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ABSTRACT

Measurement of B(B° — D' D)

and the Lifetime Difference in the B! System

SungWoo YOUN

We search for the semi-inclusive process B? — DDy using 2.8 fb~! of pp collisions at

/s = 1.96 TeV recorded by the D0 detector operating at the Fermilab Tevatron Collider.
Under certain theoretical assumptions, these double-charm final states saturate CP-even
eigenstates in the B? decays, allowing the lifetime difference of the B? system to be related
to the branching ratio. We observe 26.6 &= 8.4 signal events with a significance above
background of 3.2 standard deviations. The branching ratio is measured as B(B? —
DYDY = 0.035 + 0.010(stat) £ 0.011(syst) and, in the Standard Model, the width
difference is derived as AT'SY /T’y = 0.072 + 0.021(stat) & 0.022(syst).



ACKNOWLEDGMENTS

When I was a schoolchild, I used to fail basic multiplication tests in math classes and had
to stay after school to clean the classroom. Now, twenty-five years later, I am surprised
to see myself sitting at my desk and thinking about some of the most complicated science
questions. While recollecting the past, I realize how many valuable people I have met
over the years and how significantly they have influenced me to become what I am today.

Before T deliver words of thanks to them, I would like to thank the late Benjamin W.
Lee, a Korean-American physicist, whose life inspired me to take my first step towards
high energy physics and even led me here to Fermilab. I pray for the repose of his soul.

I am deeply thankful to my advisor, Prof. David Buchholz, for his unstinting sup-
port and professional advice. As my academic “father”, he demonstrated his excellent
leadership and encouraged me under any circumstances. I have been so fortunate to be
the recipient of his immense knowledge and human warmth. I would also like to thank
my research advisor, Dr. Brendan Casey, who guided my physics research entirely and
helped me succeed in this challenging area. Without his guidance and instruction, this
accomplishment might not have been possible. The DO collaborators, especially the B
physics and SMT group convenors and members, should be included in my gratitude list.
They provided me with a very convenient and comfortable environment as well as their
willingness to offer me their help whenever I needed them.

There are many people who supported me in various ways to complete my Ph.D.



degree. First, I would like to thank Prof. Heidi Shellman and Prof. André de Gouvéa. As
my comimittee members, they broadened my insight into physics through their outstanding
scholarship. Second, I would like to thank my colleagues at NU for their help and support:
Derek, Sahal, Mike, Tim and Meghan. The friendship and fellowship that I shared with
them added strength to this work. I am also thankful to NU faculty and staff members
for their kindhearted assistance without which my doctoral training could have not been
completed.

I can not forget to thank people who helped me establish a successful life in the United
States. I am so grateful to my landlady, Carolyn Dailey, whom I have lived with for years.
She treated me as her own son and provided me with every single measure of convenience.
Also, I would like to thank the Pastor Kwon family of the First Presbyterian Church of
Evanston for their special care for me both physically and spiritually.

Finally, I dedicate this thesis to my family, particularly my parents. I sincerely ap-
preciate their absolute support and endless love for me. At this moment, I would like
to deliver my hearty message that I love them so much. The very last special thanks
should go to my lovely wife, Heejung Park, who is my best friend and companion for life.
I express my gratitude to her for the confidence, encouragement, and patience that she

conveyed from the other side of the earth.



CONTENTS 6
Contents

1INTRODUCTION 11

2THEORETICAL OVERVIEW 13

2.1 Standard Model . . . . . . . . . . ... 13

2.1.1 OVerview . . . . . .. e e e e e 13

2.1.2 Particle Content . . . . . . . . . .. ... 14

2.1.3 Challenges to the Standard Model . . . . . . . ... ... ...... 19

2.2 CP Violation and CKM Matrix . .. ... ... ... ... ......... 19

2.2.1 CP Violation . . . ... . .. . ... ..o 20

222 CKM Matrix . . . . . . . . . e 21

23 BYSystem . ... .. 25

231 BY—BOMiXing . . . . ... 25

2.3.2 BYMeson Decays . . . . ..o 29

2.3.3 New Physics in the B System . . . . . . ... ... ... ...... 36

2.4 Branching Ratios and ATSY . . .. ... Lo 38

3EXPERIMENTAL APPARATUS 41

3.1 Fermilab . . . . . . . . . 41

3.2 Tevatron . . . . . . . L e e 42

3.3 DO Detector . . . . . . . . . e 44

3.3.1 Central Tracking System . . . . . .. ... .. ... ... ..... 46

3.3.2 Solenoidal Magnet . . . . ... ... Lo Lo 20

3.3.3 Calorimetry . . . . . . . . 51

3.3.4 Preshower Detectors . . ... ... .. ... ... ... ....... 53

3.3.50 Muon Detector . . . . . . . ... 55

3.3.6 Triggering and Data Acquisition . . . . . . . . ... ... ... ... 57



CONTENTS 7

4B’ — DYDY DECAY 61
41 B°— DYDY and ATSP .. 61
4.2 Overall Analysis Procedure . . . . . . . . ... ..o 0oL 63

5SAMPLE SELECTION 65
5.1 Common Sample . . . . . . ..o 65
5.2 Dy Sample . . . . .. L 66
5.3 DgpopSample . . . . . . .. 67
5.4 Combined Tagging Variable . . . ... ... ... ... . 0. 68

6FITTING PROCEDURE 69
6.1 DguSample . . .. .o 69
6.2 DgpopSample . . . . . oL 72
6.3 Cross-check . . . . . . . . . . e 74

7SAMPLE COMPOSITION 76
7.1 Dgu Sample . . . . . . o 76
7.2 DgpopSample . . . . . Lo 78

8TRIGGER STUDY 85
8.1 Trigger Weighting . . . . . . . . . . . . . L L 85
8.2 Reconstruction Efficiency . . . . . .. ..o o000 88

9SYSTEMATIC UNCERTAINTIES 89

10RESULT AND INTERPRETATION 92
10.1 Result . . . . . . . e 92
10.2 Branching Ratio and Lifetime Difference . . . . . . . ... ... ... ... 94

11CONCLUSION 97
11.1 Conclusion . . . . . . . . . . e 97
11.2 Prospects . . . . . . . . e e e e 98

AEVALUATION OF B(B? — D! ) 101

Bibliography 103



LIST OF FIGURES 8

List of Figures

2.1
2.2
2.3
24

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11

4.1

6.1
6.2
6.3

7.1
7.2

8.1
8.2
8.3

Standard Model . . . . . . . ..o 14
Summary of interactions . . . . . . . . . ... L o 18
Rescaled unitary triangle . . . . . .. . ..o o000 24
Box diagrams for B — B mixing . . . . . ... ... L, 26
Fermilab accelerator complex . . . . . .. .. .. ... 0oL 43
Diagram of the DO detector . . . . . . . . ... ... L. 45
Cross-sectional view of the central tracking system . . . . . . . . ... ... 47
Isometric view of the SMT. . . . .. . . .. ... ... .. .. .. ... .. 48
Cross-sectional view of the Layer-0 detector. . . . . . . .. ... ... ... 49
Isometric view of the DO calorimetry . . . . . .. ... ... ... ..... 52
Schematic view of the calorimetry . . . . . . . . . ... o L. 53

Cross section and layout geometry of the CPS and FPS scintillator strips. . 54

Schematic view of the muon system. . . . . .. ... ... ... ... 55
DO trigger and DAQ systems . . . . . . . .. ..o oL 58
Block diagram of the DO Level 1 and Level 2 trigger systems . . . . . . .. 29
Topologies of two-body decays of B mesons . . . . .. ........... 62
Invariant mass distributions for the Dy sample . . . . .. ... ... 0. . 71
Two-dimensional maximum likelihood fit for the D ¢op sample . . . . . . . 73
One-dimensional binned likelihood fits for the Dspop sample . . . . . . .. 75
Two-dimensional MC plot of m(¢ap) vs. m(Dspap) . . - o o o oo oo oL 81
Two-dimensional maximum likelihood fits in region 2 and region 3 . . . . . 83
Muon pr spectra for the D,¢ou sample and the D,u sample . . . . . . .. 86
Trigger efficiency turn-on curve for Run Ila.. . . . . . ... ... ... ... 86

Normalized fractional signal yields. . . . . . . .. .. ... ... ... ... 87



L1ST OF FIGURES 9
8.4 Ratio of the signal yields . . . . . .. .. ... ..o L. 87
10.1 Constraints in the AI'y — ¢, plane . . . . . . . .. ... ... ... ..... 95
11.1 Results of AI'y measurements . . . . . . . . . .. . ... ... ....... 99



LIST OF TABLES 10

List of Tables

2.1 Quarksandleptons . . . . . .. ..o 16
2.2 Gaugebosons . . ... e 16
2.3 CP-specific final states of BY decays . . . . . .. ... ... ......... 35
5.1 Discriminating variables for the combined tagging variable . . . . .. . .. 68
6.1 Definition of the signal band and sidebands . . . . . . ... ... ... ... 74
7.1 Dgu sample components . . . . . . . ..o 7
7.2 Sample components for the Dypop sample . . . . .. ..o 000000 79
9.1 Summary of systematic uncertainties . . . . . . ... ... ... ... ... 90
10.1 Input elements for the B(B? — D{”' D) measurement . . . . .. .. ... 92

11.1 Experimental measurements and theory prediction . . . . . ... ... ... 98



11

CHAPTER 1

INTRODUCTION

A major theme in particle physics for the last half-century has been a fundamental symme-
try relation: Are the laws of nature the same for matter and antimatter? Physicists have
been explaining the origin of the matter-antimatter symmetry breaking in the present day
universe from a phenomenon known as charge-parity (CP) violation [1]. The Standard
Model (SM) does not provide a complete description of CP violation in nature. It is quite
clear that we need New Physics (NP) beyond the SM to accommodate the lack of anti-
matter in the universe. Significant new information on CP violation will be provided by
various experiments. A main source would be measurements of CP asymmetry in various
B decays, particularly neutral B decays into final CP eigenstates. The SM predicts tiny
CP violating effects in the B? meson system, and hence if studies of BY decays show signs
of CP violation, these will be an indication of NP.

In this thesis, we describe a study of the B — D{” D" decay, which, under certain
theoretical limits, is predominantly CP even and saturates the CP eigenstates of the B?
system. This provides an experimental tool which we can use to analyze new information
about CP violation.

Chapter 2 provides a theoretical background on the SM and CP violation in the B°
mesons. The structure of the experimental apparatus, Tevatron and DO detector, is de-

scribed in Chapter 3. Chapter 4 introduces various theoretical assumptions which shows
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the power of this analysis. After selecting data samples in Chapter 5, we perform the like-
lihood fits for each sample to extract the signal yields in Chapter 6. Chapter 7 discusses
the sample composition and extracts background components using a matrix method. In
Chapter 8, trigger models are developed for a Monte Carlo (MC) study to estimate the re-
construction efficiencies. Systematic uncertainties are discussed in Chapter 9. Chapter 10
presents the result of this branching ratio measurement and interprets it to show the lim-
its of CP violation. Finally, Chapter 11 gives conclusions and discusses the prospects for
future improvement of this measurement. Additionally, we describe how to re-evaluate

the branching ratio of the B® — D" decay in Appendix A.
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CHAPTER 2

THEORETICAL OVERVIEW

2.1 Standard Model

2.1.1 Overview

The Standard Model is a theoretical framework that describes the elementary building
blocks (quarks and leptons) of the universe and their interactions mediated by force car-
riers (bosons). It is a successful merging of two major group theories - the unified theory
of weak and electromagnetic interactions (electroweak) [2] and the theory of strong inter-
actions (quantum chromodynamics or QCD) [3].

From a mathematical point of view, the SM is a gauge theory based on the
SUB)e @ SU12), QU(1)y symmetry group. Here, C' stands for the color quantum
number which characterizes the QCD interaction among quarks and gluons, L denotes
the handedness of fermions implying only the left handed fermions form an SU(2) doublet
in the SM, and Y is the hypercharge defined () = T, +Y/2, where () is the electrical charge
and T, is the third component of weak isospin. The strong interaction is represented by
SU(3)c due to the three color charges, while the subgroup SU(2), Q) U(1)y represents
the unified electroweak interaction generated by the hypercharge and weak isospin.

To date, high-precision experimental tests of the three forces described by the SM are

consistent with its predictions. Physicists use it to explain and calculate a vast variety of
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Leptons

Figure 2.1: The Standard Model explains the complex interplay between force carriers
and building blocks.

particle interactions and quantum phenomena.

2.1.2 Particle Content

The particles of the SM are organized into three classes according to their spin: fermions
(spin-1/2 matter particles), gauge bosons (spin-1 force-mediating particles), and the Higgs

boson (spin-0 mass-giving particle).

2.1.2.1 Fermions

The fundamental particles in the SM that make up normal matter, are spin-1/2 fermions
and obey Fermi-Dirac statistics. As a consequence, they are subject to the Pauli exclusion
principle, which predicts that no two fermions of the same flavor can ever simultaneously
occupy identical quantum states. Thus if more than one fermion occupies the same place
in space, the properties of each fermion (e.g. its spin) must be different from the rest.

Fermions are the principle constituent elements of matter.
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In the SM, there are two types of elementary fermions: quarks and leptons. Quarks
are elementary fermions which carry color charge, and hence interact via the strong force.
There are six different types of quarks, known by their flavors: up (u), down (d), charm
(¢), strange (s), top (t), and bottom (b). In nature, isolated quarks have never been found
because of the phenomenon of so-called color confinement [4]. Instead, they are always
bound together in color-neutral composite particles (hadrons) of either mesons (two-quark
bound states) or baryons (three-quark bound states). The proton and the neutron inside
atomic nuclei are the most common examples of baryons.

The other family of spin-1/2 particles are defined to be leptons. They consist of six
varieties of particles: electron (e), muon (i), and tau (7), as well as their associated neu-
trinos (electron neutrino, muon neutrino, and tau neutrino). Since leptons do not carry
color charge, they are not involved in strong interactions in contrast to the quarks. Elec-
trons, muons and tau leptons carry electrical charge so they interact electromagnetically.
However, all neutrinos are bare of any charges and thus they only interact by means of
the weak force, which are notoriously challenging to detect in laboratories.

The fermions in the SM are grouped into three generations in such a way that the
corresponding particles exhibit similar physical behavior. Between generations, charged
particles differ only by their masses - each member of a higher generation has a greater
mass than that of the lower generation. A comprehensive understanding of the relationship
between the generations may explain the ratio of masses of the fundamental particles and
shed further light on the nature of mass. Table 2.1 lists the SM fermions in order of

generation [5].
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Quarks Leptons
Generation | Flavor | Charge | Mass (GeV) Flavor | Charge | Mass (MeV)

1st u +2/3 | 0.0015 —0.0033 e —1 0.511

d —1/3 | 0.0035 — 0.0060 Ve 0 < 0.002
9nd c +2/3 1.16 — 1.34 I -1 105.7

s —1/3 0.070 — 0.130 Vy 0 < 0.19
3rd t +2/3 1712+ 2.1 T -1 1777

b —1/3 4.13 —4.37 Ve 0 < 18.2

Table 2.1: Quarks and leptons in the SM and their charges and masses.

2.1.2.2 Gauge bosons

In physics, interactions are interpreted as an exchange of force mediating particles between
fundamental particles (quarks and leptons). For example, the electromagnetic forces
occur via photon exchange, and the gravitational forces occur via graviton exchange. The
force carriers described by the SM, known as gauge bosons, have a spin of 1 and follow
Bose-Einstein statistics. Not subject to the Pauli exclusion principle, several bosons can
occupy the same quantum state. Bosons are often force carrier particles, while fermions
are usually associated with matter. Their properties and associated forces are listed in
Table 2.2.

In the SM, there are three kinds of gauge bosons responsible for their own characteristic
forces: photons, W/Z bosons, and gluons. Photons are massless particles mediating the
electromagnetic force between electrically charged particles. They are well-described by

the theory of quantum electrodynamics (QED) [6].

Gauge bosons | Charge | Mass (GeV) | Range (fm) Forces
photon(vy) 0 0 00 electromagnetic

W+ 7 +1, 0 80.4 1073 weak

gluons (g) 0 91.2 1 strong

Table 2.2: Properties of the gauge bosons in the SM and their mediating interactions.
The unit fm stands for fermi (107 m) [5].
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The massive W* and Z gauge bosons are responsible for the weak force between
different flavor quarks and leptons. Due to their large masses, ~ 102 m,, where m, is the
proton mass, the weak interactions have a short range, typically 107" m. Since these
gauge bosons have 3 electrical charge states and couple to both quarks and leptons, there
are several types of decay processes. These three gauge bosons together with the photons
are grouped so that they collectively mediate what is called the electroweak interactions.

The gluons are responsible for the strong interactions of color charged particles in
QCD. Gluons are massless and since quarks (antiquarks) carry three types of color (anti-
color) charge, gluons carry both color and anticolor. Unlike the single photon of QED or
the three gauge bosons of the weak interaction, there are eight different types of gluons in
QCD from the eight independent combination of color charges. Due to the effective color

charge, gluons themselves participate in strong interactions.

2.1.2.3 Higgs boson

The Higgs boson is a hypothetical massive scalar (spin-0) particle predicted by the SM. It
is the only theoretically predicted fundamental particle in the SM that has not yet been
experimentally observed. The Higgs particle plays a unique role in the SM, and a key
role in explaining the origins of the mass of elementary particles as well as the difference
between electromagnetism (caused by the massless photon) and the weak interaction
(caused by the relatively heavy W/Z bosons).

The Higgs boson particle is a product of the so-called Higgs mechanism, in which
the Higgs field acquires a non-zero vacuum expectation value through the spontaneous
electroweak gauge symmetry breaking. In the SM, part of the Higgs field mixes with the
force-carrying gauge fields to generate massive gauge bosons, while the neutral version of

the Higgs field corresponds to a new particle, the Higgs boson. The different strengths of
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Leptons Quarks

€, M, T ] u, ¢, 1
Ve, Vu, Vr : q d? S, b

Photon Gluons

Higgs Boson

Figure 2.2: Summary of interactions between particles described by the SM.

interaction with the Higgs field arises because of the range of masses of quarks and leptons,
including the Higgs boson itself. Since the Higgs field is a scalar field, the Higgs boson
has no intrinsic spin, and thus (like the force mediating particles) is also classified as a
boson. Fig. 2.2 shows the schematic summary of interactions between particles described
in the SM [7].

However, the SM does not predict the value of the Higgs boson mass, and there is as of
yet no experimental evidence for this particle. A small number of events were recorded by
experiments at the LEP collider at CERN which has led to an experimental lower bound
for the SM Higgs boson mass of 114 GeV /c? at a 95% confidence level (C.L.) [8]. Recent
combined data from CDF and DO experiments at the Fermilab Tevatron were sufficient
to exclude the Higgs boson at 170 GeV /c? at the 95% C.L [9]. The Large Hadron Collider
(LHC), scheduled to begin collecting data in 2009 after some initial calibration, is expected

to be able to confirm or reject the existence of the Higgs boson up to TeV scale.
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2.1.3 Challenges to the Standard Model

The SM, based on empirical measurements determined by experiments over the past fifty
years, has been a highly successful framework for predicting the interactions of quarks and
leptons with great accuracy. However, it has a number of weaknesses that led physicists
to search for a more complete theory of subatomic particles and their interactions. The
present model, for examples, cannot explain why there are three generations of quarks
and leptons; it makes no predictions of the masses of the quarks and the leptons nor
of the strengths of the various interactions; it does not attempt to include gravity, the
fourth known fundamental interaction, which is associated with a boson particle named
the graviton; it is not compatible with the observations of neutrino oscillation; it does
not address many questions related to the initial conditions of our presently observed
universe, including why there is a matter-antimatter asymmetry and why the universe is
so isotropic and homogeneous at large distances.

There has been a great deal of both theoretical and experimental research exploring
whether the Standard Model could be extended. This area of research is often described
by the term ’Beyond the Standard Model’. Physicists hope that, by probing the SM in
detail and making highly accurate measurements, they will discover some way in which

the model begins to break down and thereby find a complete theory of everything.

2.2 CP Violation and CKM Matrix

One of the unsolved theoretical questions in physics is why the universe consists almost
entirely of matter, even though equal amounts of matter and antimatter should have been
created during the Big Bang. In the SM, a process of CP violation in the weak processes is

partially responsible for such an imbalance between matter and antimatter in the present
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universe. Of the many ideas offered to explain CP violation, one remarkable proposition is
based on the mixing of the quark generations, known as the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [10, 11]. CP violation in the SM can most easily be explained in terms of

a triangle, with the amount of violation being proportional to the area of the triangle.

2.2.1 CP Violation

CP symmetry is the combined conservation law of two symmetries: charge conjugation
C, which transforms a particle into its antiparticle by changing the sign of the charge,
and parity P, which creates the mirror image of a physical system by inverting the space
coordinate. Thus, for example, a spin-up electron is transformed under CP into a spin-
down positron. If CP symmetry were respected by nature, the laws of physics would be
the same for matter and for antimatter. In this respect, CP violation plays an important
role in explaining the dominance of matter over antimatter in the present universe. In fact,
this symmetry is slightly violated in certain types of weak decays, such as neutral K and
B decays, while the strong, electromagnetic, and gravitational interactions are invariant
under the CP transformation. The first CP violation was observed in the neutral K-meson
system [12]. The same phenomena in the B-meson system was first reported by the ete™
B factories [13, 14|, providing the first test of the SM picture of CP violation.

Within the SM framework, CP symmetry is broken by complex phases in the Yukawa
couplings (the couplings of the Higgs scalar to quarks), known as the CKM mechanism
[11]. In the basis of mass eigenstates, a single CP-violating phase appears in the 3 x 3
unitary matrix, that gives the W boson couplings to an u-type quark (antiquark) and a
d-type antiquark (quark). Various analyses provide a model-independent proof that the
CKM phase is different from zero, and that the matrix of three-generation quark mixing

is the dominant source of CP violation in meson decays.
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Despite the phenomenological success of the CKM mechanism, the SM still fails to
account for the observed matter-antimatter asymmetry in our universe. This discrep-
ancy strongly indicates additional sources of CP violation beyond the single CKM phase
from new physics, such as supersymmetry (extended symmetry between fermions and
bosons) [15] and existence of a fourth generation (extenstion of the fermion sector). If
deviations from the SM predictions are observed, the information from different meson
decays will provide crucial clues for the type of new physics that can account for such
deviations. Large experimental efforts based on current and future particle accelerators
are highly motivated to search for new sources of CP violation from the predictions of the

CKM mechanism.

2.2.2 CKM Matrix

The Cabibbo-Kobayashi-Maskawa (CKM) matrix is a 3 x 3 unitary matrix which contains
information on the strength of flavor-changing weak decays in the SM. It rotates the weak

eigenstates of the quarks (d’, s/, V') into the corresponding mass eigenstates (d, s, b):

d Via Vs Vb d d
S 1=\ Va Vs Va s | =Veru | s
b Vie Vis Vi b b

The elements of the matrix describe the charged-current W* interactions for the quark-
mixings between the physical u-type quarks (u, ¢, t) and d-type quarks (d, s, b).

The CKM matrix is important for the understanding of CP violations in the SM. It is
characterized by three real angles, which are the mixing angles between the generations,
and a complex phase, which is responsible for all CP violations in flavor changing processes

in the SM. For two generations of quarks, there is only one mixing parameter, called the
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Cabibbo angle, with no CP violating phases. The lack of this phase led Kobayashi and
Maskawa to the existence of a third generation of quarks, and so the CKM matrix is the
extension of the GIM mechanism (weak interaction model provided with the existence of

the fourth quark - charm quark) [16]| by including the bottom and top quark.

2.2.2.1 Parameterization

Several parameterizations of the CKM matrix have been proposed in the literature. Of the
many possible pictures, the standard choice uses three mixing angles 6,; (i < j = 1,2,3)

and one CP-violating phase o:

0

C12C13 512C13 S13€
V= —512C23 — C12523512€" C12C23 — S12523513€" 523C13 ) (2-1)
is i5
512523 — C12€23513€ —C12523 — 512€23513€ C23C13

where s;; = sin6,; and ¢;; = cosf;;. The mixing angles are chosen in the first quadrant
to be positive, while 4 may vary in the range 0 < ¢ < 27.

It is phenomenologically known that s13 < s93 < s12 < 1, and the absolute values of
the elements of the CKM matrix show a hierarchical pattern with the diagonal elements
being close to unity and the farthest off-diagonal elements of order 1073. This hierarchy
of the mixing angles is well exhibited in the Wolfenstein parametrization [17]. It is an
approximate parametrization of the CKM matrix in which each element is expanded as a

power series in the small parameter \:

1—)%/2 A AX3(p — in)
V= —A 1— A2/2 AN2 : (2.2)
AN (1 —p—in) —AN? 1
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where the four parameters (A, A, p, n) are defined as

Vus
S12 = )\ = | | s
V |Vud|2 + |Vu8|2
Ve
So3 = AN2 = A V—ub , (2.3)

513 = AN (p +1in) = V.

Here, \ =~ 0.22 plays the role of an expansion parameter and the non-zero imaginary part
of the CKM parameters, which is the origin of CP violation in the SM, is represented by
a non-zero value of 7. This generalization of Wolfenstein parameterization simplifies the

picture of the so-called unitary triangle as discussed in 2.2.2.2 below.

2.2.2.2 Unitary triangle

The unitarity of the CKM matrix, VVT = VIV = I, leads to nine distinct complex rela-
tions among the matrix elements. The six relations from off-diagonal elements, in which
three complex numbers sum to zero, are geometrically represented as unitary triangles in

the complex plane. One of these relations,

VudVegy + VeaVigy + ViaViy, = 0, (2.4)

is most commonly considered. This is because each term of this relation is of the same
order, O(A)N?), and thus forms a triangle whose sides and angles are comparable and more
easily measured.

It is noted that the invariance of the expression (2.4) under any phase transformations
implies that the triangle can be rotated in the p — 7 plane. Since the sides and angles in
this triangle remain unchanged, they are phase convention independent and are physical

observables. Consequently, they can be measured directly in suitable experiments.
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(0,0) (1,0)

Figure 2.3: Rescaled unitary triangle.

The corresponding unitary triangle of Eq. (2.4) is illustrated in Fig. 2.3 in the complex

plane under the following rotation:

i = (p+in)V1 — A2\
P e — A2\ (p 1+ )]

(2.5)

where the p and 7 define the apex of the triangle. In this unitary triangle, the best known

side, V.4V, is rescaled to unit length and the three angles are defined as

Vi VeaV}, VuaVii
a = arg (— “f;lvti ) ., B=arg (— V}ZVCE) .,y =arg (— Vzvu*b) : (2.6)
ud Vb tb ca’ch

The unitary triangles are useful because they provide a simple, graphical picture of the
CKM mechanism. Separate measurements of lengths, through decay and mixing rates,
and angles, through CP asymmetries, should fit together to complete triangles. The areas
of all non-rescaled unitary triangles are equal, half of the Jarlskog invariant, J [18], and
determine the size of CP violation in the SM. The base of this unitary triangle is one unit
long, so physicists need to measure the values of two other lengths or angles to calculate
its area. The more values they measure, the better they can test the consistency of the

model.
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2.3 B! System

The rich phenomenology of weak decays has been a source of information about the nature
of elementary particle interactions. Today, hadrons containing heavy quarks are employed
for tests of the Standard Model and measurements of its parameters. In particular, weak
decays in the B meson system offer the most direct way to determine the phase structure
of the CKM matrix for verification of the current model and to explore the physics of CP
violation in search of clues to new frameworks beyond the SM.

Concerning the latter aspect, CP violation in the BY system is a prime candidate for the
discovery of non-standard physics. First of all, the B? — B? mixing amplitude is highly
suppressed in the SM CKM picture and is caused by loop-induced fourth order weak
interaction processes, and thus an observation of a larger CP violation than expected
by the SM would indicate new physics. Moreover, in the SM the mixing-induced CP
asymmetries in the dominant B decays practically vanish, because they are governed by
the tiny phase 3, = arg(—Vj,V,5/V,V.E) and thus it leads to a ‘squashed’ unitary triangle
(Fig. 2.3). In the BY system, the new physics contribution is a correction to an essentially
zero parameter, while it appears in the BY system as a correction to a larger non-zero SM
prediction, which involves the poorly known phase § = arg(—Vyu V) /Va V). Therefore,
the presence of a sizable CP-violating phase in B? — B? mixing would be a clear signal
of physics beyond the SM. This situation makes the search for CP violation in the B?

decays highly interesting.

2.3.1 B! - BY Mixing

The ability of neutral mesons to change from their particle to their antiparticle states

is a remarkable consequence of basic quantum mechanics and the structure of the weak



2.3. BY SYSTEM 26

S KW'% b ) 4 uct " b
B! uct uct B B W W B
b e wt VE 3 b V: aect VF 3

Figure 2.4: Standard Model box diagrams inducing B? — B mixing

interaction. This oscillation from matter to antimatter can be used to not only measure
fundamental parameters of the Standard Model, but also probe far reaching effects, such
as the matter/antimatter symmetry breaking of the universe.

BY — BY mixing induces oscillations between the two flavor eigenstates |B%) and | BY).
In the SM, this mixing arises from the box diagrams shown in Fig. 2.4. Because of this
phenomenon, an initially produced BY or BY evolves in time into a superposition of B?

and B? by a time dependent Schrédinger equation:

d [ |1B1)) ( .F) |B2(t)) | (2.7)

at \ | pogey) BO(r)

with a mass matrix M = M and a decay matrix I' = I'". Here, |B%()) denotes the state
of a BY meson at time ¢ which was originally produced as a B? and an analogous definition
applies to |B%(¢)). CPT invariance' implies that the diagonal terms of the matrices are
identical, i.e. My = My, and I'y; = I'y, while the off-diagonal elements M5 = M3, and
' = '}, are responsible for BY — BY mixing.

The mass eigenstates at time ¢t = 0, |B) for lighter state and |By) for heavier state,

LCPT is the transformation that involve the inversions of charge(C), parity(P) and time(T) simulta-
neously. All observations indicate that CPT is a fundamental symmetry of nature.
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are linear combinations of the flavor eigenstates:
|Br.u) = p|BY) + q|BY) (2.8)

with [p|* + |g|> = 1. These mass eigenstates evolve in time by the eigenvalues my y —
’iFL7H/2 as
|Bpu(t)) = e mea—iTou/D g, Y (2.9)

Using Eq. (2.9), Eq. (2.8) can also be inverted to express the time evolution of the flavor

eigenstates in terms of these mass eigenstates:

1 —i(mg—i —i(mpg—1i
BE(0) = 5 [ T By e T By

17’ (2.10)
|Bg(t)> _ % [6—z(mL—ZFL/2)|BL> o 6—z(mH—zFH/2)|BH>] ]
Here, we adopt the following definitions for experimentally measurable quantities of the

BY meson system - mass, mass difference, width, and width difference:

My + M

ms = % = My, Amy = My — My, (2.11)
1 T.+470

r,=—-=-% ; T -1, AT, =T, — 'y, (2.12)
Ts

where 7, is the mean lifetime of B? meson. Am is positive by definition and the SM
prediction for AT is also positive.

In writing Eq. (2.8), CPT invariance allows an arbitrary phase shift of the meson
states:

|BY) — ¢€|BY),  |BY) — €| BY), (2.13)

while the off-diagonal elements in the hamiltonian matrix of Eq. (2.7) are not invariant
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under this arbitrary phase transformation:

M12 — ei(g_C)Mlg, Flg — €i(c_C)F12. (214)

Therefore, physical parameters can only depend on |M;s| and |I'15|. Indeed, by solving
the eigenvalues and eigenvectors of M — iI'/2, we can express Am, AT', and ¢/p in terms

of M12 and Flgi

1
(Amy)? — Z(AFS)2 = 4| My)* — |T1a?,

AmSAFS = —4R6(M12F>{2), (215)
q _Ams +iATs/2

p  2Am, —iAly "

The general solution for Egs. (2.15) is not illuminating, but a simple and approximate

solution may be derived when the following are satisfied?:
‘Flg‘ < ‘M12|, and AFS < Ams. (216)

Under these conditions, an expansion of Eq. (2.15) in terms of I'15/Mj5 and AT'y/Amy is

a good approximation, and we easily find

Amg = 2|Mys|, ATy =2|'13|cos¢ps, and 4 _ il [1 — g] ) (2.17)
p

Here, ¢, are the relative phase between M5 and ' and qbé‘/[ is the phase of M;i,:

My B My,

Mz (M2 e Mo = |Molei® . 2.18
Tps Ty e, 12 | 12|€ ( )

2 We first note that IT12| < T's always, because I'15 stems from the decays into final states common to
both BY and BY. The experimental information that I's < Am; allows a model-independent approach
to imply Ams = 2|Mjz| and |AT's| < 2|T'12|, so that Eq. (2.16) holds.
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The phase ¢, in Eq. (2.18) is physical and convention-independent; and if ¢; = 0, CP

violation in mixing vanishes. The parameter,

Iy [T

—= = |——| sin ¢, 2.19
M M ¢ ( )

a=Im

is expected to be small for the BY system, < O(107*). Based on this we expect negligible
CP violation in B? mixing and |¢/p| ~ 1 in the SM, and so for this analysis we set it to

Z€ero.

2.3.2 B? Meson Decays

CP violation phenomenon can be observed in decay studies of B? mesons into those final
states that have a definite CP value. If CP symmetry were broken, the B and B? mesons
would decay with different decay rates to the CP eigenstates. Since heavier particles
decay into matter and antimatter fragments in a greater number of ways than lighter
particles, they increase the odds of finding something unexpected, and thus B? samples
could provide information on such unbalance.

The time-dependent decay rate I['(B%(t) — f) of an initially tagged B? into some final

state f is defined as

D(BYt) — ) = 5 , (2:20)

where Np is the total number of BY mesons produced at time ¢t = 0 and dN(B2(t) — f)
denotes the number of decays of a B? meson tagged as a B? at t = 0 into the final states

f occurring within the time interval between ¢ and ¢ + dt. With an analogous definition
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holding for I'(BY(t) — f), we have
D(BY(t) — f) = Ny [(fIB)|*,  T(BYAL) — f) =Ny [(FIBS)|, (2.21)

where N} is a time-independent normalization factor. To calculate these decay rates, we

introduce two decay amplitudes
Ap=(f|B)),  A;=(fIB)), (2.22)

and define the key quantity for CP violation and other observables in B? — B? mixing as

q Ay
Ap= 22t (2.23)
T p4,

Then, we distinguish three types of CP asymmetries stemming from different CP-violating

effects:

_ 2Re)\f
1+ |>\f|2'

I- ‘)\f‘2 mix __ 2Im>\f

dir __ _
ACP = W, cpP — —W, and AAF = (224)

A non-vanishing A% implies |Af| # |A;|, meaning direct CP violation; AZS measures
mixing-induced CP violation in the interference of B — f and B? — f. The third, Aar,
plays a role when AI', is sizable. The time evolution formulae and the expressions for
the CP violation can be expressed in terms of these three quantities. It is noted that the

asymmetries are not independent, but they obey the relation
|AGE)” + [ABS]” + [Aar” = 1. (2.25)

By solving the Schrodinger equation (2.7) using parameters in Egs. (2.17) and (2.24),
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we fine the decay rates as

DB — ) = My AL

st . ATt
+ AJE cos(Amst) + Aap sinh

X |cosh 5 + ASE si n(Amst)- ,
DB — ) = Nyla AR e
X |cosh AL t — AL cos(Amit) + Aar sinh ALt _ ASE sm(Amst)_
' (226)

2.3.2.1 Untagged B mesons

Although the width difference is negligibly small in the BY system, it can be sizable for B?
mesons. This has the consequence that an untagged BY data sample contains information
on CP violation. Furthermore, the width difference itself is sensitive to the BY — B?
mixing phase ¢, as can be seen from Eq. (2.17).

The width difference AI'y can be measured from the time evolution of an untagged
BY sample. When B? and BY are produced in equal numbers, the untagged decay rate

for the decay B!™ — f follows from Eq. (2.26)

Llf. 8] =T(B.(t) — f) + T(B.(t) — f)

(2.27)
— NAS(1+ [Ag[2)e" [cosh 2

ATt
2

st )
5 + .AAF sinh

A more intuitive expression for the untagged decay rate can be found using Eq. (2.10)

and Eq. (2.21):

L[f, 1] = Ny (e [ Sf1BL)* + e (f|Bu)I?) - (2.28)

This shows that the decay of the untagged sample into some final state f is governed
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by two exponentials. If the mass eigenstates |By) and |Bgy) are CP eigenstates to a
high precision in the SM, Eq. (2.28) proves useful for the description of decays into CP
eigenstates.

Now, from Eq. (2.20), we can relate the overall normalization to the branching ratio

for the decay:

B — )= [ i
" (2.29)

N,
= 7f|Af|2(1 + [ Af?)

AT, AT, 2
1+2—F5AAF+O<<2FS) )

Consistent with Eq. (2.28) we have normalized the event counting to Ng + Nz = 2Np,

1
P

so that B(B? — all) = 1. With Egs. (2.8) and (2.23) we can calculate (f|By, ), and then

we rewrite Eq. (2.28) as

L[f,t] = Nf@ (L4 M%) [(1 = Aar) e "2 + (14 Aar) e "7 (2.30)

Eq. (2.30) is our master equation for the time evolution of the decay of an untagged B?
sample. In principle, if Iy = 1/7; is known, we can measure Al'y and Aar by performing
a two-parameter fit of the decay distribution of any decay with Aar # 1 to Eq. (2.30).
In practice, however, most data come from short times with AI';t < 1, and one is
only sensitive to the product AT'sAar. Eq. (2.30) can be re-expressed in terms of T'y =
(' +T'y)/2 and AT’y =T';, — 'y, and then using Eq. (2.29) we find

A

;SA“ (t - %)] +O ((AL)?) . (2.31)

L[f,t] = 2B(B™ — f)['je 't [1 +



2.3. BY SYSTEM 33

2.3.2.2 Width difference AT'?

The mass matrix M, and the decay matrix I'5 of the Schrodinger equation (2.7) provide
three phase invariant quantities: |Mis|, |T'12| and the relative phase ¢,. In Eq. (2.17) we
have related the two observables ms and Al to |Mis|, |I'12| and ¢,. In particular, a large
width difference would have important implications for several areas of the SM. In the B?

system, Al', is dominated by I'|5 triggered by b — c¢s quark transition decays. Following

the standard convention for the CP transformation, CP|B%) = —|BY), we find the CP
eigenstates
1B = —= (1B)) = |B))) . |B) = —= (I1B)) + |BY) (2.32)
L) 1) Lm0+ 1)
We define
ATP =2 ) [I(BY — fO°) —T(BY — foF7)] . (2.33)
feXee

Here X, represents the final states containing a cc¢ pair, which constitute the dominant
contributions to AT'SY stemming from the decay b — ccs. The factor ‘2’ accounts for the
charge conjugate decays of the system. We decompose any final state into its CP-even

and CP-odd components, |f) = [f°FT) + | f°F~), with each decay rate

|(fOP+|BY)|®

T(BY — fOP%) = NG |(fOP#1BY) [ = B

L(BY — f). (2.34)

Interestingly, it is possible to find a third observable which determines |I'15| and thus

encodes additional information. For this, we start with the definition of I';,,

ru—ZNf (BCIf)(f1BS) = ZNf (BYAIBY + (BANHFIBY] . (2.35)
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Using our convention for the CP transformation
(fO1BY) = F(f*1BY) (2.36)

and our phase convention with arg(V,, V) = 0 which is the phase of b — c¢s decay

amplitude, Eq. (2.35) becomes

T = 30 A [ B - B ]
feXee

(2.37)
= > [T(B) = f) —T(B) — fO)].

fEXcE
An explicit calculation of T'j5 reveals that the overall sign of the left hand side (LHS) of

Eq. (2.37) is positive. Then we combine with Eq. (2.33) to find

ATCP = 2|Ipo| = 2 Z [D(BY — fOP+) —T(B° — f*-)]. (2.38)

fEXcE
Loosely speaking, AT'S" is measured by counting the CP-even and CP-odd double charm
final states in B? decays. Table 2.3 summarizes such CP specific BY decay modes. Our

formulae become more transparent if we use the CP eigenstates defined by Eq. (2.32).

With |BY) = (|B&") +|B244)) /v/2 we easily find
AT(Y = 2[Ti| = T(B) — T(B), (2.39)

where the right hand side (RHS) refers to the total widths of the CP-even and CP-odd
eigenstates. The omission of contributions from CKM-suppressed decays triggered by

b — wuus to 'y induces a theoretical uncertainty of order 2|V,,Viys/VipVes| ~ 3 — 5% on

Eq. (2.39) [19].
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Quark transitions ‘ Final states ‘ Remarks
b — cud DKy [~ ¢Kg, p°Ks, KK or n7m]
b — ccs Yo angular analysis required
YK K™ angular analysis required
Voo
)
D DY DF D7 is CP-even
D+ D= or DO PO non-spectator decays
U fo CP-odd
Xc0® CP-odd
b — ccd L/JKS
YKgm’

Table 2.3: Interesting CP-specific final states of CKM-favored B decays. Here, 1) repre-
sents either J/v or 1(25).

Today I'y5 is known to the next-to-leading-order (NLO) in both Agep/my [20] and the
QCD coupling a, [21, 22]. The theoretical prediction for ATSY has been updated [23]
introducing a new operator basis, which reduces the troublesome sizes of the 1/m; and

a, corrections and it reads

2
ATP = (24{#1\4\/) [(0.10540.016) B+ (0.02440.004) B —0.02740.015] ps 1, (2.40)
(§

where fp, is the BY decay constant and B and B are bag parameters in the NDR (naive
dimensional regularization) scheme. The dimensionless fractional width difference can be

obtained by multiplying the mean life time of the system:

AFCP
Ly

= AT - 75, = 0.127 £ 0.024. (2.41)
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2.3.3 New Physics in the B! System

In the Standard Model, the CP violating phase of the B system (Eq. (2.18))

¢s = oM — arg(—T',) (2.42)

is (of order 1%) tiny. It is because the phase arg(V,,V.)? of the decay matrix element Iy,
dominated by the decay b — ccs, is close to the mass matrix phase arg(V;,V;:)?, and the
small correction to arg(—T'12) involving V,,;, V.7, is further suppressed by a factor of m?/m?.

Since I'15 is dominated by CKM-favored tree-level decays, it is practically insensitive

to new physics. In our phase convention arg(—I'12) = arg(V, V) = 0, we simply have

¢s = 0. (2.43)

On the other hand, My is almost completely induced by the short-distance physics.
Within the SM the top quarks in Fig. 2.4 give the dominant contribution to BY — BY
mixing. This contribution is suppressed by four powers of the weak coupling constant
and two powers of |V;s| ~ 0.04. Hence new physics can easily compete with the SM and
possibly even dominate Mi,. If the non-standard contributions to M, are unrelated to
the CKM mechanism of the three-generation model, they will affect the mixing phase
#M. In this phase convention, the mass eigenstates can be expressed in terms of the CP

eigenstates as

1 + ¢i®s 1 — ei®s

B, = even\ Bodd

B,) 1 P 1+2¢\ o), o
— s eis

[Bu) = ——5—|B2™) + ——|B:™).

With the negligible CP violation in the SM (¢, = 0), the mass eigenstates in Eq. (2.8)
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are equivalent to the CP eigenstates defined in Eq. (2.32): Br g = B4 and further
ATSM = ATSP. Any b — cCs decay into a CP-even final state like Df D stems solely
from the | B) component in the untagged B? sample. A lifetime fit to this decay therefore
determines I';,. Conversely, the b — cés decay into a CP-odd state determines I'y. In

addition, from Eq. (2.42) the phases ¢ and ¢! (I'1y = |T'jo]e’®*) satisfy

M -l =71+ 0 (%z) , (2.45)

b

implying that the mass eigenstates have mass and width differences of opposite signs.
This means that the heavy state is expected to have a smaller decay width than that
of the light state: I'y < I',. Hence, Al'y = ', — 'y is expected to be positive in the
Standard Model.

In the presence of new physics, however, the CP-violating phase ¢, in Eq. (2.43) can
be large and reduces AI'y by a factor of cos ¢, from Egs. (2.17) and (2.39):

AT, = AT cos ¢, (2.46)

Since AT is unaffected by new physics and has a positive value, several facts can
be extracted from Eq. (2.46) beyond the SM: (i) there are more CP-even than CP-odd
states in BY decays; (ii) The shorter-lived mass eigenstate is always the one with the larger
CP-even component; (iii) For a positive cos ¢5, By, has a shorter lifetime than By, while

the situation is inverted for a negative cos ¢s.
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2.4 Branching Ratios and AI'SY

Information on Al' can be obtained by studying the proper time distribution of untagged
data samples enriched in BY mesons. An alternative approach, which is directly sensitive
to first order in AT,/T,, is to determine the lifetime of B? candidates decaying to CP
eigenstates. Measurements exist for BY decays into final states corresponding to b — ccs
quark-level transition such as J/1¢ and Dg*)Dg*), where the former is a CP admixture
requiring an angular analysis, while the latter is mostly CP-even [24, 25, 19].

It is attractive that a measurement of AT'SY can be made using information from
branching ratios without performing lifetime fits. The contributions of the CP-odd and

CP-even eigenstates to BM™ — f are given, similarly to Eq. (2.21), by
D(BY — f) = NG [(FIBS P T(By — f) = Ny |[(fIB)]*. (2.47)
For the purpose of the forthcoming calculation, it is useful to define the CP-odd fraction

x¢ of the decay as

DB = f) _ BSP  WABR P ay (2.45)
D(By=— )~ [(f1Be=)F ~ (B ~ 12

Now, from Eq. (2.28) we know the time evolution of the CP-averaged untagged decay

B™ — f/f is governed by a two-exponential formula:

L[f, 1] +T1f, 4]

5 = A(f)e " + B(f)e™ ", (2.49)
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with the coefficients of

A =2+ X
I N (2.50)
B(f) = ZHUBm) P+ ZH 1B

Using Eq. (2.44) and Eq. (2.47), Eq. (2.50) are converted into an expression based on

CP-specific decay rates:

A(f) = TS e ) ¢ L g )
1 —coSd_. oen 14+cos¢ . 44 (2:51)
B(f) = TF(BS — f)+TP(Bs — f).
With Eq. (2.48) then we arrive at
A(f) _ (L+cosT(B — f) + (1 — cos )T (B — f)
B(f) (1 =cosg)T(B — f) + (1 + cos §)[(Bg™ — f) (2.52)

1+ (1—2x5)cos¢

1—(1—2xf)cos¢

In Egs. (2.51) and (2.52), it is crucial that we average the decay rates for B'™ — f and the

CP-conjugate process B™ — f. This eliminates the interference term (B"|f)(f|B°4d),
so that A(f)/B(f) only depends on z;.

In order to solve for ['(B&*® — f) and I'(B% — f) we also need the branching ratio

B(B™ — f)+ B(B™ — f). Recalling Eq. (2.29) we combine Eq. (2.49) and Eq. (2.51)

to obtain

B(B" — )+ B(B" — [)

1+cos¢ 1—cosop

n 1—cos¢ 14coso
2Ty, 2y

ST T
(2.53)

= T(B®™ — f) +0(BY — f)
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From Eq. (2.39) and Eq. (2.48) we now find the relation between the branching ratio and

the width difference for the CP-specific final state f:

2B(B™ — f) = ATSY

1 (.
T T OS¢ oy — cos qu] (254

2I'y, 2y

It is noted that AI'G" is linearly dependent on B(B{* — f). By taking the summation
over all final states containing a c¢ pair, we arrive at the desired quantity for AI'CF in the

BY system:

1 1 -1
+ cos ¢ —— — COS @
TR ] (2.55)

ATCP — 2B(B™ S
feXcE
The irreducible theoretical uncertainty of this approach stems from the omission of CKM-
suppressed decays through the b — wuus transition which is of order 2|V, Vis/VepVes| ~
3 —5%.
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CHAPTER 3

EXPERIMENTAL APPARATUS

3.1 Fermilab

Fermi National Accelerator Laboratory (Fermilab) [26], located in Batavia near Chicago,
Illinois, is a U.S. national particle-accelerator laboratory and center for high-energy par-
ticle physics research. The laboratory was founded in 1967 in response to a 1963 recom-
mendation by the Atomic Energy Commission to build a national facility to conduct basic
research at the frontier of high energy physics and related disciplines. The facility attracts
scientists from almost every U.S. state and from 45 countries worldwide for collaborative
research into the fundamental nature of matter and energy.

The major component of Fermilab is a large particle accelerator called a proton syn-
chrotron, configured in the form of a ring with a circumference of 6.3 km (3.9 miles).
The first synchrotron, which began operation in 1972, was able to accelerate protons to
400 gigaelectron volts (GeV; billion electron volts). In the 1980s, the second accelerator,
the Tevatron, was constructed below the original synchrotron ring in the same tunnel.
Incorporated with more powerful superconducting magnets, it can accelerate particles up
to 1 trillion electron volts (TeV).

Fermilab is host to a number of experiments. The list of experiments includes two

large proton-antiproton collider experiments - D0 [27] and CDF (Collider Detector at Fer-
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milab) [28]; several neutrino experiments - MiniBooNE (Mini Booster Neutrino Experi-
ment) [29], MINOS (Main Injector Neutrino Oscillation Search) [30], MINERrVA (Main
INjector ExpeRiment for v—A) [31], and SciBooNE (SciBar Booster Neutrino Experi-
ment) [32]; and some non-accelerator based astrophysics experiments - CDMS (Cryogenic
Dark Matter Search) 33|, Dark Energy Survey [34], Pierre Auger Observatory [35].
Many major scientific accomplishments in the history of particle physics have been
made at Fermilab. Two components of the SM elementary particles were discovered: the
bottom quark (1977) by the Leon Lederman group |36, 37| and the top quark (1995) by
the DO and CDF collaborations [38, 39]. They filled the third set of quark pairs. In 2000,
Fermilab experimenters announced the first direct evidence for the tau neutrino [40], the
third kind of neutral lepton predicted in the SM. By discovering these major ingredients
missing in the SM framework, Fermilab scientists completed another chapter in the history

of particle physics.

3.2 Tevatron

The Tevatron is a synchrotron that accelerates and collides protons and antiprotons in a
~ 4 mile long underground ring. This synchrotron makes use of superconducting magnets
to circulate the bunches of particles and make use of electric fields to accelerate particles
to energies of up to 1 TeV, hence the name. Housed at Fermilab, the Tevatron is the
highest-energy particle accelerator in the world until collisions begin at the Large Hadron
Collider (LHC).

In 1987, the Tevatron began operation as a proton-antiproton collider with 900 GeV
protons striking 900 GeV antiprotons to produce center of mass energies of 1.8 TeV.
The original main ring was replaced in 1999 by a new preaccelerator, named the Main

Injector, which delivers more intense beams to the Tevatron and thus increases the number
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Figure 3.1: Schematic view of the accelerator complex at Fermilab.

of particle collisions by a factor of 10. This allowed particle energies in the Tevatron to
be upgraded to 980 GeV, providing a total collision energy of 1.96 TeV which has been
the standard collision energy up until the present.

Particle production and acceleration is achieved by a series of accelerators shown in
Fig. 3.1. The first stage takes place in the Cockcroft- Walton preaccelerator, which ionizes
hydrogen gas to create H™ ions and accelerate them by a positive voltage to reach an
energy of 750 keV. The ions pass into the 150 meter long linear accelerator (Linac) where
they are accelerated to 400 MeV (megaelectron volts) and then pass through a carbon foil
to remove the electrons becoming H" ions (protons) before moving into the next stage,
Booster. The Booster is a proton synchrotron which raises the proton’s energy up to 8
GeV. From the Booster the particles pass into the Main Injector. Completed in 1999, the

Main Injector has become Fermilab’s ‘particle switchyard’ by performing several tasks: it
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accelerates protons up to 150 GeV; it produces 120 GeV protons for antiproton creation;
it increases antiproton energy to 150 GeV; and it injects protons or antiprotons into the
Tevatron. To produce antiprotons, the 120 GeV protons are delivered to the Antiproton
Source and collide with a nickel target to produce a wide range of secondary particles.
The antiprotons are captured off the target using a Lithium lens and bending magnets by
the Debuncher. They are collected and focused by a process known as Stochastic cooling
before being stored in the Accumulator ring. When a sufficient number of antiprotons are
stacked, they are sent back into the Main Injector.

As the last acceleration stage, the Tevatron receives the protons and antiprotons,
separately, from the Main Injector and accelerates them up to 980 GeV. The protons and
antiprotons circle the Tevatron in opposite directions, traveling at almost the speed of
light. Physicists co-ordinate the beams so that they collide at the centers of two 5,000-ton
detectors, DO and CDF, inside the Tevatron tunnel at energies of 1.96 TeV, reproducing
the conditions of matter in the early universe and its structure at the smallest scale.

A crucial part in increasing the luminosity of the Tevatron Collider is a permanent
magnet ring, the Recycler, installed in the same tunnel as the Main Injector. The Recycler
functions as a post-Accumulator that allows the Accumulator to operate in its optimum
antiproton intensity regime. It also acts as a antiproton storage ring until the antiproton

bunches are transported to the Tevatron.

3.3 DO Detector

The DO experiment, proposed in 1983 to study proton-antiproton collisions at the Fermi-
lab, is located at one of the interaction regions on the Tevatron synchrotron ring, labeled
‘D0’. The focus of the experiment is the study of high mass states and large pr phenom-

ena. Major studies by D0 include the discovery of the top quark, a precise measurement
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Figure 3.2: Diagram of the D0 detector showing the subdetector components - central
tracker, calorimeter and muon system.
of the W boson mass, important tests of QCD in high pr jets production and b quark pro-
duction, and improved limits on the production of new phenomena such as leptoquarks,
CP violation parameter and discovery of baryon states. These have been accomplished
by constructing a large volume elementary particle detector and its subsequent upgrade.
The DO is a general purpose detector [41] composed of multi-layers of dedicated sub-
systems as shown in Fig. 3.2. It is designed such that the intersection region where
proton-antiproton annihilation takes place is geometrically centered on the detector. Af-

ter the successful operation of the first period of the experiment between 1992 and 1996,

named Run I, the detector was significantly upgraded to accommodate the high luminosi-
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ties during the Run II period starting in 2001. The beam collision volume is surrounded
by the central tracking system embedded in a strong solenoidal magnetic field parallel to
the direction of the beam(s). Outside the tracking chamber are the preshower detectors
and the calorimeter. The muon chambers form the last layer in the detector. The whole
detector is encased in concrete blocks which act as radiation shields.

In the detector description and data analysis, we use the cylindrical coordinate system
(r, ¢, z) with the z-axis along the proton beam direction. Another spatial coordinate,

pseudorapidity, 7, is commonly defined to describe the angle of a particle relative to the

- sl ()]

where 6 is the polar angle of the particle momentum p’ from the positive z-axis. In the

beam axis as:

limit where the particle is traveling close to the speed of light, or in the approximation
that the mass of the particle is negligibly small, it is numerically close to the rapidity, v,

defined in special relativity as

11 E+p,
=—In
y=5m\z—,. )

where FE is the particle energy and p, is the z-component of the particle momentum. This
coordinate is chosen in collider physics because, loosely speaking, particle production is
constant as a function of rapidity (or pseudorapidity). We use the term ‘forward’ to

describe the regions at large 7.

3.3.1 Central Tracking System

The central tracking system consists of the inner silicon microstrip tracker (SMT) and the

central fiber tracker (CFT) surrounded by a solenoidal magnet. A schematic view of the
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Figure 3.3: Cross-sectional view of the central tracking system in the x — z plane.

system is shown in Fig. 3.3. With high resolution of about 35 ym along the beamline, the
two types of tracking systems play a essential role in performing several goals: momentum
measurement of charged particles with the 2 T solenoidal magnetic field; secondary ver-
tex reconstruction for top, Higgs, and b-physics; improvement in jet/missing transverse
energy measurement; and electron identification and electromagnetic calorimeter calibra-
tion. They also provide tracking information to the trigger systems (Section 3.3.6), fast
detector response capable of operating with a bunch crossing time of 396 ns, and radiation

hardness.
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Figure 3.4: Isometric view of the SMT.

3.3.1.1 Silicon microstrip tracker

The SMT, located closest to the beam pipe, records the trajectories of charged particles
and provides information to identify displaced vertices from b-quarks (like the ones pro-
duced from the decay of a top quark or a Higgs particle). The original SMT system was
comprised of six barrels interspersed with twelve F-disks in the central region and four
H-disks extended out to the forward regions as in Fig. 3.4. This detector design provided
three dimensional readout over a pseudorapidity coverage up to |n| = 3. In 2006, a new
inner barrel layer (Layer-0) was installed inside the existing SMT system closest to the
beam pipe (Timer = 1.6 cm) to enhance the track and vertex resolutions. The two outer
H-disks were removed to allow their readout system to be used for the Layer-0 detector.

The longitudinal length of the interaction region (~ 25 cm) determined the size of
the SMT. Each barrel is 12 cm long and contains four silicon readout layers. The second
and fourth layers use double-sided sensors with the n-side strips at 2° stereo angle with
respect to the p-side strips. For the first and third layers, the outer barrels use single-sided
sensors with axial strips, while the inner four barrels use double-sided double-metal 90°
stereo devices.

Disk sensors are trapezoids with readout strips arranged parallel to the long edge of
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Figure 3.5: Cross-sectional view of the Layer-0 detector.

the devices. This arrangement provides an effective 30° stereo angle for the F-disks, each
having 12 double-sided wedges, and 15° for H-disks, each consisting of 24 pairs of single-
sided half-wedges mounted back-to-back. The typical strip pitch of the p-side (n-side)
sensors is 50 pm (62.5 ym). The combination of small and large stereo angles provides
good pattern recognition and allows good separation of primary vertices in multiple in-
teraction events. The barrels primarily measure the r — ¢ coordinate, while the disks
measure r — z as well as r — ¢.

The Layer-0 was designed to mitigate tracking losses due to radiation damage in a
higher luminosity environment as well as to achieve better b-tagging efficiency by im-
proving the impact parameter resolution. The Layer-0 consists of eight barrels mounted
on hexagonal carbon fiber support structure, each side containing a single-sided silicon
sensor. A cross-sectional view of the detector is shown in Fig. 3.5.

Electronic readout is performed by custom-made 128-channel SVX II readout chips, ex-
cept the Layer-0 detector for which two SVX IV chips are used to read out 256-microstrip
sensors. The readout chips are mounted on Kapton flex circuits, called High Density In-
terconnectors (HDIs), which allow the chips to be located further from the high radiation

area surrounding the interaction point.
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3.3.1.2 Central fiber tracker

The outer tracking, CF'T, in the central region is based on scintillating fiber technology
along with visible light photon counter (VLPC) readout. The CFT consists of eight
cylinders of two scintillating fiber layers mounted on carbon fiber concentric supports,
occupying the radial space of 20 < r < 52 ¢m and the longitudinal space of up to £1.25
m. Each cylinder contains an axial doublet layer of fibers oriented along the beam line
(z) and a stereo doublet layer at an angle of +3° (u) or —3° (v). Doublets consist of two
layers of 835 um diameter fibers with 870 um spacing, offset by half the fiber spacing
from each other. This configuration provides very good efficiency (~ 99.9%) and pattern
recognition and results in a position resolution of about 100 ym in r — ¢.

Photons of light produced by the passage of a charged particle through the scintillating
fibers are transmitted via 8~12 m long clear fiber waveguides to the VLPCs for readout,
which are located in a liquid Helium cryostat below the central calorimeter. VLPCs
are impurity band conduction devices derived from solid state photomultipliers operating
nominally at 9 K. The photodetectors are capable of detecting single photons with high
efficiency (~ 80%) and high gain (~ 40,000) at high rates (at least 10 MHz) with low
noise occupancy.

The CFT has a total of about 77,000 readout channels. This central detector is capable
of track reconstruction and momentum measurement within |n| < 2 with good resolution
and granularity. Based on the information from CFT track candidates, signals from the

axial doublet layers form a fast Level 1 hardware trigger.

3.3.2 Solenoidal Magnet

The superconducting solenoidal magnet, 1.42 m in diameter and 2.73 m in length, installed

inside the central calorimeter cavity, provides a 2 T uniform magnetic field. This strong
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field allows for the momentum measurement of charged particles; enables the measure-
ment of the energy to momentum ratio (£/p) for electron identification and calorimeter
calibration; and enhances the capabilities for tau lepton identification and hadron spec-
troscopy.

The solenoid consists of two layers of superconductor windings which are made of
superconducting cables of multifilamentary Cu/NbTi strands stabilized with pure alu-
minum. To maximize the field uniformity, larger current density is introduced at the ends
of the coil by employing a narrower conductor at both ends. The radial thickness of the

magnet system is approximately one radiation length.

3.3.3 Calorimetry

Outside the solenoidal magnet are high density sampling detectors designed to provide
energy measurements of particles, assist in identification of objects, and measure the
transverse energy balance in events. The D0 calorimeter system consists of three sampling
calorimeters (primarily uranium /liquid-argon) and an intercryostat detector. The central
calorimeter (CC) covers || < 1 and the two end calorimeters (EC), ECN (north) and
ECS (south), extend coverage to |n| ~ 4. Two intercryostat detectors (ICD) cover the
gap in the coverage between the CC and the EC region. The overall calorimeter system
is illustrated in Fig. 3.6.

Each calorimeter contains an electromagnetic section closest to the interaction region
followed by fine and coarse hadronic sections. A calorimeter cell consist typically of a
uranium metal absorber and a signal board, bathed in liquefied argon. The use of Uranium
was driven by the design for as compact a calorimeter as possible which required as high
a density as possible. Charged particles interact electromagnetically and lose energy in

the Uranium creating secondary particles, and the argon detects the secondary charged
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Figure 3.6: Isometric view of the DO calorimetry. The ICD can be seen between the
central and the end calorimeters.

particles and produces an electrical signal in the readout system. Each of the three
calorimeters is contained in its own cryostat that maintains the detector temperature
at approximately 90 K. Calorimeter readout cells form so-called towers, groups of cells
aligned in the same pseudorapidity range, with each tower subdivided in depth (Fig. 3.7).

Individual readout of the approximately 55,000 channels is accomplished in a series of
stages: signals from the detector are transported to charge preamplifiers via low impedance
coaxial cables; then to baseline subtractor (BLS) boards on twisted-pair cables; and then
to analog to digital converters (ADCs). These signals then enter the data acquisition
(DAQ) for the Level 3 trigger decision. The calorimeter Level 1 and Level 2 triggers are
formed based on the energy measured in trigger towers.

Since the calorimeter system is contained in three separate cryostats, it results in
incomplete coverage in the region 0.8 < |n| < 1.4, as can be seen in Fig. 3.7. Additional

layers of scintillator (ICD) have been attached to the exterior surfaces of the end cryostats,
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Figure 3.7: Schematic view of a quarter section of the calorimetry.

covering the region 1.1 < || < 1.4 to sample the number of charged particles. The ICD
consists of 16 pieces of scintillating tiles each of which is divided into twelve trapezoidal
subtiles. Each subtile is read out via two wavelength-shifting (WLS) fibers mated to clear
optical fibers which terminate at a photomultiplier tube (PMT). The ICD electronics and

PMTs are located in a low-magnetic-field away from the ICD.

3.3.4 Preshower Detectors

Attached to the inner surfaces of the calorimeters cryostats, the preshower detectors aid
in the electron trigger and identification. Functioning as trackers as well as calorimeters,
the preshower detectors enhance the spatial matching between central system tracks and
calorimetry showers. They can also be used offline to correct the electromagnetic energy

measurement for losses in upstream material, such as the solenoid.
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Figure 3.8: Cross section and layout geometry of the CPS and FPS scintillator strips.

Both central preshower (CPS) and forward preshower (FPS) detectors are made of
layers of triangular strips of scintillator, as shown in Fig. 3.8. They are designed for
no dead space between strips, which allows for strip-by-strip interpolations and better
position measurement. For each strip, light is collected and guided by a WLS fiber
that is embedded at the center of the strip, and transmitted via the clear fiber to the
VLPC cassette for readout. The CPS, covering the region || < 1.3, consists of three
concentric cylindrical layers (axial and +24° stereo), while the FPS has two double layers
of scintillator strips (422.5° stereo) separated by lead absorber and covers the region
1.5 < |n] < 2.5.

The preshower detectors share common elements with the CFT, beginning with the
waveguides and continuing through the entire readout electronics system. The unique
element to the preshower detectors are the connection between the WLS fibers and the
waveguides. Their fast energy and position measurements provide information to the

Level 1 trigger.
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Figure 3.9: Schematic view of the muon system.

3.3.5 Muon Detector

The outermost layer of the DO detector detects muons. Unlike most common particles,
muons are long-lived unstable particles and not absorbed in the calorimeter, hence the
muon detectors are usually located outside the other detector components. The DO muon
detector consists of toroidal magnets, central and forward muon systems as shown in
Fig. 3.9.

The toroidal magnets not only improve muon momentum measurements and track
matches to the central tracker but also provide a low pr cutoff and 7/K decay rejection.
The central toroid, consisting of the center bottom section and two C-shaped sections, and
two end toroids form the muon magnets. To reduce the systematic effect from the detector
asymmetry, the polarity of the magnets during data collection is regularly reversed on a

weekly basis.
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The central muon system consists of drift chambers for muon track reconstruction,
and A¢ and cosmic scintillation counters for muon event triggering. Three layers of drift
chambers are installed one inside (A layer) and two outside (B and C layers) of the
toroid providing coverage for || < 1. Each chamber contains either three (layers B and
C) or four (layer A) planes of rectangular extruded aluminum tube, proportional drift
tube (PDT). A PDT has 24 cells with an anode wire at the center of each cell, providing
information on the hit position with a resolution of about 1 mm. A¢ scintillation counters,
attached to the inner layer of the PDTs, provide a fast detector (o ~ 2 ns) for identifying
in-time muons and rejection of out-of-time backscatter from the forward direction. They
match the counter hits with tracks in the CFT for the purpose of Level 1 muon triggers.
On the outer layer of the central muon PDTs the cosmic cap and bottom counters are
installed. These scintillation counters discriminate the cosmic ray background from muons
associated with bunch crossing by providing a fast timing signal.

The forward muon system consists of three layers of mini drift tube (MDT) chambers
and three layers of scintillation counters, covering 1 < |n| < 2. MDTs are chosen due to
their short electron drift time (< 132 ns), good coordinate resolution (< 1 mm), radiation
hardness, high segmentation, and low occupancy. A layer of the chamber, divided into
eight octants, consists of three (two outer layers) or four (inner layer) planes of tubes.
MDTs, made of eight cells with anode wire in the center, are operated in proportional
mode using a fast gas (90% CF, - 10% CH,) and have a typical maximum drift time of 50
ns. The muon trigger scintillation counters trigger on muon events and are also arranged
in three layers. Each layer is divided into octants containing about 96 trapezoidal-shaped
counters and the 4.5° ¢ segmentation is matched to the CFT trigger sectors. Light is
collected by WLS bars attached two side of the plate and transmitted to a 1” phototube

which sends it to a scintillator front-end (SFE) card for amplification and discrimination.
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Non-muon backgrounds in the muon detectors are reduced by shielding installed
around the beampipe in the forward regions (see Fig. 3.2). These backgrounds are pro-
duced by scattered p and p fragments interacting with the calorimeter and with low-beta
quadrupole magnets, and by beam halo interactions. The shielding consists of layers of ab-
sorbers: iron (hadron and electromagnetic absorbers); polyethylene (neutrons absorbers);

and lead (gamma absorbers)

3.3.6 Triggering and Data Acquisition

Most of the pp interactions at the Tevatron occurring at a rate of about 2 MHz are
soft, collisions and are of minor interest only. A sophisticated trigger and DAQ system
has been designed to accommodate the high luminosity and by selecting the interesting
physics events to reduce the data flow rate to 50 Hz to be recorded. Three distinct levels
comprise the D0 trigger system with each succeeding level examining fewer events but in
greater detail and with more complexity. The DAQ is responsible for the data flow of the
fully digitized events into the online host. Overall coordination and control of triggering
and data acquisition is handled by the COOR program running on the online host system.

An schematic overview of the DO trigger and DAQ system is shown in Fig. 3.10.

3.3.6.1 Level 1 trigger

The first stage (Level 1 or L1) is implemented in specialized custom made hardware.
The L1 trigger utilizes information from individual subdetectors, except for the SMT, to
examine every event for interesting features. It has a pipeline, which allows it to make
a decision within 4.2 pus, and needs to reduce the trigger accept rate to about 2 kHz.
The L1 trigger uses the following detector subsystems to provide a trigger decision: The

calorimeter trigger (L1Cal) looks for energy deposition patterns exceeding programmed
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Figure 3.10: Overview of the D0 trigger and data acquisition systems.

limits on transverse energy deposits; the central track trigger (L1CTT) and the muon
system trigger (L1Muon) compare tracks, separately and together, to see if they exceed
preset thresholds in transverse momentum. All event data awaiting L1 trigger decisions
are pipelined and thus make minimal contributions to the deadtime. The trigger frame-
work (TFW) gathers digital signal from each L1 trigger device and determine whether a

particular event is to be accepted for further examination by the level 2.

3.3.6.2 Level 2 trigger

The second stage (Level 2 or L2) consists of embedded preprocessors associated with
specific subdetectors and a global stage software (L2Global). L2 preprocessors, working
in parallel, defines physics objects based on data from both front-end electronics and the
L1 trigger system. The L2Global processor is responsible for making the trigger decision
by examining individual objects as well as event-wide correlations in these L2 physics
objects across detectors. The L2 system reduces the trigger rate by factor of 2 with a
maximum accept rate of approximately 1 kHz, a deadtime of 5 %, and a latency of 100

us. Fig. 3.11 shows the design of the DO Level 1 and Level 2 trigger system.
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Figure 3.11: Block diagram of the D0 Level 1 and Level 2 trigger systems. The arrows
show the flow of trigger-related data.

3.3.6.3 Level 3 trigger

Events that satisfy the successive L1 and L2 triggers are routed to a entirely software-based
trigger system running on a dedicated computer farm. The Level 3 (L3) performs a limited
events reconstruction using a simple and fully programmable software algorithm. This
provides additional filtering of events to enrich the physics samples and to reduce the input
rate to an acceptable level (~ 50 Hz) to be recorded on tape for offline analyses. Object-
specific software tools, called filter tools, build high level physics object candidates as well
as the relationships between objects, which the final trigger decision uses. Individual calls
to the tools are made by filter scripts that contains a list of the specific selection criteria
employed by the tools or imposed on their results. The list of filters and their criteria
is known as the trigger list. An event passes the trigger when satisfying all filters in a

script, and is sent to the host cluster for final storage and further analysis.
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3.3.6.4 Data acquisition

The data acquisition system of the DO experiment consists of the L3DAQ and the online
host system. The L3DAQ transports detector component data from the VME readout
crates to the nodes of the L3 trigger filtering farm. The online host system receives event
data from the L3 farm nodes for distribution to logging and monitoring tasks. The final

repository for the raw event data is tape, maintained in a robotic tape system.
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CHAPTER 4

BY — DYDY Drcay

41 B°— DYDY and ALCP

For the measurement of AT there are several theoretical assumptions that makes the
approach introduced in Section 2.4 experimentally feasible. First of all, in the Shifman-
Voloshin (SV) limit where m;, — 2m, — 0 [42|, multi-body decays are forbidden due to
the lack of phase space in the final states. In this limit, only two-body decays such as
DI D; and J/v¢¢ are allowed. There are two types of two-body decays, so-called class I
and class II, corresponding to the topologies in Fig. 4.1. They are affected by effective

color factors respectively as,

:%[ (HN%)“— <1‘NL)} (41)
ot ()]

where N, is the number of color charges (V. = 3 in the SM) and cy are short-distance
QCD factors. It can be seen that the effective color factor will strongly suppress the

class IT decays when N, — oo. Thus, in these limits, CP eigenstates in the B? system

are saturated by the single inclusive double charm decay B® — D{”D{” ie. ATCP =

r'(Be — DYDY — 1B — DD, Here, DI denotes either D, or D?, since

S

they are not distinguishable in this experiment due to the inability of detecting the ~ or 7°
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Figure 4.1: Topologies of two-body decays of B? mesons. The left corresponds to color-
allowed (class I) and the right to color-suppressed (class IT) spectator diagrams.

from the D — D,v/7° decay. Ignoring contributions from other B? decays in Eq. (2.55),

we obtain

1 1
T—z; T COS 0] =3z, — €08 0]

2I'g 2y

2B(B? — DY DM ~ ATCF (4.2)
According to the QCD calculation, the other decay modes are estimated to contribute
less than 0.01 to the projected ~ 0.15 value of AI'y/T's [24].

Second, in the heavy quark (HQ) hypothesis where m, — 0o, Dy and D7 are degenerate
and the decay amplitude of B — D D* vanishes. Moreover, in B™ — D?D? the final
state is in an S-wave. Hence in this limit the final state in B™ — D{”D{” becomes

CP-even, i.e. zy = 0. Then Eq. (4.2) becomes

14+cos¢p 1—coso

2B(B° — D®D®Y) ~ ADCP
( S - S S ) S QFL _l_ 2FH

(4.3)

The terms in square brackets account for the fact that in general the CP-even eigenstate
|BSVe") is a superposition of |Br) and |By). Finally, we verify from Eq. (4.3) that the
measurement of B(B° — D" D{") determines AIP. The theoretical uncertainty for this
assumption is of ~ 5% [43].

Furthermore, within the SM framework (¢, = 0), the mass eigenstates coincide with
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the CP eigenstates and the expression used in the previous studies [44, 45] is recovered;

AT,  2B(B° — D% D)

s 1-B(B? — Dg*)Dg*)).

s

(4.4)

For this, we use the relations of Egs. (2.12) and (2.46).

This method has been exploited by the ALEPH collaboration [44] at the CERN LEP
Collider using ¢¢ correlations to obtain a value of B(B® — D{" D{") = 0.077+0.034+0:038.
A recent study performed by the D0 experiment [45] at Fermilab, using D, D, correlations,
further constrained this value to B(B, — D'’ D{) = 0.0397901910016  The average of
these measurements is B(B? — Dg*)Dg*)) = 0.046 + 0.022. Assuming pure CP-even final
states within the SM framework, Eq. (4.4) yields the current world average value of the
fractional width difference as AT'SY /Ty = 0.096 +0.048 [43]. On the other hand, this ratio
is predicted by theory [23] to be AT'SY /"y = 0.127 4 0.024.

4.2 Overall Analysis Procedure

This analysis considers the BY decay into two DY mesons!. No attempt is made to
identify the photon or 7° emanating from the D? decay. We search for one hadronic D,
decay to ¢ and one semileptonic D, decay to ¢ur, where both ¢ mesons decay to KK ™.
We designate the first ¢ as ¢, while the second as ¢o The origin (correlation) of two Dj
mesons is then determined to extract the BY decay signal.

The branching fraction is measured by normalizing the B? — DYDY decay to the
B° — Dy decay. We consider the B — D' v decay as the normalization sample
for several reasons. The normalization sample has similar decay products and particle

reconstruction, provides a high statistical sample, and is a well modeled decay channel in

Um(BY) = 5366.3 + 0.6 MeV /c2, m(DF) = 1968.54 0.3 MeV/c?, and m(D}*) = 2112.3+0.5 MeV /c?
from the PDG [5].
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the DO experiment. The equation can be written as

N(B° — D" D)
N(By — D pw)
_ 2.B(B, — DY) D{)B(D, — ¢uv)B(p — KK) e(B, — D' DY)
B(Bs — Dg*),uu) e(Bs — Dg*),uu)

, (4.9)

where N is the number of events in each data sample which is obtained from a fitting
procedure, and ¢ is the reconstruction efficiency which can be estimated through a Monte
Carlo study. The factor of 2 on the right-hand side of the equation is introduced to account
for the ambiguity between the two identical Dy mesons. The input decay branching ratios
are taken from the Particle Data Group (PDG) [5]. Many systematic uncertainties cancel
by taking this ratio.

This analysis is based on a data sample corresponding to an integrated luminosity of
2.8 fb~! of pp collisions collected by the DO detector at the Fermilab Tevaton Collider
between spring 2002 and summer 2007. Due to installation of an additional layer of silicon
tracker in the spring of 2006, the data is split into two running periods called Run Ila
(1.3 fb~') and Run IIb (1.5 fb~!) and separate measurements are performed. However,
we combine these into a single sample for this analysis so that all the numbers and figures
shown in this thesis are based on the 2.8 fb~! data sample. Ref. [55] can be referred to

for more details of the two running periods.
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CHAPTER 5

SAMPLE SELECTION

The events for this study are collected using inclusive single-muon triggers, although no
explicit trigger requirement is made to maximize available statistics. Categorizing events

into samples is the first stage of the analysis.

e Common sample: collection of events containing a muon plus a reconstructed Ds(—

¢17) meson.

e D u sample: collection of events satisfying a common vertex between the muon and

the D, meson for B’(— D{” ) candidates.

o D.pop sample: collection of events containing an additional ¢ to reconstruct the
second Dy(— ¢opur) meson and satisfying a common vertex between the two Dg

particles for B(— DS D) candidates.

5.1 Common Sample

We select a common sample containing muon tracks and D, candidates, Ds(¢;7)’s. Muons
are identified by requiring segments reconstructed in at least two out of three super-layers
in the muon system and associated with a trajectory reconstructed with hits in both the
SMT and the CFT. We select muon candidates with transverse momentum pr > 2.0

GeV/c and total momentum p > 3.0 GeV /c.
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Two opposite sign charged particles with pr > 0.7 GeV/c in the event are assigned
the kaon mass to form ¢ mesons. For each particle, we compute the transverse, 7, and
longitudinal, £, projections of the track impact parameter with respect to the primary
vertex, along with the corresponding uncertainties o(er) and o(er). The significance
of the impact parameter, (er/o(er))* + (e1/0(er))?, is required to be greater than 4
for at least one kaon. The two-kaon systems, which satisfy pr(KK) > 2.0 GeV/c and
1.010 < m(KK) < 1.030 GeV/c?, are selected as ¢ candidates.

The hadronic Dy meson is reconstructed by combining the ¢ candidate with a third
track with pr > 0.5 GeV/c which is assigned the pion mass. The pion is required to have
a charge opposite to that of the muon. The three particles must form a well reconstructed
vertex [47] displaced from the primary vertex with the x? of the vertex fit, x2,, less
than 16. The significance of the distance between the primary vertex and the D, vertex
in the transverse plane, d2, is required to be greater than 4 standard deviation, i.e.
d2/o(dR) > 4. We require the cosine of the angle between the D, momentum and the
direction from the primary vertex to the Dy vertex to be greater than 0.9. For the signal
decay chain of a pseudoscalar to a vector plus pseudoscalar, followed by the decay of the
vector to two pseudoscalars, cos 0, is distributed quadratically, where 8 is the decay angle
of a kaon in the ¢ rest frame with respect to the direction of the D, meson, and hence a

constraint | cosfs| > 0.3 is imposed.

5.2 Dgu Sample

A Dgu sample is selected based on the momentum and direction of the reconstructed
Dy(¢17) candidate and its intersection with the track of an oppositely charged muon.
These tracks are required to have a well-reconstructed vertex by demanding 2., < 9 for

the vertex fit. This vertex is required to be located between the primary vertex and the
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D, vertex, whereby the individual B? and D, vertex displacements are consistent with a
pp — BY — D, decay chain. However, the distance dZ is allowed to be greater than dZ?,
provided the distance between B? and D, vertices, d2P| is less than 2 - o(dB¥P). If the
distance dZ exceeds 4 - 0(dZ), the angle of is required to satisfy cos(a) > 0.95.

Isolation is defined as the momentum fraction of signal-associated tracks with respect

to all tracks in a cone AR = /(An)?2+ (A¢)? < 0.5 around the direction of the Dyu
system. We require the isolation to be greater than 0.50. The visible proper decay length,
VPDL, M(B°) - (Ly - pr)/p2, is introduced to reject non-B background processes and
is required to exceed 150 pm. Here, M(B?) is the mass of the B? meson, Ly is the
displacement from the primary vertex to the BY decay vertex in the transverse plane, and
pr) is the total transverse momentum vector. All events satisfying pr(D,u) > 10 GeV/c

and 2.30 < m(D,p) < 5.20 GeV /c? are selected as the D,y sample.

5.3 D,pou Sample

To select a D ¢op sample, we search for an additional pair of oppositely charged particles
from the common sample to form the second ¢,( K K) system. The same selection criteria
as in the common sample are imposed on the kaons, except the transverse momentum
pr(KK) > 3.0 GeV/c is introduced to enhance the signal. The ¢o(K K) system is com-
bined with the muon track to produce a common vertex for semileptonic D, candidates.
The X2, of the three-track vertex fit is required to be less than 25. If the distance d? ex-
ceeds 4-o(dP), the angle o is required to satisfy cos(af) > 0.90. We impose constraints
of pr > 6.0 GeV/c and 1.30 < m < 1.85 GeV/c? on the D,(¢ou) system. The D, (¢7)
and D,(¢op1) are required to originate from a common vertex to reconstruct B? mesons.
To reduce many systematic uncertainties, we apply the same selection criteria to these B?

decays as in the D,u sample except the mass constraint. All events whose total invariant
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mass lies between 4.30 and 5.20 GeV /c? are categorized as the Dy, sample.

5.4 Combined Tagging Variable

The final sample selection is performed by utilizing a likelihood ratio method [48]. In
this method, a set of discriminating variables, xi,...,x,, is selected for a given event.
The probability density functions (PDFs), f*(z;) from the signal region and f°(z;) from
sidebands, are built for each variable x;. The sidebands are background regions adjacent
to the signal and each has a width one half of the signal. The combined tagging variable,

y, is defined as

_ - . o fzb(x2>
Y= Z];!:yza Yi fls(xz)

For uncorrelated variables zi,...,x,, the selection using the combined variable y gives
the best possible performance, i.e. the maximal suppression of background for a given
efficiency of signal selection. The requirement on this variable is determined by demanding
the maximal value of S//S + B, where S and B are the number of signal and background

events. The set of variables for each sample is listed in Table 5.1 .

‘ Dy sample H Do sample ‘
helicity angle (0,) helicity angle (6,)
isolation isolation

m(KlKg) m(K3K4) - m(KlKg)
pr(K1K>) pr(K1K>)
m(Dsp) m(Dspapt)
X?ftx(DS> pr(KsKy) - pr(KiK>)
pT(¢2M) - pT(¢17T))
y > 0.20 y > 0.10 y > —0.98 y > —0.55
Run Ila Run IIb Run Ila Run IIb

Table 5.1: List of discriminating variables for the combined tagging variable. K,’s are
kaons corresponding to decays ¢; — K; K, and ¢9 — K3K,. The final cut is determined

by maximizing S/v/S + B.
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CHAPTER 6

FITTING PROCEDURE

Candidates for the different samples are selected on the basis of invariant mass fits. A
binned likelihood fit is chosen for the Dyu sample due to its large statistics, while an
unbinned maximum likelihood fit is performed for the D ¢o1 sample. We use the RooF'it

toolkit [49] to model data distributions.

6.1 D,u Sample

All events with 1.70 < m(¢;7) < 2.30 GeV/c? are used in the fitting procedure. The
number of D,u sample events is estimated from the binned likelihood fit to the ¢
invariant mass distribution. The ¢;7 and K K invariant mass distributions are shown in
Fig. 6.1. In the procedure, we assume possible contributions from signals as well as from
combinatorial background.

The m(¢,m) distribution is described by three components as in Eq. (6.1): a double
Gaussian distribution, Sp,, for the Dy — ¢ decay; a single Gaussian distribution, Spx,

for the D¥ — ¢m decay; and an exponential distribution, By, for the combinatoric
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background.
m — u)? 1-— m — u)?
SDs (m7 W, 01, 02) = ./%/' exp (_( 20.2M) ) + /\/‘g exp <_%) )
i 2
1 _ 2
S omsp) = o (-2, (6.1)
Byr(m;c) = % exp(cm).

Here, 11’s and the o’s represent the means and standard deviations of each decay distribu-
tion. oy (02) corresponds to the narrow (wide) width for the double Gaussian distribution
with the fraction, g, of events contributed by the narrow Gaussian. The parameter ¢ de-
termines the slope of the exponential combinatorial background as a function of mass and

N is the normalization factor. The fit gives a yield

N(Dyp) = 28,708 =+ 299.

To describe the KK invariant mass distribution, the linear combination of a single
Gaussian distribution and a bifurcated Gaussian distribution is used for the ¢ — KK
signal, while a threshold background distribution is chosen for combinatorial background,

as in Eq. (6.2):

h m— p)? 1—-nh
SKK(m;M7O7 ULuaRvg) = JFerp <_( 9 QILL) ) + N Gb(m;:u7O-L70-R)7
X 4 (6.2)
BKK(mu my, a, b7 C) = N . D(m7 my, a, ba C)J

where h is the fraction of the signal events contributed from the single Gaussian. The

bifurcated Gaussian distribution is a Gaussian with a different value of o on either side
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Figure 6.1: Invariant mass distributions of the (a) ¢;7 and (b) KK systems for the Dyu
sample. (a) Two maxima corresponding to the D¥ — ¢;7 and D, — ¢ decays are
clearly seen. The distribution is described by a double Gaussian for D,, a single Gaussian
for D%, and an exponential for background. (b) m (K K) is modeled by the combination
of a single Gaussian and a bifurcated Gaussian for signal and a threshold distribution for
the background

of the mean:

(m — p)?

)= 0t = )+ eap (<) oo~ 0,

(m — p)?

Gy(m; = exp (-
b(m7 u,0r, UR) Exp ( 20_%

where 0(m) is a step function. This asymmetric function describes the tail of the ¢ — KK
decay well as shown in Fig. 6.1. On the other hand, the background distribution for a
mass spectrum near a lower threshold is described by a probability density function (PDF)

of the form

D(m;mo, a,b,¢) = [exp (1 _ @) (mﬂo)b te (w% _ 1)] 0(m — m),

where my is the threshold and a, b, and ¢ are constants of the fit. #(m) is a step function.
The resulting fits to the ¢;7 and K K invariant mass distributions are superimposed

in Fig. 6.1.
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6.2 Do Sample

Correlation between two D, mesons in the D ¢ou sample is determined by examining the
two-dimensional distribution of m(¢m) from the Dy — ¢ decay versus m(KK) from
the Dy — ¢our decay. We refer to events where both reconstructed D, mesons originate
from the same parent B? meson as correlated D, production, as opposed to uncorrelated
production where an event simply contains multiple D, mesons not originating from the
same BY. All events with 1.70 < m(¢;7) < 2.30 GeV/c? and 0.98 < m(KK) < 1.07
GeV /c? are included in the fit.

We perform a maximum likelihood fit to the two-dimensional distribution with four
components: 1) the correlated DD, component is modeled as the product of signal terms
in both dimensions, 2,3) the uncorrelated components are modeled as the product of the
signal term in one dimension and the background term in the other dimension, and 4) the
background correlation is modeled as the combination of the background terms in both
dimensions.

The probability density function (PDF) for the two-dimensional likelihood fit can be

written as

f(m¢7r : mKK) =MNSp,Skk * SDS -Skr + NS, +Skk * Sp+ - Skk
+ 1By, Skx - Bor - Ski + Nsp Brx * SD, - Bex + 15y By - Spt - Brk

+ (N — NSp,Skkx — MSpeSkx — NBynSkx — "Sp,Brk — nsDiBKK) ’ B¢7T - Brk.
(6.3)

Here, S and B in each term denote the signal and background, and NN is the total number
of events in the sample while n is the number of events contributed by signal or back-
ground. For example, the first term describes the correlation between the D, signal of

¢1m system and the KK signal, and ng, s, is the number of events coming from the
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Figure 6.2: Projections of the two-dimensional maximum likelihood fit onto invariant mass
spectra of the ¢ system from hadronic Dy decays (left) and K K system from semileptonic
Dy decays (right). The events under the peaks in both distributions are examined to search
for the correlation between the two systems. Signal and background models are identically
constructed with those for the Dyu sample from which the parameters for signal models
are determined.

corresponding correlation. Signal and background models are expected to be identical
with those for the Dsu sample. In the fitting procedure, the parameters of the signal
models are determined from the D,u sample, while the parameters for the background

PDFs are left unconstrained. The final unbinned likelihood function is given by
N
E(m¢7r . mKK) = Hfi(mdm : mKK).

1=1

Projections of the two-dimensional fit onto both axes are displayed in Fig. 6.2. The

number of correlated events is returned by the fit with a yield of

N(Dyop) = 31.0 £ 9.4. (6.4)
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6.3 Cross-check

A consistency cross-check of the two-dimensional unbinned likelihood fitting procedure for
the D@9 sample can be performed by one-dimensional binned likelihood fits to separate
invariant mass distributions of the same sample. An indirect correlation between D, (o)

and ¢o( K K) systems can be seen by the relation of
N(DSQSZ,UJ) Nsignal Nside

= — . 6.5
Asignal Asignal Aside ( )

Here, Nyigna (0r Nyige) is the number of events in one system which are contributed from
the signal (or side) band of the other system. This number is returned by the same fitting
procedure as for the D, sample described in Section 6.1. The Ag;gna (Or Asige) is the area
under the background curve of the signal (or side) band of the other system. Roughly
speaking, Ny;gna (0r Ny;qe) is the number of correlated (or uncorrelated) production events
between two systems. Table 6.1 defines the signal band and side bands in each system.
This method is implemented for both Ds(¢1pt) and ¢o( K K) system and the resulting

distributions are shown in Fig. 6.3. Using yields returned by the fits, Eq. (6.5) gives

N(Dspop) = 30.1£10.7  from the m(¢,m) fit

N(Dspop) =31.4+11.6  from the m(KK) fit

| m(KK) I m(¢1) |
region range (GeV/c?) region range (GeV/c?)
left sideband 0.99 <m < 1.00 left sideband 1.72 <m < 1.76
signal band 1.01 <m < 1.03 signal band 1.92 <m < 2.00
right sideband 1.04 <m < 1.05 right sideband 2.16 <m < 2.20

Table 6.1: Definition of the signal band and sidebands for the K K and ¢;7 system.
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Figure 6.3: Invariant mass distributions resulting from one-dimensional binned likelihood
fits for the Dspop sample: m(¢,m) from the signal band of the KK system (left-top),
m(¢1m) from the sidebands of the KK system (left-bottom), m(KK) from the signal
band of the ¢ 7 system (right-top), and m(K K') from the sidebands of the ¢;7 system
(right-bottom). The ‘no_sig’ in the box of each plot denotes the number of signal events
returned by the fit. The number of correlated events in the D ¢, sample can be estimated
separately using Eq. (6.5).

These values are consistent with the results from the two-dimensional unbinned likelihood

fits in Eq. (6.4).
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CHAPTER 7

SAMPLE COMPOSITION

To determine the composition for the selected samples, all possible decay channels are
considered. These channels have been simulated using the standard DO Monte Carlo
(MC) tools and reconstructed using the same algorithms as for data. We use the measured
branching fractions from the PDG [5] or, if there are no measured values, the estimated

ones from EVTGEN [50] in the procedure.

7.1 Dgu Sample

The D,u sample consists of many components originating from different decay processes.
They are listed in Table 7.1 with the corresponding branching ratios next to them. The
components on the left hand side are considered as signal processes, while those on the
right hand side are considered as background processes. Since not all the branching
ratios of individual signal channels are known experimentally, they are assigned the decay
fractions taken from the EVTGEN decay table and normalized to the total branching ratio
of B(B, — DS uvX) = (6.3 +1.1)%" We use the PDG values for all the background
branching fractions except the B(B® — D{” D) X) which we take from EVTGEN.

The same fitting procedure introduced in Section 6.1 is repeated for the individual

MC samples and, taking the branching fractions into account, the corresponding recon-

! This value is evaluated using up-to-date input branching ratios, detailed in Appendix A
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struction efficiencies are estimated. The fraction of signal events in the Dyu sample can
be extracted by the procedure that follows. We define r; as the relative ratio of the recon-
struction efficiency for individual background processes to the reconstruction efficiency

for the total signal process B — D{” v X:

_ e(pp— bb— B'Y — D{"D(1)X)
e(pp — bb — B,Y' — Dﬁ*)WX') 7

i

where ¢+ = £, 0, s. Values of these ratios for each background process are also summarized
in Table 7.1. These ratios are then summed up to be the fraction of the total background
events normalized to the total signal events in the Dyu sample.

In addition to these background processes, a prompt peaking background source is
also taken into account. The prompt peaking background consists of events originating
from non-B mesons and is dominated by direct charm production from pp, i.e. pp —
¢ — DY D(p)X. A study [51] of the ¢ contribution to B® — D, (¢m)uv decay has been
performed and the average has been estimated to be (10.3+£2.5)%. Another study [52] has
shown that the proper decay length of the peaking background has a Gaussian distribution

centered at zero. Due to a shorter decay length of the charm decay, the lifetime constraint

| Signal | Background |
Processes B (%) Processes B (%) ri (%)
B, — Dyuv 1.75 B — DY DM x 83+08 | 6.8+08
By — Diuw | 4.64 B* - DYDMX 83+ 08 | 58+0.7
B, — Dy | 0.17 B’ - DY DM X 15.4 £ 109 | 0.9 £ 0.7
B, — Dauv | 0.31 B — p{pi 46422 | 1.0+05
Bs — DytvX (1t — pvv) | 0.5+ 0.002 | 0.4 £ 04

Table 7.1: Dyu sample components. Individual branching fractions are taken from the
PDG or EVTGEN decay table. r; is defined as the reconstruction efficiency of background
channel ¢ relative to the signal reconstruction efficiency. The signal fraction in the sample
is estimated from the sum of these ratios.
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of VPDL > 150 pm is introduced in the sample selection to reduce its contribution. Based
on these two studies, the c¢ fraction, f., in the D,u sample is estimated to be (1.9 £ 0.5)
%. The overall sample composition is verifed using studies of the B? lifetime and mixing
parameters [53, 54].

Considering all the backgrounds in Table 7.1 and the prompt peaking background, the

fraction of signal events in the D,u sample, f(B? — Dy uv), is given by

1_fcé

]_—I—Z’T’Z”

f(B) — DPpv) = (7.1)

and, using corresponding inputs, its value is estimated to be
f(B® — DY puv) = 0.86 + 0.01.
The number of events originating from the B — D pv is then obtained as

N(B® — DWuv) = f(B? — D¥ ) x N(Dyp) = 24,832 + 259. (7.2)

7.2  Dypopu Sample

Table 7.2 lists all possible sources of background which are considered in the correlated
Dgpsop sample.

The first background component consists of B? multi-body double-charm decays that
are not CP eigenstates and have not been observed experimentally. We can consider
mainly two possible final states: D,D,nm and D,Dy¢p. Under isospin conservation, the
first final state requires at least two pions, which consequently require two gluons, as in

' — J/¢ymr. Therefore these decays are strongly suppressed. The B decay producing a
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s§ meson in the final state also become negligible with the constraint of m(Dpou) > 4.30
GeV /2.

The ordinary B multi-body decays can also affect the sample composition. Since the
D — ¢X decay is Cabbibo- and color-suppressed in contrast to Dy, — ¢X, the possible
decays may contain a kaon in the final state. This background can be extracted by
studying the visible mass of all reconstructed daughter particles, m(Dspopu). The mass
tends to have higher values for B® — D" D{"” than for B° — D{" D{" K X

The third background source arises from the semileptonic B? — Dg*)gb,uu decay. This
can be extracted by studying the mass distribution of the reconstructed semileptonic
D, () mesons. In this variable, B® — D{”D{") events tend towards lower values, while
B° — D ¢uv events tend towards higher values.

The production of a ¢ meson from fragmentation accompanied by a B? — Dg*),uy
decays could also fake the signal. Since the ¢ decay is assumed to originate from near the
primary vertex, such events are entirely rejected by a lifetime requirement of VPDL >
150 pm.

The non- B peaking background is dominated by the prompt charm decays: pp — c¢c —

Dg*)Dg*)X . The c¢ events in Dypu sample can be estimated from the c¢¢ contribution in

| Process | Feature | Recipe |
B° — D' DY signal process
B° — DYDY X | multi-body double charm decays negligible
B0 — DYDY X low m(Dy¢op) distribution | m(Dydap) > 4.30 GeV /c?
B° — DY v high m(¢op) distribution m(gap) < 1.85 GeV /c?2
B — DY v + ¢ frag ¢ meson from fragmentation VPDL > 150 pm
peaking background non-b process VPDL > 150 pm

Table 7.2: Sample components for the D ¢, sample. Each component has a characteristic
that provides a recipe for suppression.
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the Dyu sample by the relation

Nee(Dsop) _ B(cc — Dyop) e(ct — Duop) (7.3)
Neo(Dgp) — B(ce — Dgu)  e(cé — Dyp) '’ '

where the N, is the number of c¢ events for each sample and ¢ is the reconstruc-
tion efficiency. If f.; is taken from the Dyu sample composition and the ratio e(cc —
DypuX)/e(cc — DyuX) is assumed to be same as e(B? — D,puX)/e(BY — D,uX),
Eq. (7.3) becomes

Nea(Dsapt) _ B(c — ¢uX) e(Bs — Dyou)

N(Dsp) fee(Dsp) — Ble — pX)  e(By — Dypr)

where the branching ratio B(¢ — D,) cancels out. We assign a 100 % systematic uncer-
tainty to the assumption above for the reconstruction efficiency ratio. Then the resulting

estimate of the number of cc events in the D,¢op sample is
Nez(Dgspop) = 1.1 £0.8. (7.4)

Now, the signal fraction of B® — D{'D{" in the D,¢u sample is estimated with
MC samples. Aside from the c¢ contribution, we consider the two dominant background
sources: B0 — DDV KX and B — DS ¢uv decays. A two-dimensional invariant
mass distribution of ¢op versus D;pop for the signal and two background channels is
shown in Fig. 7.1. We divide the distribution into nine regions according to selection
criteria made to the Dypou sample. It is seen that three of the regions, labeled 1, 2,
and 3, are predominantly occupied by a particular channel: B? — DYDY in region 1,
B0 — DYDY KX in region 2, and B® — D’ ¢uv in region 3.

We define three variables: M, as the total number of events for channel 7 in the data
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Figure 7.1: Two-dimensional MC plot of m(¢op) vs. m(Dgpou). The signal channel
B° — DD is represented by red (dark) dots, while two background channels, B0 —
DYDY KX and BY — D ¢uv, are represented by blue (dark) and green (bright) boxes,
respectively. The regions labeled 1, 2, and 3 are dominated by a particular channel. The
fraction of events in each region for each channel is estimated and enables us to decompose
the sample.

sample; n; as the total number of events in region j, which can be obtained by repeating
the two-dimensional likelihood fit; and f; ; as the fraction of events in the j region being

occupied by the channel ¢, which can be estimated from the MC sample. Then the

following equation is applicable in region j:
n; = fa,j - M, + fb,j - My, + fc,j ’ Mcv

where the channel ‘a’ corresponds to the B? — DYDY decay, ‘b’ to the B0 —

DYDY KX decay, and ‘¢’ to the BY — D! uvé decay. Based on the three regions
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and three channels, a 3 x 3 matrix equation can be constructed as

n fa,l fb,l fc,l M,
Ng = fa,z fb,2 fc,z M,
nsg fa,3 fb,3 fc,3 M.

By solving this matrix equation, the number of events of channel 7 in region j, N, ;, is

extracted as

where
fij M,

> frg - My

k=a,b,c

Fi;

For n;, the same two-dimensional maximum likelihood fitting procedure as in Section 6.2
is performed to region 2 and 3, and projections of the fit onto the ¢;m and KK mass
frames are shown in Fig. 7.2.

Using these matrix elements, the number of background-subtracted correlated events

in the D ¢ sample, N(Dg*)Dg*)), is given by

N(Dg*)Dg*)> = N(Ds¢2:u> ' Fa,l
(7.5)

= 27.5+£8.4.

However, N (Dg*)Dg*)) is still contaminated by cc production events discussed earlier,

which is also similarly given by

NcE(Dg*)Dg*)) = NcE(Ds¢2,U) “Faa

=1.0+£0.7.
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Figure 7.2: Projected invariant mass distributions onto the ¢;7 (top) and K K (bottom)
frames by the two-dimensional likelihood fit performed in region 2 (left) and region 3
(right). The same fitting procedure as in Fig. 6.2 is repeated and signal yields returned
by the fit are used as the matrix elements described in the text.

In the estimation of the numbers in Egs. (7.5) and (7.6), we only account for the statistical
uncertainty arising from the fit in the signal region, n;. Uncertainties arising from other
components for this matrix calculation, such as fits in the background regions n, and ng,
are categorized as systematic uncertainties.

After subtracting Eq. (7.6) from Eq. (7.5), we find the number of signal events origi-

(*)

nating from the B — D! D" decay as

N(BY — DEIDLY) = (DI D) — No(D D)
(7.7)
= 26.6 £ 8.4.
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The uncertainty in Eq. (7.7) also includes only the statistical component, while the uncer-

tainty in Ncg(Dg*)Dg*)) is taken into account as a systematic uncertainty (see Chapter 9).
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CHAPTER 8

TRIGGER STUDY

8.1 Trigger Weighting

One of the most complicated parts in performing this measurement is correcting for the
large difference in muon pr spectrum between muons from direct decays and muons from
cascade decays. The direct decays produce primary muons through a (b — ) transition,
while the cascade decays produce secondary muons through a (b — ¢ — p) transition.
Fig. 8.1 compares the muon p7 distributions of the two decays under consideration in this
analysis. Muons in the Dy¢opu sample have lower pr values than those in the D u sample.
It is also significant to note that both pr peaks are located below our trigger turn-on and
detector acceptance. In MC studies, a lack of trigger information distorts the true signal
yield for different decay processes. Hence, understanding the trigger effect is an essential
part of the analysis, particularly for a low py physics.

A trigger efficiency study was performed at DO using an inclusive single muon sample
to derive a universal trigger weighting function [55]. A trigger turn-on curve was developed
by dividing the pr spectrum of triggered muon sample to that of the unbiased (zero bias
plus minimum bias) muon sample, followed by normalization to the average value of the
plateau between 6 and 8 GeV /c. The trigger turn-on curve for Run Ila is shown in Fig. 8.2.

This turn-on curve is a weighting function intended for single muon analyses in B physics
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Figure 8.1: Muon p7 spectra for the D,pou
sample (red circle) and the D,y sample
(blue square). Difference in pr distribu-
tions is caused by different decay processes.
Muons from cascade decays are softer than
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Figure 8.2: Trigger efficiency turn-on curve
for Run Ila. The weighting function was
derived using an inclusive single muon sam-
ple by normalizing a triggered muon pr
spectrum to a unbiased muon spectrum.

those from direct decays.

to provide the proper trigger effect for the inclusive OR of all DO triggers in MC studies.

In the MC study, we consider two trigger models: one with the trigger turn-on curve
(i.e. weighted model) and one with no trigger turn-on curve (i.e. un-weighted model).
The fractional signal yields in different bins of the muon py spectrum for our samples are
demonstrated in the two plots in Fig. 8.3. The blue dots are signal yields in data, while
the yellow band corresponds to an envelope of signal yields bounded by the two trigger
models in simulation. They are normalized to the total number of signal events of each
sample. The signal yield is higher for the un-weighted model than the weighted model in
the first bin, while the situation is reversed in the third bin. This causes a crossover of
the two models in the second bin, which explains the narrowness of that band.

Fig. 8.4 is the ratio of the two plots in Fig. 8.3, i.e. the normalized signal yield of the
Dypop sample to the Dy sample in each corresponding bin of the muon pr spectra. It
shows that the D,pou sample is more likely to have muons at 3 GeV/c than the Dgu

sample for both data and simulation. Moreover, all statistical uncertainties in data
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Figure 8.3: Fractional signal yields in different bins of the muon py spectra for the Dgu
sample (left) and the Dspop sample (right). Blue dots represent data, while the yellow
band represents simulation bounded by two trigger models: weighted vs. un-weighted.
They are normalized to the total number of events of each sample.

overlap with the systematic bands in simulation. From both Figs. 8.3 and 8.4, we verify

that the data samples are well described by the MC samples with the two trigger models.

Ratio of Fractional Singal Yields: f(DS(pzu) / f(DSu)
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Figure 8.4: Ratio of the signal yield of the D ¢, sample to that of the D,u sample in
each bin. Blue crossed-lines represent data, while the yellow bands represent simulation.
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8.2 Reconstruction Efficiency

Based on this trigger study, the reconstruction efficiencies are estimated for the B? —
DWW uv and B, — DD processes. The samples are exclusively generated us-
ing PYTHIA and EVTGEN, and reconstructed using the same algorithms as for data.
The same procedure as described in Section 8.1 is repeated under consideration of the
weighted /un-weighted trigger models. We find the reconstruction efficiency ratio of these

two channels to be

(B, — D' D)
e(Bs — Dg*),uu)

= 0.082 =+ 0.015, (8.1)

where the central value is the average of reconstruction efficiency ratios returned by the
two trigger models and the uncertainty is the difference between these approaches, which
is considered as a systematic uncertainty discussed in Chapter 9. The small value implies

the softer muon momentum spectrum in charm decays as compared to bottom decays.
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CHAPTER 9

SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainties that affect the measurement of B(B? — Dg*)Dg*))
are investigated and their respective contributions are summarized in Table 9.1.
External branching ratios taken from the PDG [5] in Eq. (4.5) have been poorly

measured:
e B(BY — D! puv) =0.063 £ 0.011,
o B(D, — ¢1)B(¢ — KTK~) = 0.0220 = 0.0020,
e B(Ds — ¢uv)/B(Ds — ¢m) = 0.54 £ 0.04.

They are responsible for the single largest component of the systematic uncertainties,
contributing ~ 45% to the total systematic uncertainty. It means, however, a further
improvement in the result could be made when these branching ratios are improved.
The uncertainty in the reconstruction efficiency ratio comes from the trigger weighting
procedure employed to account for the trigger effect in the MC study as described in
Chapter 8. It is determined by the difference between two separate efficiency ratios
depending on different trigger models. The systematic uncertainty in this ratio contains
uncertainties from modeling the B? momentum spectrum, the decay form factors and

sample composition, and the trigger and reconstruction efficiencies.
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Uncertainties from the background estimation in the D ¢op sample by introducing the
matrix method in Section 7.2 is responsible for ~ 12% of the total systematic uncertainty.
They include the statistical uncertainties in the number of events returned by the fits
performed in the two background dominant regions. When subtracting the c¢ production
events, we also consider its uncertainty as a systematic uncertainty. This non-negligible
contribution is caused by the low statistics due to the small sample size.

Another component of the systematic uncertainty arises from the fitting procedure
implemented in the D;¢op sample. This uncertainty is estimated by the following proce-
dure: a) we smear fitting parameters using Gaussian distributions with the mean value
and standard deviation determined from the Dyu sample; b) the fit is performed to the
sample with randomly selected values and returns the number of correlated events; c) we
calculate the deviation of the yield from Eq. (6.4), which is returned by the fit with fixed
values; d) we repeat procedure b) and c) over 10,000 times; d) the uncertainty is obtained
by averaging the quadratic sum of the individual deviations.

An estimation of the fraction of signal events in the D sample uses branching ratios

for sample components in Table 7.1. They are taken from the PDG and forced to vary

| Source | Uncertainty | Contrib. (%) |
B(B° — D) 0.0061 32.3
B(Ds — ¢m)B(¢p — KK) 0.0032 8.7
B(Ds — ¢uv)/B(Ds — ¢m) 0.0026 5.7
e(DS D) Je(DY ) 0.0065 36.5
N(DY DY) (Matrix) 0.0036 10.9
c¢ background 0.0013 1.5
fitting procedure 0.0021 3.9
F(B° = DY ) 0.0004 0.2
N(D,p) 0.0004 0.1

| Total | 00108 [ 1000 |

Table 9.1: Summary of systematic uncertainties. The branching ratios from PDG values
and reconstruction efficiency ratio dominate the total systematic uncertainty.
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within one standard deviation. For unknown processes, we refer to the EVTGEN decay
table and assign a 100% uncertainty. Finally, we take the statistical uncertainty of N (Dgu)

for a systematic uncertainty in this measurement.
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CHAPTER 10

RESULT AND INTERPRETATION

10.1 Result

The input elements for this measurement are summarized in Table 10.1. Using these

inputs and recalling Eq. (4.5), the branching ratio is measured as

B(B{ — D' DY)

CINBY = DUDY) BB - D) B(Dy — ¢m)  e(B? — D)
2 N(Bs; — D§*>W) B(Ds — ¢m)B(¢p — KK) B(Ds — ¢puv) <(BY — Dg*)Dg*)>

= 0.035 £ 0.010(stat) £ 0.008(exp syst) £ 0.007(ext)

= 0.035 & 0.010(stat) £ 0.011(syst).
(10.1)

In the first line of results, uncertainties are separated into statistical (stat), experimen-

‘ Input Elements ‘ Values ‘
N(B° — DY DY) 26.6 + 8.4
N(B® — D ) 24,832 + 259
B(B° — D) 0.063 & 0.011
B(D, — ¢m)B(¢p — KTK™) 0.0220 £ 0.0020
B(Ds — ¢pv)/B(Ds — ¢r) 0.54 £ 0.04
(B — D) /(B — DY DY) 0.082 + 0.015

Table 10.1: List of input elements for the B(B® — D" D{")) measurement.
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tal systematic (exp syst), and external systematic (ext) uncertainties. The third term
stemming from the external branching ratios is explicitly shown since it is the largest
contribution to the total systematic uncertainty (exp syst@Pext). The experimental sys-
tematic uncertainty accounts for the rest of the total systematic uncertainty, and contains
a 37% component from the reconstruction efficiency ratio, a 12% from the background
estimation, and 4% from the fitting procedure and all other components each contributing
less than 1%. These are all discussed in Chapter 9. In the last line of the results, the two
systematic errors are combined quadratically as one.

The significance of the measurement is evaluated by calculating the p-value, defined
as the probability that the backgrounds can fluctuate enough to account for the size of
the observed signal. The result is represented by the test statistic, which is a function of
a quantity, such as 2, whose value reflects the level of agreement between the data and
the hypothesis. For the measurements where likelihood fits are used, the test statistic
can be the quantity @ = —21In(Ly/Lax), where Ly and L., are the likelihood values
returned by the fit assuming null hypothesis and by the nominal fit assuming a signal plus
background hypothesis, respectively. Assuming this statistic follows a x? distribution in

the large sample limit, the p-value for the hypothesis is then given by

1 [e.e]
p:§/Q f(Z,l)dZ,

where f(z;1) is the x? PDF with one degree of freedom. The factor of % accounts for the
fact that the signal amplitude, which is positive or zero, assuming the background-only
hypothesis, is on the boundary of the physically allowed space.

It is noted that the background in this measurement consists of not only the uncor-
related (combinatorial) background but also the correlated peaking background. This

background is estimated to be 4.4 + 2.1 by using the same matrix method as in Sec-
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tion 7.2. This correlated background is considered in constructing the null hypothesis
and its uncertainty is also taken into account in the evaluation of the significance.
Systematic uncertainties are included in the significance evaluation in a similar way as
the fit related systematic uncertainty in Chapter 9 was estimated. However, in the p-value
calculation, we smear the correlated background as well as fitting parameters. We use a
Gamma distribution for the background due to its positive value. The fit is repeated over
10,000 times with randomly selected values and the p-value is calculated for each fit. Our
ultimate p-value is determined by taking the average over all individual p-values. This
approach gives a value of 1.24 x 1073, which corresponds to a significance of 3.2 standard

deviations.

10.2 Branching Ratio and Lifetime Difference

Information on the mixing-induced CP asymmetry in the B? system now can be drawn
from the branching fraction measurement through Eq. (4.2). Since the CP structure of the
decay is presently not accessible either theoretically or experimentally, several scenarios
for different x; values can be considered. A polarization study for exclusive decays is
required at this stage to disentangle the CP components of the final states.

However, in the HQ hypothesis [24] along with the SV limit, the inclusive final state

is CP-even, as in Eq. (4.3):

14+ cosp, 1— cosaoy
05 , 1—cosg

2B(B° — DWW D®Y) ~ APCP
( S - S S ) S QFL QFH

This scenario is illustrated in Fig. 10.1, which shows the constraint in the ALy versus

¢s plane from this measurement. Confidence-level (C.L.) contours from the flavor-tagged
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Figure 10.1: Constraints in the Al'y— ¢, plane. The solid line represents our measurement
under the theoretical assumptions stated in the text and with z; = 0. Two pairs of lines
are 68% (dashed) and 90% (dotted) C.L. intervals of Al'y for a given assumed value of
¢s. Contours from the B? — J/1¢ decay [56] are the equivalent C.L. regions of (AT,
¢5) when measuring simultaneously both parameters. The significance of AI'Y > 0 for
our measurement is 3.20, while the significance of AI'; > 0 for the J/¢¢ analysis is 2.40.
No theoretical uncertainties are reflected in the plot. The SM prediction is represented
by the thick vertical line.

decay B? — J/¢¢ at DO [56] are also superimposed. We use the following relations;

. I'n+T'y

P
2

, ATy =Ty —Tg, and AT, = AT cos ¢,

where the mean lifetime of B? meson, 7 = 1/T, is taken from the PDG [5].
In the SM where the mixing-induced CP violation is negligible, AT'Y is equivalent

with AT’y and we recall Eq. (4.4)

AT, _ 2B(B° — D{'D{")
Ts ~ 1-B(B°— DYDY
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Our measurement gives the relative width difference as

AT

s

= 0.072 £ 0.021(stat) £ 0.022(syst).
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CHAPTER 11

CONCLUSION

11.1 Conclusion

We performed a study of B? decays into the semi-inclusive double-charm final state using
an integrated luminosity of 2.8 fb~! at the D0 experiment. We see a signal of 26.6 & 8.4
events with a significance of 3.2 standard deviations. This allows us to measure the
branching ratio as B(B° — D D) = 0.035 4 0.010(stat) =+ 0.011(syst).

Based on this measurement and under various theoretical assumptions, mixing and CP
violation information in the B? meson system are extracted. In particular, in the absence
of NP, the fractional width difference is derived as AI'Y /I’y = 0.072 & 0.021(stat) =+
0.022(syst).

Current experimental results for this measurement and theoretical prediction are pre-
sented in Table 11.1. Our new measurements supersede the previous study of the same
final state based on a 1.3 fb~! data sample in 2007 [45]. They are also consistent with
the current world average [43] as well as the SM prediction [23]. This is the first single
measurement that demonstrates a non-zero width difference in the B? system at greater

than 3o significance.



11.2. PROSPECTS 98

‘ Experiment/Theory ‘ B(BY — Dg*)Dg*)) ‘ Al /T
ALEPH (2000) 0.077 +0.034 75538 0.167 & 0.070 *907
DO (2007, 1.3 fb~1) 0.039 *0%17 "ois 0.081 *035 0030
Current World Average 0.046 4+ 0.022 0.096 4 0.048
| Theory | 0.048 £ 0.009 | 0.127 £ 0.024 |
| DO (New,2.8fb™") [ 0.035+£0.010+0.011 | 0.072+0.021+0.022 |

Table 11.1: Current experimental measurements and the theory prediction. The current
world average is based on measurements from the ALEPH (2000) [44] and DO (2007) [45]
experiments. The theory value [23] is predicted under the SM assumption.

11.2 Prospects

From the experimental point of view, further improvements can be made both statistically
and systematically. With the excellent operation of the Tevatron Collider, we can take
advantage of a significantly increasing amount of data which has already been or will
be accumulated. Assuming a ~ 7 fb~! data sample is available by the end of 2009, we
expect a Ho statistical significance for this decay as well as a few percent reduction in
the systematic uncertainty. One major source of the systematic uncertainty stems from a
poor description of the trigger effect in the MC study. The trigger effect in this analysis is
based only on the muon pr spectra. This could be improved with a better understanding
of the muon triggers, tracking efficiencies, and momenta of the reconstructed particles.
From the theoretical point of view, on the other hand, we should be aware that the
corrections to the assumptions introduced in Section 4.1 could be numerically sizable. In
the SV limit, for instance, there are no multi-body final states like Dg*)DXS. We could
study the b — ccd decays in BY samples, which are abundant in the B factories, to obtain
hints for the B? decays of our interest. The HQ limit have substantial corrections due to a

)

sizable CP-odd component in the final states DY, Studying exclusive decay samples

(B° — D,D,, D,D?, and D D?) could improve this limit through angular analyses to the

'In fact, the B factories found ~ 15% of CP-odd component in B} — D*TD*~ decays
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excited samples to see the actual CP structure of the final states.

Finally, it is worthwhile to make a few comments on the remarkable features of this
measurement. There are several experimental approaches quoting AL’ results from life-
time analyses. These are shown in Fig. 11.1 under the hypothesis of no CP violation.
Direct measurements have been performed by the DO and CDF collaborations using
BY — J/v¢ decays |56, 57|. Flavor-specific B lifetime measurements [58, 59, 60| also pro-
vide independent constraints on this parameter. The result from the B(BY — D{” DY)
measurement previously reported by the DO collaboration [45] is superimposed on the

plot in this figure.

Contours of A(logL) = 0.5
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Figure 11.1: Results of AI'y measurements correlated with 1/T'; from the Heavy Flavor
Averaging Group (HFAG) of 2007 [43]|. The combined result from direct measurements is
represented the 10 red contour. The world average of flavor-specific BY lifetime measure-
ments is shown by the blue curved lines. The dark shaded region is the combination of
these two constraints, while the light yellow band is the theory prediction. The previous
DO result [45] is also superimposed with the pink horizontal lines.
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This approach given in this thesis has several benefits over the other approaches: 1)
as seen in the Fig. 11.1, the branching ratio result is consistent with the theory prediction
and the error band is compatible with that of the combined result from the other two
approaches (in fact, our new result will reduce the error band by ~ 65%); 2) this analysis
does not require flavor-tagging so is superior to analyses requiring flavor-tagging in terms
of purity, efficiency, and acceptance; 3) this method is experimentally simple; 4) under
various theoretical limits, the single decay channel represents the entire B? system. In
this respect, once the theoretical assumptions are understood and the CP structure of the
decay is disentangled, the B(B® — D{” D{") measurement provides a powerful constraint

on both mixing and CP violation in the BY system.
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APPENDIX A

EVALUATION oF B(B? — D)

The branching ratio of the semileptonic B — D{ uv decay, listed in the PDG [5], is not a
single directly measured value. Instead, it is a value extracted from experimental measure-
ments of the product branching ratio (P.B.R.) of f(b — BY)B(B® — D u)B(D, — ¢r),
i.e.

f(b— BOB(BY — D uw)B(D, — ¢r)

B(B! — DPuv) = f(b— BY)B(D, — ¢m)

(A.1)

The branching ratio depends on current f(b — BY) and B(D, — ¢m) values.

The PDG value, B(B® — D{”uv) = 0.079 & 0.024 !, was evaluated using outdated
values of f(b — BY) = 0.107+0.014 and B(D, — ¢m) = 0.036 £0.009. To re-evaluate the
branching ratio, first we recover the original P.B.R. from these values. The central value
of the P.B.R. is obtained by a simple product of central values of individual branching
ratios. The uncertainty in the B(B° — D' uv) contains uncertainties on the f(b — B)

and the B(D; — ¢m) as well. The uncertainty associated with the P.B.R. is obtained by

2 2 2 2
r. s g S
(ap,d_ ) N (Uf(b)> n (UB(D)> :< B(BS)) ’ (A.2)
Up.d.r. Vg (b) VB(Ds) UB(BY)

where v, is the central value of the branching ratio z and o, is the corresponding error.

the relation

The product branching ratio is recovered as f(b — BY)B(B° — D uw)B(D, — ¢r) =
(3.04 +0.34) x 1074

!The PDG was not updated to use the most recent dependent values in to PDG 2008 [5].
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Now, the branching fraction of the semileptonic B? — Dg*)/ﬂ/ decay can be re-
evaluated from Eq. (A.1) using the current input branching fraction values. Taking
f(b — BY% = 0.110 £ 0.012 and B(D, — ¢7) = 0.044 & 0.004 from the PDG, we find
B(BY — Dg*),uu) = 0.063 £ 0.011. The uncertainty is evaluated from Eq. (A.2).
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