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Supervisor’s Foreword

In this thesis, Thomas Keck has automated and optimized a large part of the
reconstruction work of highly skilled elementary particle physicists at the Belle and
Belle II experiments in Japan performed by large international collaborations (450
and >700 researchers from the whole world) by means of a hybrid (expert
knowledge and machine learning) hierarchical artificial intelligence system. Based
on a first version for the Belle experiment developed in 2011, he improved the
performance by another factor of 2 to an overall factor of 4 compared to human
performance in reconstruction efficiency at constant purity. He invented several new
machine learning methods making possible trainings independent of systematic
uncertainties in Monte Carlo simulations. He made it work both for the existing
Belle data and the future Belle II data. In addition, he performed an analysis of an
important rare decay of B mesons with the potential to find new physics beyond the
current standard model. Here, he pointed out previously unknown systematic
uncertainties.

The thesis poses an important step in improving the human expert efficiency in
exploiting expensive fundamental science experiments by means of artificial
intelligence/machine learning (AI/ML). It is a highly enjoyable, readable, suc-
cessful and valuable application of ML methods and shows real value and progress
in elementary particle physics beyond the current hype around AI, a superb
example for the new development of data science for science. It also shows that
deep human understanding and intelligence is the basis for successful application
of artificial intelligence. Notwithstanding my high-level view in this foreword: the
thesis is a scientific paper containing excellent reviews and new developments and
results about both experimental B flavour physics and machine learning.

Karlsruhe, Germany Prof. Feindt Michael
July 2018
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Chapter 1 ®)
Introduction Check for

Physics deals with the development of quantitative models that describe nature.
The most fundamental and precise models at present are: general relativity, which
describes gravity as an interaction between the curvature of space-time and matter;
and the Standard Model of particle physics (SM), which describes matter and the
remaining electromagnetic, weak and strong interaction in the form of relativistic
quantum fields.

The current high-energy physics (HEP) research focuses on the precise determi-
nation of the 19 free parameters of the SM and the search for new physics phenomena
beyond the SM.

The Belle II experiment is part of this effort. It is located at the SuperKEKB
electron-positron collider in Tsukuba, Japan. It is designed to perform a wide range
of high-precision measurements in all fields of heavy flavour physics, including:
B meson decays; B? meson decays; charm physics; 7 lepton physics; hadron spec-
troscopy; and pure electroweak measurements. These measurements will constrain
the parameter space of the SM as well as some of its extensions.

This work focuses on the development of software, in particular machine learning
algorithms, to advance scientific progress, and to enable and improve a wide range
of physics measurements at Belle II. This thesis summarizes my contributions to the
Belle experiment and its successor the Belle II experiment.

Four major topics are covered. The conversion of the data recorded by the Belle
experiment into the new data-format used by Belle II in Chap. 2. The integration of
state-of-the-art machine learning algorithms and novel data analysis techniques into
the Belle II Software Framework (BASF2) in Chap. 3. The development of the Full
Event Interpretation exclusive tagging algorithm, which is unique to the
Belle IT experiment in Chap.4. And the validation of the entire analysis software
stack using the benchmark measurement of the branching fraction of the rare decay
B — 7v; in Chap.5.

© Springer Nature Switzerland AG 2018 1
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Chapter 2 ®
From Belle to Belle 11 Coeck o

During this thesis, the full Y (4S) dataset of the Belle experiment and large amounts
of the available Monte Carlo data were converted into the new data-format used by
Belle II. Therefore, it is possible to evaluate the reliability and performance of the
newly developed analysis methods, in particular data-driven techniques, before a
comparable dataset from the Belle II experiment is available.

In the following I give a brief overview of the Belle experiment (Sect.2.1), its
successor the Belle II experiment (Sect.2.2) and describe the technical aspects of
converting the Belle dataset into the Belle II data-format (Sect.2.3).

2.1 The Belle Experiment

From June 1st 1999 until June 30th 2010, the Belle experiment recorded 988 fb~! of
data at the KEKB asymmetric eTe™ collider [1].

This summary of the KEKB accelerator and the Belle detector is based on [1, 2].
Sections 2.1.1 and 2.1.2 are adapted from my master’s thesis [3].

2.1.1 KEKB Accelerator

The KEKB collider was dedicated to B physics and operated in the energy range of the
T resonances. Its asymmetric beam energies induced a Lorentz boost 3y = 0.42 of
the center of mass frame relative to the laboratory system, enabling the precise obser-
vation of the time evolution of B meson decays. During its runtime between 1998 and
2010 KEKB achieved the highest instantaneous luminosity of 2.1 x 103 cm=2s~!
ever achieved by a collider [1, Sect. 1.3]. The machine parameters of KEKB are
summarized in Table 2.2.

© Springer Nature Switzerland AG 2018 3
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2 From Belle to Belle IT

2.1.2 Belle Detector

The sole interaction point (IP) was surrounded by the Belle detector to detect and
identify particles produced by the collisions. Like the accelerator, the detector was
specifically designed for the precise observation of B meson decays. This includes
precise measurement of secondary vertices and good particle identification capabil-
ities.

Figure 2.1 shows a schematic side view of the Belle detector.
Going outwards from the interaction point the Belle detector consisted of:

a double-walled Beryllium beam pipe with a radius of 20 mm cooled by He gas;
radiation-hard Bismuth Germanate crystals used as an extreme forward calorimeter
(EFC) as well as a beam and luminosity monitor;

four layers of double-sided Silicon strip detectors (SVD) for precise vertex detec-
tion;

a central drift chamber (CDC), which measured momentum and energy loss of
charged particles;

an Aerogel Cherenkov counter (ACC) system for particle identification (PID);

e a time-of-flight (TOF) detector system with plastic scintillation counters;
e asegmented array of CsI (T1) crystals with silicon photodiode readout for electro-

magnetic calorimetry (ECL);

a superconducting solenoid which provided a homogeneous magnetic field of
15T,

and an iron support structure, which served as the return path of the magnetic
flux and was instrumented with glass-electrode resistive plate counters for K; and
muon detection (KLM).

KLM
Csl TOF

150° CDC
17°

2 3(m)

Fig. 2.1 Side view of the Belle detector. Adapted from [2]
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Table2.1 Summary of the integrated luminosity collected by Belle, broken down by center-of-mass
energy. Adapted from [1]

Resonance On-resonance Off-resonance
luminosity (fb~1) luminosity (fo~1)
Y (5S) 121.4 1.7
T(4S) — SVDl1 140.0 15.6
T (4S) — SVD2 571.0 73.8
T (3S) 2.9 0.2
T (2S) 24.9 1.7
Y (1S) 5.7 1.8
Scan > Y (4S) n/a 27.6

2.1.3 Recorded Dataset

The Belle dataset is grouped into 31 experiments'; each experiment marks the time
period between two major shutdowns. Experiments 7 to 27 were recorded with the
first Silicon Vertex Detector (SVD1). The remainder was recorded with the second
(SVD2) detector and, in addition, was reprocessed in 2009 with an improved version
of the reconstruction software. Each experiment is further subdivided into a number
of runs.

Most of the data was recorded at the center-of-mass energy of the Y (4S) reso-
nance. In addition, data was also recorded at the T (1S), T (2S), Y (3S) and T (5S)
resonances. Apart from that, off-resonance data 60 MeV below the resonances was
collected to estimate the continuum background from data instead of Monte Carlo
simulation. Table 2.1 shows a summary of the integrated luminosity collected by
Belle, broken down by the center-of-mass energy.

The raw data coming from the detector was calibrated, reconstructed and stored on
tape using PANTHER-based? data summary tape (DST) files. After each experiment
the calibration constants were recomputed by detector experts or computed directly
from data, and stored in the Belle Condition Database (based on PostgreSQL).
Finally, the data of the completed experiment was reprocessed and stored in a compact
form called mDST files.?

For each experiment, ten times the real integrated luminosity in bb events and six
times that in continuum events were simulated using EvtGen and GEANT3, and
reconstructed with the same software as was used for the detector data.

"Enumerated from 7 to 73 using only odd numbers and skipping the numbers 29, 57 and 59 for
reasons unknown to the author.

2The PANTHER format consists of tables, which are compressed by the zlib library. The table
formats are defined by ASCTIT header files.

3 A reduced and compressed form of the data summary tape files.
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Table 2.2 Achieved parameters of KEKB and design parameters of SuperKEKB [4]

Machine Parameter KEKB SuperKEKB

e et e et
Beam current (A) 1.64 1.19 3.60 2.61
Energy 8.0 3.5 7.0 4.0
(GeV) (Ener/ELER)
ﬂ’y* (mm) 5.9 5.9 0.27 0.41
Crossing angle (mrad) |22 83
Beam lifetime (min) 200 150 10 10
Luminosity 2.11 80
(10%*em=2s7 1)

2.2 The Belle II Experiment

This summary of the SuperKEKB accelerator and the Belle II detector is based on
the detailed description in the technical design report [4] and is an updated and
condensed version of a summary presented in my master’s thesis [3].

2.2.1 SuperKEKB Accelerator

The accelerator was shut down in June 2010 and upgraded to SuperKEKB to increase
the instantaneous luminosity to 8 x 10% cm~2s~!, whichis 40 times the peak instan-
taneous luminosity of KEKB [5, Sect. 2].

The higher instantaneous luminosity is obtained by adopting the Nano-Beam
scheme [5, Sect. 2], which requires a larger crossing angle to fit the final focusing
magnets [4, Sect. 3.1]. Moreover, the beam current in both rings is doubled. The
beam energy asymmetry was reduced to mitigate the shortened beam lifetime due
to the Touschek effect.* In consequence the Lorentz boost is reduced to 3y = 0.28.
The relevant machine parameters of KEKB and SuperKEKB are summarized in
Table 2.2.

2.2.2 Belle II Detector

The original detector is currently upgraded to match the higher instantaneous lumi-
nosity of SuperKEKB. The most important objectives for the upgraded detector are
higher physics and background rate tolerance, better physics performance despite
smaller Lorentz boost, and improved radiation hardness [5].

4The Touschek effect is a loss mechanism due to large angle coulomb scattering inside a bunch.
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Endcap Barrel KLM Endcap
Il | Solenoid | il
5 —
TOP

:
~Endcap PID——

SVD
C =
. ECL
0 1 2 3 4 (m)

Fig. 2.2 Side view of the upgraded Belle II detector [6]

Figure 2.2 shows the Belle II detector.
Going outwards from the interaction point the Belle II detector consists of:

e a double-walled Beryllium beam pipe with a radius of 12 mm cooled by paraffin;

e apixel detector based on the DEPFET? technology (PXD) for precise vertex detec-
tion;

e four layers of double-sided silicon strip detectors covering the full 17° — 150°
acceptance of the Belle II detector (SVD) to extrapolate the tracks reconstructed
in the CDC to the PXD and to reconstruct low-momentum tracks;

e a central drift chamber (CDC), which measures momentum and energy loss of
charged particles, and provides a fast trigger signal for the Level-1 (L1) trigger
system;

e a proximity-focusing® Aerogel Ring-Imaging Cherenkov detector (ARICH) for
particle identification (PID) in the forward end-cap;

e atime-of-propagation counter (TOP) in the barrel region using an array of 16 quartz
bars between the outer CDC cover and the calorimeter’s inner surface providing
PID information and a timing signal with a resolution of a few nanoseconds to the
trigger system,;

SDEPleted Field Effect Transistor.

% An increasing refractive index is used to reduce the spread of the ring image due to emission point
uncertainty.
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e asegmented array of CsI(T1) crystals in the barrel region and pure Csl crystals in
the end-caps with photodiode readout for electromagnetic calorimetry (ECL);

e a superconducting solenoid which provides a homogeneous magnetic field of
approximately 1.5 T;

e and an iron support structure, which serves as the return path of the magnetic
flux, and is instrumented with glass-electrode resistive plate counters (RPC) in
the barrel region and scintillator strip in the end-caps for K; and muon detection
(KLM).

2.2.3 Anticipated Dataset

By 2025, Belle II will record 50 ab~! of data, which corresponds to 50 times the
integrated luminosity of Belle. The current (March 17th 2017) luminosity projection
is shown in Fig.2.3.

2.2.3.1 Data Acquisition

Belle II uses a two-level trigger system, with an FPGA-based Level-1 (L1) trigger
decision and a high level trigger (HLT) farm.

At the design luminosity the nominal average L1 trigger rate is expected to be up
to 30 kHz. For each trigger signal the data is read out by the data acquisition system

] Goal of Belle 11/SuperKEKB

Integrated luminosity
(ab?)
-9
(=]
|

9 months/year
l2('.' daysfrlnonth

(em2s)

| 1 1
2017 2018 2019 2020 2021 2022 2023 2024 2025
Calendar Year

Peak luminosity

Fig. 2.3 SuperKEKB integrated and instantaneous luminosity projection [7] (March 17th 2017)



