated for all processes {p;} together.

The second type of NPs, ¢,, can change the overall number of events of the process p.
This is usually used when the overall rate is unknown and needs to be determined by
the fit. This NP corresponds to the scaling parameter p of the signal process but for the
background template.

The third and last kind of NPs can change the shape as well as the rate of the distribution.
It is typically constrained by prior knowledge or auxiliary data. These NPs can be further
sub-classed into normalisation-only 7, (@) variations, and shape and normalisation o,,(8)
variations, where 0,,(0) is affected differently for each bin b and process p. These NPs
are usually correlated.

The summed number of expected events in bin b for a particular process p with all NPs is
then given by: vy, (7, ¢p, 0) = V,6,(0)1,(8)0,,(8), where ¢,(0) is equal to N, the total
number of events, and all other NPs are one for the nominal case. All the NPs @ are
allowed to float freely in the fit, but the likelihood needs more information to constrain
them. This can e.g. be done by using prior probability density functions to limit the
parameter range.

One method to determine the shape and normalisation variation of 0, () is the template
method, which uses alternative MC models to derive the systematic uncertainty. This
can either be done by using independent sample sets or reweighting of the nominal
data set. Here, the priors of the nuisance parameters @ are constructed so that the
alternative models resemble the one-sigma deviation of a Gaussian prior and the central
value describes the nominal prediction.

For the normalisation variations 7(€) an exponential interpolation is used to create
continuous distributions, whereas for the bin-by-bin wise variations 0;(6) a piece-wise
linear interpolation is utilised.

8.2. Fit setup

To determine the branching ratios for the eight different B — D(*)Trﬁyg combinations,
as reconstructed in section 6.4.3, the just described binned maximum likelihood fit is
performed. An additional fit based on the same method is conducted to determine the
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8. Branching Ratio Determination and Systematic Uncertainties

branching ratio of the normalisation mode B — D*{y,.

The signal extraction is done separately for the two light charged leptons, meaning the
electron and the muon and the variable chosen to determine the branching ratio is the
missing mass squared mfniss as defined in eq. (7.3). This variable choice is motivated
by the fact that the only particle that cannot be measured in the overall 7" (4S) recon-
struction is the neutrino in the Bgj, meson reconstruction. Therefore, m?niss corresponds
to the mass of the undetected neutrino, which should peak at zero for correctly recon-
structed B — D™ /{y, events.

The peak of the distribution at zero for m?niss shows tails to either side that arise due to
the finite detector resolution and misreconstructed candidates. Compared to that, the
background categories do not peak around zero, but have a rather broad shape, which
makes it possible to separate between the signal and background processes.

Now, a differentiation between the two performed fits has to be made due to different
selections, meaning the performed fit for the signal or the normalisation mode.

8.2.1. Signal fit

A schematic of this fit setup can be seen in fig. 8.1.

For the signal mode fit, the mrzniss distribution shows a clear peak at zero for the true
D™ meson decays with one pion in the D™ meson reconstruction. For D** mesons that
decay via two pions on truth level, a shift of the peak towards the positive m?niss regime
is expected due to the missed pion in the reconstruction.

For generated B — Df1y or B — D"{y; meson decays, the peak is slightly shifted to-
wards negative values of the missing mass because there have been additional particles
reconstructed that are not present on generator level such as pions.

The other background categories, as described in section 6.7, meaning lepton fakes, other
BB background and continuum are distributed more in the positive mfniss
ering a rather broad spectrum.

Due to the similar shapes of certain truth categories, they are combined into one fit cat-
egory. The truth categories lepton fakes, other BB background and continuum are com-
bined into the fit category “other background”. This is also done for the true B — D/,

region, cov-

and B — D"/, meson decays. Besides, the decays of the nature B — D(*)mr&/g via
any resonance for the two pions are included as another template for the fit. It was
also investigated to split this category further into decays via an 7 or via a D** meson,
however the fit got unstable due to the reason that the number of events in some bins
was small for these modes and rather hard to distinguish from the quite similar signal
templates.

The signal category B — D**fy, is further sub-divided into the eight different DWr
combinations for the D™ meson reconstruction as listed in table 6.4.

To account for the overlap in the reconstruction between the different D™ meson decay
modes, see e.g. fig. B.4, where most true B - D07T_£+I/g events are reconstructed
correctly, but some might contribute to BY - D*OTFEJFV@ because of misreconstruction,
one single fit combining all D** decay modes is performed for the electron and another
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Figure 8.1.: Schematic visualising the fit idea, where the generated decay modes are
shown with different colours as can be seen in the box at the top right corner
and the different reconstructed decay channels on the x-axis appended to one
another. Most generated events show up in their respective reconstructed
mode, but some are falsely reconstructed in different modes.
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8. Branching Ratio Determination and Systematic Uncertainties

one for the muon mode. This is done by appending the histograms in the range between
-1.0< mfmss < 2.0GeV ¢ 2 for the eight separately reconstructed signal decay channels,
so that at the end there exists one histogram with a single x-axis. Here, the product in
eq. (8.4) runs over all bins of all eight mZ,; histograms.

During the fit all scaling parameters are left free-floating and are additionally uncon-
strained. Due to the fact that certain truth categories were combined and others further
split, this would yield a total of 11 scaling parameters (eight for signal and three for back-
ground). Determining all these scaling parameters including their uncertainties during
one fitting procedure is a computationally intensive task. Besides, the uncertainties on

0 .
(+) 7 combinations

the determined scaling parameters on the D** meson modes into D
would otherwise be dominating (about ~ 40 — 50 %). These modes suffer from misre-
construction due to neutral pions in the B — D"/, decay. Therefore, the physical
property of isospin is considered. This links the scaling parameters for two signal decay
channels, which reduces the number of scaling parameters for the eight different signal

decays to four scaling parameters.

Isospin combination

The idea of isospin can be attributed back to nuclear physics. The proton and the neu-
tron have very similar masses and the nuclear force is approximately charge independent,
therefore Heisenberg [176] suggested that by neglecting the charge, there would be no
possibility to distinguish between the proton and the neutron. As a result, the concept
of isospin was introduced, where the proton and neutron form an isospin doublet with
the charge invariance being expressed as a unitary transformation in the isospin space.
This idea can be further extended to the quarks of the first generation, as QCD treats
all quark flavours equally.

The isospin [ is 1/2 for u and d quarks, where the third component I5 is +1/2 for the
u quark, —1/2 for the d quark and zero for all the other quarks. For the anti quarks I3
is —1/2 for the @ and 1/2 for the d quark.

For a combination of e.g. two quarks, the third component of the isospin can either
align between the quarks or point into the opposite direction. This results in different
15 values for one single value of total isospin I.

The combinations of e.g. a b quark with a u or d quark and I = 1/2 form the two
isospin doublets for the neutral and charged mesons: B~ , B ? and Bt BY.

This means that by taking into account the approximate isospin symmetry (only ap-
proximate, because the mass of the u and d quarks are slightly different), the properties
of the B meson do not change, when exchanging a u quark against a d quark, or vice
versa. Thus, the BT and the BY form an isospin doublet.

Therefore, the decay width B — X_.fv, should be equal for the B? and the B" me-
son, neglecting spectator effects due to QCD couplings with the other quark. Thus, the
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following holds:
B(B" - X ty) (BT
+ 04 & 0
B(B" = X, ("y) T1(B)
with B being the branching ratio and 7 being the decay time. This can then be propa-
gated down to the decay tree, meaning that the particle collection X, can be exchanged
by any allowed ¢§ combination.

One example for linking two scale factors in the fit together are e.g. the two modes
BT — D’z%y, and B” — D ty,.

, (8.5)

8.2.2. Normalisation fit

This section will focus on the explanation of the normalisation fit performed for the
B — D*fy; mode. The fit setup of the normalisation fit is very similar to the one used
for the determination of the B — D**/1;, decays. Due to the fact that the B — D"y,
decay has a much higher branching ratio and is easier to determine, the normalisation
fit can also be considered as a validation of the signal fit.

Similar to the signal fit, the signal component, in this case the rate of B — D*ly,, is
further split into neutral and charged B mesons, resulting in two signal templates. All
the other truth categories (see section 6.7 for more information) are combined into one
background template called "other background”.

The true B — D*/1, meson decays are expected to show a clear peak at zero, whereas
the other background components are distributed more broadly in the positive mfmss
regime.

To also incorporate the overlap between the neutral and charged D* meson reconstruc-
tion, both reconstructed D* decay channel histograms are appended to form one overall
histogram using —1.0 < mfmss < 2.0GeV ¢ ? as it is done in the signal fit for the eight
signal modes. This overlap between the neutral and charged mode is however very small
compared to the D** meson reconstruction and is expected to not substantially improve
the fit output, see fig. 8.6 for the charged D* and fig. C.1 for the neutral D* meson.

As in the signal fit, all unconstrained scaling parameters are left free-floating.

8.3. Fit validation

After the fit has been set up, different tests to validate the performance and reliability
of the fit have been performed. These can be done on the simulated data set, as de-
tailed in section 8.3.1, before performing additional checks on the actual data fitted in
section 8.3.2. At last, some studies on the improvement of the performance of the fit are
presented in section 8.3.3.

8.3.1. On simulated data

Before looking at the recorded data set, there are various tests that can be conducted
using the simulated data set.
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8. Branching Ratio Determination and Systematic Uncertainties

On simulated data the fit can be performed once using the same simulated histograms
as data and as fit templates. This setup is called Asimov fit.

Pseudo-data can however be generated using the simulated data set to test the fit per-
formance multiple times. This is done by merging in each bin all fit categories together
and taking into account their appropriate ratios to each other. Then the content of each
bin is randomly varied, where the original bin content can be thought of an expectation
value of a Poisson distribution.

Therefore, one can generate different pseudo-data sets using the initial data set. For this
analysis, 1000 pseudo-data sets were generated.

For each pseudo-data set, the fit is performed again and the results for the scaling pa-
rameters and the respective uncertainties can be further tested.

One such test is to see, whether the retrieved distribution’s mean corresponds to the ex-
pectation. For this, each pseudo-data set is fitted separately and the determined results
are filled into a histogram. To this histogram, a Gaussian distribution is fitted.

The corresponding distributions for the B — D**/1;, decay mode using the electron can
be seen in fig. 8.2 and for the muon in fig. F.1.
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Figure 8.2.: Scaling parameter determined in the fit for each signal category including
its uncertainties for the electron modes.
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8.3. Fit validation

This test is also performed for the normalisation mode, where the results for the electron
can be found in fig. G.1 and for the muon in fig. G.2.

As expected, the Gaussian fit to the resulting histogram for each signal template is com-
patible within uncertainties with a mean of one. The standard deviation o gives the
uncertainty associated to each scaling parameter. This uncertainty gives an estimate of
the expected sensitivity of the fit.

Another test is to check the pulls of the different scaling parameters determined by the
fit. The pull is defined as the difference between the fitted and the initial value (which is
one in this case) of the scaling parameter divided by the uncertainty of the fitted scaling
parameter:

Pull = Hrit — Nlnitial' (8.6)
OFit

If the statistical uncertainty opy; is estimated correctly by the fit, a Gaussian distribution
with mean p = 0 and a standard deviation o = 1 can be fitted to the pull distribution
within uncertainties.
The resulting pull distributions for the B — D**/1, decay mode using the electron as the
charged light lepton can be seen in fig. 8.3 for all signal templates. The corresponding
histograms for the muon can be found in fig. H.1.
This test can also be performed for the normalisation fit. The respective distributions
can be found in fig. I.1 for the electron and in fig. 1.2 for the muon.
This test showed no bias for either of the two fits or fit templates. In addition to looking
only at the signal templates, the pull distributions for the scaling parameter of the
background templates can also be investigated. This has been done and no bias has
been found.
One last additional test, called linearity check, has been performed. This test checks if
the fit is stable when varying the scaling parameter of the signal or background processes
in the pseudo-data amount. This can be achieved by scaling certain signal or background
processes up or down in the simulation and using this as the new data for the fit that
still uses the nominal scaling as starting point. Various different scaling scenarios were
tested in the range between 0.5 to 1.5 and the fit could always reproduce the parameter
used to scale the corresponding contribution. Therefore, it was concluded that the fit
is stable against any up or down scaling of signal or background categories, which is
useful in case one contribution in the signal or background templates in the simulation
is incorrectly modelled or if the signal branching ratio is not as expected.

8.3.2. On experimental data

After the completion of the tests using simulated data only, an additional test can be
performed by running the fit on the experimental data without looking at the result for
the signal strength parameters p, i.e. keeping the result of the analysis still blinded. The
pull as defined in eq. (8.6) can be investigated. This time however, the different nuisance
parameters, see section 8.1 and section 8.5 for further details, and their determined
uncertainties are checked in more detail.
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Figure 8.3.: Pull distributions for all signal templates, where the corresponding category
can be found at the top left of the plot in the subscript of the p. The p
corresponds to the width of the distribution for the electron mode.
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8.3. Fit validation

The results for the B — D¢y, decay channel can be found in fig. 8.4. The different
considered nuisance parameters can be seen on the y-axis, where "MC_ stat_ err[x]”,
corresponds to the statistical uncertainty on the MC simulation in bin x.

The black dots correspond to the determined value for each systematic uncertainty
parameter and the black lines to the corresponding uncertainty. The dots should ideally
be in the pull range of the x-axis between —1 and 1, meaning in the expected 1 ¢ interval.
Besides, the uncertainties should have a width of two.

This is the case for mostly all the considered nuisance parameters, only the nuisance
parameters attributed to the GAP simulation show a lot smaller width, which means
that the fit is able to constrain these parameters. However, the uncertainty considered
in this analysis for the branching ratio associated to the GAP simulation is 100 %, which
might be a slight overestimation.

This is also investigated for the normalisation decay channel in fig. J.1.

In general, this test underlines the correctness of the signal and normalisation fit.

The same test for the nuisance parameters has also been done on pseudo- and Asimov
data before looking at the outcome on data. No bias or unexpected result for the nuisance
parameters has been observed underlining the stability of the fit.

8.3.3. Fit performance studies

To improve the performance of the fit, several studies have been performed, such as
changing the bin multiplicity by considering equidistant and non-equidistant binning, as
well as other fit categories, or considering another variable.

Another promising variable to determine the branching ratios is w,,;, Which is defined
as Pmiss — pBSig — D¢ = Ppxx and Upiss = Episs — ’ﬁmiss"

Changing any of the mentioned parameters did not significantly change the fit result,
for some cases the fit became even unstable. Therefore, the decision was reached to keep
the nominal fit setup.
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Figure 8.4.: Mean and width of the pull distributions for the fit using the electron
mode on the left-hand side and the muon on the right-hand side including
all the systematic uncertainties considered as nuisance parameters for the
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8.4. Fit results

8.4. Fit results

After the validation of the fit, the results when applying the fit on Belle II data will be
presented and explained in the following sections.

The first section will start with showing the prefit distributions given to the fitter in sec-
tion 8.4.1. The branching ratios can be determined using the fitted scaling parameters as
will be explained in section 8.4.2. Besides, the postfit distributions will be given in sec-
tion 8.4.3, followed by the origin of the different systematic uncertainties in section 8.5.1.
Afterwards the impact on the result in section 8.5.2 is presented and the determination
of the normalised branching ratios in section 8.5.3. At last, the combination of the light
charged lepton channels to determine the normalised branching ratio, will be detailed in
section 8.5.4.

8.4.1. Prefit distributions

The so called prefit distributions are the histograms that are given to the fitter and can
also be used to compare if the simulation agrees with the data.

Extensive studies about the agreement between the simulated and the experimental data
have already been performed in chapter 7. The overall agreement is reasonable.

Two example prefit distributions for the B — D**f1, decay channel can be found in
fig. 8.5, where the rest of the decay modes can be found in appendix B.

In general, it can be said that the B — D**/1, decay modes including a 7/ in the D**
meson decay have a worse mass resolution than the modes, where a direct daughter of
the D™ meson is a charged pion.

The prefit distributions for the charged D* meson for the determination of the branching
ratio used as a normalisation, can be found in fig. 8.6. The corresponding histograms
for the neutral D* meson can be seen in appendix C.

Compared to the B — D™ /{1, decay reconstruction the samples are much purer with
only a small background contribution.

However, the data is slightly above the prediction but still within the uncertainties of
the expectation, indicated by the blue band in the lower part of the histogram.

8.4.2. Branching ratio determination

After the investigation of the fit variable mfniss for the signal and normalisation mode,

the fit is performed and the results are used to determine the measured branching ratio
for the corresponding decay mode.

In case the determined branching ratio would deviate from the expected branching ratio,
the rate of the observed signal events would be biased, this in return would directly be
visible in higher or lower u scaling parameters of the fit.

To determine the measured branching ratio, the branching ratios used for the generation
of the simulated data are required. As mentioned in section 4.2.1, the branching ratios
of the B — D**{y; and B — D"(1, decays are updated to the newest available values,
which have to be considered as default values in this analysis.
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Figure 8.5.: Prefit distributions showing the agreement between simulation and data for
the decay mode indicated in the title, on the left-hand side for the electron
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In table 4.1, the branching ratios considered for the B — D**/1, decays can be found,
starting from line three to six. Additionally, the sub-decays of the D** mesons are sum-
marised in table 8.1. Due to the fact that this analysis does not explicitly reconstruct

Decay channel = Branching ratio

Neutral
Dy’ - D%’ 33.33%
D)’ - Dr 66.67 %
D! - D’ 19.97 %
D! = Dp 39.94%
DY - DTp 66.67 %
Y - DA 33.33%
Dy’ — D" 13.34%
Dy’ — D'x 26.69 %
Dy’ - D7’ 19.99 %
Dy’ - Dtr 39.98 %
Charged
Dyt - DA’ 33.33%
Dyt - DYzt 66.67 %
Dy - D 19.97 %
Dy = D" 39.94 %
Dy - Dl 33.33%
Dt = D" 66.67 %
Dyt - Dtgf 13.34 %
Dyt — D" 26.69 %
Dyt —» DA’ 19.99 %
Dyt - DYr 39.98 %

Table 8.1.: D meson branching ratios used in the generation of the Belle II simulated
samples considering absolute measurements and isospin relations, see [117].

the D™ mesons, but rather uses an inclusive approach, meaning the reconstruction of
the decays B — D(*)Wﬁug, the branching ratios of the B mesons in table 4.1 need to be
multiplied by the D** meson sub-decays in table 8.1. To account for all possible com-
binations of D*) mesons with neutral and charged m mesons, the determined branching
ratios are summed.

The calculated values can be found in table 8.2.
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Decay channel Branching ratio
Neutral

B’ - D'x Ty, 0.37%
B’ 5 Dty 0.18 %
B’ - D*'r "y, 0.67 %
B’ = D=ty 0.34%
Charged

BT = D7ty 0.20 %
BT > D ntlty, 0.40 %
BT — D%y, 0.31%
BT — D" xtrty, 0.62 %

Table 8.2.: Calculated branching ratios for the different decay modes of the D** meson
for the Belle II simulated data, where the £ can be either of the charged light
leptons.

To determine the branching ratio for the normalisation mode, the reweighted branching
ratios in table 4.1 in the second line are considered.

The results of the performed fit are scaling parameters with associated uncertainties for
each fit template (the number of scaling parameters for the signal decays in the sig-
nal mode are halved due to the considered isospin constraint). Since the fitted scaling
parameters are directly proportional to the branching ratios, the measured branching
ratios are obtained by multiplying the branching ratios used in the simulation by the
fitted values of pu.

The central values extracted in the presented analysis are kept blind to not impede a
future publication by the Belle II collaboration. Therefore, only the uncertainties after
the fit can be presented.

The results for the relative uncertainties for the normalisation mode B — D*f1, can be
seen in table 8.3 for the electron and in table 8.4 for the muon. The relative uncertainty
results for the signal fit are displayed in table 8.5 for the electron and in table 8.6 for
the muon.

The relative measured B — D*/1, branching ratio uncertainty is around ~ 10 %, whereas
the relative measured branching uncertainty for the B — D**/1, decays lies in the range
15—-20%. As expected, the decay modes utilising a neutral pion in the reconstruction
of the D™ meson have larger uncertainties, this is however improved by considering the
isospin constraint between the charged and neutral pions in the D™ meson reconstruc-
tion.
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Decay channel Branching ratio uncertainty

Neutral

BY - D" ¢" +10.4%
Charged

BT — D*0¢e* +13.2%

Table 8.3.: Measured relative branching ratio uncertainties for the different decay modes
of the D* meson to a final state containing an electron.

Decay channel Branching ratio uncertainty

Neutral

BY - Dyt +10.0%
Charged

BT — D'yt +10.5%

Table 8.4.: Measured relative branching ratio uncertainties for the different decay modes
of the D* meson to a final state containing a muon.

Decay channel Branching ratio uncertainty
Neutral

B" = D' ety +18.6 %
B’ - D 'ty +171%
B’ — D5 ¢y, +16.4%
B’ - D ety +19.4%
Charged

BT = D’zety, +18.6 %
BY — D ntey, +171%
Bt = D*'7% "y, +16.4%
BT - D" xtety +19.4%

Table 8.5.: Measured relative branching ratio uncertainties for the different decay modes
of the D™ meson to a final state containing an electron. The decay chan-
nels with the same branching ratio uncertainty are related using the isospin
constraint.
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Decay channel Branching ratio uncertainty
Neutral

B’ — D’n uty, +21.7%
B’ — D n%uty, +£16.5%
BY - 5*077_;14_% +16.2%
B’ — D r’uty, +£16.6 %
Charged

BT — EOWO,LﬁVM +21.7%
BT — D 'ty +16.5%
BT — 5*07rou+yu +16.2%
B — D"yt +16.6 %

Table 8.6.: Measured relative branching ratio uncertainties for the different decay modes
of the D™ meson to a final state containing a muon. The decay channels with
the same branching ratio uncertainty are related using the isospin constraint.

8.4.3. Postfit distributions

After the fit has been performed the fit templates can be scaled by the determined
scaling parameters to produce the postfit distributions. These can again be investigated
to see if the simulation and the fit results agree well with the experimental data. A large
visible deviation might hint on an internal problem with the fit like the setup or bad
convergence.

The postfit distributions for two decay channels of the signal mode can be seen in fig. 8.7
and for all the other reconstructed decay channels in appendix D. Compared to fig. 8.5,
the fitted templates are closer to the data after the fit has been performed.

Two example postfit distributions for the B — D"/, normalisation mode can be found
in fig. 8.8 and for the other channel in appendix E. Also in the normalisation fit (see
fig. 8.6 for the prefit distribution), it is visible, that after the fit the fitted templates are
closer to the data points.

In general, a good agreement between the simulation and the recorded data can be seen
for both the signal and the normalisation mode after performing the fit.
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8.5. Systematic uncertainties

In addition to the statistical uncertainties of the measurement originating from the num-
ber of observed events, there exist systematic uncertainties to each measurement. These
systematic uncertainties can be further sub-classed into modelling and experimental un-
certainties.

Uncertainties arising due to the modelling originate from the simulation, such as branch-
ing ratios or different considered form factor models.

In contrast, experimental uncertainties arise due to the experimental setup of the Belle 11
detector, meaning inefficiencies in the reconstruction of particle signatures, restrictions
coming from the knowledge of the calibration of certain detector components or the
limited understanding of the amount of collected data.

This section focuses on the determination of the impact of all considered systematic
uncertainties on the measured branching ratio as well as their incorporation as nuisance
parameters into the fit.

As already explained thoroughly in section 8.1, there exist different types of nuisance
parameters. One type of nuisance parameter can take different values for every bin,
however, uncorrelated and constrained by the overall amount of events. The second
type of nuisance parameters is able to change the overall rate of the process, whereas
the third and last type is able to change the shape as well as the normalisation of the
distribution.

At first the incorporation of the different systematic uncertainties into the fit is described
in section 8.5.1, followed by the determination of the impact of each uncertainty to the
measured branching ratio in section 8.5.2 including the results.

8.5.1. Origin of systematic uncertainties

This section will be further split into the uncertainties arising from the simulation and the
theoretical models and systematic uncertainties originating from experimental effects.

Uncertainties from modelling

For the generation of the simulated samples one needs to rely on theoretical descriptions
of e.g. decay properties of certain particles or previous measurements. Due to the
fact that there might have been updated measurements or even theories, these can be
included into the current simulated samples by e.g. reweighting certain events. However,
all these new values come with uncertainties, which results in an "up” variation of the
weight, when the value plus the uncertainty is considered and a "down” variation by
using the weight minus the uncertainty. These can then be considered as alternative
weights to fill two additional distributions for the fit. Such uncertainties are of the third
type changing shape and rate of the fitted distribution.

Branching ratios As mentioned in section 4.2.1, the generated events are reweighted
according to the values given in table 4.1. Each of these values is assigned with an
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8.5. Systematic uncertainties

uncertainty, which originates from the measurements or the isospin relations to al-
ready measured decays, expect for the so far unmeasured gap modes B — p™
The uncertainty on the branching ratio here is assumed to be 100 %.

By considering the uncertainties associated to every branching ratio, two alterna-
tive templates can be built by varying the original templates up and down within
their uncertainty.

So at the end there exists one nuisance parameter for every considered branching
ratio uncertainty, each fully correlated between bins.

The uncertainties on the decay modes that are considered as nuisance parameters
in this analysis are the processes B — Df1y, B — D"{y; (not included in the nor-
malisation fit as this is the quantity that is measured), the individual B — D**/y,
branching ratios for D, D, D, and D, B — D(*)mrfyg and B — D(*)néug.
These decay channels are the most important ones for this analysis. It has also
been investigated to include the uncertainties of the sub-decays of the D* or D
meson. The impact on the final result was however so small, that the decision was
made to remove them, to not interfere with the stability of the fit by introducing
unnecessary parameters.

’r]ﬁljz.

Form factors In addition to the newly measured branching ratios, there are updates
from the theory for the considered form factors. The reweighting of the simulated
samples to the newest theories has been described in section 4.2.1 according to
table 4.2. A transformation into an eigenbasis is performed and new weights in-
cluding uncertainties are determined. Therefore, the form factor uncertainties are
translated into shape uncertainties. These uncertainties can again be used to build
alternative distributions for nuisance parameters that are able to change the shape
and rate of the distributions.

One such nuisance parameter is assigned for every considered new form factor
model, which would be the models for the different B — D/v,, B — D*{y, and
B — D™y, decays.

Statistical uncertainty on MC samples To build the different templates for all consid-
ered signal and background categories simulated samples are used. The amount of
simulated data is however not infinite, only a certain amount has been generated.
Therefore, the systematic uncertainty arising from the limited number of statistics
in the simulation can be included as nuisance parameters into the fit. For each
bin there exists one nuisance parameter. These NPs are uncorrelated between the
bins, but constrained by the overall size of the generated MC sample.

Uncertainties from experimental effects

As a final step in the generation of the simulated samples, the interaction of the detector
material with the generated particles is performed. This behaviour is however not always
simulated perfectly, therefore differences in the detection efficiency might occur compared
to data. To work out the impact of these difference, several studies are performed by
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8. Branching Ratio Determination and Systematic Uncertainties

comparing the simulation with the recorded data and correction factors are determined
that need to be applied to the simulated data and in rare cases to the experimental data.
These correction factors nonetheless come with uncertainties.

How these corrections have been calculated for each particle type is explained in further
detail in section 6.9.

Track momentum scaling To account for errors in the Belle II magnetic field map, a
global track momentum scaling correction is applied to the recorded data, as de-
tailed in section 6.9.1. The systematic uncertainty originating from this correction
is not further investigated as the alternative correction factors and their uncertain-
ties are in the order of (‘)(10_4) and thus can be neglected as this measurement is
statistically limited.

Particle identification The particle identification can be further sub-divided into the
lepton and hadron identification, where the determination of the correction factor
including its statistical and systematic uncertainties is described in further detail
in section 6.9.3.

For each of the different particles and uncertainty types, one nuisance parameter is
assigned. This gives in total four nuisance parameters for the particle identification.

Slow charged pion correction In the D* meson decay into a slow charged pion, the effi-

ciency to detect such tracks needs to be corrected for observed differences between
simulation and data, as stated in section 6.9.4.
For each of the determined uncertainties, meaning the correlated and uncorrelated
statistical uncertainty as well as the systematic uncertainty on the method consid-
ered, one nuisance parameter is assigned. This results in another three parameters
for the slow charged pion.

Neutral pion efficiency corrections The procedure to determine the corrections for the
simulated samples that include neutral pions in the reconstruction is described in
section 6.9.5, where a distinction between a slow neutral pion (e.g. daughter of a
D" meson with low momentum) and a nominal neutral pion is made.

For each of the two kinds of neutral pions a statistical and two systematic uncer-
tainties are provided for the correction, meaning that three additional nuisance
parameters are added for each neutral pion type.

Tagging efficiency correction To account for the observed difference seen between the
recorded and the simulated data set, correction factors for the FEI, as detailed in
section 6.9.6, are determined. To consider the uncertainty on the correction factor
for the tagging in the fit, one additional nuisance parameter is introduced.

Tracking efficiency To determine a systematic uncertainty due to the efficiency of the
tracking algorithm, 7 pair events are used [177]. One of these tau leptons is sup-
posed to decay leptonically 7 — Eiugy;, where the ¢ can either be an electron
or a muon. The other tau is hadronically reconstructed into three charged pions

T — 37ri1/7.
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8.5. Systematic uncertainties

A tag and probe method is used. For this, three tracks are combined to yield at
the end a total charge of £1, where the existence of the additional track, the probe
track, can be determined by considering charge conservation. This allows to mea-
sure the track finding efficiency by looking if the probe track was reconstructed or
not. Therefore, the tracking efficiency €., can be calculated as:

Ny

Etrack * A = ma

(8.7)
where Nj is the total number of events, where only three tracks were found, mean-
ing the probe track was not found, and N4, where four tracks were successfully
reconstructed. The factor A takes into account the acceptance of the Belle II de-
tector for the probe track.

The tracking efficiency determined using this study is 0.24 % for each mid- or
high-momentum track. To calculate the overall tracking efficiency for an event the
number of tracks considered in the reconstruction of the Bg;, meson is considered,
as this might differ for the reconstructed B meson decay channels. In case of a D*
meson decay into a slow charged pion, the track of the 7y, is excluded from the
calculation, as this is covered by the slow charged pion corrections as mentioned
above.

This results in a unique number of tracks for each event, where alternative weights
are determined by subtracting or adding the tracking efficiency to the power of the
number of determined tracks for the event from the original weight.

This results in one additional nuisance parameter.

Luminosity The simulated samples are scaled to the luminosity of the recorded data
set. To determine the luminosity of the experimental data, a measurement using
Bhabha and di-gamma events, for more information please refer to [178], is per-
formed that itself comes with an associated uncertainty.

To take this uncertainty on the luminosity determination into account an addi-
tional nuisance parameter is included.

In total this results in 151 different NPs (one NP for every bin for the statistical un-
certainty of the simulation) for the B — D™/, fit and 150 NPs for the normalisation
fit, as the branching ratio of the decay B — D*{y, is measured there. The introduction
of an additional NP to account for the uncertainty on the B — D*f1, decay in the
normalisation fit would be double counting as the NP and the scaling parameter do the
same.

8.5.2. Impact of systematic uncertainties on the result

As mentioned above, in section 8.5.1, from almost all corrections applied to the simu-
lated or experimental data, an associated systematic uncertainty can be built. Here, the
general idea is the same for all systematic uncertainties. Each correction comes with an
uncertainty either due to the amount of data considered for this study or the method

97



8. Branching Ratio Determination and Systematic Uncertainties

for the determination itself. Therefore, in addition to the nominal histogram, which
is determined by multiplying the event with the corresponding correction weight, two
alternative histograms can be determined. One of these histograms accounts for the
uncertainty in the up direction and the other in the lower direction.

Two example distributions for two different systematic uncertainties can be seen in
fig. 8.9.
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Figure 8.9.: mfmss distributions showing the nominal, up and down variation for two
different systematic uncertainties for the modes shown in the title.

These histograms can be made for each reconstructed B meson decay mode as well as
the considered systematic uncertainty. However, in some cases the deviation between
the alternative histograms from the nominal histogram is negligible, whereas for others
a clear difference is visible.

These histograms are all passed as input to the fit and considered in the fitting proce-
dure. The interpolation between these histograms is done with the parameters o, as
described in section 8.1.

The general approach to determine the contribution originating from each systematic
uncertainty on the signal and the normalisation fit utilises the "Profiling” method. The
idea is to run the fit using only the scaling parameters for the different signal and back-
ground fit categories on the recorded data set. The uncertainty calculated this way is
the statistical uncertainty of the fit.

To determine the impact of one particular systematic uncertainty on the individual scal-
ing parameters, the nuisance parameters associated to this systematic uncertainty are
included in addition to the scaling parameters just described. Then a scan around the
minimum determined by the fit is performed for each scaling parameter of interest. This
means that one scaling parameter is fixed to a certain value, which is usually in the
two sigma interval around the minimum, while all the other scaling parameters are left
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8.5. Systematic uncertainties

free floating in the fit. During this scan usually 10 different fixed values for the scaling
parameter are considered.

The negative log-likelihood multiplied by two is determined for each of the scanned val-
ues, as the intersection with one corresponds to the one-sigma confidence interval and
therefore the uncertainty originating from this systematic source including the statistical
uncertainty of the fit. The difference between the intersection points is divided by two,
as it might be the case, that there exist asymmetric uncertainties at the end.

To determine the statistical uncertainty of the fit, as mentioned above, the same scan
is repeated including just the scaling parameters and the intersection points are deter-
mined again. Then the square root is taken from the determined squared value including
the investigated systematic uncertainty subtracted by the squared value using only the
scaling parameters, meaning the statistical uncertainty fit only. By including the differ-
ent systematic uncertainties, the width of the distribution broadens and this change in
width can be used to determine the impact of a systematic uncertainty.

Two example scans can be seen in fig. 8.10.

5| #  parameter scan ] 5 | #  parameter scan ]

—2Alog(L)
—2Alog(L)

Figure 8.10.: Example for a scan of one scaling parameter, where the scaling parameter
is fixed and all the other nuisance parameters are left free floating and for
each fixed value —21In £ is determined. The histogram on the left-hand side
shows the scan with only the scaling parameters included in the fit and the
plot on the right-hand side shows the scan, when one additional systematic
uncertainty is considered in the fit. It can be seen that the width of the
distribution changes by including an additional systematic uncertainty.

These scans have been performed for each signal scaling parameter and systematic un-
certainty in the signal and normalisation fit. For simplicity, only the two examples are
shown.

The results for these scans have been summarised in tables for the different signal cat-
egories in the B — D™(1, and the B — D*{y, fit. The results for the signal fit using
the electron as the light charged lepton can be found in table 8.7 and using the muon in
table 8.8.
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8. Branching Ratio Determination and Systematic Uncertainties

It can be seen that the measurement of the B — D**f1, decays is statistically limited.
The tagging efficiency associated to the hadronic FEI, the FFs for the broad D** mesons,
the luminosity, the 7 detection efficiency and the limited amount of simulated events
available, are the main sources of systematic uncertainty. This however is dependent on
the reconstructed B — D**/1;, decay mode.

The split of the systematic uncertainties into their components for the normalisation
mode can be seen in table L.1 for the electron and in table L.2 for the muon channel.
This measurement is systematically limited, where the biggest contributions originate
from the tagging of the FEI again, the 7T0, the W:fowdetection efficiency and the lumi-
nosity. Also here, the main systematic uncertainties are dependent on the B — D*/y,
reconstruction mode.

Some of the systematic uncertainties are dominant in the signal and the normalisation
fit, therefore, by considering the ratio of these two, some of them will cancel out such as
the tagging systematic due to the hadronic FEI, but especially the luminosity.

For the final normalised and combined result the systematic uncertainties are not further
split into their components due to the fact that the statistical uncertainties are much
larger and most of the contributions in the tables of systematic uncertainties will be
negligibly small.

8.5.3. Normalised branching ratios

The decision to normalise the B — D**/1, decay branching ratios with the B — D"y,
branching ratio was made, as there are systematic uncertainties that contribute to the
determination of both branching ratios and will thus cancel out. An example would be
the luminosity. Therefore, the uncertainty on the normalised branching ratio is expected
to be reduced.

The obtained results for the relative uncertainties on the normalised branching ratios
can be seen in eq. (8.11) for the electron and in eq. (8.12) for the muon, where the first
value shows the statistical and the second the systematic uncertainty.

For the normalisation, every B — D1, decay mode is normalised by its associated D*
meson decay mode, depending on the charge of the D™ 7 combination and the lepton.
To determine the statistical uncertainty on the associated normalised branching ratio,
Gaussian error propagation is used, as these uncertainties are uncorrelated:

Oy 04 2 OB 2

x_\/(A>+(B)’ (83)
where z = %, with x being the normalised branching ratio, A being the branching ratio
of the decay B — D™/, and B the B — D*{y, decay rate.
The statistical uncertainties are uncorrelated, which is achieved by the considered best
candidate selection, as explained in section 6.6, and inverting a cut on the D and 7
combinations for the B — D*/1;, decays compared to the signal reconstruction, as men-

tioned in section 6.4.3.
For the determination of the systematic uncertainties on the normalised branching ratio,
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8.5. Systematic uncertainties

a correlation of 100 % is assumed. The measured signal branching ratio B — D"y, is
given by A + Ug,st and the normalisation mode B — D*{y, by B + agst.

Since the uncertainties on A and B are assumed to be 100 % correlated, the systematic
uncertainty on the result x is evaluated by shifting the results for A and B simultane-
ously into the same direction according to their individual uncertainty.

The resulting upper systematic uncertainty on the normalised branching ratio is thus

given by:
A+ ol
U;E};;; =|z— 7%“ . (8.9)
B + Usyst

And the lower uncertainty can be calculated using the following formula:

A
T,— _ A— Osyst 8.10
Usyst =T - B O'B ( : )
— Usyst

The outcome might yield asymmetric uncertainties. However, due to the fact that the
systematic uncertainties are not the limiting factor in this analysis, the biggest deter-
mined systematic uncertainty is considered at the end as symmetric uncertainty.

In addition to this approach it was also investigated to assume full anti-correlation, which
means that a systematic uncertainty in the normalisation would go into the opposite di-
rection in the signal mode. This would yield the highest possible systematic uncertainty,
but it overestimates the uncertainty completely since there is usually no reason for an
uncertainty to have a completely different effect in both modes.
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8.5. Systematic uncertainties

8.5.4. Combined normalised branching ratios

After the determination of the normalised branching ratio for each light charged lepton
separately, the results can also be combined into one final result for both lepton categories
together.

One approach to combine these two measurements is the best linear unbiased estimate
(BLUE) method [179,180], where the correlation between the uncertainties is correctly
taken into account. In this analysis the result for the electron including its uncertainty
is given by 0, = ée + o, and the result for the muon with the corresponding uncertainty
is given by 0, = HAM +o,.

The estimation of combined uncertainties in this case is equal to a X2 minimisation, which
is equivalent to a maximum-likelihood estimation in case of a Gaussian distribution.
Therefore, the following formula gives the BLUE estimation for the combination of both
charged light leptons:

A 2 A 2
He(au - pgegu) + eu(ae - paeo'u)

0 = (8.13)
03 — 2po.0, + cri
with the variance:
2 2 2
2 0.0, (1—p°)
Oep = 35 . 3 - (8.14)
O —2p0.0, + 0,
Here, p is given by:
v
p= i? (815>
0.0y,

with V' being the covariance matrix.
The covariance matrix can be split into a correlated and an uncorrelated component as
follows:

2 2
V= <Ue,uncorr ) 0 ) + (O O¢,corr O'e7c01érau7corr) ) (816)

0 O i uncorr e,corrT p,corr O 1, corr

The uncertainties in this analysis that are assumed to be uncorrelated are the systematic
uncertainties arising from to the lepton identification as well as the statistics of the
considered data set. All the other uncertainties are assumed to be fully correlated.

The determined results for the relative uncertainties are the following, where the first
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error is statistical and the second of systematic nature:

(B(BO — D'n )
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B(B” = D () > ( )%

+ — gt
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B(BT — D*'rty)

= (£9.3+0.5)%

B(BT = D*ry)
(8.17)

= (£10.9 +2.6) %

= (£12.7+2.4)%

= (£112+1.1)%

o (B(B+ — D*—ﬂ+£+ye>> = (£11.0£0.4)%

(B(B+ — D7t y,)

_ — (49.0 % 0.6) %.
B(BT — D0y > ( )%

All combined branching ratios uncertainties are in the order of ~10% and limited by
the statistical precision of the measurement.
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CHAPTER 9

Conclusion and Outlook

In this chapter the results of the performed analysis are compared with previous mea-
surements at the other two B factories BABAR and Belle, and an outlook into the future
with more data at Belle II is given.

0.1. Discussion of results

In this thesis, the first measurement of the B — D**/1, decay branching ratio at the
Belle IT experiment with the data set collected in the time period between 2019 and
2022 has been performed. Compared to previous measurements, D™ meson decays into
a D®and a 7’ meson are explicitly reconstructed and considered as additional templates
in a binned maximum likelihood fit. However, due to the low reconstruction efficiency
of the 7’ reconstruction channels in the D™ meson decays, the precision is improved
with combined scaling parameters for the fit templates using isospin relations. In addi-
tion, there exists some overlap between the differently reconstructed B — D** {1y, decay
channels. Therefore, instead of fitting each reconstructed B — D**f1, decay channel
separately, one simultaneous fit is performed.

Due to the fact that there might be some effects in the simulation that are not well under-
stood, the branching ratio for the B — D**f1, decays is normalised by the B — D"y,
branching ratio, as this decay rate is much higher and generally better understood. By
considering the ratio of two decay rates, sources of systematic uncertainties common to
both modes cancel out, at least partially.

Several studies on the reliability of the simulation as well as the signal and normalisation
fit have been performed, followed by the determination of the normalised branching ratio
combined for both charged leptons.

Since the determined results are not an official Belle II result, only the uncertainties
can be shown and thus only these can be compared to the previous measurements by
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BABAR [84] and Belle [94], summarised in table 2.1.

The determined normalised and combined uncertainties for the different modes can be
seen in eq. (8.17).

As the measurement is statistically limited, the relative statistical uncertainties for the
three measurements are compared for the charged 7 meson decays of the D** mesons,
as the neutral m modes were previously only inferred from isospin symmetry.

The calculated relative statistical uncertainties for the BABAR experiment, which is
also statistically limited, vary from around 9 to 19 %, depending on the reconstructed
B — D™l decay mode. In contrast, the measured values in this analysis are between 9
and 11 %. The recorded data set by the BABAR experiment corresponds roughly to the
data set collected with the Belle II experiment, therefore, the statistical uncertainties
and thus the considered methods can be directly compared and the different detector
setups can be neglected.

It can be seen that the measurement by BABAR from 2008 is slightly worse than the
presented measurement in this thesis, hence it seems that the maximum likelihood fit as
well as the additional reconstruction of the D** meson into D™’ combinations yields
a slight improvement.

For the Belle experiment the calculated relative statistical uncertainties lay in the range
between 4 to 5%, again depending on the reconstructed D** meson decay mode, only
considering the charged m mesons. This performed measurement is already systemati-
cally limited, at least for some of the reconstructed B — D**/1, decay channels.

The Belle experiment has accumulated about twice as much data as what the Belle IT
experiment has recorded so far. Therefore, the recently performed measurement using
the full Belle data set has a slightly higher precision than the performed analysis in
this thesis, when scaling the uncertainty to the same luminosity. However, this Belle
analysis is a re-analysis, using optimised cuts and also the FEI instead of the FR, of the
performed analysis in [181], which is also partially statistically and partially systemati-
cally limited in precision depending on the B — D**/1, reconstruction mode. As seen in
the two Belle measurements, more data allows for a harder selection, which results in a
disproportionately high improvement of the statistical uncertainty. Here, the precision
achieved by the original Belle measurement is slightly worse than the precision achieved
using the current Belle II data set.

Compared to previous measurements, this analysis uses a binned maximum likelihood
instead of a PDF fit for the first time. The performed fit in this analysis is based on
the modelling of the simulation, which is the best known theory to generate events, as
opposed to using PDFs, which are a simplified modelling of the fit variable using only
a few parameters. Moreover, the binned maximum likelihood fit directly includes the
systematic uncertainties as NPs in the fitting procedure.
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9.2. Outlook

Presented here is the first measurement of the branching ratio B — D**/1;, using the
first part of the Belle II data set. This analysis is therefore highly statistically limited,
which means that major improvements are possible using a bigger data sample. This
is however possible with the Belle II experiment as after the scheduled long-shut-down
one, which ended in early 2024, the plan is to record more data with a partly upgraded
detector. As a result, the statistical uncertainties on the measured branching ratio will
drastically decrease.

In addition to more experimental data, it is crucial to also understand the detector, which
is naturally achieved by a longer running period of the experiment. As a consequence
the systematic uncertainties originating from inefficiencies in the detector reconstruction
will also become smaller.

However, not only the detector needs to be understood better, but also a good theoretical
description of e.g. the form factors is needed. Therefore, new models or improvements
on the theoretical understanding are another key aspect to improve the analysis.
Besides, the hadronic FEI, which is used for the Br,, meson reconstruction needs fur-
ther extensive studies as there are still a few features that are not so well understood
at Belle II. It was one of the leading systematic uncertainties for both the normalisation
B — D™{y, and the signal B — D**{1; on the measured branching ratios. As this anal-
ysis measures a ratio, this is not so crucial, but understanding the main contributions
to a measurement is always important.

In general, it can be said that more recorded data will significantly improve the deter-
mined result and might even help to constrain the contributions to the gap between
the inclusively and exclusively measured branching ratios. In the current description of
the gap, resonant contributions originating from D™ mesons are considered, as stated
in section 4.2.1, where the resonance decays into the two pion (D™ — D(*)mr) state.
This is however not a valid theoretical approach as stated in [118]. Nonetheless this gap
needs to be filled with yet unmeasured processes, and understanding the B — D**/(y,
branching ratios into the one and two pion states will contribute to that. Therefore, per-
forming this analysis again by also considering the two pion state in the reconstruction
is something to investigate with a bigger data set.

The above mentioned suggestions should be possible within the next year or two, when
the Belle IT data set matches the recorded Belle data set.

Another interesting analysis that could be performed towards the middle of the run time
of the Belle II experiment, is the actual measurement of the D™ meson branching ratios
for the four known resonances D, D), D, and D} and not just only D7 or DWrn
combinations, meaning the investigation of the invariant mass spectra for the different
D™ 7 and D™ 7r combinations and which D™ meson contributes to which combination.
On top of that, it is possible to look for unknown resonances that decay to D(*)ﬂ'(ﬂ').
This can then be extended towards the end of the Belle I run time to a ratio measure-
ment between the heavy charged lepton the 7 and the two light charged leptons, the
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electron and the muon [182,183]. Thus the ratio is given by:

-~ T(B — D™y’ '

Substituting the D™ meson with either the D or the D* meson in eq. (9.1) has already
shown some tension with the SM expectation [78]. Therefore, measuring this ratio with
a D** meson instead of the D™ mesons can be considered another probe of the SM.
This lepton flavour universality test assumes that the weak interaction couples identi-
cally to all charged leptons. If this turns out to not be the case, it could hint towards
new physics beyond the SM.

One possibility could be a charged Higgs boson that would mediate the interaction
instead of the charged W boson. This charged Higgs boson could originate from an
extension of the SM like the two-Higgs-doublet model (2HDM) [184]. The 2HDM in-
troduces another Higgs doublet instead of only one considered for the SM. Due to the
introduction of an additional Higgs doublet, there are five physical scalars that can be
measured, the CP even neutral h and H, where the latter is heavier than the former,
the CP odd pseudoscalar A and the two charged Higgs bosons H £, Due to the fact that
the Higgs bosons couple to the mass of the particle, the coupling to the much heavier 7
lepton in the ratio in eq. (9.1) is favoured over the coupling to the light charged leptons
and therefore, the measured value would deviate from the SM prediction in case of an
additional charged Higgs boson.

Another possibility to explain a possible deviation from the SM would be leptoquarks
[185]. These leptoquarks are assumed to exist in numerous extensions of the SM, such as
grand unified theories (GUT). In a GUT, the strong, the electromagnetic and the weak
interaction are joined together into one force described by a single gauge group at high
energies.

These leptoquarks are able to interact both with leptons and quarks and thus carry
lepton and baryon number. Therefore, the introduction of a leptoquark would yield an
additional decay possibility that impacts the ratio.

The measurement conducted at Belle II hence represents an initial exploration of these
novel physics processes, by later investigating e.g. the ratio defined in eq. (9.1).
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APPENDIX A

D meson decay study

Additional histograms for the performed importance study for the different reconstructed
D mesons in dependence of each considered B meson decay channel. All channels on or

above the red line in the histograms are removed for this analysis.
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Figure A.1.: Histogram showing the significance for one reconstructed B meson (in the
title), where the lepton is an electron on the left-hand side or a muon on the

right-hand side. The overall significance is portrayed by the red line and
the excluded reconstructed D meson decay mode is shown on the x-axis.
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A. D meson decay study
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Figure A.2.: Histogram showing the significance for one reconstructed B meson (in the

title), where the lepton is an electron on the left-hand side or a muon on the

The overall significance is portrayed by the red line and

the excluded reconstructed D meson decay mode is shown on the x-axis.

right-hand side.
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Figure A.3.: Histogram showing the significance for one reconstructed B meson (in the

title), where the lepton is an electron on the left-hand side or a muon on the

The overall significance is portrayed by the red line and

the excluded reconstructed D meson decay mode is shown on the x-axis.

right-hand side.
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the excluded reconstructed D meson decay mode is shown on the x-axis.
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A. D meson decay study
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Figure A.6.: Histogram showing the significance for one reconstructed B meson (in the

title), where the lepton is an electron on the left-hand side or a muon on the

The overall significance is portrayed by the red line and

the excluded reconstructed D meson decay mode is shown on the x-axis.

right-hand side.
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Figure A.7.: Histogram showing the significance for one reconstructed B meson (in the
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APPENDIX B

Prefit distributions for the B — D™ /v, decays

Prefit distributions to compare the agreement between simulation and data for the B —
D**fy, decays. Besides, the different templates can be seen.
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Figure B.1.: Prefit distributions showing the agreement between simulation and data for
the decay in the title, on the left-hand side for the electron and on the
right-hand side for the muon.
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B. Prefit distributions for the B — D™y,
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Figure B.2.: Prefit distributions showing the agreement between simulation and data for
the decay mode indicated in the title, on the left-hand side for the electron
and on the right-hand side for the muon.
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Figure B.3.: Prefit distributions showing the agreement between simulation and data for
the decay mode indicated in the title, on the left-hand side for the electron
and on the right-hand side for the muon.
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Figure B.4.: Prefit distributions showing the agreement between simulation and data for
the decay mode indicated in the title, on the left-hand side for the electron
and on the right-hand side for the muon.
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Figure B.5.: Prefit distributions showing the agreement between simulation and data for
the decay mode indicated in the title, on the left-hand side for the electron
and on the right-hand side for the muon.
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B. Prefit distributions for the B — D**{v, decays
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Figure B.6.: Prefit distributions showing the agreement between simulation and data for
the decay mode indicated in the title, on the left-hand side for the electron
and on the right-hand side for the muon.
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Figure B.7.: Prefit distributions showing the agreement between simulation and data for
the decay mode indicated in the title, on the left-hand side for the electron
and on the right-hand side for the muon.
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APPENDIX C

Prefit distributions for the B — D"(v, decays

Prefit distributions to validate the agreement between simulation and recorded data for

the B — D*{v, decays.
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Figure C.1.: Prefit distributions showing the agreement between simulation and data for
the decay mode indicated in the title, on the left-hand side for the electron
and on the right-hand side for the muon.
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APPENDIX D

Postfit distributions for the B — D"*(v, decays

Postfit distributions to compare the agreement between simulation and data for the
B — D"y, decays after the fit has been performed.
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Figure D.1.: Postfit distributions showing the agreement between simulation and data
for the decay in the title, on the left-hand side for the electron and on the
right-hand side for the muon after the fit has been performed.
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D. Postfit distributions for the B — D**{v, decays
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Figure D.2.: Postfit distributions showing the agreement between simulation and data
for the decay in the title, on the left-hand side for the electron and on the
right-hand side for the muon after the fit has been performed.
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Figure D.3.: Postfit distributions showing the agreement between simulation and data
for the decay in the title, on the left-hand side for the electron and on the
right-hand side for the muon after the fit has been performed.
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Figure D.4.: Postfit distributions showing the agreement between simulation and data

for the decay in the title, on the left-hand side for the electron and on the
right-hand side for the muon after the fit has been performed.
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Figure D.5.: Postfit distributions showing the agreement between simulation and data

for the decay in the title, on the left-hand side for the electron and on the
right-hand side for the muon after the fit has been performed.
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D. Postfit distributions for the B — D**{v, decays
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Figure D.6.: Postfit distributions showing the agreement between simulation and data
for the decay in the title, on the left-hand side for the electron and on the
right-hand side for the muon after the fit has been performed.
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Figure D.7.: Postfit distributions showing the agreement between simulation and data
for the decay in the title, on the left-hand side for the electron and on the
right-hand side for the muon after the fit has been performed.

140



APPENDIX E

Postfit distributions for the B — D"y, decays

Postfit distributions to validate the agreement between simulation and recorded data for
the B — D"/, decays after the application of the determined scaling parameters by the

fit.
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Figure E.1.: Postfit distributions showing the agreement between simulation and data
for the decay in the title, on the left-hand side for the electron and on the
right-hand side for the muon after the performed fit.
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APPENDIX F

Pull plots for each scaling parameter of the B — D™/, decay
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F. Pull plots for each scaling parameter of the B — D" (v, decay
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Figure F.1.: Scaling parameter determined in the fit for each signal category including
its uncertainties for the muon modes.
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APPENDIX G

Pull plots for each scaling parameter of the B — D"(v, decay
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Figure G.1.: Scaling parameter determined in the fit for each signal category including

its uncertainties for the electron modes.
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G. Pull plots for each scaling parameter of the B — D*{y, decay
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Figure G.2.: Scaling parameter determined in the fit for each signal category including
its uncertainties for the muon modes.
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APPENDIX H

Pull distributions for each B — D™ /v, decay
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H. Pull distributions for each B — D** (v, decay
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Figure H.1.: Pull distributions for all signal templates, where the corresponding category
can be found at the top left of the plot in the subscript of the u. The p
corresponds to the width of the distribution for the muon mode.
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APPENDIX |

Pull distributions for each B — D*/v, decay
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Figure I.1.: Pull distributions for all signal templates, where the corresponding category
can be found at the top left of the plot in the subscript of the u. The p
corresponds to the width of the distribution for the electron mode.
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I. Pull distributions for each B — D*{v, decay
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Figure 1.2.: Pull distributions for all signal templates, where the corresponding category
can be found at the top left of the plot in the subscript of the pu. The p
corresponds to the width of the distribution for the muon mode.
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APPENDIX J

Fit validation on data for B — D"y, decays
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J. Fit validation on
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data for B — D*{y; decays
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APPENDIX K

ROE sideband distributions
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Figure K.1.: Distributions for M, of the Br,, meson for two B — D**{v, decay modes,
which can be found in the title of the plots.
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K. ROE sideband distributions
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Figure K.2.:

Distributions for the momentum of the light charged lepton in the CMS

frame for two B — D**/1; decay modes, which can be found in the title of

the plots.
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Figure K.3.: Distributions for m?mss for two B — D™{1, decay modes, which can be
found in the title of the plots.
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APPENDIX L

Systematic uncertainty tables for the normalisation fit

/ BT — D*ety,

Statistical 4.9 3.7

Source B’ & D ety

Systematic uncertainties

Tagging efficiency 7.4 8.8
B(B — D(*)/mrﬂﬁl/g) < 0.1 <0.1
B(B — D"y <0.1 <0.1
B(B — D/ly) <0.1 <0.1
FF(Broad D™) <0.1 <0.1
FF(Narrow D™) <0.1 <0.1
FF(D™) <0.1 <0.1
Tracking efficiency 0.9 0.9
T 2.1 <0.1
HadronID 1.0 0.9
LeptonID 0.5 1.2
Luminosity 3.5 3.5
7’ 1.8 2.7
- 2.1 8.8
MC statistics 1.5 1.1

Table L.1.: All considered systematic uncertainties as well as the statistical uncertainty
for the signal categories in the normalisation fit using the electron as the
light charged lepton in percent.
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L. Systematic uncertainty tables for the normalisation fit

Source B’ - D*_,u+yu BT — 5*0u+u

Statistical 5.1 3.6

Systematic uncertainties

Tagging efficiency 6.8 8.2
B(B — D™ /nrrly) <0.1 <0.1
B(B — D" (y) <0.1 <0.1
B(B — Dly) <0.1 <0.1
FF(Broad D*") <0.1 <0.1
FF(Narrow D™) <0.1 <0.1
FF(D™) <0.1 <0.1
Tracking efficiency 0.9 0.9
o 2.1 <0.1
HadronID 1.0 0.9
LeptonID 1.5 1.3
Luminosity 3.4 3.4
° 1.7 2.7
- 1.0 4.1
MC statistics 1.6 1.0

Table L.2.: All considered systematic uncertainties as well as the statistical uncertainty
for the signal categories in the normalisation fit using the muon as the light
charged lepton in percent.
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