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Kurzfassung

Die vorliegende Arbeit wurde am Institut fiir Hochenergiephysik
(HEPHY) der Osterreichischen Akademie der Wissenschaften im Rahmen
der Belle Kollaboration ausgefiihrt.

Das Belle Experiment am Forschungszentrum KEK (Tsukuba, Japan)
wurde konzipert, um eine bestimmte Teilchenart (B Mesonen) zu erzeugen,
und wird daher als “B-Fabrik” bezeichnet. Die primére Zielsetzung des Ex-
periments ist die Untersuchung der Verletzung einer grundlegenden Sym-
metrie (der CP-Symmetrie), die fiir den Uberschuk von Materie gegeniiber
Antimaterie in unserem Universum verantwortlich ist.

Die erzeugten BJ Mesonen sind massive Teilchen und werden in einem so-
genannten verschriankten Quantenzustand erzeugt, der ungewohnliche Eigen-
schaften zeigt, die nicht immer durch klassische Korrelationen reproduzierbar
sind. Diese sogenannten nichtlokalen Phinomene wurden seit dem Beginn
der Quantentheorie intensiv theoretisch, philosophisch und experimentell
beleuchtet.

Der in der vorliegenden Arbeit untersuchte verschriankte Zustand ist ein
Zweiteilchen-System und muss durch eine einzige Wellenfunktion beschrieben
werden, die im Kollaps der Wellenfunktion, also wenn der verschrinkte Zu-
stand aufgelost wird, in zwei separate Wellenfunktionen zerfillt. Dieser un-
stetige Ubergang wirft einige Fragen auf, die nicht eindeutig beantwortbar
sind.

Ein alternativer erweiternder Ansatz, die Dekohdrenztheorie, macht diese
Ubergiinge in gewisser Weise stetig, und fiihrt die abnehmende Kohiirenz
(d.h. die nicht-lokale Korrelation von Erwartungswerten) in dem verschrénk-
ten Quantensystem auf die Wechselwirkung des betrachteten Quantensys-
tems mit der umgebenden Umwelt zuriick.

Die Zielsetzung der prasentierten Forschungsarbeit ist es, anhand eines
massiven Quantensystems von Elementarteilchen, die Haltbarkeit des ver-
schrinkten Zustandes in dem sie erzeugt wurden, zu untersuchen. Ein the-

oretisches Modell der Dekohédrenztheorie kommt zur Anwendung, um das
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Verhalten des Systems zu beschreiben.

Das erste Kapitel gibt einen kurzen Abriss iiber den Hintergrund der Ar-
beit. In Kapitel 2 werden die physikalische Motivation und der theoretische
Hintergrund der Forschungsfrage dargestellt. Das dritte Kapitel beschreibt
den Aufbau des Belle Experiments. Kapitel 4 gibt eine genaue Darstel-
lung der physikalischen Ereignisrekonstruktion, der Datenselektion und Ver-
texrekonstruktion. Das fiinfte Kapitel beschreibt die sogenannte “Toy Mon-
tecarlo”, die zum Test der verwendeten Methoden implementiert wurde, und
den Modellparameter Schétzalgorithmus. Kapitel 6 behandelt die Details der
Datenrekonstruktion und der Behandlung von Untergrundereignissen. Das
siebte Kapitel widmet sich den Resultaten und der Beschreibung der sys-
tematischen Fehler. Kapitel 8 gibt schlieklich eine Zusammenfassung der

erarbeiteten Ergebnisse.



Abstract

The work at hand has been carried out at the Institute of High Energy
Physics (HEPHY) of the Austrian Academy of Sciences within the framework
of the Belle Collaboration.

The Belle experiment at the KEK research center (Tsukuba, Japan) has
been designed to produce a specific kind of particles (B mesons), and is
therefore called a “B-factory”. The primary goal of the experiment is the
investigation of the violation of a fundamental symmetry (the CP-symmetry),
which is responsible for the surplus of matter compared to antimatter in our
universe.

The generated BY mesons are massive particles which are produced in
a so-called entangled quantum-state. This state displays unusual proper-
ties which are not always reproducible by classical correlations. Since the
beginning of quantum theory these so-called nonlocal phenomena have been
intensively studied from the theoretical, philosophical and experimental point
of view.

The presented thesis investigates this entangled state, which is a two-
particle system that must be described by one wave-function. When the
entangled state is dissolved in the collapse of the wave-function, two sepa-
rate wave-functions remain. This discontinuous transition results in some
questions which cannot be answered definitely.

An alternative, expanding approach the decoherence-theory makes these
transitions continuous in some respects. It relates the decreasing coher-
ence (i.e. the non-local correlation of expectation values) in the examined
quantum-system to the interactions of the quantum-system with its sur-
rounding environment.

It is the goal of the presented research to study the stability of an entan-
gled state on the basis of a massive quantum-system of elementary particles.
A theoretical model of decoherence-theory is being employed to describe the

systems behavior.

The first chapter gives a short summary on the background of the work. In

il
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Chapter 2 the physical motivation and the theoretical background is outlined.
The third chapter describes the setup of the Belle experiment. Chapter 4
gives a detailed description of the physical event-reconstruction, of the data-
selection and the vertex-reconstruction. The fifth chapter covers the so-called
“Toy Montecarlo”, which was implemented to test the applied methods. The
model-parameter estimation algorithm is also explained. Chapter 6 deals
with the details of the data reconstruction, and the treatment of background
events. The seventh chapter focuses on the results and the description of
systematic errors. Finally, in Chapter 8 a short summary on the achieved

results is given.
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Chapter 1
Introduction

Since the early days of quantum mechanics the evolution of this theoretical
and experimental branch has been accompanied by intense discussions about
the interpretation of the scientific evidence and the conceptual curiosities that
arise from the confrontation with human’s classically trained understanding
of the world.

One of the periods that showed the conceptual differences most clearly
was when in 1935 Einstein, Podolsky and Rosen (EPR) discussed a gedanken
experiment, involving a specially prepared QM system of two particles, and
arrived at the conclusion that the description of physical reality given by the
quantum wave function cannot be complete. This suggested that there should
be some further information hidden in so-called “hidden variables” which were
responsible for the peculiar behavior of quantum mechanical systems. Niels
Bohr, one of the founders of QM, held the opposite view and defended a
strict interpretation, the Copenhagen Interpretation, of QM. This sparked
a discussion, that went on for 30 years merely philosophically. For more on
this topic see [1, 2|.

Especially the concept of entangled quantum states was crucial in all these
discussions. So, when in 1964 J.S Bell found a general scheme for testing QM
against hidden variable theories, he concluded that a certain inequality which
is always satisfied by hidden variable models, can be violated by QM.

The presented thesis is concerned with the detailed study of some funda-
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mental quantum mechanical aspects of a massive meson system, namely the
B system. Similar studies |3, 4] have been done in another entangled massive
particle system (the K°K? system). These studies had a slightly different fo-
cus and were confined by other experimental constraints. Nevertheless, they
were in good agreement with QM predictions.

In the course of this study we will rely on the exhibited properties of
quantum mechanical entanglement in the B° system, thus excluding the de-
scription by local realistic theories (LRT) as they have been proposed repeat-
edly over the time since the first “hidden variable” ideas have been issued by
EPR. We will present a theoretical model to quantify decoherence effects, and
describe the experimental procedure to verify this model with data provided
by the Belle experiment, which is located in Tsukuba, Japan.

As opposed to previous studies on the BY system [5], this analysis is tak-
ing a further step with respect to the compliance with detailed theoretical
proposals for the description of decoherence, and gives an upper boundary
on the actual theoretical parameter describing the decoherence, instead of
estimating possible decoherence by a phenomenological parameter. The pre-
sented study also allows for considering the full theoretical model investi-
gated, without averaging over involved time parameters due to experimental
constraints, as has been done in the previous study mentioned above. Its
purpose is to pave the way for future studies, that can rely on more pre-
cise experimental data, as far as decay-vertex accuracy and therefore time

resolutions of entangled B-meson lifetimes is concerned.



Chapter 2
Physics motivation

In the last years there has been increasing interest in using particle physics
for the study of basic questions of quantum mechanics, such as possible de-
viations from the established quantum mechanical description of the micro-
cosm. Quantum entanglement is one of the phenomena that efforts have been
concentrated on. Suitable systems for investigations were mostly found in
photonic states, and for the last few years in the entangled K°K° and BB
states, being produced in eTe™ collisions at the resonances ® and Y(45), re-
spectively. The states become macroscopically extended objects before they
decay. Furthermore these entangled systems are important objects to test
QM against local realistic theories (LRT). A previous study (CPLEAR) [3]
has concentrated on these tests against LRT in the kaon system. Similar
studies in the B-meson system [6] have been shown to be lacking the con-
sideration of the full hilbert-space, which includes the decay products of the
primary mesons |7]. This is due to the rapid decrease in time of the B-meson

amplitudes, and the passive character of the flavor measurement.

2.1 Some physics of B mesons

A short summary on the properties of B mesons, especially the flavor char-
acteristics of these particles will be given in the following. The interested

reader is referred to more details on this topic in [8].
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The particles of the system under consideration are pseudoscalar mesons
with JF¢ = 17— Their respective quark contents are B) = (db) and BY =
(db). For the sake of brevity the index d will be dropped furthermore.

The neutral B® — B meson system can be studied under the aspects
of two physically reasonable bases, which are accessible to measurements.
Since quantum mechanics only provides for a set of rules to make probabilis-
tic statements about the outcome of measurements, it depends on the type
of measurement performed in the experiment as to which basis becomes rel-
evant. This is in contrast to photon experiments, where the choice of bases
is more arbitrary.

First, there is the basis that is directly observable at a B-factory, e.g.
through semi-leptonic decay channels ( B — [ty X~ B — [~y X*
with X* being non-beauty states) identifying B® or B by either a positive
or negative high-momentum lepton, respectively; this flavor basis with the

beauty flavor operator B

B|B%) =+|B (2.1)
BIB7) = —[5)

defines the beauty (or bottom) quantum number, i.e. B = +1(—1) for B(B°).
Due to weak interaction box-graphs (fig. 2.1) these mesons exhibit oscillations
between the particle and anti-particle states. This is possible because the
weak interaction does not conserve the beauty quantum number B, therefore

processes with AB # 0 are possible.

5 W+ d b t d
— VN ——
£ t W W
d W= b d t b
——ANN——

Figure 2.1: Dominant box diagrams for transitions Bg — Bg.

These flavor eigenstates B° and B° are related through the CP transfor-



CHAPTER 2. PHYSICS MOTIVATION 5

mation, which will introduce an arbitrary phase 2{g, which is by convention

chosen to be {g = /2, yielding

ep|it) 5~ |5 -
CP ]B0> = % |BYY = — }BO>

From this it follows that the linear combinations

B9y = (B - |BY) (2.3)
By = L(B" +|B°)

Sl

are the CP eigenstates

CP|B) = +|BY})
CP|B;) = —[B2)

which can be observed via the decay products of e.g. B — J/WKY, and
cannot be a flavor eigenstate because B? as well as B can decay to these
same products.

If C'P were conserved, then | BY) and |BY) would also be mass eigenstates.
Since this is not the case, in the mass eigenbasis, the two states (light and

heavy mass) are given by the ansatz'

|BL) = p|B%)+ q|B°) (2.4)
|Bu) = p|B% — q|B°)

with complex coefficients p and ¢ obeying the normalization condition |p|? +
g = L.

'Note that |Br) and |By) are not orthogonal states, i.e. (Br|Bp) # 0.
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2.2 Time evolution

The time evolution of the two-state B-meson system is best described by
using the notion of an effective Hamiltonian. A generalized formulation of
this approach can be found in [9]. Thus, the evolution of an arbitrary linear

combination of the flavor eigenstates
a|B%) +b|B°) (2.5)

is governed by an effective Schrodinger equation. A special approximation
(the Wigner-Weisskopf approximation) [10] allows to approximate the effec-

tive Hamiltonian by

d [ a a '\ ! a
A()en(2)ewin() e

Here M and I' are Hermitian matrices, from which it follows that M;;, I';; are
real, and My = M, and I'y; = I'],. CP7 invariance ensures Hyy = Ho,
implying My, = Ms,, i.e. the masses of both flavor eigenstates are the same,
and I';; = I'y, i.e. also their widths are the same. Diagonalization of H =
(M —£T) yields the two mass eigenvalues of |By,) and |By), denoted My, and
My and their widths I';, and I'y.

Therefore we arrive at a simple exponential evolution in time for the

heavy and light mass eigenstates:?

|BL(t)) = e ! [BL(0)) (2.7)
|Bu(t)) = e~ |By(0))

with the exponential parameters being the eigenvalues of H given by

1
Aur = My — QFH,L (2.8)

2 Although the situation is slightly different with kaons, these are the equivalents to the
K2 and K¢ states in the kaon system, where the mass difference Am is very small and
the lifetime difference AT rather big.
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2.2.1 Beauty oscillation

For an initially pure |B®) beam the time evolution can be obtained by in-

verting eqns. (2.4) and inserting eqn. (2.7), so with the definition

gs(t) = et £ gmat (2.9)
we get
B0) = ol Bu() + e Bu(0) (2.10)
= ool (0p|B%) + g-(t)a | B)

Similarly for an antiparticle }BO> beam:

1

Bo0) = ool IBL0) — B (211)
= 5ol (Op|B) + 9. ()q | BV)

The next question is: what happens if we suppose we produce a pure B°

beam, and ask for the probability to detect a B® at some later time ¢:

P(B" — B°(t))

(BB P = I3 94 (1)

[e—FLt + e—FHt + ZRe(ez‘Amt)e—Ft]

= s =

[e7" et + et 4 2cos(Amt)e ] (2.12)

where I' = £(I'y + ') is the mean width of the two mass eigenstates.
Inversely, for the probability to find a B° at some time ¢ from an initial

B, we derive:

P(B" — BO(t)) = \<BO\BO<t>>|2=|§qg<t>|2

p|?

TIPE [e7"H et — 2 cos(Amt)e ] (2.13)
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After carrying out similar calculations for an initial B state, we arrive

at the following equations:

P(B” — B°(t)) = %[A + B (2.14)
P(BY — BY(1)) :i%&A—m (2.15)
P(B° — BO(t)) = i[A + B] (2.16)
P(B° — B(t)) = i%m — B (2.17)
with the abbreviations
A = e lrt 4Tt (2.18)

B = 2cos(Amt)e

2.2.2 Flavor asymmetry

We will neglect C'P violation, since it is a rather small effect, the C'P violation

i ~ (&)
Mo
is expected to be ~ O(1073) for the B°B° system. Therefor we set |q/p| =

1, which lets us calculate an asymmetry of transition probabilities between

parameter

same flavor (SF) and opposite flavor (OF) states for the single particle time

evolutions:

SF —OF  cos(Amt)
SF+OF  cosh(45t)

A(t) = Psp — Por (2.19)

where we have defined the probabilities normalized in time as:
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SF

Pop— — 2

SE T SOF + OF
OF

POF_SF+0F

(2.20)

with

SF = P(B" — B°(t)) + P(B° — BO(t))
OF = P(B° — B°(t)) + P(B° — B°(t))

In equation (2.19) we have used the notations AI' = I'y — I';, and Am =

mpy — my and also set the very small value AI' &~ 0. This asymmetry has
the advantage, that any decay time effects are cancelled out, so that the

probabilities (2.20) to find the appropriate flavor correlations can be clearly
seen as in figure 2.2.

Flavor correlations Asymmetry
1.0 : . . . : : 1.0 - - —_—
--SF
| —ofF 2
‘l -- sum prob.
0.8 ioi 0.8
l
t
'
206 206
3 : 3
© \ ©
Q N o
o " o
S 0.4 S S 0.4f
\\
Vi
\‘\
0.2 . 0.2
: ‘ ‘ ; ‘ S ‘ ‘ N
L e I L L L L
0'%.0 02 04 06 08 10 12 14 0'(()).0 02 04 06 08 1
time [s] xle-11

X
.0 12 14

time [s] Xle-11

Figure 2.2: a) Single particle probabilities to find a B meson of the same (op-
posite) flavor in an initial beam of B® or B°. The red line shows the exponential
decay rate of the single particles, which dampens the absolute rate of particles to
find. Due to this damping term, only about half a period of the flavor oscillation

is visible. b) The probabilities here are not influenced by this decay rate because
the components of the asymmetry term of expression (2.19) are shown.
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2.3 Decoherence

Let us now consider the creation of an entangled 2-particle B meson state at
the T (4S5) resonance. Without premature decoherence, this entangled state

will propagate until the first of the two mesons decays (fig. 2.3).

decay “{ (4_5_) _________ decay
tl == m I > tz

Figure 2.3: Exemplary decay of an Y(4S) resonance into a BYBY meson pair in
the center of momentum system. The yellow box shows the region ¢t < t; where
none of the mesons has decayed and hence the entanglement is sustained. The
B1 and By are the two flavor oscillating 1-meson subsystems, which the whole
2-particle system is composed of.

The entanglement arises from the specific features of the particles involved
in the decay, so that the initial quantum number B = 0. Since the transition
from Y(4S) — B°BO involves the strong interaction, which conserves the
B quantum number, it results in a B-flavor anticorrelated pair of mesons
to be produced. The described process (see figure 2.4 is also known as a

“hadronisation process”.

Figure 2.4: The transition ete~ — v — Y(45) — BB in detail. The so called
hadronisation takes place via gluon exchange.

We want to describe and measure possible premature decoherence in the
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entangled state; decoherence will provide us with some information on the
“quality” of the entanglement.

The concept of decoherence, which initially goes back to Furry and
Schrodinger [11, 12] who have worked on first ideas of the so called “spon-
taneous factorization”, has come to be studied in detail again only in the
last two decades. It is therefore one of the most recent, consistent interpre-
tations of the seemingly paradox behavior of quantum mechanical systems,
when considering the transition from the microscopic (quantum) scale to the
macroscopic (classical) world of our everyday experience. This interpretation
does not require any sudden changes in the state of the quantum system un-
der consideration, as it is the case with the Copenhagen interpretation (Bohr
and Heisenberg) and its consequential collapse of the wave-function. Instead,
it allows to understand classicality as emergent from within the quantum for-
malism. Despite its achievements, this model can not explain the realization
of certain final states.

We can consider possible decoherence effects caused by some arbitrary
interaction of the quantum system with its environment. Plausible sources for
such effects might be strong interaction scatterings of B mesons with nucleons
and the experimental noise in the setup. Other more exotic explanations for
those effects involve fundamental modifications of QM and can be attributed
to the influence of quantum gravity or to dynamical state reduction theories,
and arise on a different energy scale. A specific model of decoherence is
presented in the following [13], which will allow us to quantify the strength

of such possible effects with the help of existing experimental data.

2.3.1 Density matrix formalism

We use a convenient formalism to describe the phenomena which are a mani-
festation of decoherence theory. Since a statistical mixture of quantum states
will occur, the density matrix formalism (which is a core part of quantum
statistics) will be applied. A short introduction which is also summarized
in [14] is presented below.

In general a quantum system is described by a state vector |¢) whose
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time evolution is determined by the Schrédinger equation®

0
i W) = HIY) (2.21)

The expectation value of an observable A in the state [¢) is calculated

by its matrix element

(4) = (V[ Alv) (2.22)

We can now define a density matriz for pure states by

p=[¥) (¢ (2.23)

with the properties

pP=p pl=p trp=1 (2.24)

The extension to a statistical mixture of states with probabilities p; ( i.e.

the density matriz for mized states) follows as
p=> pilty) (]  with p>0, D pi=1 (2.25)
This mixed state matrix has the properties

pPEe pl=p  trp=1 (2.26)

As we can see, the properties of unit trace and hermiticity are still preserved,
only the first equality is not valid anymore.

We can also introduce some kind of a measure for the “mixedness” of a
state 0 = tr p? < 1, where equality holds only for a pure state.

Consequently, the expectation value of an observable A in the mixed state

3The units are chosen such that ¢ = 1, A = 1. (dimensionless)
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defined by p is given as
(A) =trpA (2.27)

Regarding the Schrodinger equation, the time evolution of the density

matrix p is determined by the von Neumann equation

%p = —i[H,p] (2.28)

which basically is the equivalent to the Schrodinger equation in the density

matrix formalism.

2.3.2 A decoherence model master equation

We will follow the line of arguments in [13] and [15], and first study the
model of decoherence in a 2-dimensional Hilbert space H = C2. Allowing
for a non-hermitian hamiltonian H will include the possibility of the decay
following the approximated hamiltonian (2.6) mentioned before. As above,

we assume normalized energy eigenstates |e;) (j = 1,2) and get
H |€j> = /\j |€j> with )‘j == mj — %F] (229)

where both m; and I'; are real positive numbers. Also, despite the non-
hermiticity of H, we make the assumption of orthogonal eigenstates, i.e.
(e1]ez) = 0.

Now including decoherence by adding a so called dissipator D[p], the time
evolution of the density matrix becomes a modified form of the von Neumann

equation (2.28), and is governed by the following master equation

5P = —iHp+ ipH' — D[p] (2.30)
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The investigated model of decoherence [13] consists in assuming that?
Dip] = M(PipP, + PopPy),  where  P; = |ej) (e (2.31)

are projection operators and A being a positive constant. The ansatz (2.31)
ensures the conservation of energy in case of a Hermitian Hamiltonian since
[PJ’7 H] =0.

With the choice in (2.31) the equations for the elements of p decouple.

Thus, we split up the density matrix into its components

p=>_ pirles) (exl (2.32)

jk=1

where p;. = pj;.  With the von Neumann equation including decoher-
ence (2.30), one obtains (see appendix A.1) the time evolutions of the density

matrix elements

pu(t) = pu(0)e (2.33)
paa(t) = p(0)e
,012(t) _ ,012([)) efiAmthtef)\t

with Am =m; —mg, and I' = (I'; + I'y) /2.

2.3.3 Entangled B mesons
If one considers two noninteracting systems with Hilbert spaces H; and Ho,

the Hilbert space of the composite system is given by the tensor product

Hi @ Ho

4This decoherence term is of the Lindblad type [16, 17] and generates a completely
positive map.
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When the first system is in state |i), and the second system in state |j),, the

state of the composite system is written as
1)1 @ [7)y = |0}y |7), = i @ ) = |i)

States of the composite system which can be represented in this form are
called separable states, or product states. If a state is not separable it is
called an entangled state. For fixed basis sets {|k),} and {|l),} a pure state

of the composite system H; ® Ho can be written as:
0) = culk), ®10), (2.34)
el

Determining the separability of a system in general is a complex task. More
on the various criteria of separability can be found in [18].

We now want to apply our model of decoherence to the case of the 2-
particle BYBO state, which is generated in the decay of the Y (45) resonance.
Considering t as the eigentime of B° and B° , we make the following identi-

fication for our eigenstate basis:
|€1> = |BH X BL) and |€2> = |BL X BH> (235)

This choice now defines states where one subsystem (1) is in a certain mass
eigenstate, while the other subsystem (2) is in the “opposite” mass eigenstate.
For the sake of clarity one can identify those two subsystems with the two
sides (left and right) in figure 2.3. The heavy and light states (By and By,
respectively) are defined in eqn. (2.4), with their respective mass eigenvalues
of the 1-particle Hamiltonian Hg;, g as found in eqn. (2.8).

Now, for the 2-particle system one can transfer the 1-particle Hamilto-
nian Hgnge to the tensor product of the 1-particle Hilbert spaces, using
H = Hgingle ® 19 + 11 ® Hgjnge. The operators 1; and 1, are identity oper-
ators on the respective subsystem. As visualised in figure 2.3, the first term
now shall correspond to the particle on the left, whereas the second term of

the tensor product corresponds to the particle on the right.



CHAPTER 2. PHYSICS MOTIVATION 16

Again assuming CP conservation in the mixing of B — B? implies |p/q| =
1, and we have (By|BL) = 0, therefore (e1]|e;) = 0, thus we may set p = g =
1/v/2.

After having chosen a basis to describe the problem at hand, we start
with the state that is generated in the experimental setup. At ¢ = 0, an
entangled state (which is called “Bell singlet state” for historical reasons) is

produced

1
¥) = ﬁ(|€1> —le2)) (2.36)

In the picture of eqn. (2.34) with basis states {|k),} = {|l),} = {BL,Bu}

this is corresponding to a coefficient matrix of

0 —1
C =
c-(5 )
The entangled state is equivalently described by the density matrix

p(0) = %{|€1> {ea] +[e2) (e2] — ler) (e2] — le2) {ea]} (2.37)

Which in our compact basis choice {|e1) , |e2)} has the form

p<o>=§(_11 ‘f)

Applying the 2-particle Hamiltonian to the chosen eigenstates of the sys-
tem (2.35) will lead to the same eigenvalue for both solutions \; = Ay =
m — i, where I' = (I'y + I'1)/2 and m = mpy + my. Using the same ap-
proach and a very similar derivation as for (2.33) (see appn. A.2), gives the

resulting time dependent density matrix

pt) = %62”{\60 (ex| + lea) {ea| — €™ (lex) (ea| + le2) (er])}  (2:38)
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which can again be written in the matrix form

The exponential factor e in the density matrix (2.38) introduces decoher-
ence in consequence of the dissipative term in the extended time evolution
of (2.30). Then, for t > 0 and A > 0, (2.38) is not the density matrix of a
pure state anymore. Note, that the choice (2.35) of the energy eigenstates

confines the Hilbert space to a 2-dimensional one.?

2.3.4 Measuring decoherence

We will now again look at a composite system made up of systems A and B,
with their Hilbert space being defined by H, ® Hp.
Given the density matrix of the whole system to be defined by

ptP =pt @ p” (2.39)

and we are to describe the state of the subsystem A, we have to use the so

called reduced density operator for subsystem A:
p' = trp(p"?) = trp(p” @ pP) = pltr(p”)

where trp is known as the partial trace over the subsystem B. The partial

trace is defined by

trp(|ar) (az| @ [by) (b2|) = |ar) (az| tr([b1) (bal)

Here |a;) and |ay) are any two vectors in the state space of A, and |b;) and
|by) are any two vectors in the state space of B. The trace operation above
has the usual meaning of tr(|by) (ba|) = (ba|b1).

Although it is not obvious that the reduced density operator for system

®Using projector states that are not linear combinations of (2.35) in general requires
time evolution into the full 4-dimensional Hilbert space of states.
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A is a description for the state of system A, it fulfills certain requirements: It
provides correct measurement statistics for measurements on system A, and
it contains all the physical information available to us. Also, it can be shown,
that the partial trace function is the unique function to have the required
properties [19].

In order to obtain information about the decoherence parameter A (which
modifies the B° B0 system’s time evolution), some assumptions are required.
Starting with the density matrix (2.37), this 2-particle state follows the time
evolution given in eqn. (2.38). Consequently some decoherence will occur.
Referring to fig. 2.3 a measurement of the B quantum number at the time ¢;
for the left moving particle, and at the time ¢, for the right moving particle
is assumed. In the time window min(ti,ty) < t < max(ti,ty) (i.e. outside
the dashed box) only a 1-particle state remains, which is expected to evolve
according to QM, as it is given by Hy;, 4. alone. For the sake of definiteness,
and without loss of generality we will assume ¢; < 5.

Mathematically, we use the projectors |n) (n| with n = {1,2} and the
definitions |1) = [B°), [2) = |B°), in the partial trace over the 2-particle
system to derive the density matrix for the system at the time of the first

decay, i.e. at t = t;:

Tri{(|n) (n| @ 12) p(t1)} = pa(ta]t1) (2.40)

Here we define py(t1]t1) as the 1-particle density matrix for the right moving
particle B, after the measurement of the beauty content of the left moving
particle By just decayed. For t > ¢;, which is denoted by py(t|t;) it follows
the 1-particle time evolution.

At the time of the second decay t = t5, we measure the B quantum
number of the second subsystem particle (right moving), and using a new

projector |n') (n'| get for n’ = {1,2} the expression for the probability
P(n,tin t2) = Te{(In') (n']) pa(t2]t1)} (2.41)

This results in the following terms for the same flavor (SF) and opposite
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flavor (OF) probabilities:

SF:  P(B%t;B%ty) = P(Bt; B ty) = (2.42)
l {e—FLtl—FHtQ + e—FHtl—FLtQ _ e—)\tl 2 cos(AmAt) e—F(t1+t2)}
4

OF : P(B%t;B%ty) = P(B% t; B’ ty) = (2.43)
1

Z {eertlfrHtQ _'_ e*FthFLtQ + e*/\tl 2 COS(AmAt) e*F(t1+t2)}

Consequently the asymmetry term now yields (compare with eqn. (2.19))

cos(AmAt)

AMty,ty) = — e M 2.44
( 1 2) COSh(%At) ( )
with At = t5 — t;. We now relax the assumption t; < ¢5. Since the de-
coherence term depends only on the first decay time, and because of time
symmetry considerations for the case that t; < ¢; we can use the minimum

function in eqn. (2.44), thus writing
ANty ty) = ACM(AL) - e Aminttz) (2.45)

Also we can see that the parameter dependent asymmetry becomes the stan-
dard QM expression for a parameter of A — 0.

For the case of the two meson system the asymmetry term is defined by

OF — SF

ACM(A) = ———
(A1) OF + SF

= POF(tla tg) — PSF(tl,tg) - COS(AmAt) (246)
where we split the asymmetry for the complete set of events into the sum
of probabilities for same and opposite flavor events. The difference AI' has
been measured compatible with zero, therefore cosh(&FAt) ~ 1.

Deriving probabilities for the extended decoherence model leads to the
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following expressions (Por + Psp = 1):

1 .
Pop(ti,ta, \) = 5(1 + cos(AmAL) - e~ Mminttta)) (2.47)

1 .
Psp(ty,ta, \) = 5(1 — cos(AmAL) - e*)\-mln(tl,tg)>

These probability distributions are also visualized in figure 2.5.

When correcting for the decay of the particles under consideration by
multiplying the probabilities with exponential decay terms for both time
parameters, one arrives at the following expressions for the probabilities to

be expected:

1 .
por(ti,ta, \) = 5(1 + cos(AmAL) - e~ Aminltit)y L o=Tlt+) (2.48)

1 .
psr(tita, A) = 5(1 — cos(AmAL) - e AmnR)) o tEt)

Due to the additional exponential terms the probability distribution functions
are restricted to an even smaller range around (¢,t2) = (0,0), so that the
features of those distributions become even harder to discriminate. Defining
At = ty —t; allows us to reparametrize these equations in (¢, At), since they

will be needed later on.
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OF ideal probability distribution

SF ideal probability distribution

Ideal probability densities for non-decaying particles in parametriza-

tion (t1,%2). The decoherence model parameter is set to A = 0.5.

Figure 2.5:



Chapter 3
The Belle experiment

The overall design of the Belle experiment was made with the specific aim
of searching for and studying CP violation in systems of BB meson pairs.
Therefore the detector is positioned around the collision point of electron and
positron beams of the “B-factory” KEKB in Tsukuba, Japan, which features a
high luminosity £ > 10** em=2s7!. The physics potential of the experiment
strongly depends upon the amount of data collected. While CP violation
investigations were successful already at intergrated luminosities of about
10 fb™!, other experimental challenges require a large number of B-meson
decays (~ 10%), equalling an integrated luminosity of about 100 fb~'. The
current value of this integrated luminosity is about 800 fb™', as of June 2008.

BY-mesons are rather heavy particles with a mass of 5.28 GeV /c?, about
five times the mass of the proton. KEKB operates at the center-of-mass
energy of the Y(4S5) resonance, which allows production of a B°B° pair at
threshold. This is advantageous for physics analysis because no additional
tracks are produced at the primary interaction point, thus causing a very
low background from the primary interaction. This background would be
disturbing especially for the task of flavor tagging, which most physics anal-
yses rely on.

The T mesons are bound states of bb quarks with spin, parity and charge
conjugation quantum numbers J¢ = 17~. In figure 3.1 the annihilation

cross section over the center-of-mass energy (y/s) in the region of the T

22
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resonances (ground state 1S, and radial excitations 2S, 3S, 4S, ...) can be
seen. The mass of the T(4S5) meson (10.58 GeV) is just above the thresh-
old for decays into BBY or B* B~ meson pairs. The branching fraction for
those BB pairs is about 96%. At the Y(4S), about 1/4 of the hadronic
cross-section are efe~ — T(4S) — BB. All other hadronic production
(ete™ — q7 (¢ = u,d, s,c)) is referred to as “continuum”. This continuum,
although produced with a significant boost factor due to the low invariant
mass, constitutes a major source of background to B physics. In contrast, the
BB pair is generated nearly at rest in the center of mass system, and has a
more spherical event structure. This can used to suppress continuum events
with so called “shape variables”. To be able to study the continuum contribu-
tions in “clean” conditions, about 10% of the data are taken 60 MeV below the
T(45) resonance energy. That data is labeled as “off-resonance” in contrast
to “on-resonance”. Measurements of the production rates of Y(45) — BTB~

vs. T(4S) — BYBY show equality within the errors.

3.1 The KEKB Ring Collider

Figure 3.2 shows the layout of the collider facility and its rings, with an
overall circumference of about 3 km. The energies for the beams were chosen
asymetrically, with the e~ beam at E; = 8 GeV (high energy ring - HER),
and the e™ beam at Fy = 3.5 GeV (low energy ring — LER), obeying /s ~
2VE By = myusy = 10.58 GeV in the high relativistic limit, where the
rest mass is neglected. This has the advantage of causing a Lorentz boost
By = 0.425 w.r.t. the laboratory system. Therefore, the reaction products
(BB) have a resulting momentum along the beam direction, thus making it
possible to distinguish their decay vertices. The crossing angle of the electron

and positron beams in the interaction region is 22 mrad w.r.t. the z-axis.
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Figure 3.1: Electron positron total hadronic cross-section as measured by the
CLEO collaboration [20]. Mind the discontinuous z-axis in the plot, where only
the resonance areas are shown.
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3.2 Description of the Belle Detector

The Belle detector at KEKB has the typical architecture of a cylinder-
symmetric setup, characteristic for collider experiments. It is a general pur-
pose detector surrounding the interaction point (IP) to detect particles from
the ete™ collisions. It can be split into several functional hardware com-
ponents, listed by increasing radial distance from the center (compare with
figure 3.3):

e A double walled cylindrical beryllium beam pipe around the interaction

region, cooled with helium gas.

e EFC: “Extreme Forward Calorimeter” in the otherwise uncovered small

angle regions, exposed to highest radiation-levels.
e Tracking detectors:

— SVD: “Silicon Vertex Detector” for the precise tracking of charged

particles near to the decay vertices.

— CDC: “Central Drift Chamber” for the tracking of charged parti-

cles and energy loss measurements for particle identification.
e ACC: “Aerogel Cerenkov Counter” for particle identification.
e TOF: “Time-Of-Flight” scintillator counter.

e ECL: “Electromagnetic Calorimeter” for the detection of electromag-
netic showers, based on C'sI(T1).

e 1.5 T superconducting solenoid, generating the spectrometer’s mag-
netic field.

e Iron yoke of the solenoid with integrated KLM: Hadron calorimeter and
identification of Muons and K? mesons by interspersed resistive plate

counters.

e DAQ: The trigger and data acquisition system.
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e Off-line software and computing.

Explicit details of the detector layout can be found in [21, 22].

The right handed coordinate system of Belle aligns the positive z-axis
with the opposite direction of motion of the positron beam. The y-axis
points upwards and the x-axis, perpendicular to both, points away from the
center of the KEKB rings. In order to cope with the boost of the center-
of-mass system w.r.t. the laboratory system, the components of Belle are
asymmetrical in z. This can be seen exemplarily in the design of the CDC as
shown in the side view of fig. 3.5. Three main regions can be identified in the
detector: the barrel section parallel to the beam axis, and the two endcaps,
extending radially from the beam axis at the forward and backward ends of
the detector. Table 3.1 shows the polar angle coverages of the sections, where
0 is the polar angle relative to the z-axis.

All physics analyses rely heavily on a precise spatial reconstruction of
the decay vertices. This is supported by the hardware (Si microstrip vertex
detector, SVD), as well as sophisticated methods for track and ultimately
vertex reconstruction. Thus the tracking detector systems are of utmost

importance for the overall performance of such an experiment.

Region Polar angle coverage
Forward endcap 17° < 0 < 34°

Barrel 34° < 6 < 127°
Backward endcap 127° < 6 < 150°

Table 3.1: Angular coverage of the different detector components

3.2.1 Beam pipe

As the only significant layer of material between the IP and the innermost
detector layers, it should be minimizing multiple scattering and energy loss
of charged particles. It was therefore designed as two cylinders of beryllium,
with the gap filled by helium gas as a cooling medium. The pipe is heated

by ohmic currents and so-called high order mode losses in the material as the
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bunches of beams circulate. A 20 pum thick gold film on the outer cylinder
absorbs low energy X-rays from the HER. The material thickness of the beam
pipe corresponds to 0.9% of a radiation length.

3.2.2 Extreme Forward Calorimeter

The EFC extends the polar angle coverage of the overall detector. It detects
photons and electrons in an area uncovered by the ECL and is important
as a luminosity monitor by detecting Bhabha scattering at low polar angles.
Being placed around the beam pipe, close to the IP, it is exposed to very
high radiation levels. Therefore radiation-hard bismuth germanate (BGO)
crystals are used as scintillator material. Photodiodes read out the signal.
The polar angle coverage is in the range of 6.4° < # < 11.5° for the forward,
and 163.3° < # < 171.2° for the backward EFC. In terms of material budget,
they correspond to 12 and 11 radiation lengths, respectively. The EFC is
exclusively used for luminosity measurement, which is done by monitoring

Bhabha scattering processes.

3.2.3 Silicon vertex detector

For time dependent CP analyses it is of major importance to determine the
z-axis position of the B meson decay vertices. The original silicon vertex
detector (SVD) configuration can be seen in figure 3.4. With its three layers
of double-sided silicon strip detectors (DSSD), it covers a region of 23° <
0 < 139°, which amounts to 86% of the total solid angle.

The SVD is composed of so-called ladders, on which the DSSDs are
mounted. The three layers consist of 8, 10 and 14 of such ladders, accounting
for the increasing circumference to be covered. Each ladder is made of two
half-ladders, which contain one or two DSSDs, supported by boron-nitride
ribs and carbon-fiber reinforced plastic. All in all, the SVD is composed of
32 ladders and 102 DSSDs.

The DSSDs are reverse-biased diode-strip detectors, and were origi-

nally designed for the micro-vertex detector of the DELPHI experiment at
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Figure 3.4: SVDI1 configuration.

LEP [23]. Each is 300 um thick and contains 1280 sensor strips and 640 read-
out pads. The side with strips parallel to the beam measures the azimuthal
arc R¢ and is made of p-doped silicon with p* readout strips, which have
a pitch of 24 ym. The other side, with strips oriented oriented perpendicu-
lar to the beam and measuring the z coordinate, carries n™ readout strips
with a 42 ym pitch. When a charged particle penetrates a DSSD, it creates
electron-hole pairs, which drift to the appropriate side of the DSSD, due to
the bias voltage. The charge deposition is measured and read out.

Signals from the DSSDs are read out by VA1 chips (1.2 pum CMOS fab-
rication), which tolerate radiation levels of up to 200 kRad. The VA1 chips’
signals are digitized by FADCs located in the electronics hut. There, com-
mon mode noise subtraction, data sparsification and formatting is carried
out.

The precision requirement for the aforementioned time dependent CP
asymmetries studies is 100 pgm in the z-axis direction. For a charged particle
with momentum 1 GeV/c an impact parameter resolution of about 55 pum is
achieved.

In Summer 2004, an upgrade of the silicon tracker system was made, and
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a four-layer vertex detector (SVD2) was installed. It covers a larger angular
range (17° < 6 < 150°), and utilizes the benefits of a smaller beam pipe
diameter, thus bringing the innermost layer closer to the primary interaction
point (from 3 to 2 cm). The fourth outermost layer made necessary some
changes to the CDC inner wall. SVD2 now contains 6, 12, 18 and 18 full
ladders in each layer (from inside to outside), and a half ladder consists of 1,
2 or 3 DSSDs.

The SVD2 DSSDs have 512 readout channels in both (Rz) and (R¢), with
a total of 110592 channels. Limited radiation tolerance levels of SVD1’s VA1
front-end readout chips was circumvented by replacing them with VAITA
chips, which is of 0.25 um CMOS fabrication, with an expected stable per-
formance of up to 20 MRad. Extensive information on the silicon tracker

systems can be found in [24, 25, 26].

3.2.4 Central Drift Chamber

The central drift chamber (CDC) provides detailed information on the par-
ticle position, momenta and their specific energy loss dF/dx. Energy loss
data is used to provide information for particle identification (PID), i.e. dis-
tinguishing kaons, pions, protons and electrons. All components in the Belle
detector out to the ECL are contained in a 1.5 T nearly uniform magnetic
field, provided by a solenoid magnet. The field is oriented in the positive z
direction and causes the charged particle to follow a helical path, the helix
axis being in the field direction. This helix can be decoupled into a circular
motion in the (z,y)-plane, defined by three parameters, and a straight mo-
tion in the (R, z)-plane, defined by two more parameters. From these five
parameters it is possible to determine the closest approach of the helix to
the interaction point (IP) and the momentum components perpendicular and
parallel to the magnetic field. These measurements are the primary purpose
of the CDC.

Since the physics goals of the Belle experiment require a transversal mo-
mentum resolution of a,,/p; ~ 0.5%+/1+ [p:/(GeV/c)]? for charged parti-
cles with p; > 0.1 GeV/e, the setup has been fine tuned to yield a reso-
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BELLE Central Drift Chamber
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Figure 3.5: The CDC in front and side view, showing the three major parts: main
long wire region, inner short wire region and cathode electrodes for the innermost
wires.

lution of o, /p ~ 0.35%. The spatial resolutions are o,, = 130 pwm and
0, =200...1400 pwm (depending on 0).

The CDC consists of three parts (see figure 3.5):

e Main: long wire region.

e Inner: short wire region.

e Cathode: readout electrodes for the innermost wires.

For the main part curved aluminum endplates support the mechanical
forces for a total of 3.5 tons of wire-tension. 50 layers of Au-W sense wires
of 30 pum diameter and a maximum of 2400 mm in length fill the active
detector volume. Each sense wire is surrounded by eight 126 pum Al field-
shaping wires, together forming a drift cell of about 16 mm in radial direction
by about 18 mm in R¢ direction. A total of 8400 adjacent drift cells provide
a sensititve volume of radii from 88 mm to 863 mm; the polar angle of this

volume ranges over 17° < 6§ < 150°.
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Figure 3.6: The gas mixture used in the CDC, its drift velocity and gain behaviour
depending on the applied voltage on the sense wires.

The layers are grouped in batches of so called ‘super-layers’ of 3 to 5
ordinary layers. There are 2 types of layers: so-called azxial layers, whose
wires are aligned parallel to the beamline axis, and so-called stereo layers
which are mounted on the supporting structure with a “slant” in order to
provide, by their stereo angle, additional z-coordinate information in the
measurements.

At the inner part of the CDC, the endplates have conical shapes to make
room for accelerator components right next to the interaction point.

Because many of the decay products of B mesons have momenta below
1 GeV/c¢, the minimization of multiple Coulomb scattering effects is a neces-
sity. Therefore a gas with low atomic number Z, (a mixture of 50% He and
50 % CyHg) has been used, with a long radiation length of 640 m. In figure
3.6 the properties of the gas used w.r.t. the wire voltage can be seen; the
drift velocity saturates at 4 cm/us at a relatively low field intensity.

Additional z-coordinate information from cathode strips was never used
(in a more than experimental way), which is due to a bad signal-to-noise

ratio of the electronic output.
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The CDC measurements are the starting point for track reconstruction,
since in the outer regions of the CDC the track density is rather low, which
allows for less ambiguous initial conditions for the reconstruction algorithms.

Though the explicit z-coordinate cathode strips information is never used
in the track fitting for the CDC, it is introduced implicitly by using the
measurements of the stereo-wires with their slightly slanted alignment. This
results in a position estimate along the z-coordinate, though with big errors.
The final results of the track fit include additional information of the SVD,

which provides more precise positional data in both R¢ and z.

3.2.5 Aerogel Cerenkov Counter

Designed for K* and 7% separation in the momentum range of 1.2 GeV/c to
3.5 GeV /¢, the ACC detects Cerenkov light which is emitted when a particle
travels through a medium at a higher velocity than the signal speed of light
in that medium. For a refractive index n, Cerenkov light is emitted if the

velocity 5 = v/c of the particle satisfies:

n>1/8=+/1+ (mc?/pc)?

with m and p being the mass and momentum of the particle, in units of
GeV/c* and GeV/c, respectively . Therefore, depending on the refractive in-
dex, there will be a range of momenta for which e.g. pions will emit Cerenkov
radiation, but kaons will not.

The barrel part of ACC consists of 960 counter modules, which are
grouped into 60 cells in the azimuthal direction ¢. In the forward and back-
ward endcaps, the ACC consists of 228 modules, arranged in 5 concentric
layers. Five different types of aerogel, with varying refractive indices, are
used. A sideview of the layout is shown in fig. 3.7.

Each counter module is made of silica aerogel, filled into 0.2 mm thick
aluminum boxes, and viewed by fine mesh-type photomultiplier tubes. In
total there are 1560 and 228 readout channels in the barrel an end-cap parts,

respectively. For further information see [27].
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Figure 3.7: ACC setup.
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3.2.6 Time-of-Flight and Trigger Scintillation Counters

For complementary information to the ACC, regarding particle identification,
the TOF distinguishes K* and 7% mesons up to 1.2 GeV /c, where the K /7
separation power of the ACC and CDC (by dE/dx) is less effective.

The TOF system also is responsible for providing fast timing information
for the trigger system, with time resolutions of around 100 ps. The time of

flight T of a particle with mass m traversing a length L is given as:

T = % = % 1+ (mc?/pc)?
The time between the collision at the IP, and the passage of a particle through
the barrel TOF is being measured. This way, a particle’s mass can be calcu-
lated once its momentum is known. Thus, a quite clear separation of particle
species can be achieved by their time-of-flight information.

Both the TOF and the trigger scintillation counter (TSC) are made of
fast scintillators and fine mesh-type photomultiplier tubes mounted directly
on the scintillator. Two TOF counters and one TSC form one module. 64
TOF modules are located in the barrel region right outside the ACC, and the

covered angular region is 33° < 6 < 121°. The achieved time resolution of
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Figure 3.8: ECL configuration.

the TOF scintillators is 0, = 100 ps. Combining the information from TOF,
ACC and the dFE/dx measurement from the CDC results in a better than
30 separation between charged kaons and pions over the whole momentum
range up to 3.5 GeV/c.

More information on the TOF system can be found in [28, 24].

3.2.7 Electromagnetic Calorimeter

The purpose of the ECL is to measure the energy and position of photons
from 70 and radiative B decays with high efficiency and good resolution
in energy and position. The ECL is also used for electron and positron
identification. The building blocks of the ECL are tower-shaped CsI(T1)
crystals, which point to the primary interaction region with a small tilt angle
in order to avoid photons passing undetected through the gaps between the
crystals. Each crystal is 30 cm long, corresponding to 16.2 radiation lengths,
and read out by a pair of silicon PIN photodiodes.

The configuration of the ECL is shown in fig. 3.8. Reference [29] indicates
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the measured energy resolution to be

AE  0.0066(%) _ 1.53(%)
E E E1/4

® 1.18(%),

with the energy E given in GeV. The first term is from the contribution of
electronic noise, while the second and part of the third term come from in-
complete electromagnetic shower containment. Also, the third term accounts
for systematic effects (uncertainty of light output calibration of the crystals).

For the spatial resolution the following expression is given:
0=027®3.4/VE ®1.8/EY*mm.

In addition to the measurement of photon and electron energy, the ECL plays
a major role in electron identification: a charged track pointing to an ECL
cluster is identified as an electron or positron if, among other criteria, the
energy and momentum are consistent. Trigger information and luminosity

information are also provided. (See trigger system description in 3.3).

3.2.8 Solenoid magnet

A 1.5 T magnetic field, oriented parallel to the beam pipe, is provided by
a superconducting solenoid for charged particle momentum measurements.
The coil consists of a single niobium-titanium-copper alloy layer, which is
embedded in a high-purity aluminum support cylinder, measuring 3.4 m in
diameter and 4.4 m in length. Liquid helium circulation through a tube on
the inner surface of the aluminum cylinder provides for indirect cooling. The

solenoid layout is shown in figure 3.9.

3.2.9 K; and Muon Detector

The KLM was designed for the detection of K9 mesons and muons with
momentum larger than 600 MeV /c. Placed outside the solenoid, it consists
of 15 layers of Resistive Plate counters (RPC) with 14 layers of 4.7 cm thick

iron plates for the barrel region, and 14 RPC layers in the endcap region.
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Figure 3.9: Superconducting solenoid layout.

An RPC super-layer consists of two RPC planes providing both polar and
azimuthal angle information. The iron plates also serve as return yoke for
the solenoid’s magnetic field. The polar angle region covered by the KLM is
20° < # < 155°. Signals are read out from cathode strips in both directions.
There are a total of 21856 and 16126 readout channels for the barrel and
the two endcap detectors, respectively. The resolutions for K mesons is 30
mrad (0 and ¢) in direction, and a few nanoseconds in time.

Up to the KLM, all the detector material corresponds to approximately
one hadronic interaction length for K mesons. The KLM iron plates pro-
vide further 3.9 interaction lengths of material, necessary for high efficiency
detection.

A shower of hadrons is produced when the mesons interact with matter,
thus leaving a cluster of hits in the KLM which is not associated with a
charged track. In contrast, the muons will have such an associated charged
track, and produce a “line” of KLM hits rather than a shower, and can thus be
discriminated from K9. The detection efficiency for muons with momentum
greater than 1 GeV/c is greater than 90%, with a fake rate of about 2%,

resulting from non-interacting pions and kaons.
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3.3 Data acquisition and Trigger system

The task of the trigger system is to decide when the subsystems of the Belle
detector should record an event. If a collision event satisfies the trigger
criteria, the subsystems are read out and data are stored for possible further
use. “Event” is interchangeably used for both the actual particle collision,
and the stored data representing the collision. Removing background events
while retaining events of interest with high efficiency is the aim of carefully
chosen trigger criteria. Once an event is triggered, the DAQ system transfers
the raw data from the detector to the data storage system.

There are several main sources for background events:

e Undesired interactions between the e™ and e~ beams, such as Bhabha

scattering,

e Collisions of a beam particle with residual gas molecules or the beam

pipe,
e Synchrotron radiation from the beams.

Interesting events are mainly hadronic and QED events, which are used for
physics analyses, detector calibration, and luminosity measurements.

Overall event rates for physics and background events at the design lumi-
nosity of 103" cm2s! are approximately 100 Hz each. To allow for higher
background levels, the design specifications of the trigger will permit an op-
eration of up to 500 Hz. A scheme of the trigger system is shown in fig.
3.10.

Its components are the level 1 (L1) hardware trigger, the level 3 (L3)
software trigger implemented by the online computing facilities, and the level
4 (L4) trigger in the off-line Belle computing farm!. The level 4 trigger
achieves very efficient background event detection by carrying out a full event

reconstruction.

!There is no L2 trigger; the numbering follows a historical design
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Figure 3.10: Overall Belle trigger scheme.

3.3.1 The L1 trigger

The L1 trigger consists of the sub-trigger systems (implemented in subde-
tectors), and the central trigger (also called global decision logic, GDL). All
subtrigger signals must arrive at the GDL within 1.85 us after the physical
event has occurred, and the final L1 signal is issued 2.2 us after the event.
The trigger signal also determines the readout timing. For the final signal,
the TOF trigger or the ECL subtriggers are used.

Sub-trigger systems

The CDC provides two different types of triggers: the r — ¢ trigger and the z
trigger [30]. The TOF produces trigger signals based on the hit multiplicity
and back-to-back topology. The ECL trigger is based on trigger cells formed
of combinations of 4 x 4 crystals, providing also trigger information based
on the 8 — ¢ segmentation by utilizing the number of isolated clusters. The
KLM detects muons using four (two) layers in the barrel (endcap) parts.
The EFC provides a Bhabha trigger (forward-backward coincidence), and a
two-photon trigger.
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There also is a “random trigger” to allow studies of the background noise

in the overall detector.

Global Decision Logic

Up to 48 subtrigger signals arrive at the GDL, coming from the CDC, TOF,
ECL, KLM and EFC systems. More information can be found in [31]. The
GDL properly aligns the subtrigger signals by adjusting their timing, adding
an appropriate delay to each channel. Tt performs some trigger logic oper-
ations, and again generates 48 types of triggers (since experiment 21 this
number increased to 64)%. The final trigger decision is isued 2.2 us after the

ete™ collision. Four main triggers constitute the hadronic trigger:

e Two-track trigger: Requires two CDC tracks with r — ¢ triggers and
at least one track with z trigger, and an opening angle greater 135°. It
also requires TOF hits and ECL clusters.

e Three-track trigger: Similar to the two-track trigger, with CDC r — ¢
information for three or more tracks. Different trigger types are defined
depending on track multiplicity, opening angle, TOF, and ECL cluster
hits.

e Isolated cluster counting trigger: Four or more isolated ECL clusters

(suppressing Bhabha events).

e Total energy trigger: The analogue sum of deposited energy in the
ECL to be greater than 1 GeV. Vetoed by ECL Bhabha and cosmic ray
triggers.

e Combined trigger: Combination of track, energy and cluster trigger.

The efficiency for each individual trigger ranges from 90% to 97% for BB
events. Using the overlap of the combined triggers allows for a total efficiency
of more than 99%. The L1 trigger rates are correlated to the beam current,

the luminosity and the beam background condition.

2In the Belle experiment the data samples are segmented into so called “experiments”
which signify different periods of operation where the overall setup of the data acquisition
process remains unchanged.
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3.3.2 The L3 and L4 triggers

In order to reduce the number of events stored, the L3 trigger checks L1
trigger information, and also passes some special event categories such as
Bhabha and random trigger events. For the other events, the L3 trigger
performs a fast data reconstruction, discarding an event if there is no track
with |z| < 5 cm at the primary interaction point, thus efficiently discarding
a large portion of the beam background. Being online since experiment 11,
the L3 trigger reduces the number of events stored by a factor of 2. It also
retains an efficiency of more than 99% for hadronic and 7-pair events. Only
the L1 and L3 triggers reduce the recorded data size on-line.

The L4 trigger filters events right before the complete off-line event recon-
struction takes place. It uses a fast algorithm which reconstructs tracks in
order to reject them if they are originating too far from the IP. The rejected
events are still kept in the raw data, but no full reconstruction is performed
in the later steps. Therefor the L4 trigger helps saving CPU time in the
production chain. About 78% of all events are rejected by the L4 trigger,

while nearly 100% of B meson events are kept.

3.3.3 Data Acquisition

The DAQ system records the events specified by the trigger up to the defined
limits of 500 Hz. A distributed-parallel system which is segmented into 7
subsystems is used to process data from each subdetector. An overview of
the Belle DAQ system can be seen in fig. 3.11 [32].

For most subdetectors the signals first go through a charge-to-time (Q-to-
T) converter and subsequently are processed by a time-to-digital converter
(TDC). A pulse with a width proportional to the input charge is produced by
the Q-to-T conversion, and the TDCs digitize the timings of the leading and
trailing edges of the pulses. Only the SVD uses FADCs, and the KLM has no
Q-to-T converter, because the pulse height contains no useful information.

When the sequence controller receives the final trigger from the GDL,
the readout process begins by a common stop signal to all TDCs of the

subsystems. The event-builder combines all subdetector data into a single
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Figure 3.11: The Belle DAQ system.

event. After passing the data through the L3 trigger, they arrive at the online
computing farm, where the quality is monitored by the online data quality
monitor (DQM).

In the last step the data is sent to the mass storage system via optical
fiber. It is stored permanently at the KEK computing center. A typical
hadronic event is 30kB in size, corresponding to a maximum transfer rate of
15 MB/s at 500 Hz trigger rate.

3.3.4 Data Processing

L4 trigger accepted events are reconstructed and subsequently stored on data
summary tapes (DSTs). The raw data of the detector devices are converted
into physics information of momentum 3-vectors, IP proximity, and particle
identification (PID) information. The reconstruction procedure roughly goes
as follows:

CDC information allows the reconstruction of charged tracks. The tracks
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are extrapolated inwards to the SVD and outwards to the ACC, TOF, ECL
and KLLM, and a search for associated signals is performed. Hits in ECL and
KLM with no associated track in CDC are assumed to be neutral particles
(photons, K mesons). Four-vectors are assigned to the charged tracks and
neutral particles. PID likelihoods are calculated. Other flags and variables
are determined, and the summary information is written to DST. An event
classification according to several categories and selection criteria is carried

out, which results in so called “skimmed data”.

3.4 Software

The large pool of software, which has been developed by the Belle collabora-
tion is composed of several parts running the DAQ and data reconstruction,
the physics analysis, and the simulation of data. The last two parts are
known as the Belle analysis framework (BASF). BASF consists of a kernel, a
user interface, and modules which are dynamically loaded into the kernel at
run time. A user-specific physics analysis is implemented as such a dynamic
module. Monte carlo (MC) simulation and generation of MC events is also
done using the BASF.

3.4.1 Monte Carlo Event Generation

Comparing distributions of real data to expectations from theoretical mod-
els is an important part of high energy physics analysis. A straight-forward
analytic approach to this problem is impossible due to the complexity of the
various subsystems involved, such as the detector response and the various
physics processes mimicking the signal to be studied. Because of this, all in-
volved processes are modelled using MC simulation. Real data distributions
are then compared to corresponding distributions from simulation, which
consist of significantly more events in order to reduce the statistical fluctua-
tions. Such a simulation has to be aware of the detailed detector geometry,
the response and all deficiencies of the whole detector system.

The production of MC data takes two major steps. First the underlying
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physics processes are simulated, which occur in and after the collision of an
ete” pair. Primary particles which decay inside the beam tube are generated.
In a second step, the detector response of their decay products, which are
longer-lived, is simulated. In the first stage, the QQ [33] event generator
(for newer analyses the EvtGen [34] event generator) is used to model the
particle physics processes. It models most accurately the underlying physics
processes by employing compiled production rates data from many different
experiments, while also accounting for the relevant information of the KEKB
accelerator.

The PYTHIA program [35] is used for the generation of background contin-
uum events, which utilizes the Lund string fragmentation model to calculate
the hadronization processes. The amount of continuum events generated is
about three times the luminosity in actual data.

After the generation of the underlying physics processes, either from QQ,
EvtGen, or PYTHIA, the data is processed in the BASF module GSIM.
This module simulates the complete detector response, and is based on the
CERN detector simulation package GEANT3 [36]. After simulation of the
interactions between the final state particles and the detector, the data is
reconstructed in the same way as real data, with the final DSTs containing
additional “MC truth” event generator information. The accuracy of all those
simulation processes is of vital importance. Some noise hits are added to the
MC events by taking random trigger events and inserting them into the
data. The variations in the primary interaction profile, the evolutions in the
subdetectors, and the (dis)appearance of dead channels are also accounted

for.



Chapter 4
Event reconstruction

This chapter is a summary of the data sample used including all neces-
sary cuts applied for background suppression. We describe the base events,
skimmed by a module initially written for B tagging, with the investigated
decay channels. This is followed by details of the reconstruction of the not
fully reconstructible second B meson by using criteria to select semi-leptonic

decays with a high momentum lepton.

4.1 Data selection

The present analysis uses Belle datasets comprising experiments 7 through
27, which have been recorded until summer 2003. Amounting to a total of
140 fb~! of YT(45) resonance data, this corresponds to approximately 7.6 x 107
BB events. For the non-B°B° background estimation 15fb~! have been
taken 60 MeV below the resonance.

Three different Monte Carlo sets of varying sizes have been used to test
the fit procedure. All of the MC sets were produced using the EvtGen event
generator [34]. A complete GEANT-based detector simulation [36] was applied
to the MC events.

The first set is a generic MC simulation that has a size of about three
times the resonance data. It was produced as part of the standard procedure

allowing detailed MC studies with sufficient statistical reliability.

46
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Figure 4.1: Exemplary decay at the primary vertex of an Y (4S) resonance into

entangled state propagates oscillating until the first B meson decays at time 1,
while the second B meson still oscillates in flavor until it decays at time t5. The
angle 6 is rather small, so that tan(f) ~ 0.1.

The MC sets 2 and 3 have been produced by using a modified version
of the EvtGen B°B° decay model. The size of those sets is about two times
the resonance data. Their purpose is to test the sensitivity of the presented
method w.r.t. the deviation of the entagled B-meson pairs behavior from

standard quantum mechanics.

4.2 Particle selection

Low-momentum particles will loop in the CDC detector and therefore pass
close to the interaction point more than once. This results in duplicate
tracks in the reconstruction, which will be so-called “ghosts”. Selecting pairs
of charged tracks following certain criteria (see table 4.1) will allow removal

of such tracks with good efficiency.
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pe < 275 MeV /¢ transversal momentum
Ap = |p1 — pa| < 100 MeV /¢ | momentum difference
angle(py, pa) < 15° for same charge sign
angle(py, pa) > 165° for opposite charge sign

Table 4.1: Criteria for identifying duplicate track pairs. MC simulation shows
that only 81% of the identified pairs are in fact duplicates, i.e. belong to the same
physical particle. The efficiency for identifying a duplicate pair is 51%.

When a duplicate track pair has been identified in this manner, the track
with the larger value of (5|dr|)? + |dz|* is rejected, where |dr| and |dz| are
the unsigned impact parameters (w.r.t. to the true interaction point) in R
and z, respectively.

The remaining tracks must satisfy momentum-dependent impact param-

eter selections as shown in table 4.2.

pe < 250 MeV /e 250 < p; < 500 MeV /¢ py > 500 MeV /¢
|dr| < 20 cm <15 cm < 10 cm
|dz| < 100 cm < 50 cm < 20 cm

Table 4.2: Selection of charged tracks based on transverse momentum and impact
parameters in R and z.

Gammas are selected by using the “good_gamma () flag”. This flag selects
photons by requiring unmatched clusters in the electromagnetic calorimeter,
thus excluding a charged particle calorimeter hit. A polar angle acceptance
window is also defined, and the shape of the electromagnetic shower has to
be more confined than for a charged particle. Also, minimum energy cuts

which are shown in table 4.3 are applied.

17° < 0 < 32° 32°< 60 <130° 130° <6 < 150°
E, | > 100 MeV > 50 MeV > 150 MeV

Table 4.3: Neutral cluster selection by the electromagnetic calorimeter. Endcaps
are more affected by background than the barrel, thus tighter cuts are used.
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4.3 Full reconstruction side

Basis of the presented study is the “full reconstruction version 1" skim (fullrec
vl, FRv1). There also is a more recent FRv3 skim available for analyses,
but this skim includes more decay modes, which are not as clean as the
FRv1 (more background events are included), which led to the choice of
FRvl for the study at hand. In the FRvl sample, events are selected if
at least one fully reconstructible B meson candidate is found in the decay
modes BY — D®~{nt/p* /a}} and BT — Dzt /p*/al}, as well as
their respective charge conjugates. We will call this “side” of the B meson
pair decay the “full reconstruction side” (FR side).

For the full reconstruction v1 skim the primary charged tracks are re-
constructed with hit information from SVD and CDC. Track quality cuts
based on their impact parameters relative to the measured beam interac-
tion profile have to be satisfied. Charged kaons are identified by combining
measurement information of ionization loss (dE/dz) in the CDC, Cerenkov
light yields in the ACC, and time-of-flight data in the TOF. Identification
efficiency is roughly 88% for kaons, and the fake rate for pions is about 8%
for the typical requirement.

The reconstruction of 7° meson candidates is done using vy pairs with
invariant mass between 117.8 and 150.2 MeV /c?, while each photon is re-
quired to have a minimum energy deposit of more than 50 MeV. K2 mesons
are reconstructed using pairs of charged tracks that have an invariant mass
within +30 MeV /c? of the known K§ mass, and a well reconstructed vertex
that is displaced from the primary interaction point. p* and p° are recon-
structed in the decay modes 7+7% and 777 ~, while their invariant mass is
required to be within +150 MeV /c? of the nominal p mass. a] candidates
are selected by combining a p" candidate and a 7" if their invariant mass is
between 1.0 and 1.6 GeV/c?, and also requiring for the three tracks to form
a good vertex.

D° and D~ candidates are reconstructed in the D — {K 7~ K*7 70,
Ktrta—rn, Kn° Kirtr~} and D~ — {K*n 7, K2~} decay modes,

respectively. These are required to have an invariant mass mp within +30
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of the nominal D mass. D* mesons are reconstructed by combining the D
candidate and a low momentum pion, D*~ — D°7~ and D** — D%7°; they
are required to have a mass difference Am = mp, — mp within £30 of the
nominal value.

The selection of the B candidate is based on the beam-constrained mass,
mye = \/E{2, — P, and the energy difference AE = Ej — Ef,,. ' Here
E} . 1s the beam energy in the center-of-mass system, Ef.. = /s/2 ~ 5.29
GeV, and pj and E} are the momentum and energy of the reconstructed B
in that system. Events satisfying my. > 5.2 GeV/c? and |AE| < 0.3 GeV are
subjected to further analysis.

The actual signal region for the B meson is defined with the cuts my. >
5.27 GeV/c? and |AE| < 0.05 GeV (see Figures 4.2 and 4.3). For an event
that has multiple B meson candidates, the one with the smallest x? is chosen,
based on deviations from nominal values of AE, mp, and Am if applicable.

Regarding the prominence of signal and background events, we will define
two regions: The “signal region” and the “sideband region”, which will later
be used for the extraction of signal events and the normalization of expected
background events, respectively. Figure 4.3 shows the location of those two

regions in the plane of kinematic variables m;. and AF.

4.4 Partial reconstruction side

This part of the event selection is concerned with the reconstruction of the
second B meson candidate of the pair. It relies on the identification of a high
momentum primary lepton coming from the decay of the B meson. That
lepton allows for a precise determination of the second decay vertex which is
crucial for the time difference measurements in the present study.

Some basic requirements have to be fulfilled for this second “side” of the
whole event topology, which we will refer to as the “partial reconstruction
side” (PR side), since in most cases no full information on the decay products

is available. All remaining tracks of the event, i.e. those that were not used for

! Asterisked quantities are in the overall center-of-mass frame. Units used with ¢ = 1.
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Figure 4.3: The signal region (green box) with my. > 5.27 GeV/c? and |AE| <
0.05 GeV, and the sideband region (red box) with mp. < 5.25 GeV/c? and |AE| <
0.05 GeV.

the PR side reconstruction and not rejected by initial selection criteria, are
checked for being leptons (electrons and muons). The identification criteria
for an electron are given in table 4.4, those for a muon in table 4.5. For the
electrons the variable eid_prob is used, which is a likelihood ratio that takes
into account the ratio of energy detected in the ECL to the track momentum,
the ECL shower shape, position matching between track and ECL cluster,
the energy loss in the CDC and the response of the ACC counters. For the
muons the likelihood ratio mu_1like is used, which is based on the penetration
range and the transverse scattering in the KLM detector.

The fake rate of identifying an electron as a pion is on the order of 0.1%,
whereas for muons it is on the order of 1%. Both cuts ensure a particle
identification probability of > 90%. Furthermore, events are rejected if there

is more than one remaining track identified as a lepton.
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b > 0.3 GeV/c lab frame momentum
17° < 0 < 150° polar acceptance angle
eid_prob > 0.5 | electron identification likelihood

Table 4.4: Electron identification criteria.

p> 0.6 GeV/c momentum cut
25° < 6 < 145° polar acceptance angle
mu_like > 0.9 | muon identification likelihood

Table 4.5: Muon identification criteria.

In order to achieve further significant background suppression, a cut is
made on the center-of-mass momentum of the PR side primary lepton. Fig-
ure 4.4 shows the unrestrained range of the momentum, with its signal and
background components stacked.

The cut has been fixed to the acceptance range of |pj | > 1.1 GeV/c,
which reduces the background events by 90.53%, while retaining 72.38% of
good signal events. This is equivalent to an improvement of the signal to
background ratio from 0.72 to 5.48.

4.5 Decay time reconstruction

As an ultimate goal of the whole event reconstruction process, the decay
times of the two B° mesons have to be determined with the best possible
accuracy. To visualise the situation more clearly, see figure 4.1. The B
meson pair is generated from the Y(4S) resonance at the primary vertex.
From there the two flavor oscillating B mesons propagate in an entangled
state (i.e. B°B «» BOBY), until the first one decays. Then, the remaining B
meson still oscillates in flavor until it eventually also decays. If the perfect
entanglement were somehow disturbed by a decoherence process, this flavor
oscillation behavior would also be disturbed, thus allowing a measurement
of the deviations from known quantum mechanical behavior.

The actual decay times are determined from the reconstructed vertex
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Figure 4.4: The background suppression cut on the PR side lepton in the center-
of-mass system.

positions. Since the boost in the z-axis is rather big, resulting in a small
opening angle of the B meson trajectories w.r.t. the z-axis, a time parameter

measurement At can be approximated by

N Az
-~ Bre

where Az is the spatial separation between the two B decay vertices along

At (4.1)

the boost direction.

4.5.1 Vertex reconstruction
Reconstruction method

The specific event topology of the presented work made it necessary to resort
to a non-standard method of vertex reconstruction. While the standard

method in the Belle environment is the package KFitter, another package
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written by K. F. Chen, ExKFitter [37, 38| was used.

Remembering the decay topology given in figure 4.1, the particles of spe-
cial interest are the B® and B, together with their decay vertices. Both
lack precisely measurable particle information, so that their state in a vertex
fitting algorithm for the originating primary vertex (PV) is not fully defined,
making them only indirectly detectable by their decay products. The pack-
age ExKFitter provides for such a case, and therefore was the method of

choice.

Full reconstruction side vertex, and primary vertex

Since the full reconstruction module provides for a decay topology that is
in most cases completely defined without any missing decay products, we
call this vertex the full reconstruction vertex. The reconstruction of these
two vertices is done in a co-dependent sequence. Since the positional and
momentum information of the full reconstruction (FR) vertex is far better
than that on the other B meson candidate, this superior information is used
to effectively extrapolate backwards along the momentum vector of the FR
B meson to the position of the primary vertex (PV), by intersecting this
vector with the beam interaction profile (IP), at the position of the PV.

Of course this backward propagation is done not simply geometrically, but

in a fitting procedure, which will be given in detail in the following steps:

1. Collect all the B meson daughter products from the full reconstruction
table.

2. Remove the daughter products of possible K3 particles, only leaving
the K2 itself.

3. Initialize the vertex fitter for the primary vertex with the information
of the IP.

4. Define a vertex constraint for the FR vertex, with all the remaining B

meson daughter products.

5. Define the mother B? particle, and link it to the FR vertex constraint.
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6. Define a PV constraint and also link the mother B° to it.

7. Perform the full fit on the FR vertex and the PV.

This whole procedure yields two pieces of information: The position of the
PV, and that of the FR vertex. For the actual vertex reconstruction of
the FR side, the daughter particles of the K mesons are removed from the
fitting procedure, since they do not directly originate from the B meson decay

vertex.

Partial reconstruction side vertex

The partial reconstruction vertex (PR) is the remaining vertex resulting from
the decay of the second BY candidate. It is not as complete as the FR vertex
w.r.t. its decay products. Some undetected tracks are missing in most cases,
therefore the vertex position information is less accurate.

The PR vertex is reconstructed by simply using the standard reconstruc-

tion package:
1. Collect all the remaining charged particles.
2. Make a vertex constrained fit for the PR vertex with those particles.

This procedure yields the position of the PR vertex.

In order to get an impression of the spatial precision of the reconstruction
process, z-axis resolutions were determined for the “core” events (i.e. events
that are found in the core resolution distributions, without regarding the
resolution tails). The values found are: ~ 50um for the z; position resolution
of the full reconstruction vertex, and ~ 135um for the Az resolution of the
z-coordinate difference between the full reconstruction vertex and the partial

reconstruction vertex.

4.6 Resolution functions

In order to account for the spatial (and implicitely for the time) measure-

ment errors correctly, the MC simulation information is used, allowing to
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determine the resolution functions of the model parameters ¢; and t,. As
the whole reconstruction process is carried out, the resulting quantities are
the “measured” vertex positions and therefore life times of the B mesons.
Using the information of the MC generation process allows to obtain the
“truth” on the involved vertices, and life times. The resolution function 6t of
a parameter ¢ is then defined as §t = ¢MPASURED _ 4 TRUE

Since two time parameters are involved, the resulting resolution function

is a two dimensional distribution of deviations of the measurements from the
MC truth.

4.6.1 Problem parametrisation

The parametrization in the variables ¢t; and At was chosen because, due
to the reconstruction process, the correlation between these variables is less
strong than it is for a parametrization in the “natural” decay times t; and ¢,.
Figure 4.5 shows the corresponding plots. Strong correlations arise from the
fact that in the parametrization (¢1,%2) both times rely on the measurement

of tg, whereas the parametrization (¢;, At) is not influenced by this effect.

4.6.2 Model cuts

In order to provide for a good description of the resolution function as derived
from the reconstructed spatial information, the tails in those distributions
have to be very precisely accounted for. Since the tails in the resolution

functions are very long, cuts on the maximum times measured were chosen

as follows:
Parameter Range
At +36 - 7o
tl +18 - TRo

The tail suppression cuts are visualized in figure 4.6. These cuts were chosen

such that approximately 98% of the events are retained.
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Figure 4.5: The correlations between the resolution functions in two different
parametrizations. In the left plot a strong correlation between the two axes due
to the dependence of both reconstructed times ¢; and to on the primary vertex
position can be seen, while in the right plot the correlations are very small.
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Figure 4.6: Cuts on the measured times (shown as red solid lines) result in the
suppression of the very long tails in the resolution functions, and approximate to
alternative cuts on the resolution parameters (shown as dashed lines).



Chapter 5

Toy Monte Carlo and fit method

For the verification of the proper function of the parameter fitting algorithm
a toy Monte Carlo (toyMC) setup was created. This setup allows to study
the expected resolution and correctness of the approach later used in the

analysis of Belle Monte Carlo and experimental data.

5.1 Resolution functions

Because the shape of the actual p.d.f.s is dominated by an exponential
shape arising from the decay of the particles under consideration (compare
eqn. (2.48)), this shape is very similar to the model expression involving the
exponential parameter A (consider the two concurring exponential terms in
the above equation). This circumstance made the numerical modelling of the
p.d.f.s a very challenging task, requiring a lot of fine-tuning.

The expected experimental distributions were obtained by numerical con-
volution of the physical model with the resolution function, applying a 2-
dimensional fast fourier transform convolution algorithm. This performed
much better than conventional numeric convolution.

In the ToyMC the overall 2-dimensional resolution function was modeled

as a product

R(t1, At) = Ry(t1) - Ro(Ab), (5.1)

59
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composing the 2-dimensional resolution function out of two independent 1-
dimensional resolution functions, one in each time coordinate. This seems
appropriate because the choice of parameters causes a very low correlation
between them. The low correlation is also visible in the correlation plots (see
Figure 4.5).

Resolution function modelling

Initial attempts were made to model the resolution functions in each param-
eter by the sum of parametrised analytic functions, factorising the problem
into two independent resolution parameters. For the purpose of testing the
parameter fitting algorithm against generated toy MC events, the following
parametrization of the resolution functions R in the variables ¢; and At has

been chosen:

St—py )2 1 (6t7u2

RQGaE((St) = Cl . 67%( o1 —+ 02 e 2% og )? + 03 . 6_)\3‘5t_ﬂ1| (52)

where §t = gmeaswred _ytrue jp ejther ¢ or At. Here, the exponential term arises
from the fact that the distribution that is modelled contains the difference of
two exponentially distributed random variables, resulting in a “back-to-back”
or double exponential shape.

The results of the fits are shown in Figure 5.1. Some deviations from the
parametrized functions can bee seen in the tail parts of the distributions.
The agreement between this model function and the resolution function de-
termined from signal MC is not perfect; nevertheless, it is good enough for

testing the core model parameter fitting algorithm.

5.2 Event generation

The event generation for the toy MC was done by a separate event generator
written in MatLab [39]. It generates data for ideal flavor correlated pairs
and then adds measurement errors according to the parametrized function
given in expression (5.2). In this way it is possible to test the workings of

the parameter fitting algorithm under well-understood conditions.
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The results of the tests are given later in this chapter in Section 5.4.

5.3 Maximum Likelihood estimation

To determine the actual model parameter for a given set of data, a maximum
likelihood estimator is used. A short overview on the maximum likelihood
method is presented in the following, as it can be found in [40].

We consider a random variable ¢ to be distributed according to a proba-
bility density function (p.d.f.) p(¢; \). We suppose that the functional form
of p(t; \) is known, up to the value of the unknown parameter A\. The density
p(t; A) represents a composite hypothesis for the distribution of ¢. With the
method of maximum likelihood we can estimate the value of the parameter,
given a finite sample of data. Supposing that the measurement of the vari-
able ¢ has been repeated n times, we get a set of values {t1,to,...,t,}. ¢
could also represent a random vector, so that several quantities characterize
an individual outcome.

The probability for a measurement to be in the interval [t,,t, + dt,] is
p(tn; AN)dt,. Since the measurements are independent, the overall probability

to get exactly our set of measurements {t{,...,¢,} is

n

[T (s Nt

i=1
If the hypothesized p.d.f. and parameter value are correct, one expects a high
probability for the data that were actually measured. A parameter value far
away from the true value should yield a low probability for the measurements
obtained. Because the dt; do not depend on the parameter, it is reasonable

to define the following function L,

n

L) = [t (5.3)

i=1

which is called likelihood function. It is the joint p.d.f. for the ¢;, but consid-

ered as a function of the parameter A. With this motivation we define the
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maximum likelihood (ML) estimator for the parameter to be the value that
maximizes the likelihood function. If the likelihood function is differentiable
and the maximum is not at the boundary of the admissible parameter range,

the estimator is given by the solutions to

oL

The ML estimator is often obtained by maximizing the log likelihood

function instead of the likelihood function:
log L(A) = > _log p(ti; )
i=1

5.3.1 Properties

Under rather broad regularity conditions, the ML estimator has the following

properties:

e [t is asymptotically normal.
In the limit of an infinite number of measurements, the distribution of

the estimator becomes a normal distribution.

e [t is asymptotically unbiased.
A sequence of estimates (ﬁn)neN of a quantity ¥ (n usually is the size

of the sample) is called asymptotically unbiased, if:

lim Ey(d,) =0

n—oo
Here, Ey is the expectation value w.r.t. to the true value 9.

e [t is consistent.
A sequence of estimates 0, is called consistent, if it converges in prob-

ability towards the true value ¥

9, 5
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This means: For all €, > 0 there exists an N (e, n) so that foralln > N

it is true:
P<|1§n—19| >e> <

e It is asymptotically efficient.
We choose a random sample of size n. Then the joint probability

density of all observations is:

g(x:9) = g(xr,... 23 0) = [ [ f(@i0)

i=1

where f(x;1) is the probability density of an observed feature z.

The (Fisher) information contained in a sample is defined by:

B dlng ? B ?Ing
fa= [( ) ] - | %

An unbiased estimate ¢ that satisfies the relation

var[t] = 1/1,

is called efficient. If, for a sequence of estimators (¢, ), var[t,| converges

to 1/1,,, the sequence is called asymptotically efficient.

5.3.2 Variance

The variance of the ML estimator can be determined by different means:

1. The so called “graphical method”.

log LA+ 0)) = 10g Liax —

N | —

This means that a change in the parameter \ by one standard deviation
from its ML estimate leads to a decrease in the log-likelihood of 1/2

from its maximum value.
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2. The derivative method.
Since asymptotic efficiency is a property of the ML estimator, we can
use the Fisher-information to compute the variance of the estimator in

the limit of large samples. The variance at the estimated value A then

?Ing
2 -

becomes:

A=\

5.3.3 Application

For the problem at hand we have two p.d.f.s that describe the set of exper-
imental data. These are the p.d.f.s for same flavor (SF) and opposite flavor
(OF) B meson pairs (see Eqs. (2.48)). Therefore we have two p.d.f.s, each
in two time variables (t1, At): pgp(t1, At; X) and por(ti, At; A). Each tuple
(t1, At) is accounted for in the appropriate p.d.f. (psr or por), depending
on the flavor correlation of the measurement. Note that the parameter X is
the decoherence model parameter.

Since we have to consider measurement errors in the experimental process,

the resulting probability density can the be given by

where ® denotes the convolution operation and i € {SF,OF}. The log-

likelihood function now looks like

Nsr Nor

log L(A) = > logplep(tf, At% N) + ) " log ppe(th, At¥;N),  (5.5)
k=1 k=1

with Ngr and Nop being the number of same and opposite flavor correlated
measurements.

When adding background components, i.e. components in the measure-
ment data that are expected not to be part of the actual signal data set, we

have to modify this expression to account for these disturbing influences.
Let p'(t1, At; A) be the overall p.d.f. of the measured events and b;(t;, At)
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the p.d.f. of the background component . Then the bipartite log-likelihood
function is defined by

log L(\) =

Nsr

> log {<1 = w)lsp(th, AN + > wFH (e, M)} +
k=1 % 7

Nor

> log {(1 =Y w ety AN+ w1, M)} (5.6)
k=1 7 7

where the weights w; define the influence of the component i. They can
be interpreted as the probabilities that a certain event comes from a cer-
tain component of the overall distribution (be it from signal or one of the
backgrounds). The term 1 — ) w; describes the remaining probability of the
actual signal component, so that all weights (including the signal component)
add up to 1.

For understanding the principles of the fitting algorithm, no disturbing
background components were included in the toyMC setup. They were in-
cluded later in the full Belle Monte Carlo tests.

Maximizing the log-likelihood functions ((5.5) and (5.6)) is done numer-
ically by searching for the minimum value of the negative log-likelihood.
The termination criterion in this search is that the calculated log-likelihood
changes less than 10™* in two successive search steps. With a maximum
log-likelihood on the order of 10* this is a relative change of 1075.

The errors on the likelihood estimate are determined using the graphical

method (see above), by minimizing the following expression:

log L(A + o)) = min { {log L(A) — (log Linax — %)] }

5.4 Test set results

To verify the proper functioning of the parameter fitting algorithm, several

data sets have been generated and subjected to the ML fitting procedure.
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Since the number of signal events in the full generic MC is around 10?, the
same amount of B°BC pairs was generated in the toyMC simulation. The

results of this process are shown in Figures 5.2, 5.3, and in Table 5.1.
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Figure 5.2: Results of multiple fits on toyMC generated data. The event sample
size is 10000 B°BO pairs for each generated data set. The number of data sets is
64 for each given value of A\pryg. a) shows the results as scattered data. b) shows
the mean values of the fitted data points with averaged asymmetric errors of all
fits.

)\TRUE < /\FIT > <o_ > <o0ogp > gmean O.:_nean
0.00 0.0006 —0.0204 | +0.0222 | —0.0025 | +0.0027
0.20 0.2099 —0.0373 | 4+0.0388 | —0.0047 | +0.0049
0.50 0.5371 —0.0604 | 40.0687 | —0.0075 | +0.0086
0.75 0.7750 —0.0800 | +0.0947 | —0.0100 | +0.0118

Table 5.1: Results of multiple fits on toyMC generated data. The event sample
size is 10000 BYBO pairs for each generated data set. The number of data sets is
64 for each given value of A\rryp.

Since the actual event data only consist of about 5000 B°BO pairs, a test
toyMC test run on this sample size also has been performed. The results of
this smaller sample test are shown in Figures 5.4, 5.5, and Table 5.2.

Regarding the mean measurement error, which is important when com-

paring a single sample estimation against its true value, both investigated
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ML-fit means and errors

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
/\TRUE

Figure 5.3: Enhanced plot of multiple fits on toyMC generated data. The event
sample size is 10000 BBO pairs for each generated data set. The number of data
sets is 64 for each given value of Arpyp. The red band around the mean values
shows the averaged errors, while the yellow band shows the errors of the mean
values.

scenarios show good agreement with the statistical error margins of the fit-
ting method.

Concerning the errors on the means of the estimates, which are shown as
red bands in the figures 5.5 and 5.3, some deviations beyond the 20 range
can be seen. These deviations appear to be a bias that occurs when larger
parameter values are to be estimated. It has to be stated though, that the
ML estimator’s property of being unbiased is only valid in the asymptotic
limit, which means, that for relatively small sample sizes some biasing effects

may be present.
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ML-fit scattered ML-fit means
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Figure 5.4: Results of multiple fits on toyMC generated data. The event sample
size is 5000 BYBO pairs for each generated data set. The number of data sets is 50
for each given value of Arpyp. a) shows the results as scattered data. b) shows
the mean values of the fitted data points with averaged asymmetric errors of all
fits.

)\TRUE < /\FIT > <o_ > <o0ogp > gmean O.:_nean
0.00 0.0046 —0.0287 | +0.0334 | —0.0039 | +0.0045
0.20 0.2097 —0.0483 | 4+0.0548 | —0.0066 | +0.0075
0.50 0.5200 —0.0809 | +0.0931 | —0.0112 | +0.0129
0.75 0.7630 —0.1097 | +0.1280 | —0.0158 | +0.0185

Table 5.2: Results of multiple fits on toyMC generated data. The event sample
size is 5000 BYBO pairs for each generated data set. The number of data sets is 50
for each given value of A\rryE.



CHAPTER 5. TOY MONTE CARLO AND FIT METHOD 70

ML-fit means and errors
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Figure 5.5: Enhanced plot of multiple fits on toyMC generated data. The event
sample size is 5000 BYBO pairs for each generated data set. The number of data
sets is 50 for each given value of Arpyp. The red band around the mean values
shows the averaged errors, while the yellow band shows the errors of the mean
values.



Chapter 6
Data analysis

The implementation of the decoherence model parameter fit, as it has been
done for real data and full Belle-environment Monte Carlo events, will be
presented in this chapter. Many different approaches to tackle this problem
have been tried, which results in a number of tools that have been used.
The reconstruction of the physical events from event data was done by
writing a module in the BASF (Belle analysis framework) [41]. Preparation of
the datasets was done using the ROOT [42] analysis framework, which for some
tasks, such as the estimation of the convolution kernel and the modelling of
background components relies on the fitting package RooFit [43]. The toy
MC verifications and the actual numerial fitting procedures were done by

using the MatLab [39] numerical computing package.

6.1 Resolution function modelling

Since we have to include the detector response and the full setup of the
Belle environment, the stochastic model of the resolution function that was
used in the toy MC (see (5.2)) proved to be not sufficiently accurate for the
application to signal MC and experimental data. A different approach was
chosen for these cases.

Instead of using a factor model of the resolution function (see chapter 5),

a total fit of the 2-dimensional resolution function was implemented. The

71
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method that was subsequently used to smooth the complete two-dimensional
resolution function is the KeysPDF algorithm as it is implemented in the
RooFit fitting framework and documented in [44]. This non-parametric ker-
nel estimation method models a given experimental distribution by adap-
tively fitting multiple Gaussian kernels to the given distribution.

The method also has a scaling parameter that allows to tune the level of
detail to which its features are resolved. This parameter has been hand-tuned
to a value of 0.75 and is varied later on in the process of systematic error
estimation (see Section 7.3). Figure 6.1 shows the marginal distributions of
the fitted two-dimensional distributions, together with the data.

The smoothed probability density is discretized on a fine grid and ex-
ported to the maximum likelihood estimator, which is implemented in
MatLab. There it is used as the kernel in a numeric fast-fourier-transform
convolution algorithm to derive the actual signal shape of the expected signal

events.

6.2 MC event generation

The generic output of the MC physics event generator is of course a dataset
that corresponds to unmodified quantum mechanics, which is equivalent to
a decoherence model parameter of A = 0.

For the sake of testing the whole decoherence model parameter estima-
tion in the framework of the entire reconstruction chain (including the Belle
framework event reconstruction), modifications had to be made to the MC
event generator package EvtGen [34] to allow for generation of MC events that
adhere to the investigated decoherence model with a parameter of \ # 0.

Apart from the generic MC dataset, which is produced in the course of
general data processing at the Belle computing facilities, some other MC
datasets have been generated with a decoherence parameter of A # 0. The
following Table 6.1 gives an overview on the generated sets. The large dif-
ference in the number of generated events between A = 0 and the other two
setups with A # 0 arises from the following facts. First, there is quite a large

number of events produced for generic MC (equal to about three times the
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Figure 6.1: Marginal distributions of the KeysPDF fit. The data is plotted
in 100 bins (= ndf). x? = 63.626 for the ¢e@sured _ glrue distribution (upper
plot) and x? = 422.042 for the Agmeasured _ Agtrue distribution (lower plot). The
underestimation of the central bins in the lower plot results in the rather big x?,
which just causes the resolution to be estimated slightly worse than it actually is.
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ArruE | event reconstruction success | after signal cuts source
0.00 74024 11707 generic MC
0.25 11171 4592 signal MC
0.25 21363 8801 signal MC
0.25 21492 8927 signal MC
0.25 21344 8981 signal MC
0.25 21295 8850 signal MC
0.50 10983 4562 signal MC
0.50 21314 8900 signal MC
0.50 21227 8862 signal MC
0.50 21195 8694 signal MC
0.50 21198 8688 signal MC

Table 6.1: Overview of generated signal event sets.

amount of data events). Second, the generic MC events have been generated
including the BT B~ decay channels which accounts for a factor of 2. In the
smaller signal MC sets only B°BY events were generated, in approximately

the same amount as the total expected number of data events.

6.2.1 EvtGen modifications

The concept of EvtGen is based on using decay amplitudes rather than prob-
abilities for the simulation of the decays. Therefore, to understand the mod-
ifications, we have to take a closer look on the amplitudes involved in the
BYB° decay process.

If we look at the equations (2.45) and (2.46), we have to modify the
probabilities of opposite (OF’) and same (SE’) flavor correlation between the
two BY mesons in such a way that our requirement of deviation from standard

quantum mechanical behavior is satisfied:

OF — SF'

- == A — AQM .
SE' + OF' A (tlatQ) A (tl,tg) M()\) (61)

where M(\) can be an arbitrary modification term depending on parame-
ter A\. For the case of the studied decoherence model we require M(\) =

e~Mmin(tit2) - Choosing an appropriate ansatz for the underlying decay ampli-
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tudes gives the desired resulting behavior for the modified asymmetry. The

details on the chosen ansatz can be found in the appendix A.3.

6.3 Signal components and background influ-

ences

The set of real data as well as the generic and signal MC consists not only of
signal events, but also of undesired events that result from different recon-
struction mistakes and non-signal physics events. For the correct treatment

of these background influences several cases have to be distinguished.

e Decay events result from the reaction ete™ — ¢7 (¢ = u,d, s, ¢).
No actual pair of entangled B mesons has been produced. These
kinds of reactions occur also below the Y (4S5) theshold energy, and are
therefore called off-resonance or continuum events which constitute the

continuum background.

e Decay events result from the reaction ete™ — Y(45) — B°B°, pro-
ducing a pair of entangled B° mesons. Figure 6.2 gives an overview
of the discrimination between various cases of B°B? background influ-

ences.

— Everything in the reconstruction went perfect, we have an event

of the signal component.

— The FR side was correctly reconstructed, but the PR side has
a lepton associated to it that is either wrongly identified (fake) or
does not originate directly from the decay of the B meson (sec-
ondary).

Those fake and secondary leptons result in lepton background.

— The FR side was not reconstructed correctly, some tracks
are missing or wrongly associated to the B decay vertex.
This is the typical case resulting from a wrong combination of
tracks for the FR vertex reconstruction. We therefore refer to

such events as combinatorial background.
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e Decay events result from the reaction ete™ — Y(45) — BT B™.
Here also no pair of entangled B° mesons was produced. Only due
to reconstruction mistakes on the FR-side of the decay topology has a
charged B* meson been identified as a B°. Since this is also a recon-
struction mistake on the FR-side, these events are treated as combina-

torial background.

PR lepton

failure perfect

o : ,

0w = combinatorial

X ©

O Y

©

=

¥ ©

TR fake/2ndry signal
o leptons

Figure 6.2: The discrimination scheme of background and signal components.
The scheme discriminates between the case of a “perfect” reconstruction, where
all the required tracks are found in compliance with the MC information, and the
“failure” of such, meaning that some tracks were lost or associated falsely.

6.3.1 Continuum background

To determine the amount of off-resonance events, corresponding off-resonance
data has been used and scaled appropriately by using the integrated lumi-
nosity, which was corrected for the difference in the ¢q cross section due to
the continuuum data being taken 60M el below the T(4S) resonance.

The number of non-continuum events in the data sample is determined
by choosing a sideband region in the beam constrained mass variable (see
Figure 6.3), which is set to be the range with my. < 5.25GeV/c?. Subtrac-

tion of the off resonance data events from the overall measured data events
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Figure 6.3: Sideband and signal region in the beam constrained mass for full
reconstruction version 1 data components on-resonance and luminosity corrected
continuum events. Plots are shown for same and opposite flavor correlated data.
Due to the decay of the B mesons and their initial OF correlation, there are more
OF correlated pairs, and the vertical axes show different scales. The sideband
region used for the event counting is given by my. < 5.25GeV /c? (see section 4.3).
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gives the number of remaining non-continuum events in the sideband region,
which is subsequently used to infer further background component fractions
from the MC events. This has to be done separately for each of the flavor

correlations.

6.3.2 Combinatorial background

Combinatorial background is estimated from the generic MC set. It can be
directly discerned from the other components by using MC generator in-
formation. Since there are much more MC events than actual data events,
the proper scaling of MC relative to the amount of measurement data pro-
duced has to be accounted for. To calculate this scaling the number of non-
continuum events in the data sample which has been determined before is
used, because the used MC samples contain no continuum events. Figure 6.4
shows the considered MC components that correspond to the full number
of expected non-continuum data events. The components are mixed (B°B°)
and charged (BT B~) events that have got through the whole reconstruction

process. As before, the flavor correlations have to be treated separately.

6.3.3 Leptonic background and signal events

For the treatment of the leptonic and signal component an algorithm in the
ROOT framework is used, which is called TFractionFitter. It allows fitting
fractional histogram contributions to an overall histogram.

In the case at hand this method is used to fit the fractions of the various
data components to the overall data distribution. This is the most direct way
to relate the background and signal components derived from the different
Monte Carlo sources to the actual data sample. The variable in which this fit
is done is the center-of-mass momentum of the primary lepton on the partial
reconstruction side. Of course the fits have to be done seperately for the
same and oppositely flavor correlated datasets. Figure 6.5 shows the results
of the fits of four components to the data distributions.

Because the other background contributions have already been deter-

mined by other means, their fraction is fixed in the fitting process and only
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Figure 6.4: Sideband and signal region in the beam constrained mass for full
reconstruction version 1 MC components. The plot shows stacked events from the
mixed and charged MC set. The sideband region is used to scale the number of
MC events relative to non-continuum data events. Plots are shown for same and
opposite flavor correlated data. The sideband region used for the event counting
is given by my. < 5.25 GeV /c2.
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leptonic and signal fraction are free to be fitted.

Table 6.2 shows the results of the fraction fit. When looking at these
results, it has to be mentioned that the separate sums of opposite and same
flavor do not exactly add up to 100%. This is due to the fact that the fraction
fitter does not include a constraint for this. Assuming independent errors
for the components and adding those errors quadratically gives sufficient

compatibility within statistical limits.

flavor component percentage | error
SF continuum 0.752 0.005
combinatorial 17.546 2.272
leptonic 18.834 1.134

signal 06.225 4.478

OF continuum 0.456 0.003
combinatorial 13.296 2.369
leptonic 2.592 0.409

signal 81.471 2.140

Table 6.2: The determined fractions of various signal components.

The two most prominent background sources, the combinatorial and lep-
tonic background events, are fitted with the aforementioned KeysPDF algo-
rithm, in order to calculate interpolated values for those distributions at the
points of measurement. This step is required if we take a look at Eqn. (5.6),
where the b;(t¥, At*) correspond to the values of the background distributions
at the data points.

Since the continuum background consists of very few events, it could not
be treated in this way and was consequently neglected.

When looking more closely at Figure 6.5, a few remarks are to be made.
The most prominent feature when comparing those two figures is the differ-
ence in the shape of the fake or secondary lepton background. While we can
assume that the amount of fake lepton identifications will be approximately
the same for both flavor correlations, the fraction of secondary leptons will
not.

The majority of events detected will be those that exhibit an opposite
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Figure 6.5: Fractional fit of signal components to the data distribution, sepa-
rately done for same (SF) and opposite flavor (OF) data. The components are the
continuum background taken from the off resonance data sample, the combinato-
rial background from MC samples of mixed (B°B°) and charged (BT B~) events,
the leptonic background and the true MC signal events. A feature that is apparent
immediately, is the much higher leptonic background in the SF plot. The reason

for this is given in the text.
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flavor (OF) correlation. Only 10% of the events will have a same flavor (SF)
correlation due to the lifetime limits of BY mesons (compare Figure 2.2).
The decay mode that is used on the partial reconstruction side to identify
the flavor of the B-meson, is the prompt decay b — ¢~ X and its charge
conjugate, respectively. This is how a clean signal event is being correctly

identified. A corresponding decay digram is shown in Figure 6.6.

[=¥]

Figure 6.6: The semileptonic decay of a B” meson as the major mode for flavor
identification on the partial reconstruction side.

Now there are mainly two things that can occur on the physical level,
which will obscure the correct identification of the flavor of the partial re-

construction BY meson:

e A charm cascade decay occurs (b — ¢X — (7Y), which will flip the

flavor correlation of the B-mesons (See Figure 6.7).

e An upper vertex charm cascade decay occurs (b — ¢X — ¢7Y'), which
will doubly flip the flavor correlations, making it correct again. Nev-
ertheless, this case is identified as a secondary lepton on the MC level.
(See Figure 6.8).

The charm cascade decay occurs about 10 times as often as the upper
vertex decay, so for the case of the majority of meson pairs being OF corre-
lated, the migration from OF to SF correlation will be 10 times as big as the
double flip migration from OF to OF. Therefore a difference in the amount

of secondary leptons arises.
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l+

al

Figure 6.7: Charm cascade decay of a B® meson. A change in the sign of the
resulting secondary lepton occurs, leading to a false flavor correlation of the B-
meson pair.

[=¥]

Figure 6.8: Upper vertex charm cascade decay of a B® meson. The sign of the
lepton (resulting from ¢ — ¢~ vS§) is changed twice, resulting in a secondary lepton
with correct flavor correlation of the B-meson pair.

6.3.4 Other background

Investigations have shown that the only conceivable other source of back-
ground is the one that arises from the false identification of the flavor corre-
lation between the two B mesons, which also was considered as a probable
source of non-signal events. This “flavor mistagging” was examined in the
MC and was found to be negligible since only 2 out of roughly 10000 events
showed this deficiency.
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Results

7.1 Signal MC

As a first test, the ML-fitter was used to fit signal events only, without in-
cluding possible background events. These fit results proved to be mostly
consistent with the decoherence model parameter values used in the genera-
tion of those events. The signal sets generated can be found in the previously
shown Table 6.1. Figures 7.1, 7.2 and Table 7.1 show the fit results of the
generated MC sets without background components included. Looking at
the errors of the mean values in Figure 7.2 and Table 7.1 suggests that there
might be a biasing effect with increasing A\ values.
Mrrve | <Apr> | <ol | <ap>| omem | omen
0.00 —0.0339 | —0.0292 | +0.0326 | —0.0292 | +0.0326

0.25 0.2207 | —0.0558 | +0.0636 | —0.0250 | +0.0285
0.50 0.5824 | —0.0957 | +0.1113 | —0.0428 | 4-0.0498

Table 7.1: Results of multiple fits on the signal-event-only MC data sets.

Regrettably, the inclusion of background components in the fit intro-
duces a definite problem. When the maximum likelihood fitter is run with
the included treatment of background components, a bias appears in the fit
results. Despite extended testing and efforts to find the cause of the bias,
the effect persisted. Similar effects were observed under simplified circum-

stances, when the normalisation of the involved probablility densities was not

84
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Figure 7.1: Fit results of the signal-event-only ML fit of the generated MC data
sets, a) results as scattered data. b) mean values of the fitted data points with
averaged asymmetric errors of all fits.
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Figure 7.2: Fit results of the signal-event-only ML fit of the generated MC data
sets. The red band around the mean values shows the averaged errors, while the
yellow band shows the errors of the mean values.
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correct. However, this has been taken care of and tested for thoroughly in
the algorithm. The results of the ML-fit against the MC data samples with
included background is shown in Figures 7.3, 7.4 and Table 7.2.

ML-fit scattered ML-fit means

1.0

1.0
°
0.8 : 0.8
°
4
0.6 : 0.6
=
2 §
~< <
0.41 ° 1 0.4}
[ ]
8
0.2 ] 02t
* I

0._%.2 0.0 0.2 0.4 0.6 0.8 1.0 0'-%.2 0.0 0.2 0.4 0.6 0.8 1.0
)‘TRUE )‘TRUE

Figure 7.3: Fit results of the ML fit of the generated MC data sets, with back-
ground components included a) results as scattered data. b) mean values of the
fitted data points with averaged asymmetric errors of all fits.

ATRUE ‘ < ApiT > ‘ <o_ > ‘ < o4 > ‘ gmean ‘ UTean
0.00 0.0938 —0.0531 | +0.0606 | —0.0531 | +0.0606
0.25 0.3345 —0.0829 | +0.0973 | —0.0371 | +0.0435
0.50 0.7212 —0.1321 | +0.1583 | —0.0591 | +0.0708

Table 7.2: Results of multiple fits on the MC data sets, with background compo-
nents included.

To correct for the aforementioned bias, a line of the form

APIT = PIATRUE + Do (7.1)

has been fitted to the data points. The fit accounts for the asymmetric errors
of the individual data points. The fitted parameters are given in Table 7.3.

The fitted line is used to correct the fit results on the subsequent model
parameter fit on experimental data. Figure 7.5 shows the results of the ML-fit

with the bias correction.
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Figure 7.4: Fit results of the ML fit of the generated MC data sets, with back-
ground components included. The red band around the mean values shows the
averaged errors, while the yellow band shows the errors of the mean values.

parameter ‘ value ‘ o

o 0.06 | 0.05
n 1.23 [ 0.17
2 3.706

Table 7.3: Line fit parameters for the bias correction.

7.2 Data fit result

Using the ML-fitter on the full data sample, with the inclusion of background

component treatment, yields the following non-bias-corrected result:
Aprr = —0.00670 05
Subsequently correcting for the bias effects leaves the final result:

Aprp = —0.0447005
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Figure 7.5: Fit results of the ML fit of the generated MC data sets, with back-
ground components included. The fit line to correct for the bias is shown in red.

7.3 Systematic errors

7.3.1 Fractional component fit

For the study of systematic errors we refer back to Table 6.2. All the given
fractions except for the continuum contributions have been varied within the
error margins, giving a total of 12 fit results. The following Table 7.4 shows

the fit results of fraction variations.

The error for an individual component ¢ is calculated by:
i c c
Osys = ()‘fa = AE0)/2.

In Table 7.5 the component-wise errors are summarised.

An estimation of the resulting systematic error has been made, by adding
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flavor | component | variation | AB%.
SEF | combinatorial —lo —0.0403
combinatorial +1lo —0.0487
leptonic —lo —0.0355
leptonic +1o —0.0532
signal —lo —0.0596
signal +1o —0.0309
OF | combinatorial —lo —0.0413
combinatorial +1o —0.0457
leptonic —lo —0.0443
leptonic +1o —0.0448
signal —lo —0.0448
signal +1o —0.0443

Table 7.4: Fit results for the variation of data fractions within the determined
error margins. The last column shows the bias-corrected fit results.

flavor | component | oy g
SEF' | combinatorial | 0.0042
leptonic 0.0088
signal 0.0143
OF | combinatorial | 0.0013
leptonic 0.0002
signal 0.0002

Table 7.5: Component errors of the data fractions.

the resulting component-wise errors 0%, ¢ quadratically, yielding
oblS =0.0174,

the systematic error of the fractional components fit.

7.3.2 Resolution function variation

The resolution function scaling parameter for the generation of the smoothed
2-dimensional resolution function has been varied within the reasonable range
for a useful fit of its absolute value 0.75, thus yielding scaling parameters of
0.5 and 1.0. The following Table 7.6 shows the fit results.



CHAPTER 7. RESULTS 90

scaling parameter ‘ /\EICT
0.5 —0.025
1.0 —0.06

Table 7.6: Fit results for the variation of the scaling parameter for the smoothing
of the resolution function. The last column shows the bias-corrected fit results.

Again assuming the difference of those two fit values to be equal to 205

gives the result:

oBE S =0.0175

7.3.3 Bias correction

To account for the errors introduced by the bias correction we consider the
following. Looking at the bias correction polynomial fit coefficients, found in
Table 7.3, we can see, that the correction can be roughly approximated by
a tilted straight line. Because of the significant errors on those coefficients,
and the errors shown in Figure 7.3, a precise calculation of error propagation
will be of no real use.

Instead we will conservatively estimate the systematic contribution from
the bias correction in the vicinity of the fit result (A2, ~ 0.0) on the event
data, by setting

bl =01
We admit, that the procedure is not perfect, but since the biasing effects

seem to get smaller towards a A of 0, this estimation should be justified.

7.3.4 Overall systematic error

Although the systematic error is dominated by the last component, we
are adding all the contributions off§, o'y and o845 quadratically, which

yields an overall systematic error of:

oilt =0.103
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Conclusions

While a similar study [5] has only chosen a simplified model in one time
parameter At by integrating over the other, and thus effectively averaging
over one of the two axes in the two-dimensional probability density function
that describes the problem correctly, the presented study was determined to
employ the full mathematically correct model.

Also the estimations given for the decoherence parameter are not founded
on the linear combination of the model under study and the unaltered quan-
tum mechanical description of the problem. Instead, the full theoretical

model is implemented and its decoherence parameter is estimated.

8.1 Final results

As a result for the decoherence model parameter in units of BY lifetimes we

get:
A = —0.04470 0% 4+ 0.103

where the former pair of errors is of statistical and the latter is of systematic
origin. For an assumed BY lifetime of 750 = 1.536 ps this corresponds to the

following value in conventional units:

A= —0.0291005 +0.067 ps~!

91
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The result confirms, within the given errors, the hitherto existing quan-
tum mechanical assumption of no decoherence occurring in the composite,
entangled, heavy-particle B-meson system up until the point of decay of one

of the mesons.

8.2 Outlook

The presented result is of course subject to possible improvements. It is
the hope of the author that future studies on this topic will overcome the
limitations of the work at hand.

These improvements should concentrate on future experiments with a
higher spatial and consequently higher time resolution. This will result in
narrower resolution functions, which provides less signal disturbance, effec-
tively making the likelihood maximum a more distinctive feature.

Also, a new approach to the investigated matter should carefully design
the fitting algorithm, thus excluding any biasing effects that regrettably oc-
curred in the presented work. An unbiased parameter estimator will also
not suffer from a rather big systematical error, since all the systematic er-
ror components are quite small except for the one resulting from the bias

estimation.
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Mathematical details

A.1 Decoherence model master equation

Starting from equation 2.30, one can insert the definition of the density ma-

trix

2
Z pir €;) (exl
7,k=1

thus getting

8tzp]k|€J (x| = — ZHZka‘e] ek‘|+'lzp]k‘|63 (ex| HT —

J:k J:k

- A |€1><€1\Z/)J’k|€j> (exle2) (e2] +

+ [e2) (ea ijk le5) (exler) {e1]

j?k
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Now going for a component-wise expression of this matrix equation yields:

prler) er] = —ipuH |er) (ex| +ipu |er) (ea| H

pazlea) (e = —ipaH |es) (ea] +ipa|es) (eo] H

przler) (eal = —ipiaH |er) (ea] +iprafer) (o] HY —
—A(piz]e1) (erler) (e2lea) (e2])

parlea) (er] = —ipaiH |es) (ex| +ipar |ea) (ea| HY —
—A (pa1 |€2) (eale2) (erler) (er])

Here we can insert the Schrodinger equation of formula 2.29 and its complex

conjugate to get

pr1 = —ipul FipuA] = ip1 (A — A1)
= ipn(m + %Fl —mq + %Fl)
= pu(-T1)
P22 = p2(-T2)
Pz = pr2fi(Ay — A1) = A
= puali(m —ma) = ST+ T) = A

. . 1
por = parfi(my —mg) — §(F1 +Ty) — Al

Solving these simple differential equations brings us to expressions 2.33.

A.2 Entangled B mesons

Equns. 2.35 define our basis states. Applying the Hamilton operator for the
bi-partite system yields:

H|€1> = Hs®12+11®HS‘BH®BL>I
= (Ag+A)|Bg®Bpr) =\ ler)
Hles) = (AL + An)|BL® By) = A2le2)
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It is straightforward to see that we can define
1 .
)\1 :)\2 = (mL+mH)—|—§(FL—|—FH) Em—I—zF

As in section A.1 we use the component-wise expression of eqn. 2.30 to get

pr = —ipuH ler) (x| +ipu ler) (| H =
= ipu(A] — A1) ler) (ea] =
= pu(—2D)
P = paa(—2T)
pro = —ipinH |er) (ea| +ipi2|e1) (ea] H — Apia|er) {ea] =
= 1p12(A; — A = A) |er) (ea| =
= p(—2I'=))

pa1 = pa(—2—N)

Again, solving the differential equations and summarizing the expressions

in one equation leads to solution 2.38.

A.3 EvtGen modifications

As mentioned before, Y(4S) decays into the B°B° system, with the B’s
being produced in a coherent state. This state evolves independently, with
the oscillation frequency given by Am/2 (Am being ms — my, the mass
difference between the two B mass eigenstates — see eqn. 2.4). Assuming for
the physical state ’thys(t = O)> = | BY), its time evolution is given by:

Amt Amt

’thys(t)> = ¢ Tt/2¢gimt DBO> cos( )+ i3 }BO> sin( ), o (A1)
P
where 7 = (m) +m5)/2, ¢ = €/®7/1/2, and p = e7"® //2 () is the mixing
angle).
Projecting ’thys(t)> into a pure B® or B° state, lets one obtain the

amplitudes for the B decay with a given flavor. In turn, squaring them gives
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the probabilities:

_ _ Amt
0 0\ 0 oy I 2
P(By,,. — B") = P(B),,, — B") = ¢~ ' cos (T) (A.2)
_ _ Amt
P(BY,,, — B°) = P(BY,,, — B”) = ¢ sin2(Tm) (A.3)

Now we choose a modification ansatz for the time evolution:

_ Amt _ Amt
’thys(t)> = ¢ Tt/2¢imt UBO> cos( m Yo + i | BY) sin( m |, (A4)
p
Calculating the resulting probabilities with this ansatz yields
P BO BO P BO BO _ —I't, .2 2 Amt — SF! A
( phys )+ ( phys — ) =2e T CO8 (T) - ( 5)
0 R0 R0 0 re 2. a Amt /
P(B,,s — B") + P(B,,,s — B") = 2¢™ "y~ sin (T) =0F (A6)

with the sum of the appropriate probabilities defining OF” and SF’, the mod-
ified opposite and same flavor probabilities. Now looking at the asymmetry

term, we get

OF' — SF' y?sin*(a) — a? cos®(a)

— = cos(2a) M () AT

SF'+OF"  y?sin*(a) + 22 cos?(a) cos(2a)M (), (A-D)

with a = 22, Requiring the normalisation y*sin®(a) + 22 cos?(a) = 1 gives
y* sin?(a) — 2% cos?(a) = (cos®(a) — sin?(a)) M (\) (A.8)

Solving this equation by using the normalisation condition yields for the

modification terms:

5 1

3o

y? = % l@ + (tan"?() — 1)M()\)]

+ (tan®*(a) — 1)]\/[()\)]
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