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Kurzfassung

Die fundamentalen Wechselwirkungen zwischen den Elementarteilchen werden gut
durch das Standardmodell der Teilchenphysik beschrieben, welches als eine der
grofsten Errungenschaften der modernen Physik betrachtet wird. Obwohl diese
Theorie sehr erfolgreich getestet und bestétigt worden ist, ist auch bekannt, dass
sie unvollstandig ist, weshalb die Suche nach Physik jenseits des Standardmodells
eine signifikante Rolle in heutigen Teilchenphysikexperimenten spielt.

Fiir die C'P-verletzende Phase ¢, wird innerhalb des Standardmodells ein kleiner
Wert vorhergesagt und es wird deshalb erwartet, dass sie sensitiv auf "neue Physik"
ist. Eine der wichtigsten Moden um diese Phase zu messen ist der Zerfall B? —
J/Y ¢ (1020) mit J/¢p — ¢~ und ¢ (1020) — KTK~. In diesem Zusammen-
hang ist eine detaillierte Studie des Zerfalls BY — J/¢ K™K~ in der sowohl
resonante Zerfallsmoden wie B? — J/¢ ¢ (1020) und B? — J/4 f} (1525) als auch
nichtresonante Beitrage untersucht werden, von besonderem Interesse. Obwohl die
Hadronkolliderexperimente LHCb, CDF und D@ in diesem Forschungsgebiet grofe
Fortschritte erzielt haben, gibt es immer noch offene Fragen, wie zum Beispiel die
Grofe des S-Wellenanteils innerhalb des ¢ (1020) Massenbereiches, bei dem das von
D@ berichtete Resultat nicht mit den von LHCb und CDF gewonnenen Werten
iibereinstimmt, und die Prisenz einer moglichen BY — J/1v fo (980) Komponente
wie sie kiirzlich von LHCDb publiziert worden ist. Da alle verfiigharen Informationen
tiber den Zerfall B? — J/¢) K™K~ bisher nur auf Resultaten der Hadronkollider-
experimente basieren, ist eine Analyse, welche an einem Leptonkolliderexperiment
duchgefiihrt wird, eine wichtige Erweiterung dieser Studien.

Diese Doktorarbeit présentiert eine umfassende Untersuchung des Zerfalls B? —
J/Ww KTK~, basierend auf den vom Belle Experiment am Elektron-Positron
Kollider KEKB in Tsukuba in Japan aufgezeichneten Daten. Insgesamt hat die
Belle Kollaboration bei einer Schwerpunktsenergie von 10.87 GeV (7.1 4 1.3) - 10°
Ereignisse aufgezeichnet, welche jeweils ein BSES Mesonenpaar enthalten. In dieser
Analyse wird das B? Meson unter Verwendung der J/i» — ete™ und der
J/1p — ptp~ Zerfallsmoden vollstandig rekonstruiert. Die Signalextraktion, welche
auf einem 2-dimensionalen ungebinnten Maximumlikelihood-Fit basiert, ist auf
simulierten Monte Carlo Daten entwickelt und gestestet worden, bevor sie auf den

kompletten Belle Datensatz angewendet wurde.
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Die gewonnenen Resultate fiir die absoluten Verzweigungsverhéltnisse sind

B [B) — J /1 $(1020)] =(1.25 £ 0.07 (stat) & 0.08 (syst) & 0.22 (f,))10~?
B[BY — J/ f}(1525)] =(0.26 £ 0.06 (stat) + 0.02 (syst) + 0.05 (f,))10~
B[B! — J/¢ K*K~] =(1.01 +0.09 (stat) + 0.10 (syst) + 0.18 (f,))10~°

wobei das Verzweigungsverhiltnis von BY — J/v f5 (1525) relativ zu dem Verzwei-
gungsverhéltnis von BY — J/1 $(1020) auf

BIBY — J/v¢ f4(1525)]/B[B° — J/1 $(1020)] = (21.5 & 4.9 (stat) + 2.6 (syst))%

gemessen worden ist. Diese Werte sind mit den von den Hadronkolliderexperimenten
berichteten Resultaten konsistent und wurden bei der "Particle Data Group" ein-
gereicht, um in der néchste Edition der "Review of Particle Physics" eingebunden
zu werden. Der S-Wellenanteil innerhalb des ¢ (1020) Massenbereichs wurde fiir die
Massenregion von 1.009 GeV bis 1.028 GeV auf (0.47 & 0.07 4 0.22722)%, und fiir
den Bereich von 1.007 GeV bis 1.031 GeV auf (0.57 £ 0.09 £ 0.2672")% bestimmt,
indem die S- und P-Wellenanteile iiber die invariante Kaonmassenverteilung ge-
trennt wurden. Beide Resultate stimmen innerhalb ihrer Fehlerintervalle mit den
entsprechenden Werten, die von CDF und LHCb publiziert wurden, iiberein. Ein
moglicher Beitrag des Zerfalls BY — J/v f5 (980) mit f (980) — KK~ ist unter-
sucht, aber nicht beobachtet worden; daher kann das LHCb Resultat nicht bestétigt

werden.



Abstract

The fundamental interactions between elementary particles are well described by
the Standard Model of Particle Physics, which is considered to be one of the most
important achievements of modern physics. Even though this theory has been very
successfully tested and confirmed on experimental data, it is also known to be in-
complete, which is why the search for physics beyond the Standard Model plays a
significant role in present particle physics experiments.

The CP violating phase ¢, is predicted to be small within the Standard Model
and thus expected to be sensitive to "new physics". One of the most important
modes to measure this phase is the decay BY — J/¢ ¢ (1020) with J/¢ — ¢7¢~ and
¢ (1020) — KK~ In this context, a detailed study of the decay BY — J/v KT K,
where resonant decay modes like BY — J/1 ¢ (1020) and B? — J /4 f} (1525) as well
as the nonresonant contribution are investigated, is of particular interest. Although
the hadron collider experiments LHCb, CDF and D® have made huge progress in
this field of research, there are still open questions such as the size of the S-wave
contribution within the ¢ (1020) mass range, where the result reported by DO does
not agree with the values obtained by LHCb and CDF, and the presence of a possi-
ble B? — J/1 fo(980) component as recently published by LHCb. As all available
information for the decay B? — J/1¢) K™K~ is currently based only on hadron col-
lider results, an analysis performed at a lepton collider experiment is an important
extension of these studies.

This Ph.D. thesis presents a comprehensive investigation of the decay BY —
J/1p KT K~ based on the data recorded by the Belle experiment at the asymmet-
ric energy electron-positron collider KEKB in Tsukuba, Japan. At a center-of-mass
energy of 10.87 GeV, the Belle collaboration accumulated (7.1 + 1.3) - 10° events in
total, each containing a BSES meson pair. In this analysis, the B? meson is fully
reconstructed using the J/i¢» — eTe™ and the J/v» — puTp~ decay modes. The
signal extraction procedure, which is based on a 2-dimensional unbinned maximum
likelihood fit, has been developed and tested on Monte Carlo simulated data before
it has been applied to the full Belle data set.

The obtained results for the absolute branching fractions are

B [BY — J/¥ $(1020)] =(1.25 & 0.07 (stat) & 0.08 (syst) & 0.22 (f,))10~
B[B) — J/v f}(1525)] =(0.26 & 0.06 (stat) + 0.02 (syst) + 0.05 (f,))10~"
BB — J/ KTK~] =(1.01 £ 0.09 (stat) £ 0.10 (syst) + 0.18 (f,))10"

IIT
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while the branching fraction for BY — J/1 f4 (1525) relative to the branching frac-
tion for BY — J/v ¢(1020) has been measured to be

B[B? — J/v f5(1525)]/B[B? — J/v $(1020)] = (21.5 & 4.9 (stat) £ 2.6 (syst))%

These values are consistent with the results reported from the hadron collider ex-
periments and have been submitted to the "Particle Data Group" for incorporation
into the next edition of the "Review of Particle Physics". The S-wave contribution
within the ¢ (1020) mass range has been determined to be (0.47 4 0.07 4 0.2272%)%
for a mass range of 1.009 GeV to 1.028 GeV, and (0.57 £ 0.09 & 0.2672°)% in the
range from 1.007 GeV to 1.031 GeV, by separating the S- and P-wave components
via the invariant kaon mass distribution. Within their error range both results are in
agreement with the corresponding values published by CDF and LHCb. A possible
contribution from the decay BY — J/v fo (980) with fo(980) — K™K~ has been

investigated but not observed; thus, the LHCb result cannot be confirmed.
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Chapter 1
Introduction

The Standard Model of Particle Physics [1] describes the fundamental interactions
between all known elementary particles and is one of the most successful theories in
modern physics. However, this known matter represents only about 5% of the total
energy in the universe. The remainder includes the so-called dark matter and dark
energy and is not explained by the Standard Model. Moreover, at least 18 free pa-
rameters of the Standard Model, e.g. the mixing angles and particle masses, cannot
be derived from the theory. Therefore, besides its success it has to be admitted that
the Standard Model is still an incomplete theory, which is the driving force of many
experiments to search for physics beyond the Standard Model.

One of the various options to find deviations from the Standard Model is the mea-
surement of the CP violating phase ¢, which is predicted to be ¢, = 0.036375 (74 rad
[2] in the Standard Model. The decay B? — J/¢ ¢ (1020) with J/1 — ¢7¢~ and
¢ (1020) — K*K~ is one of the most important modes which gives access to this
parameter! [3]. In this context, the detailed study of other decays with the final state
BY — J/¢ KT K~ are of great interest. During the past two years, the main discov-
eries in this research area were the first observation of the decay BY — J/v f3 (1525)
with f5(1525) — KTK~ by the LHCb experiment [4] and its confirmation by the
D@ collaboration [5], as well as the first measurement of the entire branching frac-
tion of the decay B? — J/¢ K™K~ [0] that includes resonant and nonresonant
decays. Together with the branching ratio of the decay BY — J/1 ¢ (1020), which
has been published by CDF [7-9] and LHCb [(], all these studies are based on the
data obtained from the hadron colliders LHC (pp) and Tevatron (pp).

This thesis presents a comprehensive study of the decay mode B? — J/¢ KTK~.

!The charge conjugate decay mode is always implied throughout this thesis, if not stated oth-
erwise.
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The analysis is based on the full data sample collected by the Belle experiment when
the asymmetric-energy electron-positron collider KEKB operated at the center-of-
mass energy of 10.87 GeV, corresponding to the fourth radially excited bb state
T (59), the first one with an open decay into BSES pairs. In the course of this study,
the branching fractions for the decay modes BY — J /v ¢ (1020), B? — J/v f} (1525)
and the entire branching ratio for the decay BY — J/¢ K™K~ which includes
resonant as well as nonresonant contributions, are determined. Furthermore, the S-
wave contribution is calculated within the ¢ (1020) mass range. It is expected to be
dominated by the nonresonant decay B? — J/v K+*K~ where the spin J of the
K™K~ system is zero while the resonant decays BY — J/v ¢ (1020) (J = 1) and
BY — J/v f5(1525) (J = 2) are the P- and D-wave components, respectively. Com-
pared to the hadron collider experiments, my analysis uses different methods which
result in different systematic errors and thus contributes an important extension to

the previous measurements. The main differences in the analysis method concern

e The reconstruction of the .J/1) meson:
While the hadron collider experiments mostly constrain their analyses to the
J/1v — ptp~ channel, since their muon identification capabilities exceed those

for electrons, this study includes the J/¢ — eTe™ channel as well.

e The calculation of the branching fractions:
As the B? meson production is well defined at a lepton collider via the process
efe” — T (55) — BSEB, all branching ratios are calculated as absolute values

instead of using a reference decay channel.

e Determination of the S-wave contribution:
The S-wave contribution within the ¢ (1020) mass region is separated from
the P-wave component using the invariant kaon mass distribution and not by

studying angular distributions as hadron collider experiments.

This thesis is organized as follows:

Chapter 2 gives a summary of the main aspects of the Standard Model of Parti-
cle Physics, including quantum electrodynamics, quantum chromodynamics and the
electroweak unification including the Brout-Englert-Higgs mechanism for sponta-
neous symmetry breaking. It also gives an introduction to C'P violation and presents
the current status of the results of B? decays into J/¢ K™K~ final states.

Chapter 3 gives an overview of the KEKB accelerator and describes the Belle detec-
tor including its sub-detector systems.

The Belle data sample and the event reconstruction methods that were used in this



analysis are explained in chapter 4. This chapter also contains a brief description of
the software tools that were used to perform this analysis.

As the whole study is performed as a blind analysis, the complete signal extraction
procedure is developed and tested on Monte Carlo simulated events. Chapter 5 de-
scribes the fitting procedure and presents the results obtained on the Monte Carlo
data.

Chapter 6 shows how the developed fit is used to extract the yields of the signal
components and their distinction from the background. The results obtained for the
absolute branching fractions and the S-wave contribution within two specific mass
ranges are presented. The systematic errors are evaluated and the presence of a pos-
sible B — J/v f, (980) component is discussed.

A summary of the main results of this thesis and the conclusions are given in chapter
7.

All results presented in this thesis are published in F. Thorne et al. (Belle Collabo-
ration), Phys. Rev. D 88, 114006 |arXiv:1309.0704 [hep-ex|| (2013).
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Chapter 2

The Standard Model of particle
physics

At the end of the 19th century, the electron was the first elementary particle to
be discovered by physicists. Together with the proton, neutron and photon it was
possible to describe the composition of ordinary matter and the main physics pro-
cesses which were known around the year 1930. However, the positron, muon and
pion which were later discovered in cosmic radiation, and the detection of so-called
"strange particles", e.g. kaons and the lambda baryon, puzzled physicists for roughly
three decades. Apart from the positron which could be interpreted by the Dirac equa-
tion, and the pion which was identified as the predicted Yukawa meson, most of these
particles were not explained by theory at that time. The quark model, proposed by
Gell-Mann and Zweig in 1964, was an important step towards the formulation of
a theory that explains the existence of these particles. Today, the Standard Model
of particle physics (SM) describes all known elementary particles and their interac-
tions.

This chapter starts with a summary of the main characteristics of the elementary
particles and fundamental forces, which is followed by a description of the important
components of the SM, including the theory of quantum electrodynamics, quantum
chromodynamics as well as the electroweak unification and the mechanism for the
spontaneous symmetry breaking. The violation of the C'P symmetry is discussed
in the third section. The last section is devoted to the description of the decay
BY — J/¢ Kt K~, which is an important mode regarding the search for physics
beyond the SM, and summarizes the current status of the research for this decay

mode.
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2.1 The Standard Model of particle physics

The theoretical framework of the Standard Model is based on two gauge theories,
described by the SU (3), and SU (2), ® U (1), symmetry groups, for the strong
and the unified weak and electromagnetic interactions, respectively. However, the
electroweak symmetry SU (2), @ U (1), is spontaneously broken to the electromag-
netic subgroup U (1), which is necessary in order to obtain massive W+ and Z°
bosons. The SM has been tested very precisely by the measurement of numerous
observables, e.g. the anomalous magnetic moment of the electron and muon and
the masses of the W* and Z° bosons. The agreement between theory and data is
excellent which makes the SM one of the most successful achievements in particle
physics.

After a short introduction of the elementary particles and fundamental interactions,
this section describes the basics of the Standard Model and is mainly following the

presentation in reference |[1].

2.1.1 Elementary particles and fundamental interactions

Today, twelve elementary particles are known as constituents of all matter: Six lep-
tons and six quarks. With a spin of 1/2, all these particles are fermions. Table
2.1 summarizes the main characteristics of these elementary particles. Leptons and
quarks are both organized in three generations, often called "families", which have
identical properties with respect to the fundamental interactions. The only differ-
ences between the three generations are the flavor quantum number and the masses
of the particle. In addition to the presented fermions, the same number of antiparti-
cles exist, which have the same mass but oppositely signed electric and color charges
than the corresponding particles.

Unlike leptons, the quarks carry a so-called color charge in addition to their elec-
tric charge which means that quarks are also subject to the strong interaction. As
a consequence, quarks are confined to colorless bound states ("hadrons") in form
of mesons, which consist of a quark and an antiquark, or baryons (anti-baryons),
which are composed of three quarks (anti-quarks). Even though this confinement is
not mathematically proven yet, no free quarks have been observed so far [9]. The
color quantum number was originally introduced in order to satisfy the Pauli prin-
ciple for baryons consisting of three identical quarks with parallel spins, such as the
AT which contains three up-quarks.

Table 2.2 gives an overview of the three fundamental interactions® relevant in parti-
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Generation Lepton Mass |9] Charge [e] | Interaction
Ve <2eV 0 weak
First
electron (e™) 511 keV -1 em, weak
vy < 0.19 MeV 0 weak
Second
muon (u™) 105.66 MeV -1 em, weak
U, < 18.2MeV 0 weak
Third
tau (77) 1776.82 4+ 0.16 MeV -1 em, weak
Generation Quark Mass |9 Charge [e] Interaction
up (u) 2.370 7T MeV +3 em, weak, strong
First
down (d) 48702 MeV —3 em, weak, strong
charm (c) 1.275 + 0.025 GeV +2 em, weak, strong
Second
strange (s) 95 4+ 5 MeV — em, weak, strong
top (t)  173.07+£0.52+£0.72GeV  +3 em, weak, strong
Third
bottom (b) 4.18 +0.03 GeV —3 em, weak, strong

Table 2.1: Summary of the characteristics of leptons and quarks with regard to their
mass, electric charge and the interactions they can participate (electromagnetic (em),
weak and strong). The error for the electron and the muon mass is much smaller

than the precision given in this table and thus is not cited.

Interaction range coupling constant Boson Mass [9]
Electromagnetic 00 1/137 Photon (7) 0
Weak ~ 10" m 1077 W= 80.385 & 0.015 GeV
Z° 91.1876 £+ 0.0021 GeV
Strong ~ 107" m 1 8 gluons (g) 0

Table 2.2: Summary of the fundamental interactions with regard to their range,
coupling constant (at an energy scale of approximately 1 GeV) and the corresponding
gauge bosons including their mass.

cle physics processes. As stated before, the fundamental interactions result from the

SU (3), and SU (2), ®U (1), symmetry groups by exchanging spin 1 gauge bosons.

'For the sake of completeness gravity should be mentioned as the fourth fundamental interaction.
However, as its strength is more than 30 orders of magnitude smaller than the weak force, its
influence is negligibly small and thus not taken into account in particle physics.
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The number of gauge bosons related to the interaction is given by the number of
independent generators of the corresponding subgroup. As the special unitary group
SU (n) has n? — 1 generators, this implies 8 gauge bosons (gluons) for the strong
interaction, three bosons (W*,2°) for the weak interaction, and the photon medi-
ating the electromagnetic interaction.

The three fundamental forces do not only vary in their relative strength and ex-
change bosons, but also in their range. The photon is massless, which means that
the range of the electromagnetic interaction is infinite, while the weak interaction
is limited to about 107!® m corresponding to about 1072 of the radius of an atomic
nucleus due to the corresponding massive exchange bosons, as the propagator of the
interaction is antiproportional to the squared boson mass. Even though the gluons
are also massless bosons, the strong interaction only has a range in the order of a few
femtometers because the gluons also carry color charge, which leads to confinement

due to self-interactions (see section 2.1.3).

2.1.2 Quantum electrodynamics

Quantum electrodynamics (QED) is a gauge theory based on the U (1) symmetry
group, and describes the electromagnetic interaction between charged particles which
is mediated by photons. The corresponding Lagrangian has to include the propa-
gation of a free Dirac fermion, the propagation of the photon, and the interaction
between the fermion and the photon. Starting with the Lagrangian which includes

a kinetic term and a mass term for a free Dirac fermion

Lo =i (2) ¥ O (x) — my) (2) ¥ () (2.1)

with the Dirac spinor ¢ (z) representing the field of the fermion, its adjoint spinor
1 (z) and the Dirac matrices 7*, it can be shown that it is invariant with regard to

a global U (1) transformation with a constant phase ¢

Y () = ' () = Y (2) (2.2)
According to the Noether theorem, any continuous global symmetry corresponds to
a conservation law [10]. In case of the QED, the conserved parameter is the electric
charge Q.

However, the Lagrangian given in equation 2.1 is no longer invariant under local

transformations if the introduced phase depends on the space-time coordinate z,
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6 — 0 (z), due to the derivative 0,
b (2) — ' (x) = "9 (9, +iQ0,0 (x)) 1 (x) (2.3)

This requires to apply the same convention for all space-time coordinates as it was
chosen at an initial reference point x(, which is quite unnatural. In order to achieve
an invariance of the Lagrangian under local transformations, the spin 1 gauge field
A, (x) which corresponds to the photon, and the covariant derivative D, have to be

introduced: .
Au(2) = Ay (2) = Ay (x) = 0,0 (x) (2.4)

Dy (z) = [0, + ieQA, ()] ¥ (2) (2.5)
which transforms in the same way as the gauge field:

D, (z) = (D) (x) = @D 1 (2) (2.6)

Using this covariant derivative to rephrase the Lagrangian in equation 2.1 and adding

a gauge-invariant kinetic term for the photon field A4, (x), the final QED Lagrangian

is given by:
Lown = i ()1 Db () — mid (x) 0 () — iFW (z) F* (z) 2.7)
= [it) () 0,0 () — my () ¥ (z)] — }le (2) F™ (2) — eQA, (2) ¢ () v (2)
(2.8)
= Lo+ Liin + Lint (2.9)

with the electromagnetic field strength tensor F),, = 9,4, —9,A,. Equation 2.8 con-
sists of three terms: The first one corresponds to the motion of a free Dirac fermion,
while the second term defines the propagation of the photon field A, (z). The last
term arises from the covariant derivative and describes the interaction between the
particle and the photon field. Any additional mass term L,,,.s5s = 1/2m?A* (z) A, (x)
for the photon field would destroy the local gauge invariance, which means that the
photon has to be massless. Indeed, the photon mass measured experimentally yields

an upper limit of 107'%eV [9].
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2.1.3 Quantum chromodynamics

Quantum chromodynamics (QCD) is the gauge theory of strong interaction and the
derivation of its Lagrangian is similar to the one used in QED. The main difference
is that QCD is based on the special unitary group SU (3). Thus, the corresponding

SU (3) transformation is given by the matrices
U=e¢2l  with UU'=UU=1 and det(U)=1 (2.10)

which are defined by the eight generators ’\7(1, where A\* are the so-called Gell-Mann
matrices, and a set of constant parameters 6,.

Starting with the Lagrangian for a free quark
Lo= Gy (iV"d—my)qy (2.11)
f

where the corresponding quark field with color o and flavor f is labelled as ¢%, it can

be seen that the free Lagrangian is invariant under global SU (3) transformations
a a)’ a B
qi = (a7) =Us a; (2.12)

which leads to the conservation of color charge.

As in the case of QED, the invariance under local SU (3) transformations is required,
but not fulfilled by the free Lagrangian in equation 2.11 when the parameters 6,
become dependent on the space-time coordinates, 8, — 6, (z). This is solved by

introducing the covariant derivative D* and the spin 1 gluon gauge fields G* (z)
Al
Dtgp = |0" + @gng’[; (@) | ¢ (2.13)

where g, is the strong coupling constant. Thus, the quark and the gluon fields behave

under an infinitesimal SU (3), transformation as following:

/ o
a7 = (df) ZQ?JFZ(?) 004 (2.14)
af
, 1
Gt — (GM =G* — g—a“ (60,) — f"560, G" (2.15)

with the structure constants f¢, which is defined by the commutation relation
[/\a, )\b] _ Z'fabc)\c'
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The field tensors corresponding to the gauge fields are defined as
GH = O'GY — 9"G" — g, f*" GY GY (2.16)

and are used to add a kinetic term for the gluons to the free Lagrangian given in

equation 2.11. The resulting QCD Lagrangian is divided into three main parts:

1 .

Locp =— ZGZW G+ qu (v Dy — my) gy (2.17)
f
1 , N
=— ("G = 0"GY) (0,63 — 0.Gp) + D a5 ("0, —my)qf  (218)
/
S g (2 7 2.19
—Ys aZCIf%L o) Y (2.19)
! of
2

+ % foe (oG — ' Gh) GG — % S faaeGY GL G G (2.20)
:‘Ckm + ‘Cint + ‘Cselfint (221)

The kinetic terms presented in equation 2.18 describe the propagation of the gluon
and the quark fields, respectively, while equation 2.19 defines the interaction between
these fields. The two terms given in equation 2.20 arise from the fact that the SU (3)
symmetry group is non-Abelian and characterize the self-interactions between the
gluon fields in third and fourth order, respectively, which is possible as the gluons

themselves carry color charge.

Sept. 2013
v Tdecays (N?LO)
# Lattice QCD (NNLO)
4 DIS jets (NLO)
B Heavy Quarkonia (NLO)
o e'e jets & shapes (res. NNLO)
e Z pole fit (N3LO)
v pPp—> jets (NLO)

o (Q)

03}

02+

01} =
QCD 0(M,) = 0.1185 + 0.0006

10 Q [GeV] 100 1000

Figure 2.1: Discrete values of the strong coupling constant, here denoted as a; (@),
are obtained from various measurements at different energy scales @ [9].



12 CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

An important property of QCD can be illustrated via the energy dependence of the
strong coupling constant, which is shown in figure 2.1. In contrast to the coupling
constants of the electromagnetic and weak interaction which increase with energy,
the strong coupling constant decreases at high energies. The confinement of quarks
to colorless bound states, which was already mentioned in section 2.1.1, is visualized
at low energies that correspond to large distances, where the coupling constant is
strongest. However, regarding the high energy range where g, decreases, the quarks
and gluons are only weakly coupled and can be regarded as quasi free particles. This
asymptotic freedom allows to approximate the QCD with perturbation theory at

small distances.

2.1.4 Electroweak unification and Spontaneous Symmetry

Breaking

The Standard Model combines the weak interaction with the electromagnetic one.
This electroweak unification is based on the SU (2), ®U (1),- gauge symmetry group,
where the subscript L refers to the left-handed fields?, and Y = 2 (Q — T3) denotes
the weak hypercharge which is defined by the electric charge ) and the third com-
ponent of the weak isospin 75. The weak interaction, which is based on the SU (2),
symmetry group of weak isospin, only affects left-handed particles and right-handed
antiparticles, and all fermions are separated into left-handed doublets and right-
handed singlets with respect to SU (2),:

Ve u _
Y (x) = ( ) ) ( ) Y2 (z) = ur Y3 (7) = dg, g (2.22)
L L
In contrast to the QED and QCD approach, the free Lagrangian does not contain a

mass term, as it would mix the left- and right-handed particle fields. Therefore, it is

only set up with the kinetic term:

Ly = Z i@j () Y Ouj () (2.23)

2A left-handed field has a negative helicity, which means that the spin and the momentum have
the opposite direction, while right-handed fields have a positive helicity, where the spin and the
momentum have the same orientation.
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and is invariant under global SU (2), ® U (1), transformations, which are defined

as

Uy (@) = (1 (2)) = eMPULYy () with U, =¢'2® (2.24)
Uy (2) = (b (x)) = €™ iy (z) (2.25)
U (z) = (s (x)) = €1y (z) (2.26)

where o0; are the Pauli spin matrices, and o and 3 denote the four gauge parameters.
In order to obtain a Lagrangian that is also invariant under local SU (2), ® U (1)
transformations, the covariant derivatives for the left- and right-handed fields are
defined as

Dyt (&) = |9, + ig 5 W (2) +ig V1B, (1) | ¢ (a) (2.27)
Dby (x) = [0, + ig'YaB, (2)] s (2) (2.28)
D3 (x) = [0, + ig' VB, (2)) s (2) (2.29)

introducing coupling constants g and ¢’ as well as the four gauge fields W; () and

B,, (x) which transform as follows:

B, (z) = B, (x) = Bm 1@ (z) (2.30)

B (Tw, @) GWi @) UL 2) + £0,0,(2) U} (@) (231)

where Uy, (z) is the SU (2), transformation in which the gauge parameter o depend
on the space-time coordinates. While the physical fields W, for the charged gauge
bosons W* can be obtained from the gauge fields W; and Wlf as

il % (W, £iW;) (2.32)

the gauge fields related to the photon and Z° boson are the rotations of the fields

W2 and By:
(Zu> _ <c9s (Ow) —sin (9w)> <W3> (2.33)
A, sin (Gw)  cos (0w ) B,
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where Oy is the weak mixing angle (so-called Weinberg angle).

Using the gauge field tensors

By, = 9,B, — 9,B, (2.34)
W, =0.W, = 9,W;, — ge"*WIW} (2.35)

where €% is the Levi-Civita symbol, a kinetic term for the gauge fields is added to

the free Lagrangian given in equation 2.23:

1

3

e v 1 % v

L= ith; (x)y' Dty () — BB — W, WY (2.36)
j=1

This Lagrangian contains the kinetic terms for the fermion and gauge fields as
well as the interactions between the fermions and the W* bosons (the so-called
charge current interaction) and between the fermions and the Z° boson and photon
(neutral current interaction), respectively. As the SU (2); symmetry group is a
non-Abelian group, self-interactions among the gauge fields occur in third and

fourth order.

Spontaneous symmetry breaking by the Brout-Englert-Higgs mechanism

Although the Lagrangian in equation 2.23 describes the kinematic structure and the
interactions for the electroweak force, a mass terms for the gauge bosons have not
been included as they would destroy the gauge invariance. In order to obtain massive
bosons as they are observed by the experiments, the SU (2); ® U (1), symmetry has
to be spontaneously broken. According to the Goldstone theorem [11] one additional
massless boson with spin 0 occurs for every broken generator of the symmetry. The

corresponding Lagrangian to describe this scalar field ¢ (z) is given as

L=0,00"0—V(¢)  with V(¢)=p2plo+h(le)’ (2.37)

and is invariant under a global U (1) transformation ¢ (x) — ¢ (z) = ¢ (z).
The potential V' (¢) is limited from below for positive values of the parameter h,
which is necessary in order to obtain a ground state for the scalar field. The trivial
solution ¢ = 0 for the ground state arises, if the condition ;2 > 0 is fulfilled and has
no further significance in this discussion. However, in the case that p? is negative,

an infinite number of degenerated ground states of the form ¢g (z) = |¢o| € with
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|| = \/—7% = 75 Is produced due to the U (1) invariance. Thus, the symmetry is
spontaneously broken, when a particular ground state, e.g. 8 = 0, is selected.

Applying this method to the SU (2), ® U (1), symmetry group, that is used to
describe the weak and electromagnetic interactions, the scalar field ¢ (x) is given as

a doublet of complex scalar fields

o) (z)
¢ (z) = ( 40 (:B)) (2.38)

and the corresponding scalar Lagrangian

Ls = (Do) D*é — 1261+ h (¢1¢)” (2.39)

DFé = [aﬂ n z‘g%Wf n ig'Y¢BM] & (2.40)

is invariant under local SU (2); ® U (1), transformations. As before, an infinite
number of degenerated ground states with an expectation value of ‘<0 ! () | O>} =

\/LE are generated. Thus, the scalar doublet field can be written as

6(x) =00 (U o (m)) (2.41)

containing four fields, #* (z) and H (x). Due to the SU (2), invariance, there is no
dependance on the fields ' (z), which means that the unitary gauge ¢°(z) = 0
can be used. Therefore, the SU (2), ® U (1), symmetry is broken to the subgroup
U (1) orp for the electromagnetic interaction by choosing this specific ground state.
The three fields 0 (x) are the massless Goldstone bosons which are produced during
the spontaneous symmetry breaking, and H (z) denotes the Higgs field.

Based on the chosen ground state with % (z) = 0, the kinetic term of the Lagrangian

becomes
Lopm — 0, HO'H + (v+ H)? g—2WTW“ + g (2.42)
Shin =k 4 H 8cos? (Bw) Z, 2" '
establishing the masses for the W= and Z° gauge bosons as
M ! d M 9 (2.43)
=—v an =7 .
wE=5v 2™ 2cos (Ow)

The spontaneous symmetry breaking also provides mass terms for the quarks and

charged leptons in form of Yukawa couplings to the scalar field. However, unlike the



16 CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

masses of the gauge bosons, the fermion masses have to be treated as free parameters
of the theory.

The Higgs boson [12] is the remaining scalar particle after the symmetry breaking
and is currently identified with the boson that was discovered in 2012 at the CMS
and ATLAS experiments |13, 11] at the Large Hadron Collider (LHC) at CERN.
This great success lead to the award of the Nobel Prize to P. Higgs and F. Englert
in 2013.

2.2 (P Violation

Unlike the continuous symmetries introduced in the previous section, the parity
transformation P and the charge conjugation C are discrete symmetries, where P
reverses the space coordinates of a system as (z,y,2) — (—z, —y, —z) and C trans-
forms a particle into its anti-particle. The combination of these symmetries, labelled
C'P, holds a special role in the evolution of the universe as will be illustrated in the
following.

In standard cosmology, the initial state of the universe is considered in cosmological
models to be a hot dense state consisting only of energy. During the early expansion
of the universe, pairs of particles and anti-particles were created and instantaneously
annihilated into two photons. After a short timescale®, the temperature of the uni-
verse decreased below a critical value T, due to its continuous expansion, and the
remaining average energy was insufficient to sustain pair production of particles and
anti-particles. Assuming that anti-matter underlies the same decay modes as matter,
all particles should have annihilated with the corresponding anti-particles, leaving
behind a universe that only consists of photons, which is obviously not realized.
According to A. Sacharov, the excess of matter over anti-matter and the resulting

baryogenesis is based on three criteria [10]:

1. One of the fundamental interactions has to violate the C- and the CP-

symmetry.
2. The universe is not in a thermal equilibrium.

3. The baryon number is not conserved.

3For quarks and anti-quarks this timescale corresponds to about 10~%s after the so-called Big
Bang (see e.g. [15]).
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Therefore, the violation of the C'P symmetry is a crucial issue for the explanation
of the universe as observed today.

The only known source of C'P violation within the Standard Model is provided
by the quark mixing?, which arises because the quark weak eigenstates are not
identical to their mass eigenstates. In fact, the weak eigenstates (d', ', b') are linear
combinations of the mass eigenstates (d, s, b), connected by the unitary Cabibbo-
Kobayashi-Maskawa (CKM) matrix [17, 18]:

d’ d Vida Vus Vap d
s =Vexkm [ s =V Ves Va | | (2.44)
v b ‘/td ‘/ts ‘/tb b

where the Vg matrix is described by a rotation with three mixing angles 0;;

between the generations ¢ and 7 and one C'P violating phase ¢

1 0 0 C13 0 5136_i¢ cio2 S12 0
VCKM =10 C23 5923 0 1 0 —S19 c12 0 (245)
0 —S93 c23 —813€i¢ 0 C13 0 0 1

with ¢;; = cos (6;;) and s;; = sin (6;;), where 612 = ¢ is the so-called Cabibbo angle.
Another commonly used parametrization for the CKM matrix elements is the

Wolfenstein parametrization |19)]

1-% A AN (p—in)
Verm = —A -2 AN? +0 (A (2.46)
AN (1 —p—in) —AN? 1

where A, A\, p and n are the real valued Wolfenstein parameters with A ~ 0.2 ~
sin (6¢). Applying the unitary condition UUT = UTU = 1 the following relations can

be extracted among the matrix elements V;;:

ViV + VgV + ViVt = 0 (2.47)
ViudVy + VeaVy + ViaViy, = 0 (2.48)
VsV + Ves Vo + VisViy = 0 (2.49)

Equations 2.48 and 2.49 define the so-called "unitary triangles" for the BY mesons

4Neutrino mixing also introduces a C'P violating phase which has not been measured, vyet.
However, as the observed neutrino oscillations require at least some of the neutrinos to be massive
which is not included in the Standard Model, it is considered as a source beyond the Standard
Model.
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Figure 2.2: The CKM unitary triangles for the B meson (left plot) and the B
meson system (right plot) are presented based on the fit results of the CKM matrix
elements [20].

and the BY mesons, respectively. The corresponding angles ¢y, ¢, ¢3 and the angle
(s of these triangles can be derived from the CKM matrix elements. Both triangles
are presented in the complex plane in figure 2.2.

One important consequence arising from quark mixing is the mixing of the neutral
K, B and B, mesons with their corresponding anti-particles K, B and B,, which
means that for example a BY meson can oscillate into a ES meson and vice versa
as shown in the box diagrams in figure 2.3. The propagation of such a system is

described by the Schrédinger equation® [21]

d (B i B?
— || =|M-=T 0 2.50
() - (-2 (3) .
with the hermitian 2x 2 mass matrix M, decay matrix I" and the flavor eigenstates BY

and Ef. The corresponding mass eigenstates By, (mass my, width ') and By (mass

my, width I'yy) are generated as the linear combinations of the flavor eigenstates

Br) = p|B°) +q|B.) (2.51)
|Bu) = p|B%) —q|B,) (2.52)

where the parameters p and ¢ are required to fulfill the normalization relation
Ip]” + |¢/> = 1. The mass difference Am, and width difference AT’y of the two

5The following discussion is explicitly written for the B, system
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Figure 2.3: The box diagrams show the BSES mixing mediated via up-type quarks
(upper plot) or through the exchange of W bosons (lower plot) [22].

mass eigenstates are then defined as Am, = my — my and AI'y = I'y — I'. As
the absolute value of the off-diagonal matrix element I'j5 is much smaller than the

absolute value of Mis, the mass and width difference can be simplified to [22-24]

Al = 2 |'12| cos (¢s) (2.54)

introducing the C'P violating phase ¢,. The Standard Model prediction for this phase

is [2]

¢s = —2B, = 0.0363105%% rad  with S, = arg (— V“Vtz) (2.55)
VesViy

and thus ¢, is expected to be sensitive to deviations from the Standard Model
as contributions from physics beyond the Standard Model can enter the BSES
mixing through loop diagrams and increase this parameter |25, 26]. The decay
BY — J/1 ¢ (1020), which will be discussed in the next section, is a crucial mode
for measuring the phase ¢ [3,27-29] as its final state including two charged leptons
and two charged kaons is an experimentally clean signature.

The time evolution of a state |thys> which is a pure B? meson at time ¢ = 0 is then
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described by [21]

B 0) =2 (0182 + (1) - (0 [EL) (2.56)

with
g+ (t) = e~ Mie=3T cog (%Ams t) (2.57)
g-(t) = e Mte=aTt sin <%Am8 t) (2.58)

where M is the average from the masses my and my. As the Bgﬁg oscillation is
dominated by the mass difference Amy, the terms including AT’y are neglected in

equations 2.56 to 2.58.

2.3 Status of BY decays into J/v K™K~ final states

The decay B? — J/v K"K~ is mediated by the charged gauge bosons of the weak
interaction. The leading order Feynman diagram for this decay of the ES meson is
given in figure 2.4, showing the b — cés transition. The b (b) quark from the B? (ES)
meson emits a W (IW7) boson and thus transforms into the ¢ (¢) quark, while the
remaining s (3) quark from the B? (Eﬁ) is the so-called spectator quark, which is
not affected by this process.

As the decay B? — J/v ¢ (1020) with J/¢» — (70~ and ¢ (1020) - KK~ has a
clean experimental signature, it has a special role in determining the C'P violating
phase ¢, and has already been studied at hadron collider experiments more than 15

years ago. However, a detailed investigation of other decay modes resulting in the
Ly
W

B{. T W&ar

Figure 2.4: The leading order Feynman diagram for the decay ES — J/Yp KTK~ [0].

w|
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same final state, e.g. the decay BY — Ji f5 (1525) and nonresonant contributions,
as well as precise measurements of the corresponding branching fractions only have
started about 3 years ago.

All available results for the decay BY — J/1 ¢ (1020) [6-9)], e.g. the branching frac-
tion, are based on measurements performed at hadron collider experiments. The
situation is similar for the decay B? — J/v f4 (1525), which has first been observed
by the LHCD collaboration 1] and confirmed by the D@ experiment [5], as well as
the measurement of the entire BY — J/¢» K*K~ branching ratio which was quite
recently also performed by LHCD [6]. Furthermore, LHCD claims to see a signal for
the decay B? — J/vfo (980) with f5(980) — KTK~ [6] with a yield similar to
the decay BY — J/4v f5 (1525). However, this has not been confirmed by any other
experiment, so far.

Besides the branching fraction of the mentioned decays, another crucial issue in or-
der to improve the measurements of the phase ¢, is the determination of the S-wave
contribution within the ¢ (1020) mass range. While the results published by the
LHCb [6], CDF [27] and ATLAS [29] experiments for this parameter are in agree-
ment with each other and found to be in the order of 1% to 2%, the value reported
by the DO collaboration |28] is approximately one order of magnitude larger.
Therefore, even though the hadron collider experiments have made huge progress
in measuring the C'P violating phase ¢, as well as studying the decay BY —
J/ KTK~, there are still several open questions. Thus, a comprehensive study of
the decay B? — J/1 K™K~ based on data obtained from a lepton collider exper-
iment includes different methods and different systematic effects than the analyses
performed at hadron collider experiments, is an important extension to this field
of research. As already described in chapter 1, the main differences of the analy-
sis presented in this thesis compared to the studies published by hadron collider
experiments are the reconstruction of J/¢ meson in the J/i¢y — ete” and the
J/1v» — ptp~ channel, the determination of absolute branching fractions which are
normalized to the absolute number of B? available in the Belle data and the de-
termination of the S-wave contribution which will be determined via the invariant

kaon mass distribution.
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Chapter 3
The Belle Experiment

The Belle experiment is performed by an international collaboration consisting of
496 scientists from 80 institutes distributed over four continents (as of February
2014). Tts main goal is the measurement of the C'P violation in the BB system and
the test of the Cabibbo-Kobayashi-Maskawa (CKM) mechanism [17,18].

The Belle detector is located at the KEKB asymmetric-energy electron-positron
collider. The experiment started data acquisition in 1999 and operated until summer
2010. During this runtime the KEKB accelerator as well as the detector had a very
good performance and the experiment collected about 772 million BB and about
7.1 million BSES meson pairs. With this large data sample it was possible to confirm
the predictions of the CKM mechanism which led to the award of the Nobel price
in physics to Kobayashi and Maskawa in 2008. Besides this achievement, the Belle
collaboration also discovered and investigated hitherto unknown resonant states, e.g.
the charmonium state X (3872) [30] and bottonium states [31].

This chapter summarizes the different aspects of the Belle experiment. The first
section gives a basic overview of the KEKB accelerator, while the second section

describes the Belle detector and its sub-detectors.

3.1 The KEKB accelerator

The KEKB accelerator is an asymmetric-energy electron-positron collider located in
the former TRISTAN tunnel at the High Energy Accelerator Research Organization
(KEK) campus in Tsukuba, Japan [32].

The performance of an accelerator is often described by its integrated luminosity
L = N/o, which is defined as the number of collected events N divided by the

23
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Figure 3.1: Overview of the composition of KEKB asymmetric electron-positron
accelerator.

cross section o. As the unit of the cross section is given in "barn" (b), with 1b =
1072 m?, the unit of the integrated luminosity is the inverse barn (b™'). With 1 x
10** cm =257, the design luminosity of KEKB was planned to be approximately one
order of magnitude higher compared to previous electron-positron colliders. In June
2009 the accelerator exceeded this goal by more than a factor of two.

Figure 3.1 presents a schematic overview of the accelerator. It consists of two 3016 m
long storage rings which are directly filled by a preceding linear accelerator with
electrons and positrons at their final energy. Beam losses, e.g. due to interactions
of the electrons and positrons with remaining gas molecules in the beam pipe, are
compensated by refilling both storage rings permanently. This procedure increases
the data taking efficiency as it was not necessary to stop the data taking for the
abort and re-injection of the beams.

The high energy ring (HER) of the KEKB collider contains electrons with an energy
of 8 GeV while the 3.5 GeV positrons are injected into the low energy ring (LER).
The KEKB accelerator has one interaction point (IP) where the two beams collide
with a crossing angle of # = 22mrad. To countervail the loss of the luminosity due to
this crossing angle, the accelerator was operated using "crab cavities" since 2007 [33]
which re-establish the head-on collisions of the electron and positron bunches despite
the crossing angle.

The center-of-mass (CM) energy of the KEKB collider is

!These are the energies used in the "standard" operation mode of accelerator at the T (45)
resonance. Other operation modes are described in section 4.1.
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Figure 3.2: The hadronic cross section in ete™ collisions measured as a function of
the eTe™ center-of-mass energy. The four identified resonances are the bb ground
state T (15) and the first three excited states T (25), T (35) and T (45) [34].

Vs = \/2EEyr (1 + cost) = 10.58 GeV (3.1)

where Ey and Ep correspond to the energies of the high and low energy beams,
respectively. This CM energy is chosen to correspond to the invariant mass of the
third excited bb state, the so-called Y (45) resonance, which implies that the pro-
duction cross-section for this state is maximal at this energy (see figure 3.2).

The decay process T (4S) — BB has a branching fraction of more than 96% [9],
including charged and neutral B mesons®. The setup of this experiment implies
that the B mesons are produced in pairs and furthermore that they are produced
almost at rest in the center-of-mass frame. In order to measure time-dependent
C'P violation it is necessary to separate the decay vertices of the two B mesons,
which is challenging due to their short lifetime of about 1.5 ps [9]. The solution lies
within the asymmetry of the collider, creating a Lorentz boost with a boost factor of

By =~ 0.425. The generated time dilation increases the flight length of the B mesons

2Due to the high production rate of B mesons in this kind of collider, it is often called a "B
factory".
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and therefore allows to distinguish their decay vertices.

3.2 The Belle Detector

The Belle detector is a large-solid-angle magnetic spectrometer which was built as
a general-purpose detector covering almost the full 47 range around the interaction
point. Figure 3.3 shows a schematic view of the main detector and the arrangement
of the sub-detector systems. The inner part of the Belle detector is composed of a
silicon vertex detector (SVD), a central drift chamber (CDC), an aerogel Cherenkov
counter (ACC) and time-of-flight scintillation counters (TOF). To measure the de-
posited energy of the observed particles, an electromagnetic calorimeter (ECL) is
used, consisting of CsI(T1) crystals. All these components are located within a super-
conducting solenoid coil which provides a magnetic field of 1.5T. The associated iron
flux-return is instrumented to detect muons and K mesons (KLM). The complete
detector system is described in great detail in reference [35].

The Belle reference frame is a right-handed coordinate system. The z axis is aligned
to the opposite direction of the LER beam and the y axis is defined as the vertical
radial axis. The x axis is perpendicular to the y and z axes. The polar angle @ is
measured from the positive z axis while the azimuthal angle ¢ is calculated from the
positive x axis. Regarding the polar angle, the main parts of the detector provide a
coverage of 17° < 6 < 150°.

3.2.1 The interaction region

The precise measurement of decay vertices is mandatory for the study of CP viola-
tion. However, the resolution in z is limited due to multiple Coulomb scattering in
the beam pipe and the first layer of the SVD as many of the detected particles have
momenta of less than 1 Gev/c. Therefore, a reduction of the amount of material in
the interaction region is required to improve the spatial resolution.

The beam pipe is a double-wall beryllium cylinder with a total material thickness of
0.3% radiation length. The inner radius of the beam pipe is 20 mm and is reduced to
15mm around the IP [36]. The gap between the inner and the outer wall is 2.5 mm
and is flushed with helium. This active cooling system removes the beam induced
heat which is in the order of a few hundred watts.

Low energetic x-rays from the high energy beam are shielded by a 20 ym gold sheet,

corresponding to 0.6% radiation length, located around the outer wall of the beam
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Figure 3.3: Schematic view of the Belle detector and its sub-detector system.
pipe.

3.2.2 The silicon vertex detector

In order to measure the time-dependent C'P violation in the BB system, high pre-
cision in determining the difference in the z coordinate of the B meson vertices is
necessary. As the B mesons travel approximately 200 um before they decay, the re-
quired resolution in z direction is 100 um or even better. The high accuracy applied
for the vertex measurement also benefits the reconstruction of D and 7 decays [35].
Moving outwards from the IP, the silicon vertex detector is the first sub-detector
system of the Belle detector. It is built using double-sided silicon strip detector
(DSSD), consisting of n- and p-doted silicon. By applying an external voltage and
operating the pn-junction under reverse bias, the silicon bulk is fully depleted. In
this state a crossing ionizing particle creates an electron-hole pair within the bulk
and the thus generated current is detected as signal. To obtain 2-dimensional in-
formation for the vertex reconstruction, the cathodes and anodes of the DSSDs are
segmented into strips and rotated against each other by 90°. As mentioned before,
the multiple coulomb scattering is a limiting factor regarding the resolution in z di-

rection. Thus, the SVD has to be placed as close as possible to the interaction point
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while the non active parts of the detector, e.g. the readout electronics, have to be
outside of the detector volume to reduce the amount of material. Due to the nearby
proximity of the SVD to the IP, the radiation hardness of the different components
of this detector is a crucial factor.

The original SVD (SVD1) used in the Belle experiment had three layers of DSSDs
which were installed at a distance of 30 mm, 45.5 mm and 60.5 mm from the IP and
covered a region of 23° < # < 139° in the polar angle. As the components of the
SVD1 only had a limited radiation tolerance, it was exchanged with a new SVD
(SVD2) in 2003 (figure 3.4). The SVD2 was built with four layers of DSSDs located
at 20 mm, 43.5 mm, 70 mm and 88 mm and the acceptance in the polar angle was
extended to 17° < # < 150° which corresponds to the coverage of the central drift
chamber.

Overall, the performance of the SVD was very good. Using the SVD2, the resolution
of the vertex position was improved by approximately 25% compared to its prede-
cessor [22|. The achieved resolution in z direction is 19 ym and 12 pm in the (r, ¢)

plane [37].

3.2.3 The central drift chamber

Besides a good particle identification, most of the measurements performed at the
Belle experiment depend on the precise determination of the trajectories and the mo-
menta of charged particles which are calculated via the curvature of their tracks orig-
inating within the magnetic field of the super-conducting solenoid coil and recorded
by the SVD and the CDC. The central drift chamber (CDC) of the Belle detector was

built to fulfill these challenges. Furthermore, it transfers information on the (r—q)

Side View

Top View
4th layer

st layer

Figure 3.4: Schematic view and dimensions of the SVD2.



3.2. THE BELLE DETECTOR 29

7022 15018

790.0 1589.6

e- et
Interaction Point
10
Cathode part
, ,
I—, x L‘ x
100mm 100mm

Figure 3.5: Overview on the location and the dimensions of the Belle central drift
chamber [35].

plane of the tracks to the Belle trigger system which helps to distinguish physics
events from beam-induced background [38].

The principle of operation of the CDC is based on gas ionization which means
that a charged particle creates an electron-ion pair by exciting an electron from the
outer shell of a gas atom. An applied high voltage provides a homogeneous electric
field which accelerates the ionized particles and electrons to the cathode and anode,
respectively. Due to the acceleration, the electrons gain enough energy to ionize ad-
ditional atoms close to the anode. The thus amplified electric signal is detected.

A schematic view of the Belle CDC is given in figure 3.5. It is a cylindrical wire drift
chamber with an inner radius of 103.5mm and an outer radius of 874mm. The polar
angular coverage is 17° < # < 150°. In total, the CDC consists of 50 cylindrical
layers with 8400 almost square drift cells. Every drift cell contains 8 field wires built
from unplated aluminium with a diameter of 126 ym and one sense wire built from
gold plated tungsten with a diameter of 30 pm.

As multiple scattering is a crucial problem for measuring momenta below 1 GeV, it
was decided that the used gas in the drift chamber is a mixture composed of 50%
helium, which has a low atomic number, and 50% ethane, which provides a good
resolution of the dE/dx measurements. The gas mixture has a radiation length of
640m and the drift velocity saturates at 4 cm/s even for low electric fields which is
important because of the arising non-uniformities caused by the square shape of the
drift cells.
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Figure 3.6: Truncated mean of dE/dx measurements from collision data plotted
versus the logarithm of the observed momentum. The red lines indicate the expected
distributions for pions, kaons, protons and electrons [35].

The CDC is operated within a 1.5'T magnetic field provided by a super-conducting
solenoid coil. A positive high voltage of 2.35kV is applied to the sense wires while
the field wires are grounded. To avoid possible radiation damage due to the resulting
electric field, the electric field strength was kept below 20kV /cm.

The overall performance of the Belle CDC was good. The resolution of the trans-
verse momentum Pr for muon pairs obtained from etet — p*pu~ events is 1.85 %,
while the resolution in the dE/dx measurement for these events is approximately
6 % [35,38]. Figure 3.6 shows the dE/dx distributions for pions, kaons, protons and
electrons measured with collision data which is in good agreement with the expected

distribution for these particles.
3.2.4 The aerogel Cherenkov counter
To extend the momentum coverage of the Belle detector for particle identification

and to improve the particle identification, especially the discrimination between

charged pions and kaons, an aerogel Cherenkov counter (ACC) is installed. This
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Figure 3.7: Overview of the structure and the composition of the barrel part of the
Belle ACC and TOF detector systems [35].

detector measures the so-called Cherenkov light that is emitted by a particle passing

through a medium with a velocity higher than the speed of light in the medium:

o] =

Slo

Here ¢ denotes the speed of light in vacuum and n the refraction index of the medium.
This principle allows for the separation of two particles having the same momentum
but different mass and therefore different velocity, by choosing a material with ap-
propriate refraction index such that only one of the two particles will emit Cherenkov
light. As only about 1% of the particle’s total energy is emitted as Cherenkov light,
the ACC has no significant influence on the measurement of the particle energy in
the electromagnetic calorimeter.

The ACC system of the Belle experiment consists of an array of silica aerogel thresh-
old Cherenkov counters. The barrel part of this detector is shown in figure 3.7 to-
gether with the time-of-flight detector system. It is built from 960 counter modules
which are segmented into 60 cells in ¢ direction while the forward end-cap part is
composed of 228 modules which are arranged in 5 concentric layers. Each module
contains 5 aerogel tiles stored in a 0.2 mm thick aluminium box with the dimensions
12 x 12 x 12cm?®. One or two fine-mesh photomultiplier tubes (FM-PMTs) are at-
tached directly to the aerogel in order to enhance the light detection efficiency. The
refraction indices of the silica aerogels are chosen to lie within 1.010 and 1.028 and

depend on the polar angle region where the module is installed.
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The ACC covers a polar angle region of 17° < ¢ < 127° and a momentum range from
1.2GeV/c to 3.5 GeV /¢ which is not within the reach of the CDC. As part of the par-
ticle identification system of the Belle experiment the light yield of the ACC modules
are used to calculate the likelihoods for electron-pion and kaon-pion separation. A
good kaon-pion separation was first demonstrated successfully for D** — D%+ and
D’ — K—7t decays [39].

3.2.5 The Time-of-Flight scintillation counter

The time-of-flight (TOF) system as shown in figure 3.7 is based on the detection of
scintillation light emitted when the scintillator is excited by a particle and enhanced
by photomultiplier tubes. A time-of-flight measurement with scintillation counters
can provide useful information for particle identification. While the momentum of
an incident particle is determined via the curvature of its track, the installed TOF
scintillation counters determine the particle’s velocity with two accurate time mea-
surements. With this information the particle can be identified by calculating its
mass.

The TOF is designed to distinguish particles with momenta below 1.2 GeV /¢ which
applies to about 90% of all particles produced at the T (45) resonance. Besides par-
ticle identification, the TOF also provides fast timing signals for the trigger system.
In order to avoid pile-up in the trigger, the trigger rate from the TOF has to be
below 70 kHz which was achieved by complementing the TOF with thin trigger scin-
tillation counters (TSC). The fast trigger signal is then produced by averaging the
signal from two ends of a TOF counter and create a coincidence with a TSC signal.
The information of the TOF system is discarded if no TSC signal is observed.

The TOF detector system consists of 64 TOF /TSC modules. Every module is built
by two trapezoidally shaped TOF counters and one TSC counter. A radial gap of
1.5cm between the TOF and TSC counters reduces background from photon con-
version. The modules are located at a radius of 1.2m from the interaction point
which means that a particle needs a transverse momentum of at least 0.28 GeV/c to
reach the TOF counters. The detector system covers a polar angle between 34° and
120°.

With a flight path of 1.2m, a time resolution of 100 ps is necessary to achieve a 2o
separation between charged pions and kaons. In order to achieve this design goal, it
is important to use a fast scintillator with an attenuation length higher than 2.5 m,
to minimize the time dispersion of the scintillation photons by reducing the amount

of light guides and to maximize the photon collection by installing photomultiplier
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tubes with large-area photocathodes. The Bicron BC408 scintillator has a light prop-
agation velocity of 14.4cm/s and an attenuation length of 3.9m and was therefore
found to meet the first requirement. The second and the third requirements are ful-
filled by attaching 2-inch fine-mesh photomultiplier tubes (FM-PMTs) directly to
the TOF and TSC counters.

3.2.6 The electromagnetic calorimeter

While the identification of charged hadrons relies on the combined information of
the CDC, ACC and TOF sub-detectors, the electromagnetic calorimeter (ECL) is
essential for photon detection and complements the electron® identification. The lat-
ter is based on the comparison between the deposited energy in the ECL system and
the measured momentum of the charged particle.

For the Belle experiment it is important to achieve a high efficiency in the photon
detection, as there are often final state particles at the end of decay cascades with
energies around 500 MeV. In addition, photons play a crucial role in rare 2-body
decays, such as B — K*v and B° — 7%7° with 7° — ~7, in which the photons can
obtain energies up to 4 GeV. Therefore, a good energy resolution over a wide energy
range is very important. Furthermore, the correct reconstruction of a 7° meson relies
on the separation and the precise measurement of the opening angle of two nearby
photons. This requirement can only be met with a good position resolution which is
ensured by a fine-grained segmentation of the ECL.

The structure of the Belle ECL is shown in figure 3.8. It is built as a highly segmented
array of Thallium doped Caesium lodide (CsI(T1)) crystals. These crystals were cho-
sen as they provide a large photon yield and weak hygroscopicity. An electron or
photon passing through this ECL material will lose energy due to the bremsstrahlung
effect and pair production, respectively. Based on these processes, an electromag-
netic shower is created inside the crystals until the energy of the particles drop below
10 MeV. At this point excitation processes and Coulomb scattering start to domi-
nate and produce scintillation light which is then detected with silicon photodiodes.
The added Thallium shifts the scintillation light into the visible spectrum. While
electrons and photons will deposit their total energy inside the ECL crystals, other
particles will only lose a small amount of their energy due to ionization processes.
The ECL consists of a barrel part which is 3m in length and has an inner radius
of 1.25m as well as a forward and a backward end-cap, located at z = +2 m and

z = —1m from the IP, respectively and provides an averaged polar angle coverage

3In section 3.2.6, the term "electron" refers to both particles electron and positron.
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Figure 3.8: Overview on the structure and the dimensions of the Belle electromag-
netic calorimeter [35].

0 coverage 0 seg. ¢ seg. No. of crystals

Forward end-cap 12.4° to 31.4° 13 48 to 144 1152
Barrel 32.2° to 128.7° 46 144 6624
Backward end-cap 130.7° to 155.1° 10 64 to 144 960

Figure 3.9: Specifications for the three parts of the Belle ECL regarding the polar
angle coverage and the segmentation in # and ¢ direction as well as the number of
installed CsI(T1) crystals [35].

between 17° and 150°. More detailed information regarding the ECL specifications
are given in table 3.9.

In total 8736 CsI(T1) crystals are installed in the Belle ECL. They have a tower-like
shape and point in the direction of the IP. To avoid particles escaping through the
gaps between the crystals, the crystals are tilted 1.3° in 6 and ¢ direction in the
barrel part and 1.5° and 4° in # direction in the forward and backward end-cap, re-
spectively. The dimensions of the crystals installed in the barrel part of the detector
are 55 x 55 mm? for the front face and 65 x 65 mm? for the rear face. Regarding
the end-caps, the dimensions vary between 44.5 mm to 70.8 mm for the front face
and 54 mm to 82 mm for the rear face. These dimension make sure that 80% of the
energy deposited by a photon is contained within one crystal. All crystals have a

length of 30 cm which corresponds to 16.2 radiation lengths and reduces the amount
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of shower leakage out of the rear part of the crystal and thus improve the energy
resolution.

In the end, the energy resolution is dominated by the lateral shower leakage and the
electronic noise. The ECL has been calibrated using Bhabha and ete™ — ~v events
and the energy resolution is measured to be 1.7% in the barrel part and 1.74% and

2.85% in the forward and the backward end-cap, respectively [35].

The extreme forward calorimeter

The extreme forward calorimeter (EFC) extends the polar angle coverage to the
region 6.4° < 6 < 11.5° in the forward direction and 163.3° < 6 < 171.2° in the
backward direction. It also serves as a beam mask to reduce the background by
shielding the CDC and as a tagging device for two-photon physics. Furthermore,
the beam monitor for the KEKB control and the luminosity monitor for Belle are
based on the EFC. Similarly to the ECL, this sub-detector system consists of a
crystal array. However, as the EFC is positioned within a very high radiation area,
the crystals are built from Bismuth Germanate (BGO, BiyGe3O1s).

3.2.7 The K? and i detection system

Charged and neutral hadrons as well as muons and neutrinos are able to escape
the electromagnetic calorimeter as they deposit only a small fraction of their energy
inside the ECL crystals and have a lifetime which is long enough that they do not de-
cay inside of the detector. Therefore, the iron flux return from the super-conducting
solenoid coil, located outside of the electromagnetic calorimeter, is used as absorber
material for the K? and p detection system (KLM) and has been instrumented with
glass-electrode resistive plate counters (RPCs). They consist of two parallel plate
electrodes which are separated by a gap filled with gas (see figure 3.10). The elec-
trode’s bulk resistivity exceeds 10'° Qcm. A particle crossing these detectors will
ionize the gas and generate a local discharge of the plate electrodes, producing a
signal on external pickup strips. Thus, the time and the location of the discharge is
recorded.

These RPCs alternating with 4.7 cm thick iron plates make the KLM system. The
barrel part (forward and backward end-caps) of the detector consists of 15 (14) de-
tector layers. This results in a total amount of 3.9 interaction length considering
a particle traveling normal to the detector layer and an additional 0.8 interaction

length for K? arising from the ECL. Overall, the barrel KLM system provides a
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polar angle coverage between 45° and 125° which is extended by the endcaps to
20° < 0 < 155°. Each barrel (end-cap) detector module has 2.4 mm (2.0 mm) thick
glass plates and a 1.9 mm broad gas gap. The injected gas is a non-flammable mix-
ture of 62% HFC-134a, 30% Argon and 8% butane-silver.

A K? meson traveling through the detector will produce a shower within the ECL
and a signal in the KLM system. The ECL shower is used to identify the direction of
the K?, but as the K9 mesons and the muons escape the detector, no suitable energy
measurement is possible. Basically, the K? mesons are identified by any cluster in
the KLM that does not lie within 15° around a recorded track in the CDC. With
this procedure, the averaged number of K? mesons per event is in agreement with
the expectation which indicates that the K? identification works correctly.

Only muons with a momentum above 500 MeV /¢ reach the KLM. They are distin-
guished from charged hadrons through the different range and transverse scattering
in the detector. Muons have smaller deflections than charged pions and kaons and
as they deposit a smaller amount of energy in the detector than charged hadrons,
they have a higher penetration depth. An overall identification efficiency of more
than 90% with a fake rate of less than 5% was achieved for muons with momenta
above 800 MeV /c.
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Figure 3.10: Overview of the structure of the resistive plate counters as they are

used in the Belle KLM system [35].
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Chapter 4
Data samples and Analysis Software

The data collected with the Belle detector is separated into experiments (experiment
numbers 7 to 71 are usable for physics analysis) and is further divided into so-called
runs. Each experiment was performed for a period of several month with constant
basic conditions, e.g. the same quality of the vacuum in the beam pipes, while a run
stopped after eight hours if no error occurred during the data taking which forces the
run to abort early. Aside from the real data, a large amount of Monte Carlo (MC)
data is available for investigation. Monte Carlo data consists of events obtained from
an event generator, which are processed by a detector simulation in order to model
the measured real data. Signal MC data only includes the decay modes that are
relevant for the specific analysis, while generic MC data contains all decays listed by
the Particle Data Group [9] and thus is expected to provide a reliable representation
of the real data sample.

As Belle is a very mature experiment, all necessary software, e.g for event classifica-
tion, track reconstruction, particle identification, is already available and included
in the "Belle Analysis Software Framework" BASF. The raw data collected by the
detector is reprocessed offline and the information important for physics analysis,
e.g. the helix parameters and momenta of the reconstructed tracks, number of hits
in the muon system, deposited energy in the ECL system, is stored in tabular form
on data summary tapes (dst).

The analysis of the decay mode By — J/v K™K~ is performed in different steps.
At first, a pre-selection of the data is performed, which means that the number of
events in the data set which was recorded on the T (5S) resonance is reduced by
applying loose selection criteria on the event information. The remaining data is
then copied from the KEK computing system to a local computing center to allow

faster access to the data. Subsequently, this data will be further reduced using tight

39



40 CHAPTER 4. DATA SAMPLES AND ANALYSIS SOFTWARE

selection criteria that maximize the signal-to-background ratio for the investigated
decay channel. During these processes only events passing the selection criteria will
be saved for further investigation. Afterwards, a detailed study of the signal and
background distributions will be performed within the ROOT [10] and RooFit [11]
software environments.

The first and second part of this chapter describe the structure of the Belle T (55)
data sample and the production and composition of the MC data used in this analy-
sis, respectively. As the computing system and analysis software of the Belle collabo-
ration are described in detail elsewhere [12—44], the third section of this chapter only
summarizes the main features of the Belle analysis software. The fourth section gives
a detailed description of the event reconstruction for the decay By — J/i KTK ™,
while the last section introduces the ROOT and RooFit analysis software and their

main functions with respect to this analysis.

4.1 The Belle T (55) data sample

Overall, the Belle detector and the KEKB accelerator performed very well and the
Belle collaboration recorded a data set with an integrated luminosity of more than
lab~! during the runtime of the experiment from 1999 to 2010, which significantly
exceeds the luminosity collected by the BaBar experiment (see figure 4.1). As de-
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Figure 4.1: Integrated luminosity of the Belle and BaBar experiments which were
performed at the KEKB and PEP-II B factories, respectively, and recorded at dif-
ferent center-of-mass energies. The Belle T (55) data sample is a worldwide unique
data set at lepton collider experiments.
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experiment run L in [fb_l} date
43 1013-1034 1.857 June 2005
53 1-272 21.513 June 2006
67 98-696 27.222 Oct.-Dec. 2008
69 12-819&892-1309 47.830 Apr.-June 2009
71 27-221&2001-2244 22.938 Oct.-Dec. 2009
Total 1512 121.36

Table 4.1: The integrated luminosity of the T (55) data set recorded by Belle, listed
by experiment and run number.

scribed in section 3.1, the KEKB accelerator produces pairs of charged or neutral
B mesons at a CM energy of 10.58 GeV. The corresponding data collected at the
T (4S) resonance corresponding to approximately 711fb~" is the main part of the
total Belle data set, while much smaller data samples are available for studies of the
T (nS) (n=1,2,3) states.

In the years 2005 and 2006 the CLEO experiment, which was performed at the
CESR electron-positron collider in Ithaca, New York, reported the first observation
of BY meson production using a data sample of 0.42fb~'. CLEO had collected this
data at a CM energy of about 10.86 GeV |15, 16], which approximately corresponds
to the mass of the T (55) resonance (see figure 4.2). In the same years, the Belle
collaboration recorded their first data at a CM energy of 10.87GeV in order to
open the opportunity to study the properties of the B, meson. This was achieved
by increasing the energy of the KEKB electron and positron beam to 8.2 GeV and
3.6 GeV, respectively, leaving the boost factor to be the same as for the T (45)
data sample. By the year 2010 Belle had collected a luminosity of 121.4fb™! at the
T (5S5) resonance, which is a worldwide unique data sample at lepton collider ex-
periments until today. A detailed record of the integrated luminosity of the T (5.S5)
data sample according to the experiment and run numbers is given in table 4.1.

Figure 4.3 schematically illustrates the production process for the BY meson via the
T (5S) resonance. The cross section for the process ete™ — bb is measured to be
o = (0.340 £ 0.016) nb and was derived from the total number of bb events within
the Y (59) data set [17]. The fraction of these bb states containing B, mesons is
determined to be f; = (17.2 £ 3.0) %, investigating inclusive T (55) — Dy X and
T (5S) — Dy X decays [17]. The total number of BY events in the full Belle T (55)

data sample is thus calculated to be

Np, =L oy fs = (7.14+1.3)-10° (4.1)
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Figure 4.2: The hadronic cross section in ete~ collisions normalized to

o(efe” — puTp~) was measured as a function of the ete™ center-of-mass energy.

The two identified peaks are the T (55) and Y (6S5) resonances [18]. The T (55)
resonance has first been observed by the CLEO collaboration [19].
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Figure 4.3: The production process of BY mesons via the T (55) resonance is illus-
trated in red. The B} B} final state is the most abundant one in this production
process.

As shown in figure 4.3, there are three different production channels for the B, me-
son that are kinematically allowed. The most abundant mode is the B* B} final state
where the B meson further decays into a B? meson via Bf — BY~. The fraction
of BB states within all B, events is measured to be fep: = (87.0 £ 1.7) % using
a clean B, — D,;w" data sample [50]. The remaining two production channels,
B:B? (B!B:) and BYBY, only contribute to about 13% of all B, events and thus
usually play a minor role in most analyses performed on the T (55) data sample.

Besides the production of a bb state, the formation of so-called continuum events
with ete™ — ¢g where ¢ denotes an up-, down-, strange- or charm-quark is
a frequently seen process and causes an important background that has to be

separated from signal events during the event reconstruction (see section 4.4). In
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order to allow the detailed investigation of this continuum background the Belle
experiment has also taken about 88fb~' data at a CM energy of 10.52 GeV which
is 60 MeV below the T (45) resonance.

4.2 MC production and available MC data samples

Monte Carlo simulated data is used for several purposes in the Belle analyses, e.g.
for the optimization of selection criteria with regard to the signal-to-background
ratio and determination of the reconstruction efficiency as well as the investigation
of the signal and background distributions in different variables. Thus, the correct
simulation of the underlying physics processes and the detector response is crucial.
As Belle is a very mature experiment, the software necessary for MC production and
a large amount of MC data samples are accessible to every collaboration member.
The MC production process includes event and detector simulation and is explained
in detail in the first part of this section. The second part describes the composition

of the MC data samples used in this analysis.

4.2.1 Monte Carlo data production

The production of MC simulated data is divided into two steps:

1. At first, a generator is used to simulate the decay chains that are expected
to be relevant for the respective experiment or analysis, e.g. a decay of the
BY meson. It produces the corresponding mesons and particles that will occur
during the considered physics process according to the given decay probabili-
ties which are usually obtained from the PDG [9]. The simulation ends when
all remaining particles are so-called "stable" particles, which means that the
average lifetime of these particles is high enough that they can reach the active

detector material.

2. Afterwards, the information from the generator regarding the stable particles is
handed over to a detector simulation which determines the detector response.
At the end of this process, the such produced MC data does not only contain
the same information as the real measured data but also the generator infor-

mation, which means that the originally generated decay mode can be clearly
identified.
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For the accurate simulation of physics processes the Belle collaboration uses the
EvtGen [51]| framework. The EvtGen package was especially developed for the sim-
ulation of processes and decays that are relevant for the B meson factories Belle
and Babar and includes for instance the mixing of B? mesons, while radiative cor-
rections from QED photons, especially the bremsstrahlung gammas, are handled by
the PHOTOS algorithm [54]. Figure 4.4 presents a comparison between the simulation
of the energy distribution for neutral pions and the corresponding data measured at
the Belle detector, which are good agreement. However, the EvtGen framework is not
only in agreement with the Belle data, but also with the Cleo experiment [51,55].
The simulation of the events is usually based on a generic decay table that mainly
contains all known decay modes as they are listed by the Particle Data Group
(PDG) [9]. The EvtGen framework provides this generic table, however as the generic
MC data only contains a limited amount of statistics for every individual decay mode,
it is not suitable for the detailed investigation of a specific process or decay. In these
situations it is necessary that the user redefines the decay table and produces his
own MC sample that matches the requirements of the respective analysis.

After the event simulation with EvtGen is finished, the information is handed over to

B Belle (Osaka-Conf-(008)
[0 EvtGen

Number of 7” per 'W(4s) per 0.1 GeV/c

0 1 2 3
n” momentum

Figure 4.4: The simulation of the 7 energy distribution is illustrated as a histogram,
while the corresponding data and statistical errors measured by the Belle experiment
are presented as black dots. Both distributions are in good agreement within the
statistical uncertainty [51-53].



4.2. MC PRODUCTION AND AVAILABLE MC DATA SAMPLES 45

the Belle detector simulation which uses the Geant3 package [56]. During this pro-
cess, the simulation calculates the detector response, based upon e.g. the detector
geometry and the interaction of the simulated particles with the detector material,
adds events for beam background which are obtained from randomly triggered real
data and performs the offline data reprocessing so that at the end of the simulation

the same information is available as in the real data.

4.2.2 Monte Carlo data samples

During the years, a huge amount of MC data was produced with generic decay tables
to match the various data samples that were collected by the Belle detector and
the varying experimental conditions during the data taking. Regarding the T (55)
data, six streams of generic MC were simulated by the collaboration, including all
known BY production and decay modes as well as the production and decay of other
initial states arising from the T (55) resonance and continuum background. Every
stream contains the same amount of luminosity and is segmented in the same way
as the real T (55) data sample, which means that overall six times more statistics
are available in MC data than what was recorded with the Belle detector.

Besides this generic MC, four different signal MC data samples were produced for
this analysis in order to investigate the reconstruction efficiency for the different
decay modes. The setup of the simulation of these data samples is very similar to
the generic MC production. The main difference is that the decay table is adjusted
so that only one of the two generated B? mesons decays according to the generic
decay table, while the other B? meson is forced to undergo a specific decay. The
following lines present a short quote from the EvtGen code that was implemented

for the simulation of the different signal MC data samples:

Alias MYB_s0 B_s0

Alias  MYJ/psi J/psi

Alias  MYphi phi

Alias  MYf" 2 " 2

Decay MYB_s0

1.0 MYJ/psi MYphi SVV_HELAMP 0.7014 0.0 0.7127 0.0 0.00713 3.1416;
1.0 MYJ/psi MYphi SVV_HELAMP 1.0 0.0 1.0 0.0 1.0 0.0;

0.5 MYJ/psi K+ K- PHOTOS PHSP;

0.2 MYJ/psi MYf 2 PHOTOS PHSP;

Enddecay
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At the beginning of the simulation, the user has to set aliases that indicate
which particle decay modes from the generic decay table are redefined. In this
example it affects the decay modes of the BY, the J/v, the ¢(1020) and the
15 (1525) mesons. Afterwards, the new decay modes for the respective particles
are implemented. This example presents the four decays which were used for the
production of the four signal MC data samples necessary for this analysis. Even
though the BY decay that is cited here shows all four modes together in order to
simplify the presentation, each of these lines correspond to one of the separately
produced MC samples.

The number at the beginning of each line denotes the relative ratio of the respective
decay mode. It is only relevant, if the user wants to simulate several decay modes
simultaneously, and the sum of all relative ratios is always normalized to one by
EvtGen. The next part of the line defines the decay mode that should be produced
by EvtGen, which are the decays B? — J/¢¢(1020), B — J/vK+TK~ and
BY — J/4 f} (1525) for this analysis. In case the user wants to activate the PHOTOS
package, it is called after the decay was defined as shown in the third and fourth
line of the example. At the end of each line, the decay model is assigned that will be
used by EvtGen for the simulation of the respective decay. The model that is labeled
as PHSP produces a decay according to a generic phase space, while SVV_HELAMP
describes the decay of a scalar meson into two vector mesons. The latter requires

the helicity amplitudes as input parameters, which describe the angular distribution

of the decay B? — J/v ¢ (1020) [57,58]:

d'T[Bs = (£507) yp (KT K™),]
dcos dp dcos dt
+ sin® ¢ {|4j|*(1 — sin® O sin® ) + | A | sin® 0 — Im( [AL)sin 20 sin p}

o 2| Ag|? cos® (1 — sin® 6 cos® )

+ % sin 2¢){Re(A§A|) sin® 0 sin 2¢ + Im(A5A | ) sin 20 cos p}  (4.2)
Here Ay, Ay and Aj denote the helicity amplitudes in the transversity frame, where
the coordinate system is chosen such that the x axis is given by the direction of the
¢ (1020) meson in the J/v rest frame, the z axis is perpendicular to the ¢ (1020) —
K* K~ decay plane and the y axis is defined by p, (K*) > 0. The direction of the
positively charged lepton in the J/v rest frame is described by the angles 6 and ¢,
while ¢ is the angle between the momentum of the K™ meson and the x axis in the
¢ (1020) rest frame.

For the analysis presented in this thesis two different signal MC data samples were
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produced for the decay BY — J/1¢ (1020). The first one is based on the polarization
parameters for this decay as they were measured by the CDF collaboration [27].
As the CDF experiment uses the transversity frame to determine the polarization
parameters and Belle uses the helicity frame, the CDF values have to be recalculated

according to equation 4.3 before they can be used in the simulation [21,22]:

H, +H._ H, —H_
V2 V2

The second BY — J/1¢ (1020) signal MC sample was obtained by using default

values for the polarization parameters which are outside of the error range of the

Ay = AL = Ay = Hy (4.3)

CDF results. This is necessary in order to study the systematic effect that arise from
the BY — J/1¢ (1020) polarization (see section 6.2).

Overall, one million events were produced for each of the two B? — J/v¢ (1020)
MC samples, while the B? — J/% KK~ and B? — J/v f; (1525) samples contain
500,000 and 200,000 events, respectively. All simulations generate the BY meson
according to the three production channels introduced in section 4.1 and except for
the decay BY — J/¥ K™K, they also take into account the BY — B? mixing.

As the decay BY — J/v f5 (1525) was discovered several years after the production
of the generic MC data, it is not included in this data sample. Thus, events from
the BY — J/vf5(1525) signal MC are merged with the available generic MC data
according to the relative branching fraction of this decay that was published by the
LHCb collaboration [1|. During the merging process every generic MC stream was
complemented with events from a different signal MC mdst file and thus, all generic

MC streams are still statistically independent from each other.

4.3 The Belle Analysis Software

The Belle Analysis Software Framework BASF is used for the event processing and
the offline data analysis. To perform an analysis on Monte Carlo simulated data or
events recorded by the Belle detector, the user has to write an analysis module in
Fortran, C or C++ and link it dynamically to BASF as a shared object. Thus, the user
can load his own module together with modules from other collaborators which are
then used by BASF to process the events in the data. The framework is configured
for parallel processing of events, which reduces the runtime of the analysis module
significantly for large data samples. A schematic description of BASF is shown in
figure 4.5.
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Figure 4.5: Schematic overview of the composition of the Belle Analysis Framework
BASF [11].

The information on all recorded events is tabularly stored in so-called Panther ta-
bles. Some of these Panther tables only exist for Monte Carlo simulated events,
while others are used for all types of data. The most important panther tables that
were used for the analysis of the decay By — J/1¢) KK~ are labelled Gen_hepevt,
MDST_Charged and MDST_Gamma.

The Gen_hepevt table provides information on particles that are generated for Monte
Carlo events. Every entry in this table is identified as a distinct particle by the Monte
Carlo particle numbering scheme [9]. The user can access the status code of the par-
ticles which indicates if the corresponding particle further decays within the detector
(accounts for most of the mesons) or if it is considered to be stable (applies to pro-
tons, charged kaons, charged pions, muons and electrons). Furthermore, the mother
and daughter particles of every entry are listed as well as the 3-momentum of the
generated particle. Thus, in this analysis the Gen_hepevt table is used to identify
the decay mode that was generated in the investigated event before the event re-
construction (see section 4.4) is applied and to check if the reconstruction code has
worked correctly. This information is crucial as it is used to determine the recon-
struction efficiency.

The table labelled as MDST_Gamma basically gives the 3-momentum of a photon and
a pointer to the MDST_ECL and MDST_EFC tables, where the energy of the associated
cluster is stored. The information on all reconstructed charged tracks of an event is

stored in the MDST_Charged table. It includes the charge and the 3-momentum of
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the track as well as the mass that was used for the track fitting. The information
which is necessary for particle identification is not stored in this table, but can be
accessed through the eid, Muid_mdst and atc_pid classes of basf which contain the
likelihood probabilities for charged tracks identified as electron, muon and hadron,
respectively. The definition and calculation of the likelihood probabilities are de-
scribed in section 4.3.1.

Another useful class that is implemented in the basf framework, is the particle
class. This class can create a particle from any entry in the Gen_hepevt and
MDST_Charged panther table when the user hands over the line of the table and
a particle hypothesis. The particle class recalculates the energy of the assigned par-

ticle according to the applied hypothesis and provides this information to the user.

4.3.1 Particle Identification

The Belle particle identification is based on the ratio of likelihood values for different
particle hypotheses. The likelihood value L for N independent measurements of a

random variable x is defined as

N

L) =[]/ (x.0) (4.4)

i=1
where f (x,0) is the probability density function describing the distribution of z.
To identify a charged track as a kaon, pion, electron, muon or proton, the information
of several sub-detector systems is combined. Depending on the hypothesis that is
applied, e.g. the charged track is a kaon, different sub-detector systems are used to
determine a likelihood value for this hypothesis. For kaons, pions and protons, the
combined information of the ACC, TOF and the dE/dx measurement from the CDC
are used to calculate the likelihood probability

L = LAYY x LTOF 5 LOP¢ (4.5)

for the assumed hypothesis. In order to separate between two particles ¢ and j and

to identify that the charged track was produced by particle i, the likelihood ratio

L (i)

P[D(i:j):m

(4.6)

is determined to test the hypothesis. This ratio lies between zero and one and is a

valuable discriminating variable to distinguish the different particles in an analysis
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Figure 4.6: The likelihood ratio PID (K : ) were the charged tracks are assumed
to be a kaon and not a pion is plotted versus the measured momentum. The red
circles mark the kaons while the blue crosses belong to the pion tracks. This data
was obtained from D — K~ 7t decays [35].

(see figure 4.6).

The approach to identify electrons and muons is very similar to the hadron iden-
tification. Regarding the electrons, the information from the ECL is added to the
data obtained from the ACC, TOF and CDC to calculate the likelihood probabil-
ity. The ratio of the energy deposited in a 3 x 3 and a 5 x 5 crystal cluster in the
ECL is important to separate electrons from hadrons. The likelihood probability for
a charged track to be a muon is mainly based on the number of hits in the KLM
detector system and the matching of these hits with a track in the CDC and SVD.
The efficiency for the electron identification in the Belle experiment is approximately
92%, while the fake rate for charged pions is only 0.25% [59]. Both values are in
agreement with the Monte Carlo expectations. The muon identification provides an
efficiency of approximately 90% with a fake rate between 1% and 3% for charged

pions and kaons [60].

4.3.2 Event shape discrimination

As explained before, the term continuum background denotes ete™ — g processes
where ¢ is an up-, down-, charm- or strange-quark. The produced quarks hadronize
and thus continuum events are formed by jets along the original directions of the

quarks, while the momenta of the particles originating from a B meson decay are not
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Figure 4.7: The presented distribution of the ratio of the second to zeroth Fox-
Wolfram moment is obtained from five streams of generic MC data.

a priori aligned in a specific direction which results in a spherical event. Therefore,
an event shape variable can be used to distinguish the continuum background. from
events containing a B meson. At the Belle experiment the applied variable is the

ratio of the second to zeroth Fox-Wolfram moment [1]

R, = -2
2 T,

(4.7)
which provides a value between zero and one for every event (see figure 4.7). Events
with a small ratio are more spherical, while events with a ration close to one are

mostly continuum background.

4.4 Event Reconstruction

As most Belle analyses study the decays of B or By mesons, the recorded amount
of data is reduced by classifying the events and separating events where hadrons
were produced in the final state from non-hadronic processes. The non-hadronic
events mainly contain contributions from Bhabha interactions, QED processes and
beam gas events, where the electron or positron beam interacts with remaining gas
molecules in the beam pipe. The so-called hadronBJ requirement rejects a large
amount of this background and mainly selects events with a hadronic final state
that usually originates from a BB pair, continuum events or events containing a
J/1 meson [36,62|. This hadronBJ data is stored in mini-dst (mdst) files on which
the analysis presented in this thesis is based upon.

This analysis is a comprehensive study of the decay B, — J/¢ K™K~ including the
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resonant decay modes By, — J/1 ¢ (1020) and By — J/v f5(1525). All these chan-
nels have the same final state which consists of four charged particles: Two charged
leptons originating from the decay J/1» — ¢*¢~ with ¢ = e, u and two charged kaons
which are produced either nonresonant or via one of the two resonances ¢ (1020) or
145 (1525).

This section describes the selection criteria that are applied to reconstruct the decay
By — J/v KTK~ and the study of combinatorial background.

4.4.1 FEvent selection criteria

The event reconstruction presented in this section was applied to signal and generic
Monte Carlo (MC) data as well as the full real T (55) data. The selection criteria
that were implemented for the pre-selection and the final selection are summarized
in table 4.2.

The point of closest approach of all investigated charged tracks is required to lie
within 0.5 cm in radial direction and 4.0 cm along the beam axis with regard to the
interaction point (IP). This rejects tracks that are generated from particles which
enter the detector from the outside, e.g. cosmic muons, as well as tracks produced
from beam induced background.

As described in section 4.3.1, the identification of the electrons and muons is based

pre-selection final selection
P |dr| < 0.5 cm; |dz| < 4.0 cm |dr| < 0.5 cm; |dz| < 4.0 cm
et electron likelihood > 0.1 electron likelihood > 0.1
Vorems < (pe; py) < 5° < (peip,) <5°
pt muon likelihood > 0.1 muon likelihood > 0.1
and muID.Chi_2()> 0 and muID.Chi_2()> 0
K* kaon likelihood > 0.1 kaon likelihood > 0.1
J/ 2.86 GeV < M (ete™ (7)) <3.34GeV | 2.946 GeV < M (ete™ (y)) < 3.133 GeV
3.0GeV < M (utp~) <3.2GeV 3.036 GeV < M (utp~) < 3.133 GeV
M(KTK™) - > 0.95 GeV
BY —0.4GeV < AFE <0.2GeV —0.2GeV < AFE <0.1GeV
5.25 GeV < M. < 5.45 GeV M. > 5.4 GeV
event shape - Ry <04

Table 4.2: Summary of the selection criteria that were applied for the pre-selection
(first column) and the final selection (second column) of BY — J/1¢) KK~ events.
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on the likelihood probability for the respective hypothesis where a lower limit of
0.1 is applied on the likelihood probability in both cases. Regarding the muons the
x? value , derived from the deviation of the hits in the KLM from the calculated
muon track, is required to be unequal to zero, to assure that more than 1 hit was
observed in the KLM system. In order to accommodate bremsstrahlung photons
radiating from the electrons, possible photon candidates are searched within a cone
of 5° around the electron track. If a photon is found, the electron momentum is
corrected taking into account the momentum of the photon.

The decay J/¢ — ¢4~ is reconstructed by combining two oppositely charged lep-
tons with the same flavor with the particle class of BASF. The invariant mass
M (¢*¢7) of the J/i¢ candidate is defined by the energy-momentum relation (c is
the speed of light)

(M (¢07) 2 = [E ()] + [p(ere) ] (4.8)

and is required to lie within 2.946 GeV < M (ete™ (y)) < 3.133 GeV when it is re-
constructed in the electron channel and within 3.036 GeV < M (u*p~) < 3.133GeV
in the muon channel. These selection criteria have been optimized for the J/1 re-
construction in the analysis B — J/¢ 77~ [63]. The invariant lepton mass distri-
bution for the electron and the muon channel is shown in figure 4.8. In the whole
analysis the available data is separated according to the reconstructed .J/i¢ decay
mode and investigated independently. This procedure is necessary as each of the
two decays provides a different distribution for the invariant lepton mass due to the
bremsstrahlung tail which is still present in the electron channel as only less than
50% percent of the bremsstrahlung photons can be recovered. The radiative tail in
the M (ete™) distribution results in longer tails also in other kinematic variables.
Additionally, this approach provides an internal cross-check of the analysis, as the
results from the electron and the muon data have to be consistent. For the final
results the values obtained from both samples will be combined.

To identify two oppositely charged kaons a likelihood probability higher than 0.1 is
required for the test of the kaon hypothesis against the pion hypothesis. Afterwards,
the invariant kaon mass is calculated and a lower limit of M (KK ™) > 0.95GeV
is required to accommodate resolution effects at the lower end of the K+ K~ phase
space. As no limit is set on the upper end of the phase space, it is possible to inves-
tigate the full invariant kaon mass distribution including the ¢ and f;} (1525) reso-
nances and to search for a nonresonant contribution of the decay B? — J/¢ KT K.
Finally, the B? meson is reconstructed by combining the J/¢ meson and the two

identified kaons. Due to the special 2-body kinematics in the process ete™ —



o4 CHAPTER 4. DATA SAMPLES AND ANALYSIS SOFTWARE

22000
20000
18000
18000
14000
12000
10000
8000
8000
4000
2000
ob—

18000 —
15000?—
14000?—
12000;
100002—
aooof—
sonnf—

2000 —

2000 —

e T L t L 1
265 3 35 a1 a1 3.00 306 308 31 312 AT
M (e (7)) [CV] M (it i) [GeV]

Figure 4.8: The invariant lepton mass distribution for events reconstructed in the
J/ — eTe™ (left) and J/1p — ptp~ (right) decay mode. The tail originating from
the loss of bremsstrahlung photons is visible in the electron channel. The events are
obtained from signal Monte Carlo simulated events for the decay BY — J/1 ¢.

(

S

AE = B — Eyean and My, =/ E2, — (p%)’ (4.9)

Here, Fyeam denotes the beam energy in the center of mass frame and Ef; and pj are

) the following two kinematic variables can be introduced:

Y (55) — BB

the energy and the momentum of the reconstructed BY meson, respectively, given
in the center of mass frame.

The photon from the decay Bf — B%y is not reconstructed in this analysis, as it
is very soft and has an energy of about 50 MeV, which lies at the lower end of the
energy threshold that is detectable at Belle. Thus, its energy information is lost,
which induces a shift in the corresponding AFE distribution to negative values and
separates the M. distribution in three disjunct signal regions depending on the
number of B} mesons produced in the electron-positron collision, as it is illustrated
in figure 4.9.

To determine the expected significance of the signal (S) for the decay BY — J/v ¢,
the figure-of-merit (FoM)

FoM — —2 (4.10)

VS+B
is studied. Here, B denotes the so-called combinatorial background which originates
from events where random combinations of final state particles have passed the
selection criteria. The figure-of-merit was calculated for 5.25 GeV < M. < 5.45GeV
leading to a FoM value of 14.49 taking into account all available generic Monte Carlo
streams. However, restricting the M, distribution to values above 5.4 GeV shows an
increase of the FoM to 24.65. Therefore, in order to increase the expected signal

significance, this analysis merely selects events with M. > 5.4 GeV which means
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Figure 4.9: Scatter plot for the M. and the AE distribution obtained from B? —
J/1 ¢ signal Monte Carlo simulated events.

only the most abundant production state B*B; is used in the following.

4.4.2 Continuum background

As explained in section 4.3.2 the continuum background can be distinguished from
events with B meson decays with the event shape variable Ry which is the ratio of the
second to zeroth Fox-Wolfram moments. For this analysis only events with Ry < 0.4
were taken into account for further investigation. This selection criterion was not
optimized for the decay mode BY — J/i K™K~ but for B? — J/yntr™ [63].

final selection criteria (see table 4.2) ete” channel | p*p~ channel

without tight M,. and R, selection 476 £ 59 389 + 53
including tight M,. but without R, selection 95 £ 26 44 + 18

including tight M. and R, selection 37+16 15+10

Table 4.3: The number of remaining events in the 15.509 fb™! off-resonance data
sample measured during the Y (55) experiments was scaled to match 121.4 fb™*.
Thus, the numbers indicate the expected amount of continuum background for this
analysis in the full T (55) data sample after the application of different selection
criteria.
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However, as both decays have the same decay topology, the optimized value for
BY — J/¢mtr is also used for this analysis.

The final selection criteria as summarized in table 4.2 were applied on the so-called
off-resonance data that was collected during the experiments 43, 67, 69 and 71 and
corresponds to 15.509 fb~!. This off-resonance data sample was reduced to 7 events
in total after introducing the selection on the ratio of the Fox-Wolfram moments.
The obtained results on the off-resonance data were scaled to 121.4 fb™! and pre-
sented in table 4.3. While the expected number of continuum events is thus too
high to neglect this background source, the statistics are too low to allow a reliable
determination of the shape of the continuum background, e.g. in the AE and the
M (K K~) distributions. Therefore, the continuum background will be determined

simultaneously with the combinatorial background.

4.5 The ROOT framework

The development of the object-oriented framework ROOT started about 20 years ago
during the runtime of the NA 49 experiment at CERN. The parameters that are
important for the further investigation of the decay BY — J/¢) KTK~ are saved
in the ROOT data format for all events passing the selection criteria summarized in
section 4.4. The produced ROOT files are organized in a tree-like structure, similar
to a UNIX file directory and the stored data can be accessed and edited either via
a graphical user interface or through a software program written in C++ where the
ROOT library has to be included. The latter was the approach commonly used in this
analysis, as it usually provides a much easier way to handle the data.

The ROOT framework is designed to meet the data analysis requirements of exper-
iments in high energy physics. It uses the C++ interpreter CINT to understand and
execute single command lines or larger scripts written in pure C++ code. This setup
allows to process scripts that contain more than ten thousand lines of source code.
Including the ROOT library into a C++ script provides the user access to numerous
features that are essential for physics analyses. This includes for example visual-
ization of recorded data in form of graphs and histograms, a generator for random
numbers, a geometry package and a linear algebra class that simplifies the work
with matrices. The ROOT math libraries provide numerical constants, trigonometric
functions as well as special functions relevant to calculations in physics, such as the
bessel, gamma and error functions. Furthermore, ROOT provides the possibility to

integrate user defined classes into the existing framework.
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In order to evaluate the statistics of a given data sample, the ROOT developers im-
plemented several statistical functions and probability density functions (PDFs) to
determine the mean, standard deviation and shape of a given distribution. In the
context of this analysis, the RooFit library was used for the development of the
fitting procedure to extract the yields of the signal and the background components.
This library includes numerous PDFs as well as functions for addition and convolu-
tion of PDFs. It also provides the option to build a multi-dimensional PDF model
and perform a multi-dimensional fit to the data. The development and application
of such a multi-dimensional fit to the analysis of the decay BY — J/¢ KTK™ is
presented in the next chapter.

More detailed information on the potential and the use of the ROOT framework and

the RooFit library is given elsewhere [40,41].
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Chapter 5

Investigations on Monte Carlo

simulated Data

The investigation of the decay B? — J/i KT K~ is performed as a blind analysis.
This means, that the complete procedure for the signal and background yield ex-
traction has to be developed and tested on Monte Carlo (MC) simulated events. In
order to extract the yields, a 2-dimensional unbinned maximum likelihood fit in AFE
and M (KT K™) is performed separately for the J/¢ — ete™ and the J/¢ — ptpu~
channel and this fitting procedure is only applied to the real data sample, after it
was proven to work correctly on the MC data.

The production of MC data has been illustrated in section 4.2 and this chapter
is devoted to the development and test of the fitting procedure. It starts with the
development of the fit, including a summary of the probability density functions
(PDFs) that are suitable for this analysis. The second section describes the test of
the fitting procedure on generic MC data, while the final PDF model that is used
for the signal and background yield extraction on the real data is introduced in the

last section.

5.1 Fitting Procedure development

The signal and background yield extraction is performed as a 2-dimensional unbinned
maximum likelihood fit in the AE and M (K™ K™) distributions. The correspond-
ing fit range is chosen to be —0.2 GeV < AFE < 0.1 GeV, which is basically defined
by the signal peak but also includes enough sideband to determine the background
yield, and 0.95 GeV < M (KtK~) < 2.4 GeV, which is the complete KK~ phase

59
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space and takes into account resolution effects at the lower end of the M (KK ™)
distribution. The development of this fit is performed in several steps. At first, suit-
able PDFs have to be found which are able to describe the shape of the investigated
distributions. After the PDF parameters have been determined and fixed, the PDFs
are combined to different models and every model is tested on the MC data in or-
der to find the model which gives the best agreement with the MC truth. Finally,
possible interference effects between the components in the PDF model have to be

studied and included if necessary.

5.1.1 Suitable probability density functions

As explained in section 4.2.2 there are six streams of generic MC data available for
this analysis and every stream contains the same luminosity as the real T (55) data
sample. Thus, five of the six streams are combined to determine the parameters
of all PDFs that seem suitable to describe the shape of the AE and M (KTK™)
distributions, while the sixth stream is considered to simulate the real data sample
and is used for the test of the fitting procedure (see section 5.1.3). This procedure
is repeated six times, whereas each time a different MC stream is regarded as the
simulated real data sample, which guarantees the independence of all performed
tests and additionally provides six measurements of all PDF parameters.

Figure 5.1 presents the AF distribution for the BY — J/1¢ (1020) decay using five
combined streams of generic MC, while stream number one is considered as simulated
data sample and omitted during the determination of the PDF parameters. As the
AFE distribution only depends on the beam energy and the reconstructed energy of
the BY (see equation 4.9) it is independent of the reconstructed decay mode, which
means that the AFE distribution has the same shape for all reconstructed signal

components'. A Gaussian PDF

1 z—p)
e (5.1)

flasp o) =

oV 2T
with mean g and width o is the obvious function to model the signal peak in AE in
the J/1¢ — ptp~ channel. However, due to the bremsstrahlung tail that is present
in the J/1) — ete™ channel it is necessary to model this mode with a Crystal Ball

function |64, 65]

n this thesis, the term "signal component" refers to all three decays BY — J/v¢ (1020),
BY — J/¢f}(1525) and B? — J/¢ (KTK™) .., where B — J/¢ (KTK™) ., includes the
nonresonant decay B — J/1 KT K~ and decays via other intermediate states, except the ¢ (1020)
and the f4 (1525) resonances.
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Figure 5.1: The AFE distribution for the BY — J/¢¢ (1020) decay in the J/v —
ete” channel (upper plots) was fitted with a Crystal Ball [64, (5] function (upper
left plot) and a combination of Crystal Ball and Gaussian function (upper right
plot), where the Crystal Ball and the Gaussian have a common mean but different
widths. The corresponding AE distribution for the J/v — pu™p~ channel (lower
plots) has been fitted with a single Gaussian (lower left plot) and a double Gaussian
distribution (lower right plot) with common mean but different widths, respectively.
The black dots with error bars are the simulated data points, while the fitted PDF is
shown as blue solid line. The framed numbers are the fitted values of the respective
PDF parameters.
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with mean p and width o. The Crystal Ball PDF is a Gaussian distribution that
changes into a power law at lower energies, where the threshold for the transition is
given by the parameter v and n denotes the power. Thus, this description accommo-
dates the bremsstrahlung losses. In figure 5.1 it is visible that it is not sufficient to
model the AFE distributions for the signal components with only a single Gaussian
or Crystal Ball function, respectively. The use of a double Gaussian distribution and
a combination of a Crystal Ball function with a Gaussian provides a considerably
better agreement between the MC data and the fitted PDF. In this model, both

Gaussian functions are required to have a common mean but different widths. The
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same restriction is applied to the Crystal Ball and the Gaussian PDF. As there are
no reasonable alternative PDFs that give a better description of the signal peak
in AFE, these PDF combinations are chosen to model the AE distribution. The
final PDF parameter values for the double Gaussian as well as the Crystal Ball
and Gaussian function are determined from a real data control sample of the decay
BY — J/1 K*°(892) (see section 5.1.2), which allows to adjust the values on a real

data sample instead of using MC simulated events, without unblinding the signal
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Figure 5.2: From top to bottom the plots show the M (K K~) distribution for the
BY — J/¢¢(1020), B? = J/Y (KTK™) e and BY — J/v f}(1525) components
separately for the J/i¢» — ete™ (left plots) and J/¢ — p*p~ channel (right plots).
The black dots with the error bars represent the simulated data, while the blue solid
line describes the PDF. In this figure, the ¢ and f} (1525) resonances are modeled
with a nonrelativistic Breit-Wigner function, while the J/¢ (KTK™) ., is fitted
with an ARGUS function [66].
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region.

Figure 5.2 presents a sample of PDFs fitted to the M (K+K ™) distribution using
again all generic MC streams except stream number one. The obvious PDF to de-
scribe the shape of a meson resonance is a Breit-Wigner function. Therefore, the first
option to model the ¢ and the f} (1525) resonances is a nonrelativistic Breit-Wigner

PDF
1

(= p)* + o2

f(@;p,0) o (5.3)

that is defined by its position p and its width ¢ and which is found to be in good
agreement with the data (see figure 5.2). Another possibility that does not add
extra free parameters, is to complement the nonrelativistic Breit-Wigner with a
phase space correction factor. A relativistic Breit-Wigner function that includes
the spin of the corresponding meson is the third alternative PDF that is available
for the description of the resonance peaks. Compared to the nonrelativistic Breit-
Wigner, the width of the relativistic Breit-Wigner depends on the energy which is
described by the Blatt-Weisskopf factors [9]. Just as the spin of the resonance is no
free parameter, this factor is fixed, using an interaction radius of 3 GeV ' [67]. Thus,
there are no additional free parameters for the relativistic Breit-Wigner function. As
all three versions of the Breit-Wigner PDF give a good description of the MC data,
they are all investigated during the test of the fitting procedure to find the PDF
that gives the best agreement with the MC truth with regard to the signal yield (see
section 5.1.3).

A pure phase space description as well as an ARGUS function [66] are suitable
to model the remaining B? — J/¢ (KTK™) distribution in M (KTK™). The
ARGUS PDF

other

mo

is defined by a fixed cut-off parameter mo = 2.25 GeV, a slope parameter ¢ and a
factor p which denotes the power of the function [68], while the phase space func-
tion has no free parameters. Both PDFs are studied during the test of the fitting
procedure.

As presented in section 4.4.2, the number of continuum events is to low to inves-
tigate this background source separately. Therefore, the continuum background is
determined simultaneously with the combinatorial background originating from ran-
domly combined charged tracks. The distribution of the background events in AFE
and M (KtK™) are obtained from a 100 MeV sideband in M, with 5.25GeV <
My, < 5.35GeV. The upper bound of this sideband is defined by the BB? signal
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Figure 5.3: The AE and M (KK ™) distributions for the combinatorial and contin-
uum background are shown for the J/1¢) — ete™ (upper plots) and the J/v — ptpu~
channel (lower plots). The simulated data is illustrated as black dots with error bars
and is obtained from a sideband in M. with 5.25 GeV < M. < 5.35 GeV. The fitted
PDF function is presented as blue solid line. The applied PDFs are a first order
polynomial in AE and the ARGUS function in M (K+tK™).

region which starts right above this threshold (see figure 4.9), while the lower bound
prevents the integration of low energetic background which is not significant in the
signal region. Again, this procedure has the advantage that the PDF parameters for
the fit on the full T (55) data sample can be determined from a real data sample
(see section 5.1.2), instead of using the MC simulated events, without unblinding
the signal region.

Figure 5.3 presents the AE and M (KK ™) distributions for the background events
that are obtained from the M, sideband in stream number one. A first order poly-
nomial with a fixed ordinate value and a free slope and an ARGUS function with
its cut-off parameter fixed at my = 2.35GeV are found to be good descriptions of
the AE and M (Kt K™) distributions, respectively.

5.1.2 Adjustment of PDF parameters on real data
Although it is possible to obtain all PDF parameter values from MC simulated

events, the MC data is not a perfect description of the real data. Especially with re-
gard to the resolution in the AF distribution, there might be differences in MC and
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real data. Thus, it is preferable to use real data samples for accurate determination
of the PDF parameters, if possible.

A control data sample consisting of reconstructed events of the decay B° —
J/ K*0(892) with K*0(892) — K*7T is used to obtain the PDF parameter values
of the double Gaussian and the Crystal Ball and Gaussian PDF that describe the
AFE distribution. This investigation is performed on a real data sample that was
collected at the energy of the T (4.5) resonance and is based on the Belle official J /1
skim, as well as on a MC simulated data sample which is based on the inclusive J /1
MC data sample that was produced by the Belle collaboration in the year 2010 and
mainly includes all known B decays with a J/¢ meson in the final state. The real
data sample includes all experiments since experiment number 31 and its integrated
luminosity adds up to 562.615 fb™".

The decay mode B® — J /1 K*°(892) was chosen for the determination of the PDF
parameters as it has a very similar final state as the decay B? — J/YKTK~.
The main difference between these two decays is that one kaon in the decay
BY — J/¢KTK~ is replaced by a pion. Therefore, most of the selection criteria that
are applied to reconstruct events in the B? — J/¢ K™K~ mode are adopted for the
reconstruction of B — J/1 K*Y (892) events. Table 5.1 summarizes all selection cri-
teria that have to be changed with regard to the criteria listed in table 4.2. In order
to identify a charged track as a pion and not as a kaon, it is required that the likeli-
hood probability for the test of the pion against the kaon hypothesis is greater than
0.1. The K*(892) meson has a nominal mass of M (K*") = (895.81 4+ 0.19) MeV
and a width of I' (K*?) = (47.4 4 0.6) MeV [9]. Thus, only events that have a recon-
structed invariant mass within 0.8 GeV < M (K7) < 1.0GeV are taken into account
for further investigation. The selected range in M,. has to be adjusted, too, as the
T (4S) data was recorded at a lower center-of-mass energy than the T (55) events.
Figures 5.4 and 5.5 present the fitted AFE distributions that were obtained from the
real data and MC data control sample, respectively. All fits confirm a good agree-

ment between the data and the applied PDFs. However, in order to verify that the

particle selection criteria
nt pion likelihood > 0.1
K*9(892) | 0.8GeV < M (K7) <1.0GeV
Bg M. > 5.27 GeV

Table 5.1: List of selection criteria that are applied to reconstruct the decay B® —
J /¢ K* (892). This table only summarizes the selection criteria that are different
from the criteria listed in table 4.2.
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Figure 5.4: The AE distribution of the real data control sample is shown for the
J/1p — eTe” channel in the left plot, while the J/v» — pu™pu~ channel is illustrated
on the right plot. The data is represented as black dots with error bars. The red
solid lines indicate the Crystal Ball and Gaussian PDFs (left) and the two Gaus-
sian functions (right), respectively, that were used to fit the data. The background
component is fitted with a first order polynomial and shown as yellow solid line.
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Figure 5.5: The AE distribution of the MC simulated control sample is shown for the
J/1p — eTe” channel in the left plot, while the J/1v — pu™pu~ channel is illustrated
on the right plot. The data is represented as black dots with error bars. The red
solid lines indicate the Crystal Ball and Gaussian PDFs (left) and the two Gaus-
sian functions (right), respectively, that were used to fit the data. The background
component is fitted with a first order polynomial and shown as yellow solid line.

parameters that were determined from the B® — J/v¢ K*° (892) control sample are
sufficient to describe the AE distribution of the decay B? — J/¢KTK™ correctly,
this parametrization is used for the test of the fitting procedure that is introduced
in section 5.1.3.

Besides the AF distribution of the signal components, it is also possible to determine
the PDF parameter values for the background component on a real data sample, as
mentioned in the previous section. Figure 5.6 present the AE and M (KT K™) dis-
tributions in the sideband region for 5.25 GeV < M, < 5.35 GeV that were obtained
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Figure 5.6: The AE and M (K*K™) distributions for the background component
are shown for the J/1¢» — ete™ (upper plots) and the J/¢ — p*p~ channel (lower
plots). The data is illustrated as black dots with error bars and is obtained from
a sideband in M. with 5.25 GeV < M;. < 5.35GeV. The fitted PDF function is
presented as blue solid line.

from the full T (55) data sample after the application of the event reconstruction
for the B? — J/¢ K™K~ decay. The AF distribution is again described with a first
order polynomial with fixed ordinate value and free slope, while the M (KT K~) dis-
tribution is modeled with an ARGUS function. In both cases, the fit shows a good

agreement with the data.

5.1.3 Test of the fitting procedure

The test of the fitting procedure is performed as realistic as possible in order to
obtain reliable results on the quality of the different PDF models. Thus, the fit
is always performed on only one MC stream, so that the yields of the signal and
background components are comparable with the statistics in the full T (55) data
sample.

The parametrization of the double Gaussian and the Crystal Ball and Gaussian
PDFs, respectively, is preserved from the MC control sample as introduced in the pre-
vious section. All signal components are described with the same PDF parametriza-

tion in AF, as the energy difference only depends on the beam energy and the energy
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of the reconstructed B? meson, which is independent of the decay mode. In order to
avoid any shift between the data and the fitted PDF in AFE, the mean of the double
Gaussian PDF as well as the mean of the Crystal Ball and Gaussian function is not
fixed to a certain value, but treated as a free parameter.

While one MC stream is considered as simulated data sample, the PDF parameters
for the description of the signal components in the M (KK ~) distribution are de-
termined from the remaining five MC streams. The PDF parameters modeling the
background component are obtained from a fit of the M,. sideband in the region
5.25 GeV < M. < 5.35GeV as presented in section 5.1.1.

All fits presented in this section are separately performed for the J/¢ — ete™ and
the J/1¢ — p*p~ channel as 2-dimensional unbinned likelihood fits to the AE and
M (K K™) distribution. Every fit was executed with a different PDF model and dif-
ferent PDF parameters. The fitted yields for the signal and background components
are compared with the expected number of events which is obtained from the gen-
erator information stored in the MC data files. All fit results are presented in tables
5.3 to 5.6, which are located at the end of this chapter. Tables 5.3 and 5.4 summa-
rize the results for the fits in the J/¢ — ete™ channel where the J/¢) (KTK™)

component is modeled with an ARGUS function and a pure phase space description,

other

respectively. Tables 5.5 and 5.6 provide the same information for the J/¢ — pu*pu~
channel. The acronyms in the first column of each table refer the respective Breit-

Wigner function that was used for the fit:

e nonrel : nonrelativistic Breit-Wigner PDF
e rel : relativistic Breit-Wigner PDF that includes the spin of the resonance

e phsp : nonrelativistic Breit-Wigner PDF with an applied phase space correction

Thus, the description "nonrel-rel" states that the ¢ (1020) resonance is fitted with
the nonrelativistic Breit-Wigner function, while the fj (1525) resonance is modeled
with the relativistic Breit-Wigner PDF. This kind of labeling applies to all other
combinations of Breit-Wigner models, too.

Basically, all fitted yields for the signal and background components are in good
agreement with the expected yields obtained from the MC generator. No significant
differences were observed between the fit results obtained with a pure phase space
description of the J/¢ (KTK™)

GUS function. The same conclusion is drawn for the nonrelativistic Breit-Wigner

component and the results yielded by the AR-

other

PDF and the Breit-Wigner function including the phase space correction. The only

exception where the fitted yields are not in agreement with the expectations are
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the fits, in which the ¢ (1020) resonance is modeled with a relativistic Breit-Wigner
function. In these cases the results present a significant bias for the J/¢ ¢ and the
J/Y (KT K™) .., components. The description of the f; (1525) resonance with a rel-
ativistic Breit-Wigner does not seem to lead to the same bias, however, it might
not be visible here, as the statistics for the decay BY — J/v f}(1525) is much
lower than the statistics for B — J/v ¢ (1020). Due to this bias, the relativistic
Breit-Wigner function is ruled out as a possible PDF for the fit on the full T (55)
data sample, while all remaining PDFs are equally capable of extracting the signal

and background yields.

5.1.4 Bias originating from relativistic Breit-Wigner function

The test of the fitting procedure introduced in the previous section has revealed a
bias for all fits, where the ¢ (1020) resonance is modeled with a relativistic Breit-
Wigner function. This bias causes a systematic overestimation of the number of
BY — J/1¢ (1020) decays, while the number of BY — J/¢ (KTK™)
systematically underestimated (see tables 5.3 to 5.6).

other €VENTS 18
In order to better understand the reason for this bias, two different fits were per-
formed on the J/¢» — uTu~ channel of stream number zero. As both fits are 1-
dimensional unbinned likelihood fits only modeling the M (K K~) distribution, any
effects from bremsstrahlung photons are excluded and no further difference between
the electron and the muon channel is expected that might influence the fit results.
The first fit is performed only on correctly reconstructed B? — J/1¢¢ (1020) decays,
which were selected with the information from the MC generator. The fit result is
shown in figure 5.7. The ¢ (1020) resonance was described with a relativistic Breit-
Wigner and the fitted yield for the J/1¢ (1020) component is in perfect agreement
with the expected number of 201 events. Thus, the bias is certainly not produced
by a wrong implementation or application of the relativistic Breit-Wigner PDF.

In the second fit, the other two signal components (J/¢ (KTK™), ..,
J/ f5(1525)) are added, while all events from the combinatorial and continuum

background are still omitted. From the MC generator information, the expected

and

number of events for this data sample is determined to be 201 events for the
BY — J/1¢ (1020) decay, 194 events for the J/¢ (KTK™),,.,
events for the decay B? — J/1 f} (1525). The fitted distribution and the fitted signal
yields are presented in figure 5.8 and the same bias was found that already has been
observed during the test of the fitting procedure. Again, the yield of the J/1¢ (1020)
component is strongly overestimated, while the fitted yield of the J/¢ (KTK™)

component and 29

other
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Figure 5.7: Correctly reconstructed events from the decay B? — J/1¢¢ (1020) were
selected from the J/¢ — p*p~ channel in MC stream number zero with the infor-
mation from the MC generator. The MC data is illustrated as black dots with error
bars, while the solid blue line presents the fitted PDF. The ¢ (1020) resonance was
described with a relativistic Breit-Wigner function and the fit result is in perfect
agreement with the expectations.
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Figure 5.8: Correctly reconstructed events from all signal components were selected
from the J/¢» — p*p~ channel in MC stream number zero with the information
from the MC generator. The background component is omitted. The MC data is
illustrated as black dots with error bars, while the solid blue line presents the fitted
PDF. The ¢ (1020) resonance was modeled with a relativistic Breit-Wigner function
and the fit results show a significant bias. To provide a better overview, the whole
M (K*K™) distribution is separated in two energy regions.

component drops far below the expectation. As the background component is not
present in this fit, it can be ruled out as a possible reason for the bias.

The main difference between the two fits is given by the additional signal compo-
nents which are present in the second fit. This expands the M (Kt K ™) distribution
and thus the fit range from 0.95GeV < M (KTK~) < 1.1 GeV to the full KTK~
phase space with 0.95GeV < M (KTK~) < 2.4GeV. Therefore, the bias in the
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J/i — eTe” channel  J/¢ — ptpu~ channel
AFE distribution:
all signal components | Crystal Ball + Gaussian double Gaussian
background 1st order polynomial 1st order polynomial
M (K+K~) distribution:
J/ ¢ (1020) nonrel. Breit-Wigner nonrel. Breit-Wigner
J/ (KTK™) her ARGUS ARGUS
J/ f5(1525) nonrel. Breit-Wlgner nonrel. Breit-Wigner
background ARGUS ARGUS

Table 5.2: The composition of the default PDF model that is used for the fit on the
full T (55) data sample is presented separately for the J/i¢) — eTe™ channel and
J/1 — ptp~ channel.

fit results has to be caused by the high energy tail of the relativistic Breit-Wigner
that is much more dominant than the tail of the nonrelativistic Breit-Wigner. If
the fit is performed on the full M (K K™) distribution, the high energy tail of the
relativistic Breit-Wigner assigns additional events to the J/1¢¢ (1020) component
which leads the fit into a wrong minimum and causes the underestimation of the
rather flat J/¢ (K+TK™) distribution. On the other hand, this effect is negligible
if the M (KK ™) distribution breaks off at low energies. However, as it is necessary
to perform a fit on the full M (K+K~) distribution in this analysis, the relativis-
tic Breit-Wigner function is no possible option for the fit on the real T (55) data

other

sample.

5.2 Final PDF model

The selection of the PDF model that is applied on the full T (55) data sample is
based on the results obtained from the test of the fitting procedure. As all PDFs,
except the relativistic Breit-Wigner function, provided results in good agreement
with the expectations and no significant biases in the obtained signal yields were
found, it was decided to use the simple PDF model that is summarized in table 5.2
as the default fit model, while the remaining PDFs that are not included in this
default model are taken into account as systematic error (see section 6.2).

The default PDF model describes the shape of the AFE distribution for the signal
components with a combination of a Crystal Ball and a Gaussian function in the
J/1p — eTe” channel and with a double Gaussian PDF in the J/¢ — p*u~ chan-
nel, respectively. The parameter values for these PDFs which will be used for the fit
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on the T (55) data were determined with the B® — J/v K*° (892) real data control
sample. The ¢ (1020) and the f; (1525) resonances are modeled with a nonrelativis-
tic Breit-Wigner PDF, while the shape of the J/i (KT K™) ..
with an ARGUS function. As the PDF parameters of the Breit-Wigner and the

ARGUS functions are measured six times (see section 5.1.1), their parametrization

component is fitted

is defined by the weighted mean value of all six measurements. The AE distribu-
tion of the background component is described with a first order polynomial and
the M (K*tK™) distribution with an ARGUS function. The parameter values for
the background component are obtained from the M. sideband of the T (55) data
sample with 5.25 GeV < M, < 5.35 GeV.

This default PDF model has demonstrated a good agreement between the fitted
yields and the expected number of events during the test on the generic MC data.
However, it does not take into account interference effects. As all of the signal com-
ponents have distinct quantum numbers (spin J = 0 for B? — J/Y (KTK™) .,
(S-wave component), J = 1 for B? — J/¢¢ (1020) (P-wave component) and J = 2
for BY — J/u f4 (1525) (D-wave component)) the effects of possible interference be-
tween these states is expected to be negligible. However, all interference effects will
exactly cancel out, if the reconstruction efficiency depending on the helicity angles ¢

and v provides a flat distribution [6,69]. These helicity angles are defined as follows:

e ¢ is the angle between the Kt K~ and ("¢~ plane

e ¢ is the angle between the J/¢ and K+ momentum

The reconstruction efficiency for these two angles is presented in figures 5.9 and 5.10
(obtained from the combined data of all six generic MC streams). These distributions
are fitted with a constant function and the resulting x?/ndf values show, that the
efficiency is in agreement with this assumption. Thus, due to the flat reconstruction
efficiency, it is not necessary to perform any further investigations on interference

effects and they are not taken into account for the default PDF model.
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Figure 5.9: The reconstruction efficiency depending on the helicity angle ¢ is shown
for the J/v — p*p~ channel (left plot) and the J/¢ — eTe™ channel (right plot).
The data is illustrated as black dots with error bars and is fitted with a constant
function (black solid line).

X2/ ndf 36.4/29
a 0.01646 + 0.0003612

¥2 1 ndf 34.73/29 |
a 0.01817 + 0.0003802 |

}, N'qu*u’w
T

IR

l

0.025 0.025

efficiency [arbitrary units]

I3
2
R

I3
2
S

0.015 0.015

efficiency [arbitrary units]

e
2

e \H‘HH‘\H‘\\\

e
2

hd \\‘HH“\\‘\\H

0.005 0.005

o

o

04 0.6 08

\1|l[rad] y [rad]
Figure 5.10: The reconstruction efficiency depending on the helicity angle v is shown
for the J/¢ — p*p~ channel (left plot) and the J/¢¥ — eTe™ channel (right plot).
The data is illustrated as black dots with error bars and is fitted with a constant
function (black solid line).
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J/¢ — ete” channel | J/¢ ¢ (1020) J/Y (KTK™) g J/¢ f4(1525)  background
s00 MC truth 185 178 34 276
nonrel - nonrel 181.8+14.1 199.7420.7 37.7+11.9 252.84£20.3

rel - rel 207.9£15.6 176.1£20.7 40.0£12.8 248.0£20.0
phsp - rel 188.4+14.5 193.1£21.0 37.9+£12.5 252.5£20.2
phsp - nonrel 188.3+14.5 194.6£20.6 37.3£12.0 251.8£20.2
nonrel - rel 182.0+14.1 199.14+21.1 37.3£12.3 253.6£20.3
rel - nonrel 207.5£15.6 179.6420.2 37.3+£12.0 247.5£20.0
s01 MC truth 153 170 27 282
nonrel - nonrel 157.9+13.0 168.34+20.1 32.7+11.6 273.1£20.9
rel - rel 179.8+14.6 150.1£20.0 35.2+12.1 266.8£20.8
phsp - rel 162.9+£13.4 163.4£20.3 33.7£12.0 271.9420.9
phsp - nonrel 162.7£13.4 164.6+£20.0 32.9+11.6 271.7420.9
nonrel - rel 158.1+13.0 167.5£20.4 33.1+11.9 273.3+21.0
rel - nonrel 179.3+14.5 152.9419.7 33.0+11.5 266.8+20.7
s02 MC truth 157 173 26 273
nonrel - nonrel 155.8+13.0 209.1£21.0 28.6+11.3 235.5£20.0
rel - rel 172.6+14.2 194.0+£21.2 30.8£11.9 231.6+19.9
phsp - rel 159.8+13.3 204.5421.2 30.7£11.8 233.94+20.0
phsp - nonrel 159.8+13.3 206.5£21.1 28.1+11.3 234.54+20.0
nonrel - rel 156.0+13.0 207.4421.2 31.0+11.7 234.6£20.0
rel - nonrel 172.5+14.2 196.94-20.9 27.6+11.3 232.0£19.9
s03 MC truth 183 156 27 258
nonrel - nonrel 181.7+13.9 156.14+19.2 31.7+£11.0 254.6+£20.3
rel - rel 204.6+15.3 135.1£19.0 39.4+12.1 245.0+19.9
phsp - rel 187.4+14.3 146.5£19.4 38.4+£11.9 251.7420.2
phsp - nonrel 187.2+14.3 152.9419.1 31.5+11.0 252.4420.2
nonrel - rel 182.0+14.0 150.24+19.4 38.2+11.8 253.6£20.2
rel - nonrel 204.3£15.3 142.7+18.7 31.24+10.9 245.9£20.0
s04 MC truth 184 167 30 261
nonrel - nonrel 185.44+14.1 180.84+20.4 26.7+11.1 249.1£20.5
rel - rel 208.5+15.5 161.0£20.5 30.6£11.9 241.9420.2
phsp - rel 191.0+£14.4 174.1£20.7 29.4+11.8 247.6+£20.4
phsp - nonrel 190.8+14.4 177.0£20.4 26.9+11.1 247.3+20.4
nonrel - rel 185.6+14.1 178.3£20.8 28.8+11.7 249.3£20.5
rel - nonrel 208.1£15.5 165.34+20.0 26.9+11.0 241.8+20.2
s05 MC truth 170 168 26 290
nonrel - nonrel 168.9+13.4 153.6+19.3 31.6+10.8 298.9+21.5
rel - rel 189.5+14.8 139.1£19.4 31.9£11.6 292.5+21.3
phsp - rel 173.8£13.8 149.3£19.6 31.9£11.5 298.14+21.5
phsp - nonrel 173.84£13.8 151.4+£19.3 30.1+11.0 297.6+21.4
nonrel - rel 169.0+13.4 152.6+19.6 32.1+11.3 299.3£21.5
rel - nonrel 189.4+14.8 142.14+19.0 29.0+10.9 292.4+21.3

Table 5.3: The results for the test of the fitting procedure are shown for the

J/i — ete” channel. The J/¢ (KTK™)

other

component is modeled with an ARGUS

function. The labeling of the different PDF models is described in the text in section

5.1.3.
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J/¢ — ete” channel | J/¢ ¢ (1020) J/Y (KTK™) g J/¢ f4(1525)  background
s00 MC truth 185 178 34 276
nonrel - nonrel 183.7+14.1 210.0£21.3 28.4+11.7 249.9+20.2
rel - rel 208.7£15.5 186.4£21.5 31.2£12.9 245.7+20.0
phsp - rel 190.0+£14.5 203.8+21.7 28.9+12.5 249.34+20.2
phsp - nonrel 190.0+£14.5 205.3£21.3 27.7£11.9 248.9420.2
nonrel - rel 183.8+14.1 209.4421.7 28.5+12.1 250.3£20.3
rel - nonrel 208.5£15.5 189.84+21.0 28.3+12.0 245.4£20.0
s01 MC truth 153 170 27 282
nonrel - nonrel 158.84+13.0 184.64+21.1 21.8+11.4 266.8+20.8
rel - rel 179.6+£14.5 164.9£21.2 25.7£12.2 261.84+20.7
phsp - rel 163.6£13.4 179.4£21.4 23.5£12.0 265.44+20.8
phsp - nonrel 163.4+£13.4 180.7£21.0 22.3+114 265.5£20.8
nonrel - rel 158.94+13.0 183.7£21.4 22.7+£12.0 266.6£20.8
rel - nonrel 179.24+14.5 167.6+20.8 23.3+11.4 261.9£20.7
s02 MC truth 157 173 26 273
nonrel - nonrel 157.9413.0 222.9421.7 18.3£11.1 230.0£19.9
rel - rel 173.5+14.2 206.7£22.0 20.3£11.8 228.5+19.9
phsp - rel 161.6+£13.3 218.4422.0 19.7+11.6 229.3+19.9
phsp - nonrel 161.6+£13.3 220.0£21.8 18.0£11.1 229.4419.9
nonrel - rel 158.0+13.0 221.4+£21.9 19.9£11.4 229.6£19.9
rel - nonrel 173.44+14.2 209.0£21.7 18.1£11.1 228.5£19.9
s03 MC truth 183 156 27 258
nonrel - nonrel 182.74+13.9 171.0420.1 22.24+10.9 248.0£20.2
rel - rel 204.5+15.3 149.4+20.1 30.2+£12.1 239.94+19.9
phsp - rel 188.1+14.3 161.4£20.4 28.8+£11.9 245.7+20.1
phsp - nonrel 188.0+14.3 167.8+£20.1 22.2410.9 246.01+20.1
nonrel - rel 182.94+14.0 165.0+20.4 28.6+11.8 2477.54+20.2
rel - nonrel 204.3£15.3 157.1+19.8 22.4410.9 240.3£19.9
s04 MC truth 184 167 30 261
nonrel - nonrel 186.6+14.1 196.94+21.3 15.4£10.8 243.2+20.3
rel - rel 208.0+15.4 177.2£21.6 19.1+11.9 237.8+20.1
phsp - rel 191.7+£14.4 191.3£21.8 17.1+£11.7 241.9420.3
phsp - nonrel 191.6+14.4 192.84+21.2 15.9£10.8 241.7420.3
nonrel - rel 186.7+£14.1 195.7£21.8 16.2£11.6 243.5£20.3
rel - nonrel 207.7£15.4 180.0+21.0 16.8£10.8 237.5+£20.1
s05 MC truth 170 168 26 290
nonrel - nonrel 169.94+13.4 170.0420.2 22.3+10.4 290.8+£21.4
rel - rel 189.4+14.7 155.7£20.7 22.0£11.6 285.94+21.3
phsp - rel 174.6£13.7 166.7+£20.7 21.6+11.3 290.0+21.4
phsp - nonrel 174.7£13.7 168.2+20.4 20.4£10.8 289.7+21.4
nonrel - rel 170.0£13.4 169.51+20.6 22.44+10.9 291.2+£21.4
rel - nonrel 189.44+14.7 1568.2420.2 19.7£10.8 285.6£21.3

Table 5.4: The results for the test of the fitting procedure are shown for the
J/¢ — eTe” channel. The J/¢ (KTK™),,., component is modeled with a phase
space function. The labeling of the different PDF models is described in the text in
section 5.1.3.
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J/Y — ptp~ channel | J/¢ ¢ (1020) J/¢p (KTK™) .. J/% f5(1525)  background
s00 MC truth 201 194 29 288
nonrel - nonrel 198.3+14.5 187.4+18.3 37.6+10.5 288.84+19.2

rel - rel 218.9+£15.8 165.3+18.3 41.3+11.1 286.54+19.1
phsp - rel 203.3+£14.8 180.2+18.4 40.3+11.0 288.2419.2
phsp - nonrel 203.0£14.8 182.9+18.3 37.9+10.5 288.34+19.2
nonrel - rel 198.5+14.5 185.1+18.5 39.7+11.0 288.84+19.2
rel - nonrel 218.2+£15.7 169.2+18.0 37.9+10.5 286.74+19.1
s01 MC truth 183 200 29 308
nonrel - nonrel 187.7+£14.2 198.7+£18.4 26.949.6 306.74+19.6
rel - rel 211.5+£15.6 174.94+18.1 30.24+10.0 303.4+19.5
phsp - rel 193.6+14.5 191.24+18.4 29.149.9 306.1£19.6
phsp - nonrel 193.3+£14.5 193.3£18.3 27.4+9.6 306.0+19.6
nonrel - rel 187.9+14.2 196.9+£18.5 28.519.8 306.8419.6
rel - nonrel 211.0£15.5 178.0+£18.0 27.61+9.6 303.3+19.5
s02 MC truth 205 195 25 308
nonrel - nonrel 199.9+14.6 207.0£18.2 17.44£8.3 308.74+19.6
rel - rel 221.44+15.9 188.5+18.2 17.748.8 305.4+19.5
phsp - rel 205.2+14.9 202.0£18.3 17.94£8.7 307.9+£19.5
phsp - nonrel 205.44+14.9 204.0+18.3 15.6+8.4 307.9+19.5
nonrel - rel 199.84+14.6 205.4+£18.2 19.1£8.5 308.6£19.6
rel - nonrel 221.4+15.9 190.8+18.1 15.3+8.4 305.54+19.5
s03 MC truth 179 187 29 277
nonrel - nonrel 172.2+13.6 184.3+£18.3 28.84+9.5 286.64+19.3
rel - rel 194.4415.0 162.24+18.1 30.5+9.7 284.7+19.2
phsp - rel 177.3+13.9 179.1+18.3 29.14+9.6 286.4419.2
phsp - nonrel 177.1+£13.9 179.3+18.2 29.249.6 286.2419.2
nonrel - rel 172.3+13.6 184.3+18.3 28.649.6 286.84+19.3
rel - nonrel 194.1+15.0 163.3+18.0 29.949.5 284.74+19.2
s04 MC truth 179 180 30 316
nonrel - nonrel 171.5+13.6 192.6+17.9 32.7+9.4 308.1£19.6
rel - rel 190.8+14.8 174.74+17.9 34.0+9.8 305.5+19.6
phsp - rel 176.3+13.9 187.3+18.0 33.7£9.8 307.6+£19.6
phsp - nonrel 176.4£13.9 189.4+17.9 31.7£9.5 307.5+19.6
nonrel - rel 171.6+13.5 191.0+18.0 34.1+9.7 308.3£19.6
rel - nonrel 190.6+14.8 177.5+17.8 31.3+9.4 305.5+19.6
s05 MC truth 185 159 25 275
nonrel - nonrel 189.04+14.1 134.5+15.9 52.24+10.4 268.3+18.4
rel - rel 214.1+15.6 111.1415.7 54.1£10.8 264.7+18.2
phsp - rel 195.24+14.5 123.0+16.0 53.44+10.7 267.4+18.3
phsp - nonrel 195.44+14.5 130.3+15.9 50.84+10.5 267.4+18.3
nonrel - rel 189.14+14.1 133.0+16.0 53.7+10.6 268.1+18.4
rel - nonrel 213.9+£15.6 115.4+15.5 49.9+10.4 264.8+18.2

Table 5.5: The results for the test of the fitting procedure are shown for the
J/¢ — ptp~ channel. The J/¢ (KTK™) ., component is modeled with an AR-
GUS function. The labeling of the different PDF models is described in the text in
section 5.1.3.
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J/ — ptp~ channel | J/¢ ¢ (1020) J/¢p (KYK™) .. J/% f5(1525)  background
s00 MC truth 201 194 29 288
nonrel - nonrel 200.7£14.5 193.7+18.6 30.6+10.4 287.0£19.1
rel - rel 220.5£15.7 171.6+18.5 34.8+11.1 285.2+19.0
phsp - rel 205.5+14.8 186.8£18.7 33.3+10.9 286.4+19.1
phsp - nonrel 205.3+14.8 189.2+18.5 31.0£10.4 286.5£19.1
nonrel - rel 200.8+£14.5 191.7£18.7 32.6+10.9 286.9£19.1
rel - nonrel 220.0£15.7 175.0+18.3 31.6+10.4 285.5£+19.0
s01 MC truth 183 200 29 308
nonrel - nonrel 190.24+14.2 203.4£18.6 21.14£9.5 305.2+19.6
rel - rel 213.3£15.5 180.0+18.3 24.94+9.9 301.8419.4
phsp - rel 195.9+£14.5 196.1£18.6 23.5£9.8 304.5+19.5
phsp - nonrel 195.8+14.5 198.2+18.5 21.64£9.5 304.4+19.5
nonrel - rel 190.44+14.2 201.5+18.7 22.7+9.7 305.3£19.6
rel - nonrel 213.0£15.5 182.9+18.2 22.249.5 301.8419.4
s02 MC truth 205 195 25 308
nonrel - nonrel 202.3£14.6 210.0£18.2 13.1£8.0 307.6£19.5
rel - rel 223.24+15.8 192.5+18.2 13.1+8.6 304.2+19.5
phsp - rel 207.6+14.9 205.5+18.4 13.2£8.5 306.7+19.5
phsp - nonrel 207.7+£14.9 207.7+£18.4 10.848.2 306.7+19.5
nonrel - rel 202.2+£14.6 208.2£18.2 15.0£8.1 307.6+19.5
rel - nonrel 223.3£15.8 194.84+18.1 10.6£8.2 304.3£19.4
s03 MC truth 179 187 29 277
nonrel - nonrel 174.4+13.6 191.6+18.5 22.349.3 283.8+19.1
rel - rel 195.64+15.0 169.4+18.3 24.6+9.6 282.44+19.1
phsp - rel 179.3£13.9 186.4+18.5 22.949.5 283.5+19.1
phsp - nonrel 179.1£13.9 186.6+£18.4 22.849.4 283.4£19.1
nonrel - rel 174.4+£13.6 191.5+18.6 222494 283.8£19.1
rel - nonrel 195.3+15.0 170.4+18.2 23.94+9.4 282.4+19.1
s04 MC truth 179 180 30 316
nonrel - nonrel 173.7+13.6 198.0+18.1 27.149.2 306.1£19.5
rel - rel 192.14+14.8 180.8+18.1 28.54+9.7 303.5£19.5
phsp - rel 178.2+£13.9 193.2+18.2 28.1£9.6 305.4+19.5
phsp - nonrel 178.3£13.9 195.4+£18.1 25.84£9.3 305.3+19.5
nonrel - rel 173.7£13.6 196.3+18.1 28.84+9.5 306.1£19.5
rel - nonrel 192.1+14.8 183.5+18.0 25.849.3 303.5£19.5
s05 MC truth 185 159 25 275
nonrel - nonrel 190.44+14.1 143.9+16.3 45.6+10.2 264.0£18.2
rel - rel 213.8£15.5 121.24+16.2 47.4410.6 261.44+18.1
phsp - rel 196.1£14.5 137.8£16.4 46.3£10.5 263.6£18.2
phsp - nonrel 196.44+14.5 140.0£16.3 44.2410.2 263.3£18.1
nonrel - rel 190.5+14.1 142.5+16.4 46.6+10.3 264.4+18.2
rel - nonrel 213.7£15.5 125.2+15.9 43.9+10.2 261.2+18.0

Table 5.6: The results for the test of the fitting procedure are shown for the J/¢ —
ptp~ channel. The J/¢ (KTK™) ., component is modeled with a phase space
function. The labeling of the different PDF models is described in the text in section
5.1.3.
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Chapter 6

Analysis of the full T (55) data

sample

After developing the fitting procedure for the extraction of the signal and background
yields in the previous chapter, the default PDF model introduced in section 5.2
is now applied to the full T (55) data sample. This chapter presents the results
obtained from this study. The first section examines the measured signal yields and
the derived branching ratios. Compared to hadron collider experiments, the Belle
experiment has the advantage that the total number of produced BY mesons is
known precisely, which allows to determine absolute branching fractions instead of
normalizations relative to a reference decay mode, as it is done by LHCb, CDF
and D@. The second section summarizes all systematic uncertainties that enter the
branching fraction measurement. The third section of this chapter is devoted to the
measurement of the S-wave contribution within the ¢ (1020) mass region, while the
last section investigates systematic effects arising from a possible contribution of the

decay BY — J/v fy (980).

6.1 Obtained signal yields and branching ratios

As it was done during the investigation of the MC simulated data, the fit used for
the extraction of the signal and background yields is performed as a 2-dimensional
unbinned likelihood fit on the AFE and the M (KK ™) distributions. All PDF pa-
rameters are fixed, except the position of the double Gaussian and the combination
of Crystal Ball and Gaussian PDF, respectively. The yields for the .J/¢¢ (1020), the
J/O (KYK™) e the J/10f5 (1525) and the background components are also float-

79
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Channel J— etem J/p— ptu
J /v $(1020) 168 £ 13.5 158 + 13
JIOKY K Yoper | 83417 67 + 14
J /0 £5(1525) 34+ 10 26 + 8
Background 232 +19 300 £ 20

Table 6.1: The extracted yields for the signal and background components are sep-
arately listed for the J/v — ete™ and J/¢ — p™p~ channel. The obtained results
for the signal components in both channels are in agreement with each other within
their statistical error.
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Figure 6.1: The fitted AF distribution is shown a) for the J/¢) — eTe~ channel and
b) for the J/¢ — p* = channel. The data is illustrated as black dots with error bars
and the blue solid line represent the complete PDF model fitted to the data. From
top to bottom, the remaining dashed red and green lines are the J/1¢ (1020), the
J/Y (KTK™) e and the J/1f (1525) signal components, while the solid yellow
line indicate the background distribution.

ing parameters.

The obtained yields for the signal and the background components are summa-
rized in table 6.1, while the fitted AE and M (K+K ™) distributions are presented
in figures 6.1 and 6.2, respectively. The signal yields for the J/¢ — eTe™ and the
J/1¥ — ptp channel are found to be consistent within their statistical error which is
in agreement with the expectations as the difference in the reconstruction efficiencies
(see table 6.2) for both channels is only about 2%. The fitted AFE and M (K+tK™)
distributions show a very good agreement between the data and the applied PDF
model.

From the signal yields the absolute branching ratio for the decay B? — J/1¢ (1020)

is calculated as:

0 _ N s1020)
BLBs = 1 o0 = o e BLIJG — (- 1Bg(1020) = K+ ] Y
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Figure 6.2: The fitted M (K+K ™) distribution is separated in two energy regions
to provide a better overview. Plots a) and b) represent the J/i¢ — eTe™ channel,
while ¢) and d) are the corresponding plots for the J/¢ — p*p~ channel. The data
is illustrated as black dots with error bars and the blue solid line represent the
complete PDF model fitted to the data. The J/1¢ (1020) component is indicated as
red dashed line in a) and c¢), which overlaps with the line for the complete PDF. The
red dashed line in b) and d) represent the J/¢ f (1525) component. In all plots the
J/p (KYK™) 4., component and the background are shown as green dashed line
solid yellow line, respectively.

separately for the J/¢) — ete™ and the J/¢ — p*p~ channel. In equation 6.1 the
parameter Ny 6(1020) denotes the fitted signal yield for the respective decay, £ the
luminosity of the full T (55) Belle data sample, o5 the cross section for the process

et

e~ — bb, f, the fraction of bb states containing a B, meson, [B:5: the ratio of
B! B} states within all B, events, and B[J/¢ — (*¢~] and B[¢(1020) — KTK]
the branching fractions of the respective sub-decays of the .J/¢ and the ¢ (1020)
resonances. The reconstruction efficiency € is determined from signal MC data sep-
arately for BY — J/1¢ (1020), BY — J/¢f5(1525) and B? — J/ (KTK™)

It is defined as the ratio of correctly reconstructed events of one decay mode with

other”

respect to the total number of events that were generated in the MC data for the
decays under consideration and has to be modified with a small correction factor
arising from the lepton and kaon identification (see table 6.3). Table 6.2 summarizes

the reconstruction efficiencies for all three decays, separately for the J/¢ — ete”
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Channel €J/ip— ete- (%] €1 /b utu— (%]
J /1 $(1020) 31.0+0.1 33.2+0.1
J/U(KTK™)other 29.7+ 0.1 32.5+£0.1
J/ f5(1525) 28.44+0.2 30.5 £ 0.2

Table 6.2: The reconstruction efficiency € is given for all three investigated decay
modes, separately for the J/¢ — ete™ and J/¢ — p*p~ channel. These numbers
already include the ratio fz. ., but not the correction factor arising from the lepton
and kaon identification (table 6.3). The quoted errors result from the uncertainty
due to the limited MC statistics. The values for the decay B? — J/1 ¢(1020) is ob-
tained using the signal MC data sample that is based on the polarization parameters
determined by CDF [27] (see section 4.2.2).

particle et e Ths W K+ K~

correction factor | 0.9844 0.9846 0.9832 0.9824 1.0059 1.0096

Table 6.3: The corrections factors for the reconstruction efficiencies are determined
with vy — £*¢~ events for the leptons and from a D* data sample for the kaons.

and the J/¢ — ptp~ channels.

The absolute branching ratios for the decays BY —  J/¢¢(1020), B? —
J/fh(1525) and BY — J/o KT K~ are separately calculated for the J/¢ — eTe~
and J/v — ptp~ channel, before they are combined to a final results. Equations
6.2 to 6.4 present the obtained branching fractions for the decay B? — J/1¢ (1020):

B[B) = J/tete-¢ (1020)] = (1.34 £ 0.11 (stat) & 0.09 (syst) & 0.23 (f,)) 10~
(6.2)

B[B) = J/t,+,~¢(1020)] = (1.18 +0.10 (stat) = 0.08 (syst) = 0.21 (f,)) 10~
(6.3)

BB — J/1 $(1020)] = (1.25 £ 0.07 (stat) £ 0.08 (syst) £ 0.22 (f;))107°  (6.4)

The statistical errors quoted in equations 6.2 and 6.3 arise from the uncertainty in
the fitted signal yields. The combined result given in equation 6.4 is calculated as
the weighted mean value of the branching fractions obtained for the J/¢) — eTe~
and J/¢ — p"p~ channels. The determination of the systematic error is described
in section 6.2.

The branching ratios obtained for the J/¢) — ete™ and J/1¢» — p*p~ channels are
consistent with each other within their error range. The combined result is in good
agreement with the measurements from the CDF Run I (B [B? — J/v ¢(1020)] =
(0.93 4 0.28 4 0.10 £ 0.14)1073) [7,9] and their recent result obtained from the full
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CDF data sample (B[B? — J/¢ ¢(1020)] = (1.18+0.02+0.09+0.1440.05)1073) [3]
as well as the LHCb measurement (B[B? — J/1 ¢(1020)] = (1.050 +0.013 +0.064 +
0.082)1073) [6].

In order to determine the absolute branching fraction of the decay B? —
J/Yf} (1525), equation 6.1 is adapted by replacing the signal yield and the recon-
struction efficiency with the values obtained for the BY — .J/1 f} (1525) component
and exchanging the sub-decay branching ratio for ¢ (1020) — K™K~ with the one
for f}(1525) — K*TK~. Equations 6.5 to 6.7 list the results that were obtained for
the decay mode B? — J/v f} (1525):

B[B) — J/te+e- f3 (1525)] = (0.32 4 0.10 (stat) =+ 0.03 (syst) £ 0.06 (f;)) 10~°
(6.5)
B[B) = J/tu+ - f5(1525)] = (0.23 £ 0.07 (stat) + 0.02 (syst) +0.04 (f,)) 10~°

(6.6)
BB — J/v f3(1525)] = (0.26 + 0.06 (stat) + 0.02 (syst) £ 0.05 (f,))10™*  (6.7)

The statistical error is again determined from the uncertainty in the fitted signal yield
and the combined result is obtained as the weighted mean value of the J/¢ — eTe™
and J/¢ — ptp~ channels. The statistical significance of the absolute branch-
ing fraction for BY — J/v f}(1525) is calculated from the difference between the
logarithm of the likelihood value obtained from the fit with all components and
the value obtained from a fit without the J/v f5(1525) component ("background
hypothesis") [9]. Including the systematic uncertainty, it is equal to 3.3 standard
deviations.

The branching ratios for the J/¢ — ete™ and J/¢ — p™p~ channels are consis-
tent within their error ranges and the combined result is in good agreement with the
branching ratio calculated by LHCb (B [BY — J/v f35 (1525)] = (0.261+£0.02015052 4
0.020)1073) [6].

The branching fraction for BY — J/1 f} (1525) relative to the branching fraction for
BY — J/1 $(1020) is thus determined to be

B[BY = J /¥ f3(1525)]
B[BY = J/4 ¢(1020)]

= (21.5 £ 4.9 (stat) £ 2.6 (syst))% (6.8)

Figure 6.3 shows a comparison between this result and the values reported from
LHCD [1] and DO [5]. It is clearly visible, that this Belle result is in perfect agreement
with the results from the hadron collider experiments.

The entire branching ratio for the decay B? — J/¢ K™K~ that includes the resonant
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Figure 6.3: Comparison of the relative branching ratio B[B? —
J/ £5(1525)] /B [BY — J/v $(1020)] determined in this analysis with the re-

sults that are reported by hadron collider experiments [4,5].

and nonresonant components is defined as:

B(BY— J/WKTK™) =B[B)— J/y$(1020)] -B(¢ — KTK™) +
B(BY = J/ KT Ko.) + BB — J/v f,(1525)] - B (f}(1525) — K*K~)
(6.9)

The absolute branching ratios of the decays BY — J/1¢(1020) and B? —
J/¢ f(1525) have to be adjusted with the sub-decay branching fractions for the
¢ (1020) and the f;} (1525) resonances. The obtained results are summarized in equa-
tions 6.10 to 6.12:

B (B) = J/there- KTK™) = (1.13 £ 0.15 (stat) £ 0.12 (syst) £ 0.20 (f;)) 107
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As before, the results for the J/1) — eTe™ and J/v — p*p~ samples are consistent
within their error ranges. The weighted mean value cited in equation 6.12 is in good
agreement with the branching fraction observed by LHCb (B (B? — J/v KTK~) =
(0.770 £ 0.008 (stat) & 0.039 (syst) 4 0.060 (f5))1073) [6].

6.2 Systematic uncertainties of branching fractions

The systematic uncertainties that enter the calculation of the absolute branching
ratios are summarized in table 6.4. They are divided into three categories: The first
one includes all errors that are related to input parameters, such as the luminosity,
the ete~ — bb cross section and sub-decay branching fractions. This category gives
the dominant contribution to the total systematic error due to the uncertainty in
the fraction of bb states containing a B, meson. Therefore the error related to f is
quoted separately for all results presented in the previous section. The second group
of uncertainties contains the errors that arise from the simulation of the decay modes
and the detector response. These uncertainties change the reconstruction efficiency
and include errors from the limited MC statistics as well as from the polarization in
the decay B? — J/1¢ (1020), from track reconstruction and particle identification.
The last category of systematic errors describe the impact of the PDF parametriza-
tion and of the choice of the PDF model.

As already indicated in section 4.2.2, the systematic error related to the polarization
in the decay B? — J/v¢ (1020) is estimated by comparing two different signal MC
data samples. One of the two samples was produced with the polarization param-
eters determined by the CDF collaboration [27] and used to determine the recon-
struction efficiency given in table 6.2. This efficiency is compared with the efficiency
obtained from the other MC sample based on the default values for the polariza-
tion parameters in the Belle MC which lie outside of the error range reported by
CDF. The difference in the reconstruction efficiencies which are calculated for these
two MC samples is taken as the systematic uncertainty related to polarization in
BY — J/v¢ (1020).

The systematic error that arises from the lepton identification is determined using
vy = LT0 events [59,60, 70|, while the uncertainty due to the kaon identification
is based on a data sample of D** — D% decays with D° — K—x* [71].

The error originating from the uncertainty in the PDF shape is based on the ap-
plied PDF parametrization. Every PDF parameter that was determined during the
development of the fitting procedure on the generic MC (see section 5.1.1) is de-
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Parameter Value Error %
L 121.4 fb=1 | 0.8498 tb~! 0.7
o [17] 0.340nb | 0.016ub 4.7
fs [17] 0.172 0.030 17.4
Foe5: [50] 0.87 0.017 2.0
B(J/b = ete) [I] 0.0594 0.0006 1.0
B(J/b — utu) 9] 0.0593 0.0006 1.0
B(¢p— KTK™) 9] 0.489 0.005 1.0
B(f}(1525) — K+K-) [9] 0.444 0.011 25
EMC statistic [J/we+e*¢ (1020)} - 0.001 0.4
eMC statistic [/ Uyt - & (1020)] ; 0.001 0.3
EMC statistic [J/we‘*e— (K+K_>other] - 0.001 0.3
EMC statistic (‘]/@b;ﬁ;r (KJrKi)other] - 0.001 0.3
enC statistic [/ Wete- fh (1525)] ; 0.002 0.8
exC statistic [/ Uyt [ (1525)] ; 0.002 08
€polarization (J/’QD — €+€_) - 0.004 1.3
Epolarization (J/¥ — puHp™) - 0.004 1.3
tracking - - 1.4
e’ identification - 0.0150 1.5
e~ identification - 0.0151 1.5
p" identification - 0.0151 1.5
1~ identification - 0.0143 1.5
K™ identification - 0.0089 0.9
K™ identification - 0.0099 1.0
PDF shape:
BY — J/the+e— ¢ (1020) - 1.9 events 1.1
BY — J /1,4~ ¢ (1020) - 1.5 events 1.0
BY = J/tere- (KTK™) o - 7.6 events 9.1
B = J/Yu- (KTK™) e - 3.9 events 5.8
BY 5 J/thure f4(1525) ; 2.6 events 7.8
BY — J/i,+ - f5 (1525) - 1.4 events 5.4
PDF model:
BY = J/tere- (KTK™) o - 2.0 events 2.4
B — J/Y- (KTK™) e - 2.0 events 3.0

Table 6.4: List of all systematic errors that enter the determination of the absolute
branching ratios described in section 6.1. The parameter f, that describes the frac-

tion of bb states containing a B, meson is the most dominant systematic error and
highlighted in blue.
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fined by its central value and error. These values are used as input parameters for
the position and the width of a Gaussian distribution. To determine the systematic
error related to the PDF shape, a toy MC study is performed 1000 times, in which
all PDF parameters are randomly selected from such a Gaussian distribution before
the PDF model is fitted to the data. The distribution of all fitted signal yields that
are obtained from these pseudoexperiments is then fitted with a Gaussian function
and its width is defined as the related systematic error. Correlations between the
different PDF parameters were investigated and found to be negligibly small.

The default PDF model used to extract the signal yields on the full T (55) data sam-
ple applies a nonrelativistic Breit-Wigner PDF to fit the ¢ (1020) and the f} (1525)
resonance and an ARGUS function to model the J/¢ (KTK ™) ..
ever, the test on the generic MC data samples has shown that the ¢ (1020) and the

15 (1525) peaks can also be described by a relativistic Breit-Wigner function or a

component. How-

nonrelativistic Breit-Wigner PDF with a phase space correction factor, while the
J/ (KTK™)

tion instead of using the ARGUS function (see section 5.1.3). In order to estimate

other COMponent can also be modeled with a pure phase space descrip-
the systematic error due to chosen default PDF model, the difference between the de-
fault PDFs and the alternative PDFs on the signal yield on one MC stream are taken
as systematic error. The different signal components J/1¢ (1020), J/v f35 (1525) and
J/p (KTK™) ., are selected based on information from the MC generator and fit-
ted separately in the M (KK ~) distribution.

In case of the ¢ (1020) resonance, the nonrelativistic Breit-Wigner PDF with a phase
space correction factor and the relativistic Breit-Wigner function are taken into ac-
count as alternative PDFs. The signal yields obtained from the fit with the default
nonrelativistic Breit-Wigner and the yields obtained from the two alternative PDFs
show no differences. Fitting the f} (1525) resonance with a relativistic Breit-Wigner
and comparing the result with the fitted yields obtained with the default descrip-
tion using a nonrelativistic Breit-Wigner also shows no mismatch. Therefore, no
systematic uncertainty is assigned for these components. The nonrelativistic Breit-
Wigner with phase space correction factor is not investigated as possible alternative
description of the fi (1525) resonance as the phase space is flat around the f} (1525)
resonance. However, the comparison between the fitted yield of the J/¢ (KTK™)

component using the default ARGUS function and the phase space description re-

other

veals a deviation of 2 events which is taken as systematic error.
The total systematic error of the results for the J/1¥ — ete™ and the J/v — putpu~
channels was obtained by adding all systematic uncertainties in quadrature. In or-

der to determine the systematic error of the weighted mean value for the absolute
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branching fractions B [B? — J/v ¢(1020)] and B [B? — J/v f}(1525)], the system-
atic uncertainties quoted for the J/i¢ — ete™ and the J/¢p — p*p~ channels are
treated as fully correlated which is a conservative approach. Regarding the weighted
mean value of the branching fraction B (B? — J/v KTK~), the systematic uncer-
tainties arising from the PDF parametrization and the PDF model are regarded
as uncorrelated components while all other contributing components are treated as

correlated errors.

6.3 Determination of the S-wave contribution

Until now, the S-wave contribution within the ¢ (1020) mass range has only been
measured at hadron collider experiments. While the ATLAS experiment reports an
S-wave contribution of (2 £ 2) % [29] which is consistent with zero, the CDF collab-
oration and the LHCb experiment publish S-wave components of (0.8 £ 0.2)% [27]
and (1.1£0.1709)% [6], respectively. Although these results are all based on slightly
different M (KK ~) regions around the ¢ (1020) resonance, they seem quite con-
sistent and indicate an S-wave component in the order of 1% to 2%, which is in
disagreement with the results published by the D) experiment that claims an S-
wave contribution of (14.7 + 3.5) % [28]. As all of these hadron collider experiments
determine the S-wave component with an angular analysis, these results might suf-
fer from the same systematic effects. Therefore, an independent analysis based on a
different method provides a complementary measurement, which is helpful to clarify
the current experimental situation.

Instead of performing an angular analysis, the method presented in this thesis dis-
tinguishes the S- and the P-wave components by the fitted M (K+K~) distribution.
In order to calculate the S-wave contribution within a specific mass region below

the ¢ (1020) resonance, the following two assumptions are made:

1. The decay B? — J/1¢ (1020) is the only source of the P-wave contribution.

2. The S-wave contribution completely originates from the J/¢ (K+TK™)

other
component.

In order to verify that the J/¢ (KTK™)
onant decay BY — J/¢KTK~ and thus is a pure S-wave component, the helicity

other cOMponent is dominated by the nonres-

distribution of this mode is investigated. The corresponding helicity angle is defined

as the angle between the K and BY meson in the KTK ™~ rest frame. The angular
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distribution that is presented in figure 6.4 is obtained from the full T (55) data sam-
ple by combining the J/¢ — eTe™ and the J/¢ — p*p~ channel. In figure 6.4, the
helicity distributions of the decay BY — J/1¢ (1020) (determined from signal MC
data based on the CDF polarization parameters [27]) and the combinatorial back-
ground (estimated via the sideband in M., defined by 5.25 GeV < M, < 5.35 GeV)
are subtracted from the data sample and a =+ 50 region around the f} (1525) reso-
nance is faded out. Thus, only events from the J/¢ (KTK™)

in the plotted data which are consistent with a flat distribution as expected from a

other COIMPONENt remain
contribution that is dominated by an S-wave component.

During the test of the fitting procedure on generic MC data (see section 5.1.3)
as well as during the fit on the full T (55) data sample (see section 6.1), no evi-
dence for any additional signal component besides J/¢¢ (1020), J/¥ (KT K™) o
and J/¢ f} (1525) was found. Otherwise, the observed agreement between the data
and the applied PDF model would not have been possible. Furthermore, after sub-
tracting the helicity distribution of the decay B? — J/¢¢ (1020) no additional
P-wave component has been found in the angular distribution presented in figure
6.4. Thus, the decay B? — J/¢¢ (1020) is the only significant source of the P-wave
contribution for this investigation.

In this analysis, the S-wave contribution (S) is defined as the ratio between the
number of events from the J/i (KTK™) ..
events from the J/1¢ (1020) and the J/¢ (KTK™)

component and the total amount of

other COMponents within a specific

2 I ndf 15.9/19
a 8.824 + 1.673
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Figure 6.4: The distribution of the helicity angle for the J/¢ (KTK ™) .., component
is given in radiant and combines the data from the J/¢ — eTe™ and the J/¢ —
ptp~ channel in 10 bins (left plot) and 20 bins (right plot), respectively. Both
histograms are fitted with a constant function and the obtained x?/ndf value shows,
that they are in good agreement with the assumption of a flat distribution.
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Mass range 1.009 GeV — 1.028 GeV
CDF [27] (0.840.2)%

This analysis  (0.47 4 0.07 + 0.222%)%
Mass range 1.007 GeV — 1.031 GeV
LHCb [6] (1.1 +£0155H%
This analysis  (0.57 £ 0.09 & 0.26+2%)%

Table 6.5: The quoted values for the S-wave contribution are the combined results
from the J/¢ — ete™ and J/1¢» — p*p~ channel. The calculation is performed for
the same mass regions around the ¢(1020) resonance that were used by the CDF
and the LHCb experiments. The first cited error is the statistical uncertainty, while
the second error arises from systematic uncertainties. The third error arises from the
uncertainty due to a possible B? — J /1 f3(980) contribution (see section 6.4).

mass range:

o N[J/Y(KTK™) el (6.13)

= S NUJO (KK )] 7 8- N [J]06 (1020)]

In equation 6.13 the variables N [J/¢ (KT K™) .. and N [J/1¥¢ (1020)] denote the
signal yields given in table 6.1. The parameters o and ( are the fractions of the
ARGUS function and the nonrelativistic Breit-Wigner, respectively, within the mass
range around the ¢ (1020) resonance that is considered in this analysis.

Table 6.5 summarizes the results obtained in this analysis for the mass ranges used
by the CDF and LHCb experiments. As it was done for the determination of the
absolute branching ratios, the calculation of the S-wave contribution is performed
separately for the J/¢ — ete™ and J/¢» — p*p~ channels, before it is combined
for the final result. Even though the central values obtained using equation 6.13
are somewhat smaller than the results reported by the hadron collider experiments,
they are still in agreement with the CDF and LHCDb values.. The statistical error of
the determined S-wave contribution is calculated from the uncertainties in the fitted
signal yields of the J/¢¢ (1020) and J/¢ (KTK™)

error that arises from the uncertainty in the PDF parametrization and the applied

other cOmMponents. The systematic
PDF model is propagated through the parameters o and (. The possible presence
of a BY — J/¢f;(980) component, as it was claimed by LHCb [6], results in an
additional source of a systematic error. This error is quoted separately in table 6.5

and discussed in the next section.
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6.4 Systematic error from a possible B? —
J/1Y fy(980) component

The decay B? — J/1¢f;(980) in which the f;(980) meson decays into two op-
positely charged kaons has not been studied yet in this analysis. However, the
LHCb collaboration claims that this decay mode is of a similar size than the de-
cay BY — J f}(1525) [6], which would mean that it has a significant impact on
the study of B? — JyYKTK~ decays.

The LHCb experiment models the f; (980) resonance with a Flatté function [72]
and takes into account the interference effects with the J/¢ (KTK7) ..
nent. Thus, the BY — J/vf,(980) decay is included in the present analysis by
exchanging the ARGUS function that describes the J/¢ (K*K™),, ., component in
the M (Kt K™) distribution in the default PDF model (see section 5.2) with a co-
herent sum C'S (z) of a Flatté function F' (z) and an ARGUS function A (z;p, ¢, mo):

compo-

CS (z) =a®- F(z) + A(z;p,c,mo) + 2a - cos (0) - /F (x) - A(z;p,c,mg)  (6.14)

The parametrization of the Flatté function is based on the BES measurements [73],
while the ARGUS parametrization is the same as in the default PDF model. The
parameter a denotes the relative normalization between the J/¢ f, (980) and the
J/p (KTK™) ., components and 6 is the relative phase between these two com-
ponents. The relative normalization as well as the phase are fixed to a = 2 and
0 = —259°, respectively, according to the results reported by LHCb [6].

The new PDF model that includes the B? — J/1 f, (980) decay is applied to the
generic MC data and to toy MC data as well as to the full T (55) data sample and
no systematic effect is observed in the fitted yields: most of the yields obtained on
MC data are in agreement with the MC truth within the statistical uncertainty.
The fit results from the full T (55) data sample are presented in table 6.6 and vary

Channel ete” T

J/v ¢ (1020) 144413 | 139+£13

S-wave(J /1 fo (980)) and J/¢ (K¥K™) )| 109+17 | 87£15
J/ f5(1525) 3510 | 2748

Background 229419 | 297+£19

Table 6.6: The fitted yields including the decay BY — J/1f, (980) where the
J/¢ £, (980)) and J/¢p (KTK™) . components were fitted according to equation
6.14.
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Figure 6.5: The low energy region of the M (KK ™) distribution is fitted including
the decay mode B? — J/vf,(980) and possible interference effects of this mode
with the J/¢ (KT K™), ., component (equation 6.14). The black dots with error
bars present the data obtained from the full T (55) data sample, while the blue
solid line illustrates the complete PDF model. The green solid line indicate the
coherent sum of the Flatté PDF and the ARGUS function that is used to describe
the J/¥fy(980) and J/¢) (KTK™) component simultaneously.

other

approximately within one standard deviation compared to the results obtained with
the default PDF model shown in table 6.1. Thus, the decay B? — J/v f, (980) has
no significant systematic impact on the determined branching ratios in section 6.1
and no systematic error is assigned.

The fit of the M (K+K~) distribution in the full T (55) data sample including a
J/1 fo (980) component is shown in figure 6.5 for the low energy region around the
¢ (1020) resonance. The J/v fy (980) and the J/¢ (KTK™)
scribed by the PDF given in equation 6.14, while all other components are still
modeled according to the default PDF model. Any effects arising from the fy (980)

resonance are expected to appear in the energy region just below the ¢ (1020) res-

other COMponents are de-

onance. However, the Belle data does not support the presence of this J/1 fo (980)
component as the total PDF', illustrated as a blue solid line, systematically lies above
the data points in the energy region M (KTK~) < 1.1 GeV.

Even though the integration of the decay BY — J/v fo (980) has no significant ef-
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fect on the fitted yields and thus on the determined branching fractions, it still is
an important systematic error in the calculation of the S-wave contribution in the
¢ (1020) mass region. As the signal yield of the J/4 f, (980) component cannot be
estimated with the current Belle statistics, the systematic error arising from this
component is propagated through the parameter o which basically describes the
shape of the S-wave component in equation 6.13. The uncertainty in « due to a
possible B? — J/1 f, (980) contribution is determined by comparing the default
PDF model used in this analysis and the PDF model used by LHCb [6]. The value
of the parameter a for the LHCb model is estimated from their S-wave contribution
of 1.1%, which means an increase of « in the J/1¢) — e*e™ channel from 0.8% and
1.0% to 5.0% for the CDF and LHCb mass range, respectively, and from 0.9% and
1.1% to 5.0% in the J/1¢» — p*p~ channel. This difference is assigned as systematic
error due to a possible J/u fo (980) component and quoted separately in table 6.5.
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Chapter 7
Summary and Conclusion

Although the Standard Model of Particle Physics, describing the fundamental in-
teractions between the elementary particles, is one of the most successful theories
so far, it is still considered to be incomplete. One possibility to search for devia-
tions from the Standard Model is the investigation of the CP violating phase ¢,
which is accessible through the decay BY — J/v ¢ (1020) with J/¢ — (T~ and
$(1020) — KTK~. Therefore, dedicated studies of other contributions with the
same final state, including the decay B? — Jv f}(1525) as well as nonresonant
modes are of great interest in this context. Until now, all information on these de-
cays are mainly based on results from the hadron collider experiments LHCb, CDF
and DO. An investigation performed at a lepton collider experiment is thus a valu-
able extension to the present experimental status.

The presented analysis is a comprehensive study of the decay mode B —
J/¢ KTK~ and determines the absolute branching fractions of the decays B? —
J/ ¢ (1020), B? — Ji f}(1525) and the entire branching ratio for the decay
BY — J/¢ KT K, including the resonant and nonresonant decay modes. The full
T (55) data sample recorded by the Belle experiment at the asymmetric energy
electron-positron collider KEKB is used, which corresponds to an integrated lumi-
nosity of 121.4fb~".

The decay B? — J/ip KTK~ is reconstructed in the J/i) — eTe™ and the
J/1v — puTp~ channel and both channels are investigated separately throughout
the analysis. The yields for the three signal components B? — J/v ¢ (1020),
BY — J/v f5(1525) and B? — J/¢ (KTK™)
extracted using a 2-dimensional unbinned maximum likelihood fit in the energy
difference AE and the invariant kaon mass distribution M (K™K ~). The absolute
branching fractions that were obtained for the J/1¢) — ete™ and the J/v — ptpu~

other and for the background are
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channels are consistent within their error range for all investigated decay modes.
Combining the results of both channels, the absolute branching ratios are measured
to be

BB — J/v $(1020)] =(1.25 & 0.07 (stat) & 0.08 (syst) & 0.22 (f,))10™* (7.1)
B[B) — J/v f3(1525)] =(0.26 £ 0.06 (stat) = 0.02 (syst) & 0.05 (f,))10~*  (7.2)
B[B) — J/i KT K~] =(1.01 & 0.09 (stat) £ 0.10 (syst) £ 0.18 (f,))10™*  (7.3)

while the branching fraction for BY — J/1 f4 (1525) relative to the branching frac-
tion for BY — J/1 $(1020) is calculated to be

B[B = J/¥ f3(1525)]
B[BY — J/4 ¢(1020)]

= (21.5 £ 4.9 (stat) £ 2.6 (syst))% (7.4)

All these results are in good agreement with the values reported from the hadron
collider experiments LHCb, CDF and D@. The Belle collaboration decided to sub-
mit these results to the Particle Data Group for incorporation into the next edition
of the "Review of Particle Physics".

The S-wave contribution within two specific ¢ (1020) mass regions has been deter-
mined by separating the S- and P-wave components via the invariant kaon mass
distribution. The obtained results for the S-wave are (0.47 £0.07 £ 0.22722)% for a
mass range of 1.009 GeV to 1.028 GeV, and (0.57 4 0.09 + 0.2673°)% in the range
1.007 GeV to 1.031 GeV. Even though the central values are somewhat smaller
than the values published by the CDF and LHCb collaborations, they are still in
agreement with the hadron collider results within their error range. In this context,
the presence of a possible contribution from the decay BY — J/v f,(980) with
f0(980) — KTK~, as is claimed by LHCb, has been investigated but not observed.
Thus, the LHCb result concerning this decay cannot be confirmed.

However, the Belle II experiment, which is currently being prepared to start data
taking in 2016, is expected to collect a data sample with an integrated luminosity 50
times higher than the one obtained at Belle. A search for the decay B? — J/1 f (980)
with f,(980) — KTK~ at this next generation experiment can certainly help to
clarify this topic.



Appendix A

The Pauli spin matrices and

Gell-Mann matrices

The special unitary group SU (n) has n* — 1 independent generators T = %)\O‘
which are hermitian n X n matrices and define the fundamental representation of
the SU (n) algebra.

In case of the SU (2), symmetry group which describes the weak interaction, the

generators are given by the Pauli spin matrices o; [1]

() ) by
10 t 0 0 —1

satisfying the commutation relation [0y, 0] = 2i €;;,.0%, where ¢ is the Levi-Civita
symbol.

The generators of the SU (3), symmetry group for QCD are the Gell-Mann matrices
AE:

010 0 —i 1 0 0
M=1100 N=1i M=10 -1 0 (A.2)
000 0 0 0 0
00 1 00 —i 000
M=100 0 N=100 0 MN=100 1 (A.3)
100 i 00 010

00 0 1100
N=100 —i /\8——3 01 0 (A.4)
0 i 0 00 —2
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