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Abstract

Particle identi�cation is a central experimental chal-
lenge in the precise measurement of Standard Model
parameters and in the search for new physics beyond
the standard model at the Belle II experiment. This
also includes an accurate knowledge of the imperfections
in particle identi�cation e�ciencies. This e�ciency is
typically determined from Monte Carlo simulations, but
crosschecking and validating these simulations, requires
to determine e�ciencies directly from the real data.

In this thesis, we present the determination of muon
identi�cation e�ciencies using J/	 → �+�� decays. To
remove background events, that remain after event se-
lection, we do a background subtraction using the sPlot
method. In the existing implementation of the e�ciency
calculation, we observe in simulated J/	 → �+�� de-
cays, that the e�ciencies computed using background
subtraction disagree with the Monte Carlo truth e�-
ciencies in the momentum range below 1.5 GeV/c. The

sPlot method can be impaired by correlations between
the kinematic variables of the sample. Therefore, we
investigate the e�ect of correlations to understand and
mitigate a possible bias introduced by them to the deter-
mination of particle identi�cation e�ciencies.

We �nd out, that it is possible to improve the e�-
ciency estimates by taking into account correlations be-
tween kinematic variables in the background subtrac-
tion. However, these improvements alone are not su�-
cient to reach agreement with the true e�ciencies in the
full momentum range. A possible explanation for the re-
maining discrepancies are observed imperfections of the
parametrization of the probability density function used
to model the invariant mass distribution of the two par-
ticle system, which is needed for the sPlot method.
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1 Introduction

The Belle II experiment is at the forefront of high precision tests of the Standard
Model of particle physics and the search for new physics beyond the Standard
Model [1]. The key to that search is knowing the species of a particle, which
determines how that particle can interact, and allows us to reconstruct the pro-
cesses and decays, that have occurred in the experiment. For that we need
particle identi�cation (PID), which means assigning the species of a particle to
a track measured in the detector.

However the particle identi�cation of a detector is not always perfect, which
can lead to errors in the experimental results. These imperfections need to be
accounted for in corrections. Therefore it is also very important to test the per-
formance of PID. This is quanti�ed by the particle identi�cation e�ciency, which
can be tested for each species. The e�ciency is the number of particles correctly
identi�ed as belonging to a given species, divided by the total number of particles
of that species tested [2]. The e�ciency depends on the kinematics of a particle,
so for example its momentum [1]. These PID e�ciencies can either be obtained
directly from experimental data or from so called Monte Carlo simulations of
the physics process in the experiment and of the detector. However, the Monte
Carlo simulations may not perfectly resemble the real physics processes of the
experiment. Therefore we need to crosscheck and correct the e�ciency results
obtained from simulations with those obtained from real data. This also yields
valuable information, that can be used to better understand the underlying pro-
cesses and improve simulations.

To obtain PID e�ciencies directly from real data, we need to employ analysis
methods on a known decay process. In this analysis we will study the muon
identi�cation e�ciency of Belle II. To obtain e�ciencies from real data, we are
�rst required to obtain a pure sample, that only consists of muons.

We need to do this on a decay, where the species of the decay daughter par-
ticles are known. For this study we use the decay mode J/	! � + � � . However,
since the J/	 can also decay into pairs of particles, that are not muons, we need
to use the tag and probe approach. Identifying the species of one of the daugh-
ter particles, which is called the tag particle, implies the species of the other so
called probe particle. This means we can �rst use PID to identify the tag parti-
cle and, given that both particles come from a J/	 decay, we can use the probe
particle to determine the muon identi�cation e�ciency. However, since not all
events, where one particle is identi�ed as a muon stem from a J/	 decay, we
also need to do background subtraction. For this we use thesPlot method [3].
This method uses the known distribution functions of signal and background in
one so called discrimination variable to assign weights to each event. These are
called sWeights [4]. As discrimination variable for thesPlot method we use the
invariant massm�� of the two particle system, in which the distribution of signal
and background is very distinctive. The sWeights can be used to reconstruct
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histograms of only signal events in kinematic variables, that are uncorrelated
with the discrimination variable m�� . From these histograms we can then �nally
compute the PID e�ciencies in kinematic variable bins.

This approach is already implemented in the current analysis framework,
which is called the systematic corrections framework [3, 5]. To develop and test
the analysis methods, we can again use the Monte Carlo simulation, where the
true e�ciencies are known. In the muon identi�cation e�ciencies computed us-
ing the systematic corrections framework, we observe a mismatch between the
e�ciencies, which are computed using thesPlot method, and the e�ciencies
computed using Monte Carlo truth information. In particular in the momentum
range below 1.5 GeV/c the two e�ciencies do not agree. Here the muon identi-
�cation e�ciencies computed using sPlot background subtraction are wrong for
the simulation and probably also for real data.

In this thesis, we will study the sPlot method for background subtraction for
the J/	 ! � + � � sample. We will try to �nd the reasons for the muon iden-
ti�cation e�ciencies using the sPlot background subtraction method. We will
investigate correlations between the event distributions in kinematic variables of
the two muons to understand their e�ect on the sWeight background subtraction
and e�ciency calculation. In the end, we want to understand and mitigate the
mismatch between Monte Carlo and sWeight e�ciencies, to be able to obtain
valid PID e�ciencies directly from data.

In section 2, we will brie
y introduce the Standard Model and the particles
relevant to understand PID at Belle II, as well as introduce some concepts of
collider experiments. In section 3, an introduction into the Belle II experiment
will be given. The methods used in this analysis, including thesPlot method, will
be discussed in section 4. In section 5, the data set, that was used for the analysis,
will be introduced and initial cuts as well as the probability density function
model will be explained. We will discuss the results of di�erent approaches
to achieve better agreement of the muon identi�cation e�ciencies in section 6.
Finally, we will come to a conclusion and outlook in section 7.
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2 Standard Model and Concepts of Collider Ex-
periments

In this section, general terms and concepts necessary for understanding the fol-
lowing sections will be introduced. Therefore the Standard Model will be brie
y
introduced, to give a de�nition for the necessary particles and to understand
why we need particle identi�cation. After that some concepts of particle collider
experiments will be introduced.

2.1 Standard Model

The Standard Model is our best theory to describe the phenomena of three
out of the four known fundamental forces, being the electromagnetic, weak and
strong force. It lays a theoretical framework for the processes observed in parti-
cle physics experiments. It has made multiple predictions that were later proved
true, some of the most prominent being the existence of the top quark and the
Higgs boson [6].

The Standard Model is a quantum �eld theory. It describes physics using
�elds, whose excitations are quantized and occur as particles. These fundamen-
tal quantum �elds, the Standard Model deals with, can either be scalar �elds or
spinor �elds. The excitation of a spinor �elds resembles a fermion, a particle with
a half integer spin. These are the particles most of the matter we know is made
up of. Each of those particles has a corresponding anti particle with opposite
charge. The excitation of a scalar �elds resembles a boson, a particle with an inte-
ger spin [6, 7]. The bosons act as exchange particles of the forces of the standard
model. The eight gluons are the exchange particles of the strong interaction, the
weak interaction is carried by theW � and Z 0 and for the electromagnetic inter-
action the exchange particle is the photon
 . The coupling between an exchange
boson and a type of fermion decides, if that fermion takes part in the respective
force conveyed by the boson. This o�ers a way to group the fermions of the stan-
dard model. A common distinction is that between quarks and leptons. Those
fermions that couple with gluons, i.e. interact via the strong interaction, are
called quarks. Those fermions that do not couple to gluons are called leptons.
The Standard Model includes three generations of both quarks and leptons [6, 8].

An important aspect of a theory is its behavior under discrete symmetry. For
that it is considered, how the physics of a theory changes, if a symmetry operation
is applied. For the Standard Model there are three discrete symmetry operations
whose e�ect can be investigated. The charge conjugation C replaces particles
with their antiparticles. The parity P 
ips the sign of all spacial coordinates,
whereas the time reversal symmetry T 
ips the sign of the time coordinate. Also
combinations of these symmetry operations like CP can be considered. If the
physics changes under a symmetry operation, this is called a violation of the
symmetry. Measuring, if a symmetry holds or how much it is violated grants
valuable insights to better understand the processes of nature [6].
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2.1.1 Leptons

For each of the three generations of leptons there exist two types of particles,
which are referred to as being from the same lepton family. These are the elec-
tromagnetically charged lepton which carries an electromagnetic chargeQ = � e
and the charge less neutrino withQ = 0. The leptons are called electrone and
electron neutrino� e for the �rst generation, muon � and muon neutrino� � for the
second generation and tau� and tau neutrino � � for the third generation [6, 8].
The charges as well as the currently known masses in the Standard Model of all
these leptons are listed in table 1.

Table 1: List of leptons including the current world average for their massm [9]
as well as their quantum numbers in the Standard Model.

Lepton m [MeV/ c2] Q [e]
� e 0 0
e 0:51099895000� 0:00000000015 -1
� � 0 0
� 105:6583755� 0:0000023 -1
� � 0 0
� 1776:93� 0:09 -1

On interaction with a W � boson a left handed charged lepton turns into its
corresponding neutrino and vice versa. No transitions between a charged lepton
and a neutrino of a di�erent family have yet been observed. These transitions
are therefore not included in the Standard Model. This is known as the lepton
family number conservation [8].

2.1.2 Quarks

There exist two di�erently charged quarks for each generation. Up type quarks
carry an electromagnetic charge of +2/3e while down type quarks have an elec-
tromagnetic charge of -1/3e. The six resulting quarks are called up (u) and down
(d) for the �rst generation, charm (c) and strange (s) for the second generation
and top (t) and bottom (b) for the third generation [6, 8].

The de�ning property of quarks is that they carry a color charge and therefore
interact via the strong interaction. There exist three colors and three anti colors.
Each quark can have each color and each antiquark each anticolor. The potential
of the strong interaction and thus the energy needed to separate two quarks rises
approximately linearly with the distance. This so called con�nement results in
very high energies necessary to separate two quarks bound by the strong inter-
action. This is the reason why quarks never appear in a state that externally
carries a color charge, but always in neutral colored bound states [8].
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2.1.3 Hadrons

In general the bound states of quarks via the strong interaction are called hadrons.
The strong interaction bound state of a quark that carries a color and an anti
quark that carries the corresponding anti color is called a meson. Some im-
portant mesons for this analysis are listed in table 2. The neutral kaon, which
consists of a down and a strange quark, appears in states that are mixed from
the pure quark states ds and sd. The two mixed states have di�erent lifetimes
and are therefore calledK S for the short living kaon andK L for the long living
one. Furthermore mesons have a ground state and can be exited. This is denoted
similar to the hydrogen atom with the quantum numbers of the state [6, 8].

Table 2: List of important mesons including their quark content and the current
world average for their massm [9].

Meson name Symbol Quark content Q [e] m [MeV/ c2]

Charged Pion
� +

� �
ud
du

1
-1

139.57039� 0:00018

Neutral Pion � 0 uu+d dp
2

0 134.9768� 0:0005

Charged Kaon
K +

K �
us
su

1
-1

493:677� 0:016

Neutral Kaon
K S

K L

ds� sdp
2

ds+sdp
2

0 497:611� 0:013

J/	 - Meson J/	 cc 0 3096.900� 0:006

Charged B-meson
B +

B �
ub
bu

1
-1

5279:41� 0:07

Neutral B-meson
B 0

B
0

db� bdp
2

db+b dp
2

0 5279:72� 0:08

�(4S) - Meson �(4S) bb 0 10579:4 � 1:2

Another kind of strong interaction quark bound state is the baryon, which is a
particle that has an odd number of valence quarks. The most well known baryons
are the proton p with uud valence quarks and the neutronn with udd valence
quarks [8]. Another important particle that can occur in particle collisions in the
Belle II experiment is the deuteron, which is the bound state of a proton and a
neutron. In table 3 their masses are listed.

Table 3: List of some baryons as well as the deuteron with the current world
average of their massesm [9].

Name Symbol m
Proton p 938:27208816� 0:00000029 MeV/c2

Neutron n 939:5654205� 0:0000005 MeV/c2

Deuteron d 1875:61294500� 0:00000058 MeV/c2
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2.2 Basic Concepts in Particle Collider Experiments

Most of today's leading particle physics experiments are particle colliders. In
this section some common terminology of particle colliders will be introduced.

Luminosity

To characterize the performance of a particle accelerator, a useful quantity is
the luminosity L. It is a measure for the number of collision events per time.
Together with the cross section� , which is a measure for the probability that a
given process may take place, it can be used to calculate the transition ratedR

dt [2]:

dR
dt

= L � �: (1)

To quantify the overall data a collider is able to produce, we can also de�ne
the integrated luminosity L int , by integrating over the luminosity over time [2]:

L int =
Z

L(t)dt: (2)

Invariant Mass

The center of mass energy or invariant massEcm is the energy a system of
particles has in its rest frame. It can be calculated by contracting the sum of the
four-momenta p�

i of each particlei with itself. Using Einsteins sum convention
this can be written as [6]:

E 2
cm =

� X

i

p�
i

�� X

i

pi�

�
: (3)

Since the invariant mass is a Lorentz scalar, it is invariant under Lorentz
transformations. This implies, that it can be calculated using equation 3 with
the four-momenta in any system. It is especially useful to check if a given set
of particles comes from the decay of a single particle. This is possible since the
only quantity needed to calculate the invariant mass, the total four momentum,
is conserved and therefore the invariant mass itself is conserved. Therefore the
center of mass energy of the system of particles has to be identical to the mass of
the decaying particle. Actually, because of the uncertainty principle, it is possi-
ble for the invariant mass of the particle system to deviate from the exact mass
of the decaying particle because of its limited lifetime. The same principle also
applies for particles colliding. The produced particle, for which the production
cross section at a given invariant mass is maximal, is called a resonance [6].

Particle Identi�cation

Particle identi�cation is the assignment of a hypothesis for a particle species to
a measured track. The particle is a real physical object whereas the species in
this context is its type [2]. For collider experiments it is often assumed, that
only a certain set of species with long enough lifetimes can actually appear in
the detector. For charged particles at the Belle II experiment these species are
electrons, muons, pions, kaons, protons and deuterons [1].
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3 Belle II Experiment

The Belle II experiment is located at the High Energy Accelerator Research Or-
ganization (japanese: k�o-enerug�� kasokuki kenky�u kik�o) KEK in Tsukuba, Japan.
It is a leading experiment of the high precision frontier of particle physics. That
means it aims to accurately measure the quantities of the Standard Model and
search for new physics in processes deviating from the Standard Model and for-
bidden decay processes, in contrast to experiments at the Large Hadron Collider
(LHC) at Cern searching for new particles at high energies. The Belle II experi-
ment has been taking data since 2018 and will be up for service for some years to
come. This means the experiment is still producing data and is being optimized.

Belle II is designed to generate a large data set of B-mesons. These are
produced from the collision of electrons and positrons at the resonance energy
of the �(4S) resonance [1]. Its energy is su�cient to decay into a state of two
neutral or charged B-mesons with a branching fraction of over 96% [9]. The
same production mechanism was already used in previous similar experiments,
namely Babar at the Stanford Linear Accelerator Center SLAC and Belle IIs
direct predecessor Belle. Such experiments producing lots of B-mesons are called
B-factories [10].

3.1 Goals of the Belle II Experiment

The Belle II experiment as a B-factory is set to produce a large number of B-
mesons. It aims to precisely measure the size of CP violation in theBB system
and its decay. This is especially important to better understand the matter anti-
matter asymmetry of nature. Any deviations from the Standard Model found in
precision measurements of CP violating decays could be a hint of new physics.

Another main product of e+ e� collisions at Ecm = 10:58GeV is the produc-
tion of � + � � and � + � � pairs. The cross section for these processes is about the
same size as that for the �(4S) production. The high number of� pairs to be
produced allows Belle II to contribute a lot to our understanding of� physics.
Particularly it is being searched for lepton family number violation in the decay
of � leptons in processes, like� � ! � � 
 and � � ! � � + � + � � . These decay
modes are forbidden in the Standard Model but appear in extensions like many
neutrino mass mechanisms. For this search particle identi�cation in the lepton
sector is especially important to di�erentiate these exclusively leptonic decays
from allowed decays in the Standard Model [1, 10].

Belle II is also searching for potential dark sector physics, for which it has
the right prerequisites, namely its precisely known total center of mass energy,
Lorentz boost and the large amount of data at hand. Therefore it is feasible to
search for missing energy in Standard Model processes. These may be caused by
production of dark matter particles, that we can not observe in the detector [1].
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3.2 SuperKEKB Accelerator Facility

The high energye+ e� beams at Belle II are provided by the SuperKEKB accel-
erator facility, which was upgraded from its predecessor KEKB used for Belle.
SuperKEKB aims to achieve 40 times the luminosity of its KEKB. This is mainly
done by decreasing the beam size at the collision point by a factor of 20. The
target luminosity will be 8 � 1035 1

cm�s [1].

Figure 1: Structure of the SuperKEKB accelerator complex [11].

Since SuperKEKB collides electrons and positrons, two separate storage rings
are needed. The structure of the accelerator complex is shown in �gure 1. The
collider mainly operates at the center of mass energy of 10.58 GeV corresponding
to the �(4S) resonance. The center of mass system is Lorentz boosted to the
lab system, so that the decay products travel some measurable distance in the
lab system before decaying. This makes it possible to gather precise information
about the B-meson lifetime and CP violation. To achieve the boosted system,
the beam energies are asymmetric with the high energy electron beam having an
energy of 7 GeV and the low energy positron beam chosen to be 4 GeV [1].

3.3 Detectors

The Belle II detector was upgraded from Belle signi�cantly, to be able to handle
the higher background levels caused by the increased luminosity. The detector
is in general barrel shaped around the beam axis. The top and bottom of the
barrel are called end caps. The structure of the experiment is shown in �gure
2. The coordinate system of Belle II has its origin in the collision point. The z
axis is parallel to the bisector of the two beams. Its positive direction is in the

ying direction of the high energy beam. From the z axis the polar angle� can
be de�ned with � = 0 being along the z axis [12].

The collision takes place in a homogeneous magnetic �eld of around 1.5T
at the center in z axis direction. The �eld is produced by a superconducting
solenoid magnet and an iron yoke. This causes all charged particles to 
y on
curved trajectories dependant on their charge and momentum. The detector is
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