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SUMMARY

IN the near future, the Belle II experiment at the
SuperKEKB accelerator at KEK in Tsukuba, Japan,
will start operation at a luminosity a factor 40 higher
than its predecessor experiment, Belle. The physics pro-
gram includes the search for physics beyond the Stan-
dard Model of particle physics by the investigation of CP
violating processes and rare B meson decays. Many im-
portant decay channels involve K& mesons.
The detector features two layers of silicon pixel cells
closest to the interaction point surrounded by four
layers of double sided silicon strip detectors. Due to
the high backgoround level, the expected occupancy of
the Pixel Detector reaches up to 3 % requiring an online
data reduction system: Using the four layers of strip de-
tectors and the surrounding detectors, the online recon-
structed tracks of charged particles are extrapolated to
the pixelated layers, where Regions of Interest (ROIs) are
defined around the intercepts. Only the pixel data in-
side these ROIs are stored. Thus particles creating an
insufficient number of hits in the outer detectors are not
reconstructed and subsequntly no regions of interest are
created, resulting in the loss of the related hits in the
Pixel Detector. The particles creating a sufficient number
of hits in all six layers, but not in the outer four, are lost
as well.
In this work, an online tracking algorithm is devel-
oped and evaluated focusing on the reconstruction of
charged pions from displaced vertices, the characteristic
decay topology of K¢ mesons. All six layers are used, in
order to prevent the pixel data of the above mentioned
particles to be lost. The algorithm is based on the fast
Hough transform applied to the hits mapped onto the
conformal plane. The amount of background is reduced
by a two stage neural network filtering system.
Applied to data from a simulation of 10000 typi-
cal Belle II events, the algorithm is adjusted to a fake
rate of 90 % being considered as tolerable, resulting in a
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pion reconstruction efficiency of 81.4%. An alternative
setup has a fake rate of 50 % and an efficiency of 63.6 %.
The gained K2 reconstruction efficiencies by the addi-
tional employment of the algorithm developed in this
work are 5.0 % and 1.4 %, respectively, compared to the
performance of the existing track finders.
The efficiency is slightly worse for the decays B® —
KO*(— Kgno)y and B® — ¢K¢, as carried out by
an evaluation of 5000 simulated decays of each channel.
However, the efficiency gain of both setups is still 2 1 %.



DEUTSCHE ZUSAMMENFASSUNG

IN naher Zukunft wird das Belle II Experiment am Su-
perKEKB Beschleuniger am KEK in Tsukuba, Japan,
mit einer Luminositat starten, die einen Faktor 40 hoher
ist, als die des Vorgidngerexperiments, Belle. Das Physik
Programm enthédlt die Suche nach Physik jenseits des
Standardmodells der Teilchenphysik, indem CP verlet-
zende Prozesse und seltene B Meson Zerfille unter-
sucht werden. Viele wichtige Zerfallskanile enthalten K2
Mesonen.
Der Detektor besitzt zwei Lagen aus Silizium Pixel-
Zellen in ndchster Ndhe zum Wecheslwirkunspunkt,
die selbst von vier Lagen aus doppelseitigen Silizium
Streifen Detektoren umgeben sind. Durch den hohen
Untergrund reicht die erwartete Okupanz des Pixel De-
tektors bis zu 3%, was eine Echtzeit Datenreduktion
benotigt: Mit dem vierlagigen Streifen Detektor und
den dufleren Detektoren werden in Echtzeit die Teilchen-
spuren rekonstruiert, welche dann zu den Pixel Lagen
extrapoliert werden, wo um die Schnittpunkte herum so-
genannte Regionen von Interesse definiert werden. Nur
die Pixel Daten innerhalb dieser Regionen werden gespe-
ichert. Demzufolge werden Teilchen, die eine ungenii-
gende Anzahl von Treffern in den dufieren Detektoren
erzielen, nicht rekonstuiert, worauthin keine Regionen
von Interesse erzeugt werden und die Pixel Daten ver-
loren gehen. Die Teilchenspuren, die zwar geniigend Tr-
effer in allen sechs Lagen zusammen erzielen, nicht je-
doch in den dufseren vier, gehen ebenfalls verloren.
In dieser Arbeit wird ein Echtzeit Spurfindungsal-
gorithmus entwickelt und evaluiert, der auf die
Rekonstruktion von geladenen Pionen von sekundéren
Vertices, der charakteristischen Zerfallstopologie von K2
Mesonen, spezialisiert ist. Es werden alle sechs Lagen
benutzt, um zu verhindern, dass Pixel Daten der oben
genannten Teilchen verloren gehen. Der Algorithmus
basiert auf der schnellen Hough Transformation, die auf
die Teilchentreffer angewendet wird, nachdem diese auf
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die konforme Ebene transformiert wurden. Der Unter-
grund wird durch ein zweistufiges Filtersystem beste-
hend aus neuronalen Netzen unterdriickt.
Angewendet auf Simulationsdaten von 10000 typ-

ischen Belle II Ereignissen wird der Algorithmus so
eingestellt, dass die Rate der Untergrund Spuren 90 %
ausmacht, was als akzeptabel angesehen wird. Die Ef-
tizienz der Pion rekonstruction liegt bei 81.4 %. Eine al-
ternative Einstellung hat eine Untergrundrate von 50 %
und eine Effizienz von 63.6 %. Die gewonnene Effizienz
der K¢ Rekonstruktion durch die zusétzliche Benutzung
des in dieser Arbeit entwickelten Algorithmus’ liegt bei
5.0% bzw. 1.4% im Vergleich zu den bereits existenten
Spurfindungs-Algorithmen.

Die Effizienz ist geringfiigig schlechter, wenn die

Zerfille B® — K% (— Kgno)y und B® — d)K(S) betra-
chtet werden, wie es durch die Auswertung von jeweils
5000 simulierten Zerfillen gezeigt wird. Nichtsdestotrotz
ist der Effizienzgewinn der beiden Einstellungen immer
noch 2 1%.
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Chapter 1

INTRODUCTION

o direct experimental observation contradicts the predictions of

the Standard Model of particles physics making it one of the

most successfull scientific theories. However, the Standard Model

is not a complete description of particle physics, because it cannot
explain e.g. the matter/anti-matter asymmetry in the universe.

Already in the 1960’s, Sakharov pointed out, that this imbalance
requires among others CP violation [1], which reflects the change
of physics observables under the symmetry operations of space in-
version and exchange of particles with anti-particles. Although CP
violation is incorporated into the Standard Model, its investigation
offers many opportunities to search for physics beyond the Standard
Model.

One possibiliy to measure the properties of CP violation is to in-
vestigate the decay of BB meson pairs at e"e™ colliders. The Belle
collaboration conducted such an experiment from 1999 to 2010 [2].
In 2018, its upgrade, the Belle II experiment, will start operation [3].
It features a new DEPFET Pixel Vertex Detector only 1.4 cm remote
from the interaction point for the improvement of the vertex deter-
mination, which is crucial for the measurement of CP violation. The
upgraded accelerator SuperKEKB will increase the luminosity by a
factor of 40 compared to its predecessor holding the current world
record. This will enable Belle II to collect 40 x 10 BB pairs. How-
ever, the detector (in particular the inner detectors) will be exposed
to a factor of ~ 10 increased background level.

As a result, the Pixel Vertex Detector will feature a data output
rate of 2 20 GB/s being more than ten times the data rate of all other
subdetectors combined and mostly constisting of background [4]. In
order to store only relevant physics data, an online reduction system
selects only pixel data inside regions of interest. The regions of
interest are determined by the extrapolation of online reconstructed
particle tracks from the outer detectors into the Pixel Vertex Detector.
This bears the risk of losing the pixel data from particles, that create
an insufficient number of hits in the outer layers for tracking.
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As evaluated in [5], the detection of charged pions from Kg de-
cays is affected by this issue. Having a lifetime of 2.68 cm/c [6], K
mesons can travel a certain distance, before they decay. Usually they
are reconstructed via the decay into ¥ 7t~ pairs originating from a
secondary vertex. This topology enables the tracks not to be found
by the track finders, that are used to determine the regions of inter-
est.

Since the experimental observation of CP violation [7], the Kg
meson has played a major role in the measurements of CP viola-
tion. For example the “golden” decay B® — J/pK2 [8] and the
decay B® — ¢K? involve this meson. It is also important for
other measurements, that are sensitive to physics beyond the Stan-
dard Model, for example in the decays B® — K°%*(— K(S)WO)Y and
B — K*(— K&m)et e,

In this work, an online track finding algorithm using the hits
from the Pixel Vertex Detector and its surrounding Silicon Vertex
Detector is developed and evaluated focusing on the identification
of charged particle tracks from secondary vertices.

The next chapter provides an overview of the Standard Model of
particle physics and physics involving B meson decays. The compo-
nents of the Belle II detector together with the online data reduction
system are described in Chapter 3. Chapter 4 presents an introduc-
tion to track reconstruction methods with special emphasis on the
Hough transform and the Multi Layer Perceptron as an option to
reduce the amount of background hits. The algorithm developed in
this work is explained and its performance is evaluated in Chapter 5.
Chapter 6 concludes this work.



Chapter 2

PHYSICS BACKGROUND

2.1 The Standard Model of Particle Physics

MODERN physics is able to describe all observed forces in nature
by four fundamental interactions: The electrogmagnetic, the
weak, and the strong interaction, as well as gravitation. While the
latter is represented by general relativity [9], the first three interac-
tions are combined in the Standard Model of Particle Physics (SM).

The SM is a relativistic Quantum Field Theory (QFT), i.e. par-
ticles are represented by field operators. The equations of motion
are obtained by applying the Euler-Lagrange formalism to a Lan-
grangian density. Furthermore, one requires the SM to be invariant
under certain local gauge transformations, thus the SM is also a
gauge field theory. The symmetry group of the SM Lagrangian can
be written as [10]

G =SUB)c®SU2) @U(l)y . (2.1)

In the SM, there are two types of elementary particles. The build-
ing blocks of ordinary matter are the (elementary) fermions (see Ta-
ble 2.1). They have half integer spin (1/2h). The forces between the
fermions are transmitted by the gauge bosons, that have a spin of
1h (see Table 2.2). The fermions can be divided into quarks and lep-
tons. Each of them are arranged in three generations. Every quark
generation contains an “up-type” quark with an electric charge of
+2/3 e and a “down-type” quark with —1/3e. A lepton generation
(also: family) consists of a lepton with an electric charge of —1e and
an uncharged lepton. Any gauge boson can be assigned to one of
the three interactions. They couple only to particles, that carry the
charge corresponding to the interaction. The strong interaction is
mediated by eight different gluons. The gluons (g) couple to color,
the charge of the strong interaction, which is carried by quarks. The
weak interaction couples to the weak isospin, that is carried by all
left-handed fermions. Its gauge bosons are the Z° and the electri-
cally charged W* bosons. The electromagnetic interaction is trans-
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Table 2.1: The twelve elementary fermions with its charges, accord-
ing to [10, 11]. C stands for color, Q is the electric charge, and T3,
is the third component of the weak isospin of the left-handed com-
ponent of the fermion. Right-handed fermions have a weak isospin
of 0. Y1 /g is the weak hypercharge of the left/right-handed compo-
nent of the fermion. The d, s, and b quarks are not eigenstates of the
weak isospin operator, so the shown values are valid for the mixed
d’, s’, and b’ quarks (see Section 2.1.5).

Generation Charge

I I o cC Q T3 Yo Yr

u c t rgb +2/3e -—-1/2 1/3 +4/3
Quarks 4 ¢ b rgb —1/3e +1/2 1/3 -2/3

e” u T —le —-1/2 -1 —2
Leptons Ye Vu Vo +1/2 -1

mitted by the photon (y), which couples to the electric charge. Ad-
ditionally, there is one scalar (spin = 0) boson, the Higgs boson (H°).
It is the manifestation of a non-zero vacuum expectation value of the
Higgs field, due to electroweak symmetry breaking. In this process,
the coupling of the Higgs field to the elementary particles generate
their mass [10].

Every particle has an antiparticle. By replacing a particle by its
antiparticle, every charge changes its sign, while other quantites like
mass and spin stay the same. For example, the positron is the an-
tiparticle of the electron and thus has the opposite charge (e~ +> e™).
Another example is the anti-up quark (u <> u). The charge is now
—2/3 e, but it also carries an anti-color.

2.1.1 CPT Theorem

There are many transformations, that can be applied to a physical
system. Translations and rotations in space-time are well known. A
different kind of transformations are the discrete transformations.
They do not depend on a paramter like the distance a system is
shifted by a translation. The fundamental discrete transformations
are described by the C,Pand T operators [12].

C is the charge conjugation operator. It replaces every particle by
its anti-particle. Some particles like the photon are their own anti-
particles, so they are eigenstates of the C operator. The eigenvalue
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Table 2.2: The fundamental bosons, according to [6]. | is the spin in
units of h, P is the parity, and C is the charge conjugation (see Sec-
tion 2.1.1). The weak gauge bosons are neither an eigenstate of the
parity nor of the charge conjugation operator, so no P and C can be
assigned. This holds truth for the charge conjugation of the gluon
g. The SM Higgs boson has PC = +4, which is experimentally
yet undetermined. The non-zero masses correspond to experimen-
tal measurements. Although the SM masses of the gluon and the
photon are zero, a gluon mass of a few MeV/c? cannot be excluded
by experiment. For the photon an upper limit of 1 x 10718 ev/c?
can be stated.

Boson Interaction JP¢ Takes Partin  Mass [GeV/c?]

g strong 1= strong 0
2% em 1 0
w+ weak 1 em, weak 80.385 £ 0.015
Z° weak 1 weak 91.1876 £ 0.0021
HO 0 125.7 £ 0.4

is then denoted by C and can be +1 or —1, often abreviated as +
or — The parity operator P changes the sign of the x, y, and z
coordinate. The eigenvalues P under the P transformation are again
+, and —. It is worth noting, that the helicity of a particle changes
sign under P. So a left-handed particle will become right-handed.
The sign change of the time coordinate is obtained by applying the
time reversal operator T.

Every locally gauge invariant QFT (and so the SM) is invariant
under the subsequently application of all three C, P, and T oper-
ators in arbitrary order. This invariance is called “CPT Theorem”.
Observing CPT violation would immediatly imply physics beyond
the SM in a very fundamental way. It would mean, that already the
ansatz of a gauge invariant QFT is wrong. So far, no such violations
have been observed.

2.1.2 Feynman Diagrams and the Running Coupling Con-
stants

Various calculations in a QFT require the knowledge of the (inter-
acting) propagator of the particles. Due to the non-linearity of an
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e (a) e e (b) e

Figure 2.1: Feynman Diagrams for e~ e~ scattering, according to [10].
(a) Lowest order diagram (tree level), photon exchange. (b) Higher
order loop diagram. This diagrams represents the lowest order vac-
uum polarization.

interacting Lagrangian, analytical solutions for the propagators are
not available. Nevertheless, it is often possible to expand the prop-
agator into a power series in terms of the coupling constant. For
a small coupling constant this perturbative expansion converges to
the true propagator. Since the higher order corrections contribute
little to the result, one can negelect the terms above a chosen order
and obtain an approximation with the desired accuracy.

A visual representation of the terms in the expansion are the
Feynman Diagrams (see Figure 2.1). For every QFT a set of Feynman
Rules prescribe how to translate such a diagram into a mathematical
expression of the propagator. Each line in the diagram stands for the
free propagator (for which an analytical solution exists) of a particle
and the vertices, where the lines meet, represent the coupling of the
particles. Every vertex introduces the coupling constant as a factor.
Therefore, the number of vertices reflects the order of the correction
term. Every closed loop in a diagram causes an infinite integral (see
Figure 2.1(b)). However, these infinities can be renormalized, such
that the mathematical result stays finite and physical. This renor-
malization leads also to a renormalization of the coupling constant,
which now depends on the momentum transfer. It is no longer a
constant, but a “running coupling constant” [10, 13].

2.1.3 Quantum Chromodynamics and Quarks

The strong interaction is parameterized by Quantum Chromody-
namics (QCD) [6, 10]. It is a QFT based on the non-abelian SU(3)
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color symmetry. There are three colors: red, green, and blue (r, g,
and b). The anti-colors are anti-red, anti-green, and anti-blue (¥, g,
and b). The six quark flavors are the up, down, strange, charm, bot-
tom (also: beauty), and top (also: truth) quarks (u, d, s, ¢, b, and
t).

The fact that QCD is a non-abelian gauge field theory gives rise
to the self-interaction of the gluons. While coupling to colored parti-
cles, the gluons itself carry color. To be more precise, a gluon carries
simulataniously a color and a different anti-color. This is also the
reason, why there are eight gluons. According to 3®3 =8 1, the
color triplet couples with the anti-color triplet to a colored octett and
a colorless singlet. The singlet is not able to change the color of a
particle, hence it does not exist in nature [10].

In nature, there are no free quarks. They are only observed
bound into compound states, the hadrons. Hadrons are color sin-
glets, i.e. they are colorless. This is realized by the rule, that the
combination of r, g, and b equals “white” = color-neutral, as well
as a combination of a color with the same anti-color. The class of
hadrons is further divided into baryons and mesons. Baryons are
composed of three quarks. An internal quantum number of hadrons
is the baryon number. It is 41 for baryons and —1 for anti-baryons.
In all processes of the SM the baryon number is conserved. Mesons
contain a quark and an anti-quark and thus have a baryon num-
ber of 0. Although the requirement for being color-neutral allows a
wide spectrum of possible hadrons, only baryons with three quarks
and mesons with a quark and an anti-quark have been observed.
The most prominent examples are the proton (juud)) and the neu-
tron (Jludd)), which are the constituents of nuclei. Also the observed
mesons contain only a quark and an antiquark. Very recently the
LHCb collaboration published an article, in wich they claim to ob-
serve a pentaquark state (/]qqqqq), where q stands for any quark
flavor) [14]. A few years ago, many mesons were discovered, that
seem not to fit into the pattern of conventional |qq) states. To ex-
plain these states, models like tetraquarks or meson molecules are
under consideration, more in Section 2.2.3.

The fact that the quarks are bound into colorless objects is called
“confinement”. At very high momentum transfers, the quarks are
moving almost freely. This is called the “asymptotic freedom” of
QCD. The running coupling constant is well suited to describe both
of these phenomena. On the one hand, the self interaction of the
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gluons result in a very large coupling constant at small momen-
tum transfers (large distances, confinement). On the other hand, it
vanishes at large momentum transfers (small distances, asymptotic
freedom). However, the large coupling constant at small distances
does not allow a perturbative treatment of the theory, since the ex-
pansion of the propagator no longer converges (c.f. Section 2.1.2).
Therefore, it is very difficult to make reliable predictions in the non-
perturbative regime of QCD and the true nature of confinement is
still not understood [10].

2.1.4 Quantum Electrodynamics and Charged Leptons

The electromagnetic interaction is described by Quantum Electrody-
namics (QED) having a U(1) symmetry [10, 13]. The gauge boson
of QED is the massless photon (y) coupling to the electric charge.
Thus, all quarks and charged leptons (e~, =, and ) as well as
the charged (but very unstable, see Section 2.1.5) W* bosons are
interacting via QED.

In contrast to QCD, the electromagnetic coupling constant de-
creases as the momentum transfer gets smaller. However, the cou-
pling is sufficient low at all momentum transfers to solve the equa-
tions of QED perturbatively. So far, no contradiction between the
theoretical framework of QED and experimental measurements have
been found, making QED the most precisely tested scientific theory.

2.1.5 The Weak Interaction and Neutrinos

The weak interaction affecting all fermions has the non-abelian
gauge symmetry group SU(2). Therefore, it is the only way, that
the neutrinos (ve, vy, and v.) interact (exept for gravitation). It is
mediated by the massive gauge bosons Z° and W, that also cou-
ple to themselves. The fact that they are massive makes the weak
interaction very short-ranged.

The neutral current (mediated by the Z°) is very similar to the
electromagnetic interaction with a photon, but the charged current
interactions (involving W7) are able to change the flavor of a par-
ticle. It can turn a muon into a muon-neutrino. This takes into
account the law of lepton family number conservation. Every lep-
ton of a family f gets the additive lepton family number of Ly = +1
and the anti-leptons of a family get Ly = —1, such that in all SM
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reactions all three L, L,;, and L. are conserved. But also quarks can
change their flavor via charged current interactions. Accordingly a
b quark can change into a ¢ quark. Due to the charge of the W= bo-
son the charge of the quark needs to change, too. The W+ couples
to the up-type flavors with the same strength , but the coupling to
the down-type flavors is non-universal. However, they couple to the
d’, s/, and b’ states with the same strenght as to the up-type flavors.
These states are obtained by a rotation in flavor space:

|d/> vud Vus vub |d>
Is"Y | = | Vea Ves  Vew |s) . (2.2)
Ib’) Via Vis Vib b)

The SM requires this mixing matrix, the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, to be unitary, leaving only four physical
degrees of freedom [15]. It can be parameterized by three angles
and one imaginary phase.

The charged current is maximally parity and charge conjuga-
tion violating: Only left handed fermions and right-handed anti-
fermions couple to the W+ bosons. It was long believed, that physics
is invariant under the combination of these operations. However,
the weak interaction violates CP invariance. This is described by the
non-zero phase of the CKM matrix [10].

It is very difficult to measure the masses of the neutrinos. Thus,
only upper limits exist (< 2eV for V) [6]. The hypothesis of mass-
less neutrinos is disproven by the observation of neutrino oscillation.
This requires their masses to be distinct from each other. Conse-
quently at least two neutrinos must have a non-vanishing mass.

In addition, it is still not clear, wether the neutrino is a Dirac
fermion (like all other fermions) or a Majorana fermion. Particles of
the latter kind are their own anti-particles [10].

2.1.6 The Electroweak Unification

It is possible to describe the electromagnetic and the weak inter-
action in a single theory of the electroweak interaction having a
SU(2) ® U(1) symmetry [10, 12]. Therefore the concept of the weak
isospin T and the weak hypercharge Y is introduced (see Table 2.1).
All left-handed fermions are arranged in isospin 1/2 doublets ac-
cording to the lepton families and quark generations. A weak
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isospin of zero is asigned to the right-handed fermions, they build
singlets. The weak hypercharge fulfills the relation

1
Q=5Y+Ts , @3)

with Q being the electric charge in units of e and T3 the third com-
ponent of the weak isospin. The gauge bosons are then grouped into
an isotriplet Wk k=1,2,3and a singlet BC. The physical bosons are
obtained by the following transformations, dw being the “Weinberg
angle”:

|W+> _ \1/2 (|W1> o i|W2>) ) (2.9)
W) = \15 (IWh +iw?)) , and (2.5)
1Z%)\  [cosdw —sind IW3)

< ly) ) B <Sinﬁvv\\; Cosﬁww> <|BO>> . (2.6)

One problem of the weak interaction is the fact, that the W= and z°
bosons are massive. To be locally gauge invariant, a theory needs to
have massless gauge bosons. This can be fixed by introducing the
scalar Higgs field. This Higgs field couples to the massless bosons
giving them mass by spontanious symmetry breaking. The photon
stays massless during this process. The mass terms of the fermions
in the SM Lagrangian can also be expressed as a coupling of the
fermions to the Higgs field. Accordingly, the coupling strengths are
proportional to their masses. A non-zero vacuum expectation value
of the Higgs field leads to a massive Higgs boson [10].

2.1.7 Limits of the Standard Model

The SM is a very powerfull theory describing the whole field of
particle physics. There are no contradictions to experimental obser-
vations. However, it is clear, that the SM cannot explain everything:

e The SM does not contain gravitation.

e There is a matter/anti-matter asymmetry in the universe. As-
suming the Big-Bang Theory, there was an equal amount of
matter and anti-matter created at the beginning of the uni-
verse. In order to explain the asymmetry, there need to be
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baryon number violating processes, which are not included in
the SM [1].

e From the rotation velocity of galaxies, the effect of gravitational
lensing, and the accelerating expansion of the universe it is
known, that only 5 % of the total amount of energy/mass in the
universe is made from visible matter (i.e. the particles included
in the SM). So the SM described only 5 % of the universe [11].

Additionally, the SM is not “elegant” in terms of having at least
18 parameters, that cannot be predicted by theory, but need to be
determined by experiment [10]. It might be possible, that the SU(3),
SU(2), and the U(1) symmetry are part of a more general gauge
symmetry. The simplest such symmetry group is SU(5).

When extrapolating the three running coupling constants of the
SM to very high momentum transfers, they almost meet at an en-
ergy scale of ~ 10'> GeV [12]. The theory of Supersymmetry (SUSY)
changes the couplings such, that they will meet exactly. So one could
think of only one unifying interaction at very high energies with a
spontaniously broken symmetry at lower energies. Therefore, every
fundamental particle gets a supersymmetric particle with a spin dif-
fering by 1/2h. The masses of these particles needs to be very high,
since no such particles have been found so far.

There are also attempts to combine the SM with gravitation.
The most famous is the string theory, where all particles are de-
scribed as excitations of very small (in the order of the Planck length
~ 1073°m) strings [11]. This only works, if the space-time has at
least ten dimensions. In addition, string theory predicts magnetic
monopoles. In experimental searches there is no evidence for extra
dimensaions as well as for magnetic monopoles.

2.2 Searching for Pysics Beyond the Standard
Model — B Physics

There are two frontiers in high-energy physics being steadily pushed
forward in order to search for physics beyond the SM. The first one
is the energy frontier. By increasing the center of mass energy, new
particles might get produced, that can be detected via its decay prod-
ucts. In this way, the Higgs boson was detected by Atlas and CMS
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at the LHC, the two main experiments working at the energy fron-
tier [16, 17].

A different working point is the precision frontier. Here the ex-
periments accumulate very large statistics, in order to search for
physics beyond the SM by making high precision tests of the SM
predictions and the investigation of very rare processes. B physics,
i.e. physics involving B meson decays, are settled at the precision
frontier, because B mesons can be produced in huge amounts at the
B factories. The two e e~ colliding B factories were KEKB at KEK in
Japan and PEP-II at SLAC in the US providing the experiments Belle
and BaBar [3, 18]. They were running at a center of mass energy of
10.58 GeV according to the mass of the Y (4S) resonance (c.f. Fig-
ure 2.2). This is the first bottomonium state above the open bottom
threshold. Hence, it dominantly decays into a BB pair. Although the
LHC is definetly an energy frontier pp collider, it also produces a lot
of B mesons that are detected at LHCb, a hadronic B factory. The
future SuperKEKB will be a next generation e* e~ Super B factory,
at which Belle II will be operating [3, 19].

2.2.1  Highly Suppressed Decays

The huge amount of B mesons produced at the B factories allows the
investigation of highly suppressed and therefore very rare decays. A
famous example are the flavor changing neutral currents (FCNCs).
In the SM there is no gauge boson mediating such processes. They
can only occur via higher order diagrams, which makes them rare,
but enables physics beyond the SM to enter at the same level (c.f.
Figure 2.3). Thus, the exploration of FCNCs is well suited for test-
ing the SM and constraining new physics scenarios. The theoretical
predictions for most observables in these processes are affected by
large uncertainties inherited from non-perturbative QCD. Accord-
ingly, one often investigates CP asymmetries in these decays (c.f.
next Section), because here the uncertainties mostly cancel.
Measuring the decay B® — ¢pK2, which is based on the transition
b — sss (c.f. Figure 2.3), gives acces to the UT angle 3 (c.f. next
section). Extensions of the SM allow the measured angle in this
decay to differ from the value obtained by the tree dominated decay
B — ]/ng [21]. Another FCNC is the b — sy transition, which is
additionally supressed by means of helicity. As a consequence, this
process is sensitive to right-handed currents [22, 23]. A promising
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Figure 2.2: Cross section of e"e~ — hadrons in the bottomonium
mass region, taken from [20]. The Y'(4S) is the first resonance above
the open bottom threshold.

channel is B® — Kn%y. Other rare but sensitive decays are B* —
ttv; [24], B = Km [25], B — K g+ [26, 27], Bs) — €1 [28],
and many more. So far, the statistics of the past B factories is not
sufficient to make significant statements, which makes LHCb and
Belle II unique experiments at the precision frontier.

2.2.2 CP Violation

The main motivation for the construction of the B factories is the
measurement of CP violation [2, 3, 18, 30]. There are three types of
CP violation:

1. The probability, that an initial state i decays into the final state
f is inequal to the probability of the CP conjugate process:
I'(i—f)#T (i— f) is called “CP violation in decay”.
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Figure 2.3: Feynman Diagrams for the b — sss transition, according
to [3, 29]. (a) The SM contribution. (b) The SUSY gluino-down
squark contribution. The dot represents a mass insertion.

2. For a neutral mesons M° that can oscillate into their antipar-
ticle (c.f. Figure 2.5), one can observe the “CP violation in

mixing”: T (M® — M°) #T (M” = M°).

3. For neutral mesons that have a common final state with its
antiparticle, the first two kinds of CP violation can interfere
(c.f. Figure 2.6), which gives “CP violation in interference”.
While CP vioaltion in decay and CP violation in mixing are
considered to be small effects, a constructive interference of
them can result in asymmetries, that are easier to measure.

Since CP violation is described by the imaginary phase of the CKM
matrix (Equation (2.2)), investigation of CP violation is performed
by measuring the elements of the CKM matrix and the relations
among them. From the unitarity of the CKM matrix it follows, that
vt =viv =1, giving 12 equations, that relate the elements to each
other:

Z VijV{kk: Z Vjivlti:5jk . (27)

i=u,c,t i=d,s,b
Taking j = d and k = b, it reads
VudeLb + VCdV:b + thV:;b = O , (28)



2.2 SEARCHING FOR Pysics BEYOND THE STANDARD MODEL - B PHYSICS 15

0.5

Figure 2.4: The Unitarity Triangle. p and 7] are Wolfenstein param-
eters, a different parameterization of the CKM matrix [31]. It holds
p+in = —VyuaV],/Vea Vi, according to [32].

which can be represented by a triangle in the complex plane. By
dividing this equation by the second summand, one obtaines a nor-
malized triangle, which is refered to as the Unitarity Triangle (UT),
c.f. Figure 2.4. The area of the triangle is a measure for the strength
of CP violation. In the absence of CP violation it would be zero.
Measuring the angles and sides of the UT is a powerfull tool for
testing the SM [6].

A lot of these quantities can be determined from measuring time-
dependent asymmetries in B decays, that arise from the CP violation
in interference. The angle 3 can be determined very well from the
analysis of B® — ]/d)Kg and B® — J/PK?, cf. Figure 2.6 [8]. The
investigation of the decays B® — ntn~ and B® — p*p~ provide
access to « [33]. The angle vy can be measured in the decays B —
DK [34].

In order to detect an asymmetry between the B and the B me-
son decay, the knowledge of the flavor of the decaying meson is
required. In a decay into a final state being common to both, this
is a non-trivial task. Nontheless, the flavor can be tagged indirectly.
When the B mesons are produced as a coherent pair, the flavor of
one meson is opposite to the flavor of the other (two independent
B mesons could oscillate independently and this relation no longer
holds), that can be tagged by the decay products of the meson. The
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Figure 2.5: Box diagrams describing B meson oscillation via double
W exchange.
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Figure 2.6: Feynman diagrams for the decay B® — J/$K° (a) and

B° —] /11)?0 (b). The kaons are either observed as a K(S) or K(ﬁ meson.
Due to the B meson oscillation (c.f. Figure 2.5), these two channels
can interfere.
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ete” B factories adjust the center of mass energy to the Y(4S) res-
onance (c.f. Figure 2.2), which dominantly decays into coherent BB
pairs. LHCb can also select BB pairs, that are coherent. The flavor
tagging needs a high efficiency particle identification, that is pro-
vided by the detectors.

The time differences, that need to be detected are in the order
of ~ 5ps, which is feasable to be measured directly. Therefore, the
rest frame of the center of mass is boosted with respect to the lab-
oratory frame. This is achieved by the asymmetric beam energies
of the ete™ colliders. The LHCb detector is placed in the forward
direction of the symmetric pp collision, where the high rapidity nat-
urally gives a boost to the BB system. Compared to its mass of
5.28 GeV/c?, the B® meson as rather low momentum of ~ 330 MeV/c
in the Y'(4S) rest frame, that moves along the z axis. Consequently,
the decay time difference of the B mesons can be determined via
At = Az/Byc, where Az is the difference of the z components of the
decay vertices. With an appropriate boost, the required resolution of
the z vertex reconstruction is in the order of ~ 100 um, which can be
achieved by modern pixelated or striped silicon detectors.

2.2.3 Charmonium

Due to the mass hirachy of the quarks and the almost diagonal struc-
ture of the CKM matrix, the b quark in the B meson dominantly
decays into a ¢ quark by the emission of a virtual W* boson, which
then creates a quark and an antiquark (with different flavor). Often,
one of these new quarks is a ¢ quark, so the resulting ct pair can be
bound into a hadron, which is called charmonium.

Charmonia are mesons composed of a charm and an anti-charm
quark in the mass region of 3 —4.5GeV/c?. A perturbative treatment
of QCD in this regime is not possible, to predict the masses of these
states, so one has to rely on Lattic QCD calculations, effective field
theories and non-relitivstic models [35-37].

The latter approach assumes, that the charm quarks (m =~
1.3GeV/c?) are moving slowly inside the meson, so that non-
relativistic quantum mechanics can be applied. Therefore, a semi-
empirical potential

v () =—~=4vbr , (2.9)
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that is refered to as the Cornell Potential, is derived [37]. It consists
of a Coulomb term with the coupling «s and a confinement term
propotional to r with b called “string constant”. Additional terms
can be added, taking into account the spin-spin, spin-orbit, and ten-
sor forces [38]. In total, this potential has four parameters (including
the charm quark mass), that need to be determined from experi-
mental observations. Using eleven known charmonium masses as
input, Reference [38] solves the non-relativistic Schrodinger equa-
tion and predicts the masses of yet not observed charminium states.
Figure 2.7 shows the predicted and the observed states. One can see,
that the calculated and the observed masses below the open charm
threshold agree with very high accuracy.

While not all predicted states have yet been found, unpredicted
states are observed (c.f. Figure 2.7). They are referd to as exotic
charmonium states, since they do not fit into the pattern of con-
ventional charmonium. For example the X(3872), which was first
discovered in the decay B* — X(3872)K* [44], lies above the open
charm threshold, but has a very small width (I' < 1.2MeV [6]), which
is rather untypical for conventional charmonia. Other states have
been observed, that are charged, which automatically discards the
pure cc hypothesis [45—47]. The charged states are named Z¢ with
its mass in parentheses. There have also neutral states been found
with a mass very close to a charged state. They are assumed to form
an isospin multiplet, hence they are also called Z¢. All exotic vector
states are refered to as Y states and the other exotics are called X.
The PDG has a different naming scheme, calling them all X.

If they are no conventional cc states, they need to be something
else. In order to form a narrow charged state in the charmonia
mass region, the Z states need to contain at least four constituent
quarks. There are models, describing the XYZ states as compact
tetraquarks [48], losely bound meson molecules [49], or hybrids be-
ing made from a quark anti-quark pair and an excited gluon [50].
Other models try to describe them as hadro-charmonium, a cc me-
son surrounded by a cloud of light mesons [51], and some say, these
states are no real resonances but perturbative rescattering effects at
thresholds [52]. The true nature of these states is very unclear and
studying them will help to understand non-perturbative QCD und
confinement.

In the bottom sector, there is the spectrum of bottomonium
states. They can be described as well by a Cornell Potential and
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Figure 2.7: Charmonium spectrum ordered by the quantum num-
bers JPC. The black lines represent theoretical predictions [38] and
the red lines together with the names of the states stand for the ex-
perimental observations. Additionally, the most important thresh-
olds for open charm decays are shown. Exotic states are named
X with its mass in MeV/c? according to the PDG naming conven-
tion [6]. The masses of the predictions are taken from [38], while the
experimental values are taken from [6, 39—43].
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exotic states are also observed [53, 54]. At the e*e™ B factories, the
B mesons are dominantly produced in the decay of the bottomo-
nium state Y'(4S), so either by varying the center-of-mass energy or
via the decay of Y(4S) to other bottomonium states bottomonium
spectroscopy can be done at the B factories. Toponium does not ex-
ist, because the very heavy top quark decays, before it can form a
bound tt state.



Chapter 3

THE BELLE II EXPERIMENT

THE future Belle II experiment [3] is the upgrade of the Belle ex-
periment [2] and will start data taking in 2018. Belle operated
from 1999 untll 2010 at the asynchronous e*e~ collider KEKB at
KEK (High Energy Accelerator Research Organization) in Tsukuba,
~ 60km north of Tokyo, Japan. With /s = 10.58GeV it ran at
the Y(4S) resonance, which decays dominantly into a pair of B-
mesons, hence it is called a B-factory. Belle also recorded data at
the Y(1S), Y(2S), Y(3S), and Y(5S) with an overall integrated lu-
minosity of Tab~'. Together with its companion experiment Bar-
bar at SLAC [18] in Stanford, US, Belle measured for the first time
CP-violation outside the Kaon system and determined the angles
of the unitarity triangle with high precision [55]. This experimen-
tal confirmation of the CKM-mechanism led to the awarding of the
Nobel Prize to M. Kobayashi and T. Maskawa in 2008 [56]. Addi-
tionally, Belle discovered and confirmed the discovery by other ex-
periments of exotic quarkonium-like states (e.g. the X(3872), and the
Zc(3900)%), that do not fit into the pattern of conventional quarko-
nium and therefore probe non-perturbative QCD [44, 46, 47]. Due
to its high statistics (~ 800 x 10° BB pairs), Belle was also able to
investigate highly suppressed FCNC processes [57, 58].

The next generation et e~ collider SuperKEKB will have a factor
of 40 higher instantantious luminosity than its predecessor KEKB
and will run longer in order to increase the integrated luminosity by
a factor of 50.

3.1 The SuperKEKB Accelerator

The SuperKEKB accelerator is the upgrade of the KEKB accelera-
tor at KEK, so it is installed in the same tunnel [3, 19]. It has two
rings with a circumference of each 3016 m: The High-Energy-Ring
(HER) containing the electrons and the Low-Energy-Ring (LER) for
the positrons. Both rings store 2500 bunches.

KEKB had a peak luminosity of 2 x 103* cm~2s~" being still the
world record of a collider. SuperKEKB aims for a luminosity of
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Table 3.1: Machine parameters of the SuperKEKB accelerator, ac-
cording to [3, 59]. The values of the beta function and the beam size
are valid for the IP.

LER (e™) HER (e™)

Beam energy 4.000 7.007 GeV
Energy spread 814 x107% 649 x10~4
Circumference 3016.315 m
Crossing angle 83 mrad
Horizontal emittance 3.2 4.6 nm
Vertical emittance 8.64 12.9 pm
Horizontal beta function 32 25 mm
Vertical beta function 0.27 0.30 mm
Horizontal beam size 10.2 7.75 pum
Vertical beam size 59 59 nm
Beam current 3.6 2.6 A
Bunch current 1.44 1.04 mA
Number of bunches 2500

Bunch length 6.0 5.0 mm
Luminosity 8 x 1035 cm 25!

8 x 103 cm~2s~!, a factor of 40 higher. Therefore, the beam current
is doubled and an additional factor of 20 is gained by employing the
so-called “Nano-Beam” scheme.

In the Nano-Beam scheme the longitudinal overlap of the col-
liding bunches is minimized in order to reduce the vertical beta-
function at the ineraction point (IP). A larger crossing angle helps
to achieve this, which is also beneficial for having separate focus-
ing quadrupole magnets for the two beams and placing them closer
to the IP. This results in limiting the detector background by syn-
chrotron radiation and allowing a larger dynamic aperture for a
longer beam lifetime, which is of major concern since intra-beam
scattering loweres it by a factor of 15 — 20 compared to KEKB. It is
clear, that a low emittance is mandatory.

The energy of the HER is changed from 8.0 GeV to 7.0 GeV, while
the energy of the LER is increased from 3.5 GeV to 4.0 GeV. Hence,
the Lorentz-boost 3y of the center-of-mass system is reduced, but
its energy /s = 10.58 GeV stays the same. Although a larger Bv is
desirable for physics analysis, the higher LER energy helps to reduce
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the emittance growth and to extend the beam lifetime by lowering
the probability of intra-beam scattering. A feature of the lower HER
energy is a reduced emittance.

The parameters of the SuperKEKB accelerator are shown in Ta-
ble 3.1.

3.2 The Belle II Detector

The Belle II detector follows the basic design of the Belle detector.
While keeping some of the components from Belle, a lot of its parts
need to be exchanged for coping with the higher rates. The trigger
rate will be higher, but also the occupancy caused by background
will increase. This requires faster electronics and detectors with
shorter dead times. Compared to Belle, a new detector for a better
vertex resolution is introduced, the pixelated PXD (see Section 3.2.2).

The detector has a typical onion-skin layout (see Figure 3.1) and
covers the polar angle between 17° and 150 °. From the inside to-
wards the outside it consists of a vertex detector followed by a drift
chamber for charged particle tracking, detectors for particle identi-
fication, and an electromagnetic calorimeter. These components are
inside a superconducting solenoid coil, its iron yoke is instrumented
as an absorber for the K; and p detector. These subdetectors are
described below. A more detailed description can be found in the
Belle II technical design report [3].

3.2.1 The Beampipe

The central part of the IP chamber is a 22cm long double-walled
beryllium tube [3]. Beryllium has an atomic number of 4, so the
probability of multiple scattering in the beampipe is mitigated. The
inner pipe has an inner radius of 10.0 mm, a thickness of 0.6mm, and
has got a 10 um thick gold plating on the inside. The outer radius of
the outer pipe is 12.0 mm and it has a thickness of 0.4 mm, such that
there is a gap for coolant of 1.0 mm between the two layers.

Because the beryllium beampipe does not get hit directly by syn-
chrotron radiation, the major heat source is the image current of the
beam and is expected to be 81 W. A dehydrated liquid parafin like
C10H32 is the chosen coolant, since beryllium is reactive eliminating
water as a candidate. In order to keep the temparature below 10 °C,
a cooling liquid speed of 10m/s is sufficient [3].
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Figure 3.1: Schematic view of the Belle II detector, according to [60,
61]).

3.2.2 The Pixel Vertex Detector

The purpose of the innermost detector, the Pixel Vertex Detector
(PXD), is the position determination of the B meson decay ver-
tices [3, 62]. Therefore, it consists of two Layers of pixelated silicon
sensors placed very close to the interaction point at radii of 14 mm
and 22mm. The high luminosity comes with a high level of beam
induced background (c.f. 3.2.9) causing severely high hit rates, espe-
cially in the detectors in the vicinity of the beam pipe. In order to
cope with these high rates, a layout of pixels rather than stripes is
chosen.
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Figure 3.2: CAD drawing of the PXD. The light-grey surface is the
sensor. The SWITCHERs are colored red and the DCDs are marked
yellow. The grey parts next to the DCDs are the DHPs. Taken
from [63].

Both PXD layers are subdivided into planar ladders and every
ladder consists of two modules (also called half-ladders), each host-
ing one sensor. Each module is made of 400 um thick silicon which
is thinned down to 75 um in the sensitive area. In total, there are
~ 7.7 x 10° pixels. The dimensions of the PXD can be found in
Table 3.2 and a CAD drawing is shown in Figure 3.2.

The physics program of Belle II requires the reconstruction of
low momentum (=~ 50MeV/c) charged particles. As one one can
see in Figure 4.1, multiple scattering becomes an issue at these mo-
menta. In consequence, a very little material budget is desirable.
That is why the pixels are based on the DEPFET (DEPleted Field
Effect Transistor) technology. It has an internal amplification, so that
it can be made very thin (75 um). Additionally a DEPFET sensor
consumes little power, which makes air cooling sufficient for the
detector acceptance volume. The readout electronics, which need
active cooling, can be placed outside the acceptance [64, 65].



26 CHAPTER 3 THE BELLE Il EXPERIMENT

Table 3.2: Dimensions and properties of the PXD.

Layer L1 L2
Radius [mm] 14 22
Ladders 8 12
Modules 16 24
Thickness (Module) [um] 400
Thickness (Sensor)[um] 75
Length (Sensor) [mm|] 45 61.7
Width (Sensor) [mm] 12.5
Sensitive Area [cm?] 90 185
Pixels 3.072 x 10®  4.608 x 10°
Pixel per Sensor 250 x 768

55 x 50 70 x 50

Pixel Size [pm?] 60 x 50 85 x 50

DEPFET Technology

A DEPFET sensor [66, 67] consists of a silicon substrate with an inte-
grated p-channel MOSFET. A p* contact at the back side caters for a
fully depletion of the silicon bulk, when set to a sufficiently negative
potential. An n doped area underneath the FET creates a minimum
of the potential, which is called the “internal gate”. Charged parti-
cles traversing the bulk create electron-hole pairs. The holes move
towards the back contact, while the electrons are collected at the in-
ternal gate. In order to read out the pixel, the FET is switched on.
By doing so, the amount of charge at the internal gate controlls the
drain current. Thus, measuring the current provides information
about the stored charge. The charge can be removed by setting a
neighboring n* contact (“clear”) to a positive voltage. The DEPFET
principle offers two major advantages. Firstly, the internal amplifi-
cation makes it possible to have very thin sensors. Secondly, a very
high signal-to-noise ratio can be achieved, beacause the internal gate
has a very small capacitance [66, 67].

Operation of a PXD Sensor

A PXD sensor is read out row-by-row (“rolling shutter mode”). Only
the FETs of four neighboring rows are switched on at a time. It
needs 20 us until a whole sesnsor is read out. The drain currents
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of the pixels flow via the drain lines to the end of the sensor. The
current is digitized by four Drain Current Digitizers (DCDs) before
the four The Data Handling Processors (DHPs) perform the zero-
suppression and serialization for sending the data off module. The
DCD and the DHP are ASICs, which are placed on the module, but
outside the detector acceptance. The activation and clearing of the
pixel rows is done by the SWITCHER ASIC located at the side of the
sensor inside the acceptance [62].

3.2.3 The Silicon Vertex Detector

At radii 2 4 cm the expected hit rate is sufficient low to have a rea-
sonable occupancy by instrumenting the VXD with strips [3]. The
Silicon Vertex Detector (SVD) is a double-sided silicon strip detec-
tor (DSSD) complementing the PXD at radii between 38 mm and
135 mm (see Figure 3.3). It has four layers, from which the forward
parts of the three outer layers are slanted towards the beam axis in
order to minimize the material budget [68, 69]. See Table 3.3 for
the properties of the SVD layers. All sensors have a thickness of
~ 300 um [68].

The strips on the p-side are aligned to the z-axis, whereas the n-
side strips run along the r — ¢ direction. The layers are divided into
ladders, similar to the PXD. All ladders are assembled from three
types of DSSDs. The innermost layer contains “slim” sensors, while
the three outer layers are made from “large” sensors and “trape-
zoidal” sensors in the slanted parts. Table 3.4 lists the properties of
the DSSD types. The SVD has in total 223 744 strips distributed over
a sensitive area of 1.13m?.

The strips are read out by the 128-channel APV25 chip, which
was originally developed for the CMS Tracker [70]. It has a shaping
time of ~ 50ns, which is desirable for the background reduction,
but makes it more sensitive to noise. Therefore, the chip has to be
as close to the sensor as possible. The readout chips for the sensors
at the forward and backward edge are placed outside the detector
acceptance and the chips for the sensors in the center region are
glued onto the ladder structure via the “Origami chip-on-sensor”
concept [71]. Cooling of the chips is provided by a CO, cooling
line on top of the ladder. For keeping the probability of multiple
scattering at a minimum, the APV25 is thinned down to 100 um.
The material budget per layer is < 0.73 % Xop.
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Figure 3.3: CAD rendering of the SVD. Taken from [72]

Table 3.3: Specifiactions of the SVD layers. For consistency with the
PXD numbering scheme, the layers of the SVD are numbered from
3 to 6 [68, 69].

Layer Radius [mm] Ladders Sensors/Ladder Slant Angle

L3 38 7 2 168°
L4 80 10 2 11.8°
L5 104 12 4 17.2°
Le 135 16 5 21.1°

The data of the APV25 is sent off detector, where it is further pro-
cessed, including a hit-time finding. This is performed by a lookup
table implemented in an FPGA. Using three sample points around
the pulse maximum, it deliveres a time window of ~ 20ns [3].

3.2.4 The Central Drift Chamber

The main tracking device of Belle II is the Central Drift Chamber
(CDC), occupying a volume between the radii of 16cm to 113 cm [3].
The track reconstruction allows precise momentum determination
and also supplies a trigger signal. Additionally, the CDC provides a
dE/dx measurement for particle identification.
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Table 3.4: Properties of the three sensor types of the SVD [68, 69].

Sensor Number of Strips ~ Strip Pitch [um] Size [mm?]
p-side n-side p-side n-side

Slim 768 768 160 50 122.8 x 38.4

Large 512 768 240 75 122.8 x 57.6

Trapezoidal 512 768 240 50—-75 1228 x57.6

—38.4

The 14336 sense wires and 42240 field wires are arranged in
nine superlayers, each being formed by six layers of square drift
cells, containing one sense wire (only the innermost superlayer has
eight layers). The innermost sense wire is at a position of r = 16.8 cm
and the outermost sense wire is placed at r = 111.14cm. The sense
wires are made from gold plated tungsten with a diameter of 30 um,
while the aluminium field wires have diameter of 126 um. Each
superlayer is either an axial layer (“A”), which has wires parallel to
the z-axis, or a stereo layer, its wires are slightly skewed with respect
to the z-axis. The stereo layers have either a positive or a negative
tilt angle, making them a “U” or a “V” layer. The combination of
axial and stereo layers allows a 3D track reconstruction. The order
of the superlayers (from the inside to the outside) is AUAVAUAVA.
The gas is the same as in the Belle CDC, a 50 : 50 mixture of He and
C2Hs [3].

3.2.5 Particle Identification

Particle identification (PID) detectors of Belle II are the Time-of-
Propagation counter in the barrel part and the proximity-focusing
Aerogel Ring-Imaging Cherenkov detector in the forward endcap.
The main purpose of these detectors is the separation of charged pi-
ons from charged Kaons, while introducing little material in front of
the Electromagnetic Calorimeter [3].

Time of Propagation Counter

In the barrel part, the Time-of-Propagation counter (TOP) is used
for the identification of charged particles [73]. It consists of 16
275 x 44.3 x 2cm?® quartz bars between the CDC and the Electro-
magnetic Calorimeter. The quartz serves as a radiatior for the cre-
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ation of Cherenkov photons, which are then internally reflected to
the end of the bar, where they are detected by micro-channel plate
(MCP) Photomultipliers (PMTs) [74]. The time of arrival and the x
and y coordinate are measured. Pions and kaons produce different
patterns in this 3-dimensional space. Thus, liklihoods for the pion-
and the kaon-hypothesis can be calculated, from which the decision
for one particle specie is made [3, 73].

The cromaticity of the Cherenkov photons reduces the separabil-
ity of pions and kaons due to the smearing of the arrival time. In
order to correct for this effect, the forward end of the quartz bar has
a focusing mirror. This has also the advantage, that the PMTs are
only at the backward end of the bar, saving the space in the forward
direction, that would be needed for the cables [3].

Aerogel Ring Imaging Cherenkov detector

The proximity-focusing Aerogel Ring-Imaging Cherenkov detector
(ARICH) is used in the forward endcap to perform the identification
of charged particles [3, 75]. It consists of two 2cm thick layers of
silica-aerogel as radiator [76]. After a gap of 20 cm for the expansion
of the photon rings, an array of Hybrid Avalanche Photo-Detectors
(HAPDs) detects the Cherenkov photons [77].

The refractive indices of the two aerogel layers are 1.055 and
1.065. This leads to a larger opening angle of the light cone from
the second layer overlapping with the first cone at the HAPD. This
(proximity) focusing effect reduces the blurring of the Cherenkov
rings, and thus improve the resolution and discrimination power of
different particle hypotheses.

The HAPD is an Avalanche Photo-Detector with a photocathode
at a potential of ~ —8kV 2cm in front of it. The front-end read-
out is done by an ASIC followed by an FPGA. The ASIC contains a
preamplification stage, a shaper, and a comparator [3].

3.2.6 The Electromagnetic Calorimeter

The task of the Eletromagnetic Calorimeter (ECL) is the high effi-
ciency detection of photons with high resolution in energy and po-
sition. Furthermore, the ECL is needed for the identification of elec-
trons and is used in combination with the KLM (Section 3.2.8) for
the detection of K® mesons. Additionally, it is used as a luminosity
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monitor and source of the trigger. While reusing the CsI(Tl) crystals
and photodiodes of Belle, the Belle II ECL electronics is new [3].

The barrel section is 3 meters long and has an inner radius of
1.25m. It is formed by 6624 crystals pointing to the interaction point.
The endcaps are placed at z = 1.96m and z = —1.02m, consisting
of 2112 crystals. The crystals have an averaged cross section of 6 x
6cm? and a length of 30 cm corresponding to 16, 1 radiation lengths.
Two 10 x 20 mm? photodiodes are glued to the back of each crystal
for the collection of the scintillation light [3].

The higher background at Belle II imposes two major issues on
the data acquisition. The first one is called “pile up noise”. It is
caused by a low-energy photon background, its fluctuation causes
an increase of the noise level. The second problem is caused by
a high-energy photon background, which creates background clus-
ters. To be able to cope with these issues, the shaping time is short-
ened to 0.5 us (A second shaper for generating triggers has an inte-
gration time of 0.2 um) and the signals undergo a waveform anal-
ysis. For that reason, a flash ADC samples the signal at a rate of
2MHz. When receiving a trigger, 16 sample points are fit to a signal
function, determining the event time and the pulse height. After an
energy dependent cut on the event time, the rate of fake photons can
be reduced by a factor of 7 while losing only 7 % of the true photons
above 20 MeV. However, an energy threshold of 30 MeV is required
to reduce the fake rate caused by pile up noise [3].

3.2.7 The Superconducting Solenoid

Momentum determination of charge particles is only possible by
reconstructing their flight path inside a magnetic field. Therefore,
the superconducting solenoid, which is reused from Belle, provides
a homogenius magnetic field of 1.5 T parallel to the z-axis. It encloses
the ECL and its iron yoke is used as absorber material of the K¢ and
1 Detector. The superconducting coil made of NbTi/Cu is inside a
cryostat ranging from r = 1.7m to r = 2.0m at a temperature of
4.2K [78]. It has a nominal current of 4400 A and stores an energy
of 35M]J.

3.2.8 The K% and n Detector

The K(ﬁ and p detector (KLM) is the outermost subdetector of
Belle II [3]. It is located outside the superconducting solenoid and
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consists of alternating layers of 4.7 cm thick iron plates and active
detector elements (4.4cm). The iron plates serve as an absorber
for hadrons (especially K? mesons), as well as the flux return of
the solenoid. Muons travel along almost straight paths through the
KLM, leaving signals in the active detector elements, whereas K?
mesons, that create hadronic showers in the ECL or the KLM, are de-
tected by the signal in the ECL or KLM with no associated charged
track in the CDC.

In the octagonal shaped barrel part, the detection is performed
by the glass-electrode resistive plate chambers (RPC) from the Belle
detector. There are 15 superlayers of RPCs and 14 layers of iron
plates. A superlayer consists of two RPCs separated by a thin insu-
lator and pick up strips attached to each side. The RPC electrodes
are made from 2.4 mm thick float glass separated by 2mm gaps filled
with a gas mixture of 62 % HFC-134a, 30 % argon, and 8 % butane-
silver [3].

Due to the long dead time of RPCs caused by the reformation of
the electric field after a discharge, RPCs are no option for the high
background environment of the KLM endcaps of Belle II. The main
background source are low-energy neutrons (10 — 100 keV), originat-
ing from the beam line outside the detector. Instead of RPCs, scintil-
lating polystyrene strips (cross section 7 x 40 mm?) will be used in
the 14 detector layers of the endacp. The number of iron plates in the
endcap is also 14. The scintillation light is collected in wavelength-
shifting fibers (WLSF), which lead to Silicon Photomultipliers (SiPM)
at the end of the strips. The SiPM signal is amplified off detector and
sampled with 1 GHz. Similar to the ECL, the waveform is fit by a sig-
nal funtion to obtain the event time and the pulse height. A timing
relosultion of ~ 1ns can be achieved [79].

3.2.9 Background Sources

The high luminosity will result in a high rate of BB and other hadron
production events as well as p™p~ and T 1 events, but of course
it causes also a high background level. Due to the independent final
focus quadrupoles for the two beams it can be avoided, that the
sensitive area of the detector is hit by synchrotron radiation. In the
following, the background sources, that have to be considered, are
presented [3].
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Beam-Gas Scattering

Having an average pressure of ~ 10~ p [80], there is still some resid-
ual gas in the vacuum system scattering with the beam via emis-
sion of bremsstrahlung and coulomb scattering. The electrons and
positrons then leave their orbit and hit the beam pipe and magnets,
producing showers, that can reach the detector and generate back-
ground hits [3].

Touschek Effect

The Touschek effect is the scattering of a beam particle with another
particle from the same bunch [81]. Again, the scattered particles
create showers in the wall of the vacuum chamber and the magnets.
Since it is proportional to E~3, only the Touschek contribution from
the LER is significant [3].

Radiative Bhabha Scattering

Radiative Bhabha scattering (e*e~ — e'e y) happens at the inter-
action point, where the particles collide. There are two ways, in
which this process contributes to the overall background pollution.
The first one is the production of free neutrons by the giant photo-
nuclear resonance mechanism caused by the absorption of the pho-
ton by the iron in the magnets. The neutron radiation is mainly
an issue for the endcap KLM. The second source of background
is the over-bending of the slowed down beam particles in the mag-
nets. Similar to the beam-gas scattering and the Touschek scattering,
showers are created in the beam pipe and the magnets, that can hit
the detector [3].

Two photon QED

Second order QED precesses involving the exchange of two pho-
tons can also happen in e*e™ collisions. The main reaction is the
electron-positron pair production (ete~ — eTe ete™). Very low
momentum e’ e pairs are produced and hit the innermost detec-
tor layers. Creating a hit rate being approximately proportinal to
1/72, this is by far the main background source for the PXD and the
SVD [3].
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3.2.10 The Level 1 Trigger

The trigger of Belle II is ordered in two levels. The first one is the
Level 1 trigger, which selects events based on fast and coarse deci-
sions [3]. This reduces the rate of the data, that is analyzed by the
High Level Trigger, which performs an online reconstruction for a
physics based even selection, c.f. next section.

The Level 1 trigger is divided into several sub-triggers. The most
important triggers are the three CDC triggers and the ECL trigger.
The CDC 2D trigger uses only the axial wires and performs a track
finding and track fitting in the r — ¢ plane. The CDC 3D trigger uses
the found 2D tracks and uses the stereo hits for an r — z fit in order
to obtain the 3D information [3]. Additionally, there is a z-vertex
trigger. It determines the z coordinate of the vertex by feeding the
parameters of the found 2D track together with the stereo hits into
an artificial neural network [82]. Hence, the CDC triggers provide
information about the track parameters like charge, momentum, ver-
tex, and multiplicity.

The ECL trigger is supposed to run in two complementary con-
figurations. The first is an overall energy trigger, which is asserted,
when a certain threshold of total energy is exceeded. The second
trigger is issued, when a certain number of isolated clusters are
counted.

The KLM sub-trigger extends the CDC triggers by the identifica-
tion of muon tracks. A precise timing is attained by the PID detec-
tors in the barrel (TOP) as well as in the forward part (ARICH).

The sub-triggers are sent to the Global Decision Logic (GDL),
which makes the final decision, wether a trigger should be gener-
ated. It operates in a sequence of four steps [3]:

1. The latencies of the sub-triggers are adapted to each other.
2. The main trigger decision is made in the second step:

e The physics triggers require a certain track multiplicity, a
total energy deposition in the ECL, or a certain number
of ECL clusters.

e The calibration triggers search for a Bhabha, yy, or a p
pair signature. Additionally, a delayed Bhabha trigger
mimics a random trigger scaled with the luminosity.
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e There are also veto triggers for two photon QED events
and for the beam injection. During injection, the beam is
unstable and produces an increased background level.

3. Due to the high cross section of the calibration events, rate of
the calibration triggers are prescaled, i.e. only one of N triggers
are accepted, when N is the prescaling factor.

4. The timing of the trigger is determined by using the timing
information from the PID detectors and the ECL.

At the target luminosity of 8 x 103°> ecm~2s™! the expected trigger
rate is on average 30 kHz.

3.2.11 Data Acquisition and Online Data Reduction of the
PXD

Due to the high background in the PXD, which corresponds to an
occupancy of up to 3%, and an average trigger rate of 30 kHz the
PXD has an expected output data rate of 2 20GB/s. This is more
than ten times the rate of all other subdetectors combined and makes
an online data reduction necessary [4].

The PXD Readout

In Section 3.2.2 the PXD with its on-module ASICS is described.
Each half-ladder is connected to an FPGA board called Data Han-
dling Engine (DHE). Upon a trigger receipt, the DHEs read out the
DHPs. The fact, that the outer layer has a lower occupancy than the
inner layer, motivates a load balancing. Therefore, two DHEs from
the inner layer and three DHEs from the outer layer send their data
to a Data Handling Concentrator (DHC), which then combines the
data, clusterizes the hits and sends it on four links to the Online Se-
lection Nodes (ONSEN). The combination of DHE and DHC is called
DEPFET Handling Hub (DHH). In total, there are eight DHHs with
40 input and 32 output links [5, 83].

The ONSEN System

The ONSEN performs data reduction, by sending only pixel data
inside Regions of Interests (ROIs) to the Event Builder 2. The ROIs
are geometric regions on the PXD sensor area in a rectangular shape.
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They are determined by two independent mechanisms. One is the
Data Acquisition Tracking Concentrator Online Node (DATCON),
running on an FPGA based platform almost identical to the ON-
SEN hardware. It performs online tracking only with SVD data and
extrapolates the tracks to the PXD. The intersections of with the sen-
sors are then the center of an ROI The other ROI source is the High
Level Trigger (HLT). It receives data from all subdetectors except the
PXD, collected by the Event Builder 1 and runs on a multicore PC
farm in order to perform online full reconstruction for an event se-
lection. The found tracks during this process are also used for the
determination of the ROIs [3, 84].

The ONSEN is comprised of 33 xXTCA-based FPGA Processor
(XFP) cards hosting a Xilinx Virtex-5 FX70T FPGA. The xFP cards
are carried by an AdvancedTCA carrier board in groups of four.
Each carrier board is equipped with a Virtex-4 FX6o FPGA and is
placed inside an AdvancedTCA shelf, where they communicate via
the backplane. One xFP card acts as the Merger Node. It combines
the ROI information. Afterwards, it distributes the merged ROIs to
the 32 Selector Nodes. The Selector Nodes receive the PXD data
from the DHCs and select only the pixel inside the ROIs. Due to
the latency of the HLT of up to 5s (DATCON: 10 us), the Selector
Nodes need to buffer the PXD, until the receipt of the HLT ROlIs.
The reduced PXD data is then sent to the Event Builder 2 [4, 83].

The overall reduction factor of the PXD data is ~ 30. A factor of
10 is achieved by a 10 % coverage of the PXD sensors by ROIs, while
an additional factor of 3 is acquired by the HLT event selection [4].
The whole process of the PXD data acquisition and reduction is il-
lustrated in Figure 3.4.

3.2.12 Software

The software of Belle Il is integrated into the Belle IT Analysis Frame-
work (BASF2) [85]. It is an object oriented framwork based on C++.
The framework comprises a whole variety of modules, that fulfill
individual tasks. There are modules, that read or write data from
or to a file. Other modules generate physics events or run a full
detector simulation. The tracking algorithms are implemented as
BASF2 modules. The modules can be chained to a sequence, which
is processed on event basis. Therefore, the so-called “steering files”,
scripts written in Python, build the interface to the modules. In a
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Figure 3.4: Illustration of the data acquisition and reduction of the
PXD. The arrows represent data paths. The HLT sends not only the
ROIs to the Merger Node, but also a trigger decision. According

to [4, 83].
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steering file, the user instantiates the modules, passes parameters to
them and add them to a “path”. This path is the above mentioned
sequence, which is then finally executed in the steering file. While
processing a path, the modules have access to the “DataStore”. The
DataStore is based on ROOT [86] and is used for the transfer of data
between the modules. For example one module uses CDC hits as
input and produces track candidates, which are then written to the
DataStore. The next module uses the track candidates for a track fit
and writes the fit tracks to the DataStore.

The framework is not only used for offline data processing, but
also online for monitoring and the HLT [85].
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TRACK RECONSTRUCTION

4.1 Interaction of Charged Particles with Matter

RECONSTRUCTING a charged particle track requires a detection de-
vice, in which the particles interact and produce signals, that
can be read out electronically.

4.1.1 lonization

When charged particles traverse matter, they mainly interact with
the electrons in the atomic shell, leaving the atoms ionized. The
maximum energy transfer by a particle with mass M in a single
collision is given by [6]

Zmeczﬁzyz
1+2yme/M+ (me/M)2 7

Winax = (4.1)
where m, is the electron mass, 3 = v/c the velocity of the incident
particle in units of ¢, the speed of light. y = 1/4/1 — 32 is the usual
Lorentz factor. The mean energy loss per travelled distance (also
called stopping power) of a charged particle is described by the fa-
mous “Bethe equation” in the region of 0.1 < By < 1000 [6, 88]:
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(4.2)

Z and A are the atomic number and the atomic mass of the absorber,
while z is the charge of the particle in units of e. I is the mean ex-
citation energy of the absorber and K = 0.307075 MeV mol ' em? is
a constant. The last term in (4.2), 8(fv)/2, represents the density
effect, a correction at high energies taking into account the polariza-
tion of the medium. The Bethe equation is not valid for electrons
and positrons.

It needs to be considered, that only the mean value of the stop-
ping power is described by (4.2). Collisions with very high-energy
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Figure 4.1: Stopping power and the deflection angle rms of a charged
pion in 100 um silicon. The top axis shows the values of the pion
momentum, while the bottom axis represents 3y. The most probable
energy loss is up to a factor 2 smaller than the mean energy loss.
The fact, that A, /x (dashed black) exceeds (—dE/dx) (solid black)
for small By, is due to the finite value of x, by which A, is divided,
in contrast to the infinitesimal value of dx. The scale of the red
curve describing the deflection angle rms is plotted on the right side.
Only for small momenta it is signficant. The values are calculated
according to Equation (4.2) and (4.3) and using the parameterization

for 5(By) from [87].
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depositions are rare, but they increase the mean value dramatically,
such that about 10 % of the collisions lead to an energy deposition
higher than the mean. Therefore, a much better suited quantity for
describing single-particle energy depositions is the most probable
energy loss. For an absorber of thickness x in gcm~2, it can be
expressed by [6, 89]

2m.c?B?y? .
Ap =[P 0 g2 sey)| )
where & = (K/2)(Z/A)(x/p?)MeV is the Landau parameter an j =
0.2.

In Figure 4.1 the (—dE/dx) as well as the most probable energy
loss divided by x is plotted against By for a charged pion in 100 um
silicon. One can see, that both are having a minimum around vy ~
3. For larger By the stopping power is increasing very slowly and
reaching a plateau, whereas for smaller 3y the stopping power is
increasing very fast.

4.1.2 Multiple Scattering

While passing through matter, a charged particle does not only lose
energy, but also gets deflected by multiple Coulomb scattering from
nuclei. Hadronic projectiles also undergo scattering induced by the
strong interaction. Many subsequent small-angle deflections result
in a Gaussian distributed net scattering angle due to the central limit
theorem with a mean of zero [90]. Less frequent large-angle deflec-
tions lead to non-Gaussian tails in the distribution. Excluding the
tails, the standard deviation of the planar projected deflection angle
can be written as [91, 92]

e 13.6MeV
B0 =0 lane = “Bpc

z\/x/Xo{1+0.0381n(x/Xo) . (44)

The thickness of the material is x, while p (, z) is the momentum
(velocity in units of ¢, charge in units of e) of the incident particle.
The radiation length X, is a material constant describing the mean
length, after which the energy of a high-energy electron is reduced
by bremsstrahlung to 1/e of its initial energy. The behavior of 6 in
dependence of 3y = p/Mc is shown in Figure 4.1.
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4.2 Track Parameterization

Charged particles in a homogenious magnetic field travel along a
helix shaped trajectory. The helix axis is fixed to be aligned with
the orientation of the magnetic field. A helix with its axis being
parallel to the z axis can be described by 5 parameters. The helix has
a radius R and its center is at the position (xo,yo). The pitch is 27th
and the helix has a z-offset of zy. A position on the helix can now be
expressed by

x(t) xo + Rcost
r(t)=[y(t) | = [ yo+Rsint , (4-5)
z(t) zo+ht

where t is a dimensionless parameter, c.f. Figure 4.2(a). When a
coordinate (%, , Z) is known to lie on the helix, the parameterization
from Equation (4.5) can be rewritten to

=
padd

R(cos® — cos(t +9))
+ | R(sind —sin(t+9)) ,  (4.6)

X
rit)=[yt) | =
z ht

[ S I

where ¥ is defined according to Figure 4.2(b). In this parameteriza-
tion t = 0 corresponds to ¥ = (X, ¥, Z).

The task of track reconstruction is to identify hits in the detector,
which belong to a common particle and to parameterize its track.
Due to multiple scattering (c.f. Section 4.1.2) the trajectory is not
a perfect helix, especially for low momentum particles. In order to
account for that, much more sophisticated models exist and the helix
can only be used as an approximation.

The reconstruction of tracks is usually divided into two parts.
The first step is the track finding. Here, the hits forming a track
are identified and a first estimation of the track parameters is per-
formed. The second step is the fitting of the track, where the found
tracks are fit to extract the track parameters and to obtain a covari-
ance matrix of the parameters and a quality estimation of the fit.
During this process, hits may be removed from the track, or even
hits, that have not yet been assigned to the track, are added to the
track [93].
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(a) (b)

Figure 4.2: Parameters of a helix. (a) Illustration of the parameters
used in (4.5). (b) Projection of a helix onto the x —y plane and
definition of the angle 9 used in Equation (4.6).

4.3 Track Finding

In order to identify a helix shaped track, the particle must have cre-
ated at least three hits. The different track finding techniques can
in general be divided into two different classes. The first contains
global methods. These take all available hits at once and try to find
track patterns. In contrast to this, there is the second group, the
local methods. They start with a hit as a seed, combining it with a
neighboring hit, in order to construct a track by subsequently adding
suitable hits [93].

4.3.1  Global Method: Hough Transform

The Hough transform is used for feature extraction, when a set of
points (hits) in space is given. Although it was first designed to
identify charged tracks on bubble chamber pictures [94], nowadays
it is often used in computer vision and image processing, too. It
is based on the transition from the real space to a parameter space.
To demonstrate the principle of the Hough transform, the search for
straight lines is explained in the following. In the reference frame
(x’,y’), a commonly known parameterization is y’ = mx’ + b with
m being the slope and b the y’ intercept. This lacks the possibility to
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A

(a) (b)

Figure 4.3: Principle of the Hough transform. (a) Two points in
real space with the straight line going through both of them. The
parameterization is the normal form using v’ and 9. (b) Each point
is represented by a sinusoid in parameter space. The meeting point
of the curves parameterizes the common straight line of the points
in real space.

describe a straight line parallel to the y’ axis. Thus, a better suited
parameterization is the normal form [95], defined by

' =x"cosd+y’sind , (4.7)

where ¥ is the angle between the x’ axis and the normal of the
straight line and r’ is the smallest distance of the line from the ori-
gin, as shown in Figure 4.3(a). Restricting the domain of the angle
to [0,7), and with v’ € R, every line in the x" —y’ plane is repre-
sented by a unique point in the r’ — 9 parameter space. A single
point in real space is then described by all possible lines through
this point, and hence a sinusoid curve in parameter space, described
by Equation (4.7). More than one point in real space corresponds to
several curves in parameter space. The intercept point of the sinu-
soids parameterizes the line connecting the points, c.f. Figure 4.3.
Accordingly, finding straight lines is achieved by finding the inter-
cection of multiple curves in parameter space. The classical ansatz
is to discretize the parameter space, i.e. to describe it by a 2D his-
togram. Every line crossing a bin increments the bins content. Thus,
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the identification of the pattern is achieved by finding a peak in a
histogram. Usually the points are not perfectly aligned. Thus, the
sinusoids in v/ — 9 space do not meet exactly at one point. This
makes it necessary to tune the binning to a compromise between
too coarse (multiple peaks are seen as a single peak) and a too fine
(not perfectly aligned points does not get recognized). An improved
peak finding also takes the neighboring bins into account. This al-
lows a finer binning and therefore a higher resolution.

The bin-by-bin checking, wether a curve is contained in the bin,
takes a lot of time and requires a lot of memory. Many bins hold
a count of zero, which results even in unused memory. A faster
and resource saving ansatz is the fast Hough transform [96]. Here,
a divide and conquer approach is applied. The parameter space is
divided into four rectangular sub spaces, for which the number of
sinusoids is counted. Only if this number exceeds a threshold, there
may be an intercept of a sufficient number of curves. Accordingly,
this procedure is repeated recursively: The sub space is further di-
vided, and so on (c.f. Figure 4.4). With an increasing recursion level,
the resolution gets finer. When the desired resolution is reached, the
recursion can be stopped and the remaing sub spaces yield the pa-
rameters of the patterns. An additional peak finding is not needed.

In principle, the (fast) Hough transform can be applied to the
search for every kind of pattern. Accordingly. the points in real
space are described an N — 1 dimensional hyper plane in an N di-
mensional parameter space (for the case of two parameters of a
straight line, this is the one-dimenional sinusoid in v/ — 9 space). For
a complicated pattern described by a lot of parameters, two difficul-
ties need to be considered. Firstly, the misalignment of the points in
real space causes a large separation of the hyper planes in parame-
ter space. The second issue is the computational effort of checking,
wether a hyper plane is crossing an N dimensional rectangle. This
effectively limits the application of the (fast) Hough transform to
patterns with few parameters.

A helix has five parameters, but the projection onto the x —y
plane reduces its shape to a circle, which has only three parameters:
The two-dimensional center point and the radius. Very often, one re-
duces the number of parameters even further, by mapping the circle
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Figure 4.4: Principle of the fast Hough transform. By the employ-
ment a divide and conquer approach, the Hough space is devided
into smaller sub spaces, for which the number of traversing sinu-
soids is checked. In this example, the threshold is set to three. This
effectively zooms into the peak regions. The gray rectangles are the
active sub spaces after the fourth iteration.

onto the “conformal plane”, which is done by the transformation

x—X
pz
y%y’:yp;zy , with

)2, (4-8)

where (X, 1) is a reference coordinate, that has to be specified. This
transformation preserves the angles, hence it is a conformal transfor-
mation [97]. It has the property, that a circle, which goes through the
reference point, is transformed into a straight line in the conformal
plane. Using the normal parameterization of the resulting straight
line, the angle V of (4.7) is exactly the angle ¥ of (4.6) and the param-
eter 1’ is related to the radius of the circle via v’ = 1/2R. The circle

x —=x =

p? = (x—x%)?+(y—19
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in Figure 4.2(b) is transformed into the straight line in Figure 4.3(a).
Usually, a charged track is expected to originate from the primary
vertex at the IP. Therefore, the IP is often used as the reference point.

4.3.2 Local Method: Cellular Automaton

A Cellular Automaton is a model for processes, that only interact lo-
cally, i.e. the evolution of a state depends only on its local surround-
ing. It is described by cells which attains one state of a defined set
of states. Each pair of cells are either noughbors or not. The cells
evolve in discrete time steps depending on its current state and the
states of the neighboring cells [98].

Usually, a pair of hits form a cell. Cells sharing a hit are neigh-
bors. The states are numbered, where the lowest state refers to the
initial state, which can evolve into higher states. The evolution of
the states can be expressed by the rule, that every cell with at least
one neighbor on the inside (smaller radial coordinate in the detec-
tor reference frame), increments its state by one when fulfilling cer-
tain selection criteria. The Cellular Automaton converges, when the
states no longer change [99, 100].

4.4 Track Fitting

After a track candidate is found, a fit provides the parameters of
the track. Again, there are global and local methods [93]. A global
approach is a least squares fit. The parameters of the track are ob-
tained by a global fit. A local method is the well established Kalman-
Filter [101]. It starts at the first hit of the track with a seed momen-
tum estimated by the track finder. After it predicts the position of the
next hit, the measured position is used for the correction of the track
parameters. These steps are repeated, until every hit was used. The
Kalman Filter is able to incorporate material effects, such as multiple
scattering (c.f. Section 4.1.2).

4.5 A Note on Ghost Hits and Clusters

In order to measure a two-dimensional position, one employs either
pixels (PXD) or one combines two one-dimensional measurements
(SVD,CDC). Here, the direction of the two sensitive elements must
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not be parallel, otherwise no 2D information can be obtained. In the
SVD the n and p strips are perpendicular to each other, while the
stereo wires of the CDC are skewed by the stereo angle with respect
to the axial wires. Having a high occupancy leads to ambiguities
when determining the 2D position: When N hits occur in one sen-
sor, they cause in the worst case 2N firing strips. There are then N2
possible strip-strip combinations, from which N(N — 1) do not cor-
respond to the true hit. These fake hits are refered to as ghost hits.
Figure 4.5 illustrates the creation of ghost hits.

Typically, a charged particle causes more than a single pixel or
strip to fire. Theses connected groups of pixels or strips are called
clusters. Thus, one hit is associated to one pixel-type cluster or two
strip-like clusters.

4.6 Artificial Neural Networks

In order to achieve an optimal signal to background ratio, it is neces-
sary to decide, wether a certain entity (i.e. a hit or a track candidate)
is background or signal. A hit is characterized by several values (po-
sition, charge, cluster size, etc.). For n such characteristics, a hit is
therefore represented by a point in an n dimensional space, in gen-
eral R™. Signal and background can only be separated, if they have
distinct probability density functions (PDFs) in this space.

If the exact PDFs were known, the assignment to either the signal
or background class would be straight forward: Let x € R™ repre-
sent a hit and fs(x) and fy (x) be the PDFs for signal and backround
respectively. According to the Neyman-Pearson lemma [102], the
likelihood ratio

y(x) = 00 + o) (4.9)

is the optimal estimator. It is limited to he interval [0, 1] and signal
hits have a likelihood ratio close to one, while background hits have
ay close to zero. A cut on the likelihood ratio, i.e. rejecting all hits
with y lower than a treshold, results in background suppression.

However, the exact PDFs are almost never known. Therefore, cer-
tain techniques for the approximation of the signal and background
PDFs need to be applied. One possibility is to use Artificial Neural
Networks (ANNSs) [103].
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Figure 4.5: Ghost hits. The red
dots are true hits, causing the
red strips to fire (other strips
are colored gray). Due to the
ambiguity of the strip-strip as-
signments, the ghost hits are

Figure 4.6: The sigmoid func-
tion o(x) = 1/(1+e *). It
maps the real numbers to the
interval (0,1). At x = 0 it
shows linear behaviour, while
for a large absolute value it ap-

created (black dots). proaches the value 0 (x < 0) or

1(x>>0).

4.6.1  The Neuron

The basic building block of an ANN is the neuron (also called node).
It receives an arbitrary number of inputs and maps them to one
output. This is done in two steps. First the inputs are combined into
one real number by the “synapse function”, which is for example
a simple sum of the inputs. This real number is then fed to an
activation function. Often, the activation function is the sigmoid
function 0 : R — (0, 1) defined by

1

olx) = 14+ex

(4.10)

For values close to zero it has a linear behavior, while for large
positive values it approaches 1 and for large negative values it ap-
proaches 0. It is strictly monotonically increasing in R. The sigmoid
function is plotted in Figure 4.6.
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A general ANN consists of several neurons, that are arbitrary
connected, i.e. a neuron receives the outputs of many other neurons
and gives its output to other neurons. Before a neuron receives the
output of another neuron, this output is multiplied by a weight.
Usually an ANN has input neurons, that receive the input to the
whole network and also output neurons, that holds the output of the
network. An ANN is then characterized by the connections between
the neurons and the weights [103, 104].

4.6.2  The Multi Layer Perceptron

A special type of ANN is the Multi Layer Perceptron (MLP) [103,
104]. It is structured in layers, such that each neuron of a layer gets
its input only from the neurons of the previous layer and passes its
output only to the next layer. This gives the MLP a direction, in
which information flows and it is sometimes refered to as a feed
forward MLP. The layers, that are neither the input, nor the output
layer, are called hidden layer. Every layer exept for the output layer
contains a so-called “bias node”. It always holds the value 1, which
is then multiplied by a weight. The structure of an MLP is illustrated
in Figure 4.7.

Training

An MLP with one output node can approximate the likelihood ra-
tio, Equation (4.9). This can be achieved by a “supervised learning”
method, which requires a set of training data, for its entries it is
individually known, wether they are signal or background. Accord-
ingly,each training hit is associated with a target, the desired output
of the MLP. Background hits are asigned to 0, while signal hits have
the target 1. The procedure of network training is the minimization
of the error function

E( W3 Lumie) -9 )

X1,/ XNIW 1:12 YmrpXi) —Yi 4

(4.12)

with respect to the weights w, where {); is the target of the i" hit
and N is the size of the training sample. One possibility to minimize
the error function is to apply the method of “steepest” or “gradient
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Bias Bias

Figure 4.7: Structure of a Multi Layer Perceptron, according to [103].
It has two inputs and two outputs with an intermediate hidden layer.
For clarity, only the connections between the input x, and the neu-

ron z3 and between z3 and y; is labeled with the weight. The arrows
indicate the direction of information flow.
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descent”: The network is initialized with random weights w being
updated iteratively via

wet = wlel v E (4.13)

where p numbers the iteration. This method shifts the network in
weight space in the direction of steepest descent. The positive num-
ber n is called learning rate [103, 104].

Overtraining

The training of a complex ANN can lead to “overtraining”: Due to
the limited size of the training sample, it is affected by statistical
fluctuations, which can be learned by the network. This is of course
not desired, because a different set of hits fluctuates diferently and
the signal hits may not be recognized. Therefore, the available train-
ing hits are split into a training and a test sample. The error func-
tion (4.11) is then minimized for the training sample and the test
sample is used as a check. A large difference between the error
function of the test and the training sample indicates overtraining.
Therefore, sufficient large training and test samples should be used,
which leads to smaller statistical fluctuations.

A convenient way to construct, train, test, and apply MLPs is the
TMVA toolkit [104] being integrated into the ROOT framework [86].

4.6.3 Preprocessing

Sometimes, the transformation of the input variables before feeding
them to an ANN is advandatgeous. A very simple transformation
is the normalization, whereby the variables are scaled and shifted,
such that they lie between —1 and 1. This makes the inputs to be in
the same order of magnitude, thus more comparable.

Decorrelation

Although the linear correlations among the components of an input
vector can be learned by a network, they can be eliminated prior to
feeding them to the network. This saves the “capacitance” of the
network for learning the higher order correlations. The correlation
is closely related to the covariance matrix, its diagonal elements are
the variances of the components of the vector, while the correlation
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of two different components is proportional to the off-diagonal ele-
ments.

The covaraince matrix £ of N measurements of a vector x € R™
can be defined by

;N
L= N_];(Xi—x)(xi—X)T , (4-14)

where X is the mean of x; [103]. This matrix is by definition sym-
metric and positive semidefinite implying the existence of a diago-
nalization transformation

r»f=s"ss , (4.15)

with £ being diagonal with non-negative elements and S being sym-
metric. The matrix S is also used to define a matrix

s/ =SVEST (4.16)

with v being the diagonal matrix, its elements are the square root
of the elements of £. It has the property £'Y’ = L. Transforming the
vectors according to

x—x' =) x (4.17)
yields vectors x” with vanishing correlation among its components
and the variances of the components are unity, i.e. this transforma-
tion decorrelates the input vectors [104].

Gaussianization

The decorrelation described above is only perfect for Gaussian dis-
tributed variables. Thus, the transformation of the input variables
into Gaussian distributed variables is usefull. Only one of the signal
or background classes can be transformed into a proper Gaussian
distribution. Hence, it must be decided for one of them.

The transformation into a Gaussian distributed variable is done
by applying the inverse error function with mean 0 and variance 1 to
the cummulative distribution function to each component x; of the
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input vector x. Denoting the PDF of x; with f;, the transformation
prescription reads [104]

xi%x{:ﬁ-erf_l 2- J fi(&)dE—1 . (4.18)

—0o0

Depending on the choice of f; being either the signal or the back-
ground PDF, one of these two event classes is Gaussian distributed
with a mean of 0 and a variance of 1. In contrast to the n dimen-
sional PDFs mentioned earlier, the one dimensional PDFs f; are easy
to obtain by a simple binning method or a spline fit.

4.6.4 Hopfield Networks

A Hopfield network is a more general ANN, in which every neu-
ron is connected to each other neuron [105]. Hence, a direction of
information flow cannot be assigned requiring the evaluation of the
network state in an asynchronous manner. In a randomized order,
the output of each neuron is individually computed, until the out-
puts of all neurons no longer changes.

4.7 Tracking at Belle 11

The Belle II track reconstruction makes use of different kinds of track
finding and track fitting techniques.

4.7.1  Track Finding

The VXD Track Finder (VXDTF) is based on a Cellular Automaton
using the SVD data. In order to reduce the number of hit-hit
combinations, the concept of sector maps is introduced. The
sector maps are lookup tables dividing the sonsors in (overlap-
ping) sectors. Only hits in compatible sectors are combined.
After the track candidates are found, a Hopfield network finds
the best subset of compatible tracks [99, 100, 106].

The CDC Legendre Track Finder (CDCLegendre) first maps the hits
in the axial superlayers onto the conformal plane and then ap-
plies a Legendre Transformation, which in this context is very
similar to the Hough Transform [107]. Afterwards, the hits in
the stereo layers are used for the 3D reconstruction [108].
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The CDC Local Track Finder (CDCLocal) is used in combination
with the Legendre Track Finder. It is implemented as a Cel-
lular Automaton [109, 110].

The above mentioned track finders are implemented as modules of
BASF2 (c.f. Section 3.2.12). They are used for the online full recon-
struction on the HLT as well as for the offline reconstruction [111].

The DATCON Tracking (c.f. Section 3.2.11) uses the conformal map-
ping followed by a fast Hough transform (c.f. Section 4.3.1),
using the IP as the reference point. It uses only the informa-
tion provided by the SVD and runs on an FPGA based plat-
form, in order to create ROIs for the PXD online data reduc-
tion [112, 113].

4.7.2 Track Fitting

The fitting of the tracks in Belle II is handled by an upgrade of
the GENFIT framework [114, 115]. For the online reconstruction
a Kalman filter is used, while a Deterministic Annealing Filter
(DAF) [116] is employed for the offline processing and physics anal-
ysis [111, 117]. The DAF is an advancement of the Kalman Fil-
ter, which is very robust against outliers and has a high efficiency
in identifying hits not belonging to the track. For alignment pur-
poses the tracks are fit with the General Broken Lines (GBL) Algo-
rithm [111, 118]. The GBL Algorithm is the global equivalent to the
Kalman Filter.






Chapter 5

SIX LAYER TRACKING

5.1 The Concept

THE success of the data reduction by the ONSEN system depends
on a high efficiency of the track finders on the DATCON and
the HLT. Thus, charged particles creating an insufficient number of
hits for tracking in the SVD and the CDC will be lost, although they
might have created a sufficient number of hits in the whole VXD.

Typically, this is relevant for the particles with low transverse
momenta. They will curl back towards the beam line before creating
a sufficient amount of hits in the SVD. In order to address this issue,
there will be a “Cluster Rescue” system installed on the DHC [119].
The low momentum particles will deposite a large amount of energy
in the PXD sensors, resulting in a high drain current of the pixels (c.f.
Section 4.1.1). This is a property discriminating the relevant physics
hits from the background hits. The Cluster Rescue is implemented
as a neural network, analyzing the PXD clusters. Upon the decision,
that a cluster should be stored, although it may not be located inside
a RO, it sets a flag in the data. Accordingly, the ONSEN passes it
to the Eventbuilder 2. The most important input variable to the
network is the seedcharge of the cluster. It is the highest charge of a
single pixel from the cluster.

However, Reference [5] reports, that this mechanism might not
recover PXD hits from higher momentum pions (~ 200 MeV/c) orig-
inating from a secondary vertex. K& mesons are reconstructed via
the decay into two charged pions. Having an average lifetime of
2.68cm/c, the K$ mesons travel a certain distance before decay-
ing [6]. Thus, its doughter pions originate from a displaced vertex,
cf. Figure 5.2. Since K¢ mesons play a major role in the Belle II
physics program, a high reconstruction efficiency of these pions is
important. In this work, an online track finding algorithm is devel-
oped and evaluated, in order to prevent the PXD hits of these pions
to be lost. This algorithm uses hits in the whole VXD, i.e. it uses the
hits from the PXD as well as hits in the SVD.
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Figure 5.1: Tracks in the x — z cross section of the VXD (scale 18 : 100).
The black dots stand for hits in the SVD and the red dots are the PXD
hits. In order to be trackable, a track needs to produce at least three
hits. Thus, a track finder using only the SVD hits can only find track
a. Track b has a very low momentum, so its PXD hits are probably
found by the Cluster Rescue. Track c originates from a displaced
vertex. Hence, it can leave the detector acceptance after the creation
of some hits. Since it has a relatively large momentum, its PXD hits
are very unlikely found by the Cluster Rescue. It would be found by
a track finder, that uses all VXD hits.

In the next sections, the MC simulation procedure within the
BASF2 framework is described and the additional gain from a six
layer track finder is estimated. Afterwards, the algorithm of this
track finder is described, which is evaluated in the subsequent sec-
tion. The final section proposes the next steps towards an improved
K¢ detection.

5.2 Simulation

Monte Carlo simulations are required for the evaluation of a possi-
ble six layer track finder. The whole chain of simulation and data
processing is done within BASF2. The physics events are gener-
ated using a BASF2 plugin of the event generator EvtGen [120]. The
propagation of the particles through the detector is simulated with
GEANT4 [121]. A further sequence of BASF2 modules provides the
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Figure 5.2: Distrubution of the decay vertices of K mesons from a
simulation of 10000 Y'(4S) decays. Although many K¢ mesons decay
outside the beam pipe (R < 1.2cm), and even the PXD volume (R <
2.2cm), most of them decay inside the SVD volume (R < 14 cm).

relevant hit information. First the detectors response to the inter-
action with the particles is digitized. Afterwards, the output of the
digitizer is used by the clusterizer searching for spatial clusters in
the digits and computing some properties of the clusters. The posi-
tions of the clusters is now expressed in terms of the local coordinate
system of the sensor. Furthermore, the clusters in the SVD are one-
dimensional clusters representing the position of the fired strips. A
spacepoint creator module, which is part of the VXD track finder,
combines the SVD clusters on the p strips with the n clusters and
transforms the resulting two-dimensional positions into the global
Belle II coordinate system. The positions of the PXD clusters are
also transformed into the global system. The resulting data is stored
in ROOT files via a ROOT I/O module.

When necessary, the background contribution is included in the
simulation. For the PXD and the VXD, the background from beam-
gas scattering, Touschek effect, radiative Bhabha scattering, and
from two photon QED processes is taken into account. For the CDC,
the same background sources, except for the two photon QED con-
tribution is included.
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Table 5.1: Track categories sorted by the ability of the tracking sys-
tems to find them. The minimal number of hits required for being
trackable is shown. The PXD hits, that are found by the Cluster
Rescue mechanism are abbreviated as CR PXD.

Number of Hits in
Trackable by PXD+SVD CRPXD+SVD SVD CDC

CDCLegendre >3
CDCLocal >3
DATCON

VXDTF Online

VXDTF Offline

6 Layer >3
Only 6 Layer >3 <3 <3 <3

VAV

WV
w

5.3 Performance Estimation

A first estimation of a possible efficiency gain by the employment of
an online six layer track finder can be done by simply counting the
number of hits created by the particles in the detector. In order to
reconstruct a track, at least three hits belonging to that track need to
be available. Thus, every particle creating three or more hits can be
regarded as trackable. The particles with less than three hits cannot
be tracked.

For the DATCON as well as for the VXDTF the three hits need to
be created in the SVD. The CDC track finders need the hits to be in
the CDC. For the six layer tracking, the hits can be distributed over
all six layers of the VXD. In the offline reconstruction, the VXDTF
uses in addition to the SVD hits the hits in the PXD. Hence, a particle
is VXDTF trackable if the sum of SVD hits and PXD hits found by
the Cluster Rescue, is at least three. To be counted as “only six
layer trackable”, a particle needs to create at least three hits in the
VXD, but less than three of them are allowed to be in the SVD.
Furthermore, it must not be trackable by the CDC track finders. An
overview of these conditions is given in Table 5.1.

Up to now, there is no BASF2 module emulating the Cluster Res-
cue. Thus, its response need to be approximated. When a cluster has
a seed charge of more than 45 ADC counts, it is assumed to be found
and if it is less, the cluster is regarded as not found [5].
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Table 5.2: Pion tracks from a MC simulation with 10000 Y (4S) de-
cays. The row denoted as “Trackable” contains all tracks being track-
able by the existing tracking methods, whereas row “6 Layer” lists
all tracks, that are exclusively trackable by an algorithm, which uses
the whole VXD and thus representing an estimation of the addi-
tional gain by such an algorithm. Additionally to the plain numbers,
the fraction is stated. The values not in braces are normalized to all
tracks, while the embraced values are normalized to the trackable
tracks. Only pions with a vertex inside the VXD volume are taken
into account.

Number of 7+ Tracks

All Only from K2
All 41997 100% 10711 100 %
Trackable 37782 90.65% (100%) 9794 91.44% (100 %)
6 Layer 330 0.85% (0.94%) 66 0.62% (0.67 %)

A MC simulation of 10000 events with Y(4S) mesons decaying
according to the known decay chains listed by the PDG [6] yields
the numbers of n* tracks shown in Table 5.2. Since the Belle II de-
tector will collect data at a center of mass energy adjusted to this
resonance, this simulation represents the expected events at Belle II.
Only tracks having its origin inside the VXD volume are counted,
since the other pions are most likely products from secondary inter-
actions with the detector material. As illustrated in Figure 5.2, most
of the pions from K¢ decays originate inside this volume. However,
only pions decaying inside the PXD will create hits in it. The trans-
verse momentum distributions are shown in Figure 5.3.

More important than the reconstruction efficiency of charged
pion tracks is the efficency of the reconstruction of K¢ mesons from
these tracks. A Kg meson counts as reconstructed, when both its
doughter pions are found. This implies, that a K2 is only recon-
structed by the existing track finders, if both pions are found using
the existing algorithms. In contrast to this, the gain of a six layer
tracking is represented by the Kg mesons, with at least one pion,
that can be exclusively reconstructed by the six layer tracking. The
other pion can also be reconstructed via the other track finders. The
momentum spectrum of the K mesons are shown in Figure 5.4. The
numbers are listed in Table 5.3.
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Table 5.3: Numbers of K¢ mesons from a simulation of 10000 Y'(4S)
decays. The fractions are normalized to all K mesons and to the
trackable ones (values in braces).

Number of K(S) mesons

All 6889 100 %
Trackable 4622 67.09% (100%)
6 Layer 57  0.83% (1.23%)

However, these numbers will alter, once the efficiencies of the
track finders are taken into account, as illustrated by the following
example. Consider 100 tracks being trackable by the existing track
finders and 1 track exclusively trackable by the six layer algorithm
(1% of the other trackable ones). Furthermore, assume independent
efficiencies of 95% and 50 % for the existing track finders and the
six layer algorithm, repectively. Thus, 95 tracks are found by the
existing track finders. The remaining 5 tracks are very likely still
trackable by the six layer algorithm, resulting in 6 tracks not yet
found, but trackable by the six layer track finder, from which 3 are
found. Hence, ~ 3 % more tracks can be recognized, compared to
the already found tracks, resulting in an expected efficiency gain
within the order of a few percent.
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Figure 5.3: Transverse momentum of charged pions from a MC sim-
ulation of 10000 Y'(4S) decays. Only tracks with its vertex inside the
PXD volume are counted. The black markers represent all tracks,
while the tracks trackable by the existing algorithms are described
by the red line. The gray area is the tenfold amount of the tracks
that are only six layer trackable. (a) All pions, and (b) only pions
from K2 decays.
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Figure 5.4: Momentum spectrum of Kg mesons from a MC simu-
lation of 10000 Y(4S) decays. The black markers stand for all K(S)
mesons, while the red line represents the ones, that can be recon-
structed by the existing track finders and the gray area is the tenfold
magnified amount of Kg mesons, that can only be reconstructed,
when additionally a six layer algorithm is used.
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5.4 The Six Layer Algorithm

The raw PXD data is only available, until it reaches the ONSEN sys-
tem. Thus, the six layer tracking system needs to be close to or even
integrated into the ONSEN. This requires the algorithm to be able
to run on an FPGA based platform. The DATCON demonstrates
the successfull implementation of a fast Hough transform on FPGA
hardware. Thus, the approach of a fast Hough transform is adopted
by the six layer tracking. The background level is reduced by fil-
ters of the MLP type, that analizes the cluster properties together
with the global coordinates. The Cluster Rescue shows, that this is
possible on FPGAs.

The issue of the secondary vertex is treated by choosing the clus-
ters itself as reference point for the conformal mapping. This con-
strains the track to pass through the cluster, which is reasonable.
A drawback is, that the conformal mapping with the subsequent
Hough transform has to be done for every hit, that serve as the
reference point, but it offers a possibility to further reduce the back-
ground: When choosing the reference point, only clusters are in-
cluded fitting to the reference point. For example, a hit, which is at
the opposite side of the detector is very unlikely a part of the same
track. This second stage of filtering is also done by an MLP. It is not
necessary, that every hit is used as reference point. It is sufficient, to
use only the hits of the third layer as reference point. A track, that
reaches layer 3, creates sufficient hits, to be trackable, and the third
layer is the SVD layer closest to the PXD. Choosing a PXD layer to
provide the reference hits is not feasable due to its high occupancy.

A sketch of the algorithm is shown in Figure 5.5.

5.4.1 Hough Transform

The first step of the algorithm is a conformal mapping of the hits
onto the x’ —y’ plane with the hits of one layer serving as the ref-
erence point. Afterwards, a fast Hough transform is employed in
order to identify the straight lines in the conformal plane, which are
then circles in the real x —y plane. When using a hit in one of the de-
tector layers as the reference point, the Hough transform very often
finds circles, that reflect the detector structure rather than a charged
particle track, because the layers are arranged in an approximate
circle and there are of course many hits in the same layer.
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Figure 5.5: Data flow of the six layer algorithm. Gray arrows repre-
sent hits. The dashed ones are hits being used as reference point in
the conformal mapping. The red arrows are track candidates.



5.4 THE Six LAYER ALGORITHM 67

This issue is tackled by a slight change of the fast Hough trans-
form. The classical algorithm only checks, wether the number of
hits exceeds a threshold. Here, this condition is replaced by the re-
quirement of having a certain number of hits from different layers.
This naturally preferes circles, that cross the layers and represent
more likely relevant physics tracks, c.f. Figure 5.6. Furthermore, it
is required, that at least one of the hits is located in the PXD. Tracks
without a PXD hit would not serve the purpose of identifying im-
portant PXD hits.

Due to the relation between the transverse momentum p; and
the radius of the helix R

q-B '

(5.1)

where q is the absolute value of the charge of the particle (q = e
for carged pions and most other charged particles created in particle
collisions) and B being the magnetic field along the z axis (B =1.5T
at Belle II), the Hough transform can be limited to the range of
v’ = (2R)~'. The simulation of 10000 Y(4S) events shows, that
the transverse momentum of pions from K¢ decays, which are only
trackable by the six layer track finder, is in the range of 42 MeV /c <
Pt < 930MeV/c, which corresponds to 10.8cm < R < 206.8 cm and
thus 24 x 10 3em ™" <1/ <459 x 103 em ™.

After the iteration of the fast Hough transform, it is possible, that
a track is found multiple times, especially, when its hits do not align
on a perfect helix. The parameters of these multiple track candidates
are very close to each other. Hence, they can be merged into one
track candidate by combining the track candidates, that are close to
each other in parameter space.

5.4.2 Reconstruction of the Z Component

The Hough transform delivers a track candidate consisting of a col-
lection of hits and the parameters v’ and 9. Using the relation
R = (2r)! together with the coordinates of the reference point
(X,7,Z) and the helix parameterization of Equation ( 4.6), the only
yet undetermined parameter is h. The reconstruction in the z direc-
tion, i.e. the determination of h is now used to remove hits from the
track candidate, which are not on the same helix as most of the hits.
When not sufficient hits are left, the track candidate is considered as
a fake track and discarded.
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Figure 5.6: Track candidates in the VXD — x —y cross section on
a scale of 4 : 10. The two inner layers are the PXD and the four
outer layers are the SVD. The slanted parts of layer 4 — 6 are not
drawn. The dots represent hits, from which the red dot is used as
the reference hit. When only the number of hits is counted during
the Hough transform, two track candidates through the reference
hit are found, but only the solid one is the true track. The dashed
curve (b) is a fake track, which mirrors the detector structure. When
the number of hits from different layers is counted in the Hough
transform, the dashed fake track is not found, but the solid true
track (a), which has the expected inside-outside orientation.
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Due to the periodicity of the sine and cosine terms in the helix
parameterization, there are many possible values for h. In fact, for
a track candidate containing hits with distinct z coordinates, there
are mathematically infinite possible solutions for h, but only one of
them is true, as illustrated in Figure 5.7. This ambiguity is resolved
in the following considerations.

In most cases, the true helix is the one with the largest pitch,
because a particle moving along a helix with a smaller pitch would
have passed the detector layers multiple times and thus created ad-
ditional hits. The ansatz is the calculation of the largest possible h
for every hit. Afterwards, the hits with a similar pitch are identified.
When the number of hits with close h parameters exceeds a thresh-
old, these hits stay related to the track candidate. The other hits are
discarded. Accordingly, the mean value of the pitch is assigned to
the track candidate.

A very low momentum curling track is only partly reconstructed,
because the largest possible pitch is only for hits close to the refer-
ence point the true one. However, this is not a problem, because
a curling track passes the layer, which is chosen to contain the ref-
erence hits, multiple times. Hence, these tracks will be found by
the Hough transform more than once and with different reference
points. During the z reconstruction, each hit is assigned to the true
pitch in one of the track candidates and thus the different parts of
the track are reconstructed as individual track candidates. It is suf-
ficient, to merge these track parts in the offline track reconstruction.
In the following, the reconstruction of the largest possible pitch is
described

Having a hit at (x,y, z), it follows from Equation 4.6,

t 4+ 9 = arccos <XEX + cosf)) , and (5.2)
_ . (U—yYy . .
t+ 9 = arcsin (R + sm{}) , with (5.3)
z—2Z
h= .
i (5-4)

which holds only for t+ 4 being in the intervals [0,n1] and
[—mt/2, /2], respectively, due to the output limits of the arccosine
and arcsine functions. A larger interval yields the atan2 function. It
takes two arguments (x,y) and atanz2(y, x) returns the angle between
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Figure 5.7: Projection of helices onto the x — z plane. The gray dots
mark the hits, that have to lie on a helix, its pitch assignment has
infinite solutions. The solid line represents the true helix, whereas
the dashed lines are other helices, that go through the hits. The
fake helices have a smaller pitch than the true one and would have
created additional hits, where they cross the detector layers (gray
lines).

the x axis and the line from the origin to the point (x,y), which is in
the interval (—m, 1]. So Equations (5.2) and (5.3) can be combined to

t+39 = atan2 <y;y +sin?d, % + COS%) . (5.5)

The sum t + ¥ is now between —m and 7t and t can be calculated
by subtracting 9. Depending on the value of 9, t can be shifted out
of the interval (—m, 7], that needs to be corrected for by adding or
subtracting 27t. Accordingly, his t is the smallest possible t, which
inserted into Eqation (5.4) yields the largest possible h.

5.4.3 Background Reduction

The minimization of the rate of fake tracks starts with the minimiza-
tion of the amount of background. A simulation of 10000 Y(4S)
decays yield the average hit numbers listed in Table 5.4.
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Table 5.4: Number of hits per event in the VXD. They are averaged
values of a simulation of 10000 Y(4S) decays. The column Signal
represents all hits from particles involved in the Y'(4S) decay. Addi-
tionally, the fractions of the hits normalized to the total amount of
hits are given.

Layer Background Signal nt 7wt from K¢
1 6593 10.8 7.2 0.51
99.84 % 0.16% 0.11% 0.0077 %
2 3512 11.2 7.3 0.63
99.68 % 0.32% 0.21% 0.018%
3 285 14.6 74 0.81
95.11% 4.89% 2.46% 0.27 %
4 94 15.3 7.9 1.02
85.95 % 14.05% 7.29% 0.94 %
5 87 15.7 7.5 1.00
84.63 % 15.37% 7.39% 0.97 %
6 87 16.6 7.9 1.06
83.98 % 16.02% 7.58% 1.02%

The reduction of background hits is done in two stages. At the
first stage, the single hits are filtered by MLPs, one for each of the
six layers. The network architecture sonsists of two hidden layers,
the first one with N 4+ 1 and the second one with N neurons, when
N stands for the number of input varibles.

The MLPs for the SVD hits have 10 inputs: The position is de-
scribed by the cylindrical coordinates z and R. Since an SVD hit is
made from one n type cluster and one p type cluster, the hits are
additionally described by the two charges of the clusters (cumulated
charge of all strips), the two seed charges of the clusters (the charge
of the strip with the highest charge), the two sizes of the clusters
(number of strips that fired), and the two cluster times (time of the
cration of the cluster).

The PXD clusters are also described by the coordinates z and R.
Additionally, they are parameterized by the cluster charge, the seed
charge, the cluster size, and the sizes in z and r — ¢ direction, which
are fed to the MLPs for the PXD hits. Hence, the networks for the
PXD hits have 7 inputs.
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Table 5.5: Number of combinations of a hit with the reference hit
per event in the VXD. They are averaged values from a simulation
of 1000 Y'(4S) decays, after the single hit filters with a pion hit ef-
ficiency of 90 % are applied. The column Signal contains alls true
hit-hit combinations of particles from the Y (4S) decay. Additionally,
the fractions of the according combinations to all combinations are
shown.

Layer Background Signal nt 7t from K¢
1 57286.2 10.36 6.21 0.34
99.98 % 0.02%  0.01% 0.001 %
2 28159.5 12.69 6.38 0.45
99.95 % 0.05% 0.02% 0.002 %
3 416.054 22.3176 1.5174 0.2188
94.91 % 5.09% 0.35% 0.05 %
4 111.794 13.344  7.7112 0.885
89.34 % 10.66% 6.16% 0.71%
5 77.2838 11.8662 7.2894 0.8236
86.69 % 13.31% 8.18% 0.92%
6 70.236 11.558  7.4376 0.8288
85.87 % 14.13%  9.09 % 1.01 %

All input variables are Gaussianized and decorrelated, before
they are read by the MLPs. The networks are trained and tested
with a sample of 5000 Y(4S) events and the target to dicriminate
between background hits and hits from charged pions. Due to the
large amount of background hits in the PXD, their rate is scaled by
a factor of 20.

The second stage filters are applied to the combination of a hit
and the reference hit. After the application of the first stage fil-
ters with thresholds adjusted such that the 7t hit efficiency is 90 %,
which correpsonds to a background rejection of ~ 95 % for the SVD
hits and = 60 % for the PXD hits, the numbers of combinations of a
hit with a reference hit in the third layer are shown in Table 5.5.

Again, there is a dedicated MLP for hits of each layer. They
have the same structure of two hidden layers with N+ 1 and N
nodes. The inputs are the output of the first filter for the hit as
well as the reference hit. Additionally, it uses the difference of the z
coordinates of the hit and the reference hit and the difference of the
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¢ coordinates. Furthermore, the cluster properties of the two hits
are used. For the SVD hits, the charge, seed charge, and size of the
n and p clusters is used. For the PXD hits, the charge, seed charge,
the size, and the sizes in z and r — ¢ direction is used. This makes
the MLP for a hit from the PXD and the reference hit (3™ layer)
to have 15 inputs and the MLPs for the combination of an SVD hit
with the reference hit have 16 inputs. These MLPs are also trained
with MC data of 5000 events. Again, the amount of background
hits is scaled. Only hits are taken into account, that are accepted
by the first filtering stage with the threshold adjusted, such that it
has a signal efficiency of 90 %. Before they are read by the MLP, a
Gaussianization and a decorrelation is performed.

Unfortunately, these filters rely on the accuracy of MC data,
which is not in perfect agreement with true physics data. However,
in the beginning of data taking including the PXD, the luminosity
will be low, so that the ROIs can be dimensioned relatively large.
They will contain a large amount of background data. Once this
background data is available, it can be used in the training instead
of the MC data, which will result in the overcoming of this draw-
back.

5.4.4 Implementation

In the final setup, the algorithm needs to be implemented on an
FPGA platform. However, for development and evaluation it is
much more convenient, to implement the algorithm as a C++ pro-
gram, which is done in this work. Although it uses input created
within BASF2, it is a standalone program independent from BASF2.

In this C++ program, the non-integer numbers are stored as float-
ing point numbers, which is a commonly used format in C++. How-
ever, operations involving floating point numbers are very inefficient
to realize on an FPGA. Nevertheless, the values of the variables used
in this algorithm are limited to a certain range, which makes it pos-
sible to use fixed point numbers on the FPGA. Operations with fixed
point numbers are almost identical to the corresponding operations
with integers. Addition, subtraction, and multiplication of integers
and fixed point numbers are very easily realized on an FPGA. Di-
vision, which is done during the conformal mapping and the z re-
construction, is more complicated, but can be iplemented as lookup
tables. Whereas the division by 2, which is done in the iteration pro-
cess of the fast Hough transform, is only a bit shift, which is very
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easy to implement. The other functions, like sine, cosine, atan2, and
the sigmoid function for the MLP, need to be described by lookup
tables. The symmetry properties of them help to reduce the amount
of rescources used in the FPGA.

The successfull implementation of the conformal mapping and
the fast Hough transform on the DATCON and the implementation
of the MLP of the Cluster Rescue on the DHC demonstrate the fea-
sibility of these methods on FPGAs.

5.5 Optimization

The efficiency can be defined as the ratio of found true tracks to all
true tracks. While this definition is important for physics analysis,
the definition as the ratio of found true tracks to all trackable true
tracks is used, to describe the quality of a track finder. Accordingly,
the latter is used. Additionally, only pions originating inside the
VXD volume are respected. A true track is considered as found,
when at least three of its hits are associated to one track candidate.
The other track candidates are fake tracks.

There are several parameters of the algorithm, that need to be
tuned, in order to achieve a high performance, i.e. high efficiency of
pion track reconstruction while keeping a low fake rate (fraction of
fake tracks). The parameters are:

e the thresholds of the single hit filters. Lower thresholds in-
crease the signal hit efficiency, while lowering the background
rejection.

e the thresholds of the hit-hit combination filters. The effect is
the same as of the single hit filter thresholds.

e the number of iterations during the Hough transfrom. A large
number of iterations requires a track candidate to have well
aligned hits, in order to be reconstructed. Thus, the track-
ing efficiency decreases. However, a low number of iterations
leads to a higher fake rate and a (too) coarse resolution.

e the minimum number of hits, that needs to be exceeded in the
Hough transform, to continue the iteration. Requiring more
hits reduces the fake rate, while lowering the efficieny.
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e the minimum number of hits associated to a track candidate
in the z reconstruction. This number does not need to be the
same as the threshold during the Hough transform.

e the allowed distance between different hits in h parameter
space during the z reconstruction. Large values lead to a
higher fake rate, but also to an increased efficiency, since the
less well aligned tracks are recongnized.

In principle, an efficiency of 100 % can be achieved by accepting
any combination of hits as a track candidate. Of course, this comes
to the price of a huge fake rate. In practice, such a track finder is
useless. Two parameter sets are determined, resulting in two possi-
ble setups of the track finder. The first setup is optimized for a high
efficiency at a fake rate of ~ 90%, while the second setup has a high
efficiency at a fake rate of ~ 50 %. The six layer tracking algorithm
will only be used online, in order to rescue PXD hits outside the
ROIs. Thus, the tolerable fake rate is only limited by the bandwidth.
However, the ROIs created by the DATCON and the HLT will con-
tain mostly background hits, especially since the DATCON tracking
has a fake rate of ~ 60 % [112]. Hence, the data rate created by the
six layer tracking will be neglegibly small, even with a large fake
rate.

The parameters as well as the efficiencies are shown in Table 5.6.
The significant lower efficiency of the pion track reconstruction from
KQ decays compared to the efficiency for all pions is explained by
the large amount of K¢ mesons decaying outside the PXD volume
(cf. Figure 5.2). They can not be reconstructed by the six layer
algorithm requiring at least one PXD hit. The p; dependence of
the efficiencies is shown in Figure 5.8. The drop towards smaller
transverse momenta is clearly visible. It is a typical behavior of
track finders reflecting the multiple scattering at small momenta (c.f.
Section 4.1.2).
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Table 5.6: Parameters of the two working points of the six layer
tracking algorithm. The thresholds of the filters are adjusted to re-
sult in the shown pion hit efficiencies. The Hough threshold repre-
sents the number of hits required to be found by the Hough trans-
form additional to the reference hit. During the reconstruction of
the z component of the track, the helix pitch h is calculated for each
hit. The minimum number of hits refers to the required number of
hits being close to each other in h space. The maximum allowed
distance between two hits in h space is shown. Additionally, the
efficiencies for pion track reconstruction and for the reconstruction
of tracks of pions from a Kg decay are shown. Furthermore, the
fake rate is listed. The efficiencies and the fake rates are obtained by
the application of the algorithm to MC data simulating 10 000 Y'(4S)
decays.

Setup

1 2
Efficiencies First Filters 95 % 90 %
Efficiencies Second Filters 90 % 90 %
Hough Iterations 10 11
Hough Threshold 2 3
Minimum Number of Hits 3 4
Maximum Distance h 2cm 1.5cm
Efficiency 81.4% 63.6%
Efficiency K(S) 56.7% 33.3%

Fake Rate 90.3% 49.3%
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Figure 5.8: Efficiency of the six layer algorithm versus transverse
momentum. (a) Setup with a fake rate of 90 % and (b) setup with a
fake rate of 50 %.
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5.6 Evaluation

In this section, the performance of the six layer tracking algorithm
is compared to the existing track finders. Therfore, the MC data of
10000 Y (4S) decays is fed to the VXDTF as well as to the two CDC
track finders. A BASF2 module emulating the DATCON is avail-
able, but lacks the required interface for the comparison with other
track finders. Thus, the six layer tracking cannot be compared to
the DATCON tracking. However, the performance of the DATCON
is regared as inferior to the VXDTE. This is why only the VXDTF
is used in the offline tracking and the comparison with the VXDTF
should be sufficient. Again, the Cluster Rescue needs to be approxi-
mated by the threshold behavior described in Section 5.3.

A track is declared to be found, when the VXDTF or the CDC
track finders recognize the track or the track has at least two PXD
clusters found by the Cluster Rescue. Since the PXD has two layers,
a track with only one rescued cluster has most liekly another PXD
cluster, that has to be found. According to the definition in the
previous section, the efficiency is normalized to all trackable tracks.

The performance of the six layer algorithm compared to the ex-
isting track finders is listed in Table 5.7. The numbers are in good
agreement to the previous performance estimation. The gain of pion
tracking efficiency by the employment of the six layer tracking de-
pending on transverse momentum is shown in Figure 5.9. The effi-
ciency gain is maximum at low p¢, where it reaches values of up to
x3 the average efficiency gain.

The gain of K¢ reconstruction efficiency is plotted against mo-
mentum in Figure 5.10. A significant enhancement in a certain mo-
mentum region is not observable.

The requirement of two found pion tracks lowers the K¢ recon-
struction efficiency of the existing track finders compared to the sin-
gle pion efficiency. In contrast to this, an additional found K¢ re-
quires only one pion solely found by the new algorithm, while the
other pion can also be found by the other track finders. As a result,
the efficiency gain for the K reconstruction is larger compared to
the efficiency gain for the single pions.
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Table 5.7: Performance of the six layer algorithm in comparison with
the existing track finders. The algorithms are applied to data from
a simulation of 10000 Y'(4S) decays. The number of found tracks as
well as the efficiencies are shown. Furthermore, the gain of the em-
ployment of the six layer algorithm normalized to the tracks already
found by the existing algorithms is shown. The six layer algorithm
labeld 1 represents the setup with a fake rate of 90 %, whereas the
label 2 stands for the setup with 50 %. A K2 meson is regarded as re-
constructed only by the six layer algorithm, if at least one doughter
pion is exclusively found by the six layer tracking. The other pion is
also allowed to be reconstructed by the existing tracking.

ni* tracks 7* tracks from K(S) Kg
Trackable 74939 9211 4147
Found 70746 8512 3572
6 Layer 1 60981 5219
6 Layer 2 47667 3063
Only 6 Layer 1 1693 212 177
Only 6 Layer 2 687 66 51
Efficiency Found 94.4 % 92.4% 86.1%
Efficiency 6 Layer 1 81.4% 56.7 %
Efficiency 6 Layer 2 63.6% 33.3%
Gain by 6 Layer 1 2.4 % 2.5% 5.0%

Gain by 6 Layer 2 1.0% 0.8% 1.4 %
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Figure 5.9: Pion reconstruction efficiency gain by the six layer algo-
rithm versus transverse momentum obtained from a simulation of
10000 Y'(4S) decays. (a) Setup with a fake rate of 920 % and (b) setup
with 50 %.
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5.6.1  Other Decays

The performance of the developed algorithm is also tested for dedi-
cated decays:

1. BO — K% (— K27®)y. This penguin decay is sensitive to right-
handed currents and therefore to physics beyond the SM, c.f.
Section 2.2.1.

2. B® — ¢KQ. This b — ss§ penguin decay is sensitive to the
UT angle 3. However, physics beyond the SM contributions
allow the observed angle to differ from the angle obtained by
the investigation of B® — J/1{K, c.f. Section 2.2.1.

For both decays, a MC sample of each 5000 events is generated
and fed to the tracking algorithms. Tables 5.8 and 5.9 lists the effi-
ciencies and the gain of the six layer algorithm. While keeping the
same fake rate as for the general Y(4S) decays (not shown in the
tables), the efficiencies drop. This is probably caused by the higher
momentum of the K mesons. They travel a longer distance before
decay, increasing the probability to escape the PXD. Since the six
layer algorithm requires a PXD hit, these tracks are not recognized
by the algorithm. However, the efficiency gain of the K reconstruc-
tion is still 2 1 %.

5.6.2  Further Developments

The results reported in this work can only be understood as a first
step towards an improved K¢ detection at Belle II. The next steps
would be a further optimization of the algorithm. For example, the
filters could be trained with data from K2 doughter pion hits unrec-
ognized by the existing track finders. This requires a larger amount
of MC data, since only a fraction of hits are created such pions.
Nontheless, this will improve the identification of the desired hits,
resulting in an increased efficiency-fake rate ratio. An improvement
concerning resources would be the adoption of the concept of sector
maps used by the VXDTF (c.f. Section 4.7.1). With this method, only
a fraction of hit-hit combinations would need to be evaluated by the
second stage filter and thus saving resources.

Another important step would be the investigation, wether the
offline track finders will be able to find the additional tracks. The
physics analysis requires clean tracks with a good quality indicator
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Table 5.8: Performance of the six layer algorithm for B® — K°*(—
Kgrto)y obtained from a simulation of 5000 events. The meaning of
the entries is identical to the entries in Table 5.7

n* tracks 7t tracks from K K
Trackable 24909 9988 3750
Found 23458 9342 3307
6 Layer 1 17856 5187
6 Layer 2 13133 2857
Only 6 Layer 1 495 166 111
Only 6 Layer 2 197 58 36
Efficiency Found 94.2 % 93.5% 85.7 %
Efficiency 6 Layer 1 71.7 % 51.9%
Efficiency 6 Layer 2 52.7% 28.6 %
Gain by 6 Layer 1 2.1% 1.8% 3.4%
Gain by 6 Layer 2 0.8% 0.6 % 1.1%

(e.g. x?) provided by the track fit. Usually, a cut on x? is applied
during the analysis. Thus, the six layer algorithm is only usefull,
when the found track candidates result in a good fit.

Finally, the algorithm needs to be implemented on FPGAs.
Therefore, the resource requirements need to be carried out (How
many FPGAs are needed? Is it possible to integrate the algorithm
into the ONSEN system? Can the Cluster Rescue be used as the first
stage filter for the PXD hits? etc.).
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Table 5.9: Performance of the six layer algorithm for B® — ¢pK2 ob-
tained from a simulation of 5000 events. The meaning of the entries
is identical to the entries in Table 5.7.

ni* tracks 7* tracks from K(S) K(S)
Trackable 24295 7541 2520
Found 22808 6982 2204
6 Layer 1 16571 3509
6 Layer 2 12092 1785
Only 6 Layer 1 487 140 78
Only 6 Layer 2 188 43 26
Efficiency Found 93.9 % 92.6 % 87.5%
Efficiency 6 Layer 1 68.2% 46.5%
Efficiency 6 Layer 2 49.8 % 23.7%
Gain by 6 Layer 1 2.1% 2.0% 3.5%

Gain by 6 Layer 2 0.8% 0.6 % 1.2%




Chapter 6

CONCLUSION

IN this work, an online track finding algorithm is designed and
evaluated for the increase of the detection efficiency of K2
mesons. Due to the requirement of integration into the readout path
and data reduction system, the algorithm should be implemented
on an FPGA based platform.

However, within the scope of this work, the algorithm is im-
plemented as a C++ program for development, optimization, and
evaluation. It is based on the fast Hough transform applied to the
hits from all six layers of the vertex detectors mapped onto the con-
formal plane. The secondary vertices of the pions from K¢ decays
do not permit the constraint to the primary vertex. Thus, the hits of
the third layer are used as reference point of the conformal transfor-
mation.

The amount of fake tracks is reduced by a neural network filter-
ing system organized in two stages. The first stage filters are applied
to the hits. Using the coordinates together with the cluster informa-
tion related to the hit, they discriminate between background hits
and hits from charged pions. The second stage filters are applied to
the combination of a hit and the reference hit before the conformal
mapping takes place. They also use the coordinates as well as the
cluster information from the hits.

Two parameter sets are determined, in order to run the algorithm
at fake rates of 90 % and 50 %. For generic Y'(4S) decays, the result-
ing efficiencies for pion track reconstruction are 81.4 % and 63.6 %,
respectively. Compared to the existing tracking systems, a gain of
5.0% and 1.4 %, respectively, for the K(S) detection efficiency is ob-
served. For dedicated decay channels of B® — K%*(— Kgno)y and
BY — ¢K¢, the efficiency decreases. However, the resulting gain of
K¢ detection efficiency is still in the order > 1 %.

The next steps would be the investigation of the gain by the em-
ployment of the proposed six layer tracking for the offline analysis.
Additionally, the algorithm needs to be implemented on an FPGA
based platform. Therefore, the hardware requirements need to be
evaluated.






Appendix A

PERFORMANCE OF THE MLPS

A.1  First Stage Filters — Single Hit Filter

N the following pages, the output distributions of the six MLPs

of the first stage filters are shown (Figure A.1). The networks

are trained with a sample of 5000 Y(4S) decays from a simulation

and the shown plots result from the application of the trained MLPs
to data from a simulation of 10000 Y (4S) decays.

By placing a cut on this output, i.e. accepting only hits above a
certain threshold, the amount of background hits is reduced, while
increasing the signal to background ratio. Depending on the cut
value, different 7+ hit efficiencies and background rejections are ob-
tained. The 7 hit efficiency is defined as the ratio of accepted pion
hits to all pion hits. The background rejection is the probability, that
a background hit is rejected, i.e. the ratio of rejected backround hits
to all background hits. Figure A.2 shows the achievable background
rejection plotted against the ™ hit efficiency.
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Figure A.1: Output distribution of the first stage filters for back-
ground (gray) and 7+ hits (red line). The values are obtained from
data of a simulation of 10000 Y'(4S) events fed to the networks. (a)
Layer 1 and (b) layer 2.



A.1 FIRST STAGE FILTERS — SINGLE HiT FILTER

1/N dN/d(MLP Response)

1/N dN/d(MLP Response)

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.7

0.6

0.5

0.4

0.3

0.2

0.1

— T8 Hits

Background Hits

- \H\‘\H\‘\H\‘\\H‘HH‘HH‘HH‘HH‘HH

i i
0 0.5

MLP Response

(c)
- — 1 Hits ]
c Background Hits 3
T, R ﬁ_:
0 0.5 1
MLP Response

(d)

Figure A.1: Continued. (c) Layer 3 and (d) layer 4.
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Figure A.2: Background rejection versus ™ hit efficiency of the first
stage filters. The values are obtained from data of a simulation of
10000 Y'(4S) events fed to the networks. (a) Layer 1 and (b) layer 2.
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A.2  Second Stage Filters — Double Hit Filter

On the following pages, the output distributions of the six MLPs of
the second stage filters are shown (Figure A.3). The networks are
trained with a sample of 5000 Y'(4S) decays from a simulation and
the shown plots result from the application of the trained MLPs to
data from another simulation of 5000 Y'(4S) decays.

By placing a cut on this output, i.e. accepting only hit-reference
hit combinations above a certain threshold, the amount of back-
ground hits is reduced, while increasing the signal to background
ratio. Depending on the cut value, different n* hit-reference hit
efficiencies and background rejections are obtained. The m* hit-
reference hit efficiency is defined as the ratio of accepted pion com-
binations to all pion combinations. The background rejection is the
probability, that a background hit-reference hit combination is re-
jected, i.e. the ratio of rejected backround combinations to all back-
ground combinations. Figure A.4 shows the achievable background
rejection plotted against the 7™ hit efficiency. The hits from layer 3
serve as reference hit.
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Figure A.3: Output distribution of the first stage filters for back-
ground (gray) and 7™ (red line) hit-reference hit combinations after
the first stage filters have been applied with a ™ hit efficiency of
90%. The values are obtained from data of a simulation of 5000
Y(4S) events fed to the networks. (a) Layer 1 and (b) layer 2.
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Figure A.4: Background rejection versus 7™ hit efficiency of the sec-
ond stage filters. The values are obtained from data of a simulation
of 5000 Y'(4S) events fed to the networks. (a) Layer 1 and (b) layer 2.
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