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ABSTRACT

Study of CP Violation in BY — J/1¢ Decays at DO

Derek A. Strom

In a universe dominated by matter, the source of CP violation may explain one of the
greatest mysteries in particle physics: what happened to the antimatter? The Standard
Model successfully describes CP violation in the BT and BY systems, yet insufficiently
accounts for the observed matter-antimatter asymmetry. The Standard Model predicts
a small value of CP violation in the B? meson system, which has only recently been ex-
perimentally tested. A measurement of large, anomalous CP violation in the B? system
would be a clear indication of new physics sources beyond the Standard Model. This
dissertation describes a study of CP violation in approximately 2000 BY — J/1¢¢ decays
reconstructed in a 2.8 fb~! data sample collected by the DO Run II detector at Fermi
National Accelerator Laboratory in Batavia, Illinois. This data was provided by pp col-
lisions at /s = 1.96 TeV delivered by the Tevatron accelerator between April 2002 and
August 2007. Flavor-tagged B? — J/v(u"pu~)p(K+TK ™) decays and an angular analysis
are used to study the time evolution of the final state angular distributions. From this
analysis, we measure the width difference between the heavy and light mass eigenstates,

BE and B, to be AT’y = 0.19 £ 0.07 and the CP-violating phase ¢, = —0.57703.
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CHAPTER 1

Introduction

Modern particle physics explores properties of nature at its smallest and fastest scale.
It seeks to experimentally discover and theoretically describe the elementary constituents
of matter and the forces through which they interact. Through a continuous exchange of
information between experimental and theoretical developments, an elegant mathematical
formulation of particle physics has emerged. This theory, known as the Standard Model,
describes elementary particles and their interactions with astounding precision. Despite
its current success, the Standard Model leaves some pressing questions regarding the
nature of the universe unresolved.

It is well understood in particle physics that for every fundamental matter particle
there exists an antimatter particle, or antiparticle, with equal mass but opposite internal
quantum numbers. For example, the positron is the antiparticle companion to the elec-
tron. Both have mass equal to 0.511 MeV /c?, but as the name implies the positron has
a positive electric charge, while the electron has a negative charge. More subtle differ-
ences between particles and antiparticles may reveal insight to one of the most intriguing
questions in particle physics: why is the universe presently dominated by particles?

It is thought particles and antiparticles existed in equal numbers immediately follow-
ing the creation of the universe. Yet it appears from observational data that the universe
has evolved into a state where the number of particles greatly exceeds the number of
antiparticles. The universe, it seems, has as an inherit preference for particles over an-
tiparticles. What, then, became of the antiparticles? What underlying mechanism is
responsible for this particle-antiparticle asymmetry? These are questions at the forefront

of particle physics research, and are being addressed at particle physics laboratories today.
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This asymmetry suggests the laws of physics are different for particles than they are for
antiparticles. This is known to be true, in fact, and is manifested through the violation
of a certain symmetry known as CP, the combined charge conjugation (C) and parity
(P) symmetry. A symmetry refers to a property of a particular system that remains
unchanged, or conserved, as it undergoes a specific transformation. The transformation
can be many things: translations through space or time, rotations about an axis, or in
this case the combined conversion of a particle into an antiparticle (C) and reversal of
spatial coordinates (P), as if one were looking into a mirror.

Each symmetry of a system implies the conservation of a physical property of that
system. This is known as Noether’s theorem [1]. For example, linear momentum is
the conserved property corresponding to the symmetry of translations in space. More
familiarly this is known as conservation of linear momentum. Similarly, conservation of
energy corresponds to the symmetry of translations in time. As a consequence of Noether’s
theorem, the same experiment can be performed at two different points in space under
the exact same laws of physics (conservation of linear momentum). The same holds true
for similar experiments performed at two different points in time (conservation of energy).

If CP were a conserved symmetry, that is there were no violation of the symmetry, ev-
ery reaction that produces a particle would be accompanied by a reaction which produces
its antiparticle at precisely the same rate, and hence no particle-antiparticle asymmetry.
CP, as it turns out, is not a conserved symmetry. Experimental evidence demonstrates
that it is violated in certain particle systems, namely the neutral kaon and B meson
systems. That CP violation is believed to be one of the necessary conditions for the
generation of the observed particle-antiparticle asymmetry was first introduced by Andrei
Sakharov in 1967 [2].

One of the great successes of the Standard Model is that it provides a description,
known as the Cabibbo-Kobayashi-Maskawa (CKM) mechanism [3], that allows a small
amount of CP violation in these neutral meson systems. A problem arises, however, when

noting that the amount of CP violation allowed by the Standard Model is insufficient to
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account for the level of asymmetry observed in the universe by many orders of magnitude.
Our best understanding of CP violation and the subtle differences between particles and
antiparticles is incomplete. We must, therefore, further investigate systems which exhibit
CP-violating effects. Of particular interest are systems in which CP violation is predicted
to be small and experimental tests for large, anomalous CP violation not described by
the Standard Model can be made. For this, we examine the B? meson system.

CP violation in the BY system is described within the framework of the Standard
Model by the 3 x 3 CKM quark mixing matrix. It has three real parameters and one
complex phase, ¢,, which is the only source of CP violation in the Standard Model. The
Standard Model predicts ¢, to be small (¢ ~ 0.04) in the B? system. The measurement
of a large ¢, therefore, would be a clear indication of new physics beyond the Standard
Model, and may provide insight into the particle-antiparticle asymmetry dilemma.

The B? meson is composed of one b-type quark (also known as the “bottom” or
“beauty” quark) and one s-type quark (the “strange” quark). The convention used
throughout this dissertation is that a B? meson is composed of an anti b-quark and
an s-quark (b, s), while its charge conjugate state B? is composed of a b-quark and an
anti s-quark (b, 5). The B? meson exhibits an interesting feature, called mixing, allowing
for a matter BY meson to change into an antimatter B? meson, and back again. In fact,
the frequency of this mixing has recently been measured to be roughly three trillion times
per second! Since mixing in the BY system introduces continuous conversions between
matter and antimatter, it is the ideal place to probe for CP violation.

Mixing in the B? system is related to the two physically observable mass eigenstates,
called the Light (BF) and Heavy (BY), which are different from the flavor eigenstates
(BY and BY). The Light and Heavy states have distinct masses, denoted as mj and
my. The frequency of oscillation, Amy, is related to the mass splitting between these
eigenstates: Amy, = mpy — my. They also have distinct widths, which are related to their

lifetimes as I';, = 1/7;, and T'y = 1/7y. From these widths a width difference relation can

be formed: AI'y =17 —I'y.
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The experiment described in this dissertation seeks to measure the CP-violating phase
¢5 in the BY meson system using decays of the type BY — J/¢(uTpu~)p(KTK™). Since
mixing is known to occur in the BY system, and both B? and B? decay to the .J/1¢
final state, interference can enter between the direct decay (BY — J/1¢) and the decay
involving mixing (B? — BY — J/1¢). This interference provides a sensitive probe for ¢,.

One complication in the analysis is that the final state products are not pure CP eigen-
states, but rather an admixture of CP-even (~ 75%) and CP-odd (~ 25%) components.
By assuming CP is conserved in the BY system (¢, = 0) for this experiment, the Light
and Heavy mass eigenstates are expected to be CP eigenstates, such that B is CP-even
and B is CP-odd. An angular analysis of the final state particles helps disentangle the
CP components into their separate states, and thus allows the measurement of the dis-
tinct Light and Heavy widths. A combined opposite and same-side flavor tag is applied
to determine the initial state of the B? meson (whether it is produced as a B? or BY at
time ¢ = 0), which further increases the sensitivity to ¢s.

This experiment was performed at the D@ detector at Fermi National Accelerator
Laboratory in Batavia, Illinois where the Tevatron accelerator provides proton-antiproton
collisions at /s = 1.96 TeV. It uses a 2.8 fb~! data set collected by the D@ Run II detector
between April 2002 and August 2007. The CP-violating phase in the B? meson system
is experimentally measured to be ¢, = —0.577030, which is in disagreement with the
Standard Model prediction at the level of 1.70. These results were published in Physical
Review Letters [4].

The dissertation is organized as follows: Chapter two describes the main theoretical
points relevant to this study. Chapter three provides a brief description of the Fermilab
Tevatron accelerator and the D@ Run II detector. Chapter four discusses the analysis
method employed using the angular analysis, flavor-tagging, and a likelihood fit to ex-
tract information on the width difference AI'y and CP-violating phase ¢5. Chapter five

concludes this dissertation with a summary of the main results.
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CHAPTER 2

Theory

2.1. Introduction

In 1972 theorists Makoto Kobayashi and Toshihide Maskawa, extending previous work
by Nicola Cabibbo, predicted the existence of a third generation of heavy quarks! [3]. A
seemingly unnecessary description of particle physics at the time, their paper was largely
ignored. Nevertheless, the prediction was necessary to complete their new theoretical
description of CP violation within the framework of the Standard Model (SM).

CP is the combined charge conjugation (C) and parity (P) operation. If CP were
conserved, all physical processes in nature would occur in precisely the same manner if all
particles were transformed into their antiparticles (C|p) = |p)), and all spatial coordinates
were reversed (P|z,y,z) = | —x,—y, —z)). The fact nature does not observe this in some
processes means that the CP symmetry is violated. CP violation was first observed in
1964 in weak decays in the neutral kaon system.

Neutral kaons are observed as two states, |K;) and |K3), which are mixtures of the

flavor eigenstates |K°) and |K°):

K1) = p|K®) — q|KY),

) (2.1)
|K3) = q|K°) + p|K°).

LAt the time, only three quarks were known to exist: the up and down quarks which make up most
ordinary matter in the universe, and the strange quark.
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Assuming CP is conserved in this system, ¢ = p = 1/4/2 and |K;) and |K5) are CP

eigenstates, such that:
CP|Ky) =+|Ky),
K1) = +IK) 0
Under this assumption, K; would only be allowed to decay to CP-even final states,
such as 7t7~, while K, would be restricted to CP-odd three body final states. The

lifetime of the K; and K, states? are found [5] to be consistent with this model:

7(K;) = (0.8953+ 0.0005) x 10~10s,

(2.3)
7(K3) = (5.116 +0.020) x 10~8s.

Then, in a landmark experiment in 1964 at Brookhaven National Laboratory, Chris-
tenson, Cronin, Fitch, and Turlay observed the K5 particle occasionally decaying (~ 0.2%
of the time) to CP-even 717~ final states, providing the first evidence for CP violation [6].
Separately, C and P symmetries were known to be broken in physical processes. Violation
of the combined CP symmetry came as a big surprise, however. What mechanism was
responsible for breaking the CP symmetry? Why was it broken in such a small amount,
and in only one system? There was no theoretical explanation for such surprising behav-
ior. A framework did not emerge until 1972, when Kobayashi and Maskawa released their
paper. Unfortunately, there was no other system exhibiting this feature to make further
experimental studies at the time.

Then in 1977, Leon Lederman (spokesperson of Experiment 288 at the National Ac-
celerator Laboratory®) lead a team that discovered the Upsilon meson® [7], which he
subsequently referred to as “one of the most expected surprises in particle physics”. The

discovery of the Upsilon and its associated long lived b-quark confirmed the existence of

’The K, and K, were later renamed the Kg (K-short) and K (K-long) to identify them by their
lifetimes.

31t has since been named Fermi National Accelerator Laboratory, in honor of Italian physicist Enrico
Fermi.

4The Upsilon is a quarkonium state (bottomonium) comprised of a quark and its own antiquark pair (in
this case bb).
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the third generation of quarks predicted by Kobayashi and Maskawa, and opened a new
window of opportunity for the study of CP violation. It was thought neutral B-mesons
would exhibit similar behavior to their lighter kaon counterparts, thus enabling further
studies of these CP-violating effects.

Evidence did not come quickly, however, as it took roughly four decades from the
time CP violation was first detected in the kaon system to confirm its presence in the B
meson system. Experiments dedicated to producing B mesons (B “factories”) have now
provided measurements in agreement with the theoretical predictions given by Kobayashi
and Maskawa. In honor of their theoretical work, Kobayashi and Maskawa were awarded
the 2008 Nobel Prize in Physics. The relevant features of this theoretical framework for

a study of CP violation in the relatively uncharted BY meson system is presented here.

2.2. The Standard Model

The Standard ModeE (SM) is a theoretical framework that describes interactions
between the known elementary particles in nature. These particles can be broadly cast into
two groups: those with half-integer spin (fermions) and those with integer spin (bosons).
Quarks and leptons are two classes of fermionﬁ, and can be simply arranged into three
generations according to their mass. Quarks can bind into groups of three (gqq or ¢gq)
called baryons, or quark-antiquark pairs (¢q) called mesons’.

General properties of the quarks and leptons are listed in tables 2.1 and [2.2. All of
the visible matter in the universe is made of only the first generation of particles@. Today,
heavier generation particles must be created and studied at accelerator laboratories, such
as the one described in the next chapter.

This description follows texts [8], [9] and [10].

SFor each quark and lepton particle there is an antiparticle counterpart, with the same mass and all
internal quantum numbers (charge, baryon number, strangeness, etc.) reversed. The positron, the
antiparticle of the electron, was the first known antiparticle. It was postulated by Paul Dirac in 1928,
and discovered by Carl Anderson in 1932.

7Balryoms and mesons are subsets of the broader class of bound quark states, called hadrons.
8Protons (uud), neutrons (ddu), and electrons make up all of the known elements.
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Quarks (spin=1) | Symbol | Charge | Mass (MeV/c?) | Generation
up u 2/3 1.5-5 .
down d —1/3 3—9

charm c 2/3 (1.0 — 1.4) x 10° 5
strange s —1/3 60 — 170

top t 273 | (178.0 £ 4.3) x 10° 5
bottom b —1/3 | (4.0 —4.5) x 10?

Table 2.1. The Elemental Quarks.

Leptons (spin=2) | Symbol | Charge | Mass (MeV /c? | Generation
electron e -1 0.511 ]
electron neutrino Ve 0 <3x1076

muon L -1 105.66 5
muon neutrino vy, 0 < 0.19

tau T —1 1776.99 £ 0.29 3

tau neutrino Uy 0 < 18.2

Table 2.2. The Elemental Leptons

Gauge bosons, listed in table[2.3, are responsible for mediating forces, three of which
are described by the SM: the weak, electromagnetic, and strong forces. Gravity is not
included in the SM description because its effects on quarks and leptons are too weak to
be measured. The massive W* and Z° bosons mediate the weak force between particles
of different flavor (quarks and leptons), the massless photon mediates the electromagnetic
force between electrically charged particles, and 8 gluons mediate the strong force between
color charged particles (quarks). The undiscovered graviton mediates the gravitational

force. This chapter will focus on the charged weak and strong quark interactions.
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Bosons (spin=0) | Force | Range (cm) | Strength | Mass (GeV/c?) | Charge | Spin
graviton Gravity | infinite 10~%0 0 0 2
w+ 80.4 1 1
W= Weak 10710 1076 80.4 -1 1
Z° 91.2 0 1
~y EM infinite 1072 0 0 1
gluons Strong 10713 1 0 0 1

Table 2.3. The Gauge Bosons.

2.3. CP Violation and the Unitary CKM Matrix

The discussion of CP violation and the CKM matrix begins with an examination of
the charged-current weak interactions involving the coupling of the W boson to quarks.

An example of this process is found in neutron beta decay
n—p+e+r,

where a d quark in the neutron decays to a u quark by emitting a W=, which immediately

decays to an electron and electron-type antineutrino, as shown in Fig. 2.1.

e-

S
<

QU R

d
d

u u

Figure 2.1. A Feynman diagram of the charged-current interaction in neu-
tron beta decay.

Charged-current weak transitions in quarks are not restricted to their own generation,
and can occur between any of the three quark flavors with different charge, as illustrated

in Fig. This is referred to as flavor changing.
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Figure 2.2. An Illustration showing allowed quark transitions and relative
strengths, where allowed transitions are denoted by green (thick) lines, sup-
pressed transistions by blue (medium) lines, and highly suppressed transi-
tions by red (thin) lines.

Nine weak couplings between quarks with positive charge (u, ¢, t) and those with neg-
ative charge (d,s,b) completely describe the couplings of these quark transitions, and
can be represented as a 3 x 3 matrix, known as the Cabibbo-Kobayashi-Maskawa (CKM)
quark mixing matrix. This matrix is expressed in its most general form in Eq.[2.4, where

Vi; denotes the coupling between quarks ¢ = u, c,t and j = d, s, b.

Vud Vus Vub
Vekm = | Vo Vs Va (2.4)
Viae Vie Vi

The CKM matrix can also be represented as a rotation from the weak flavor eigenstates

(d',s',b') to the strong mass eigenstates (d, s,b).
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dl Vud Vus Vub d
s’ = Vea Ves Va ’ S (2-5)
b Via Vis Vi b

Assuming three generations of quarks, the CKM matrix contains a complete set of
transformations and is unitary: VVT = 1. After removing unphysical phases, it can be
described by four parameters: three quark mixing rotation angles and one complex phase

responsible for CP violation in the SM. The following is the standard representation:

0

C12C13 S12C13 S13€
_ i5 i5
V= —512C23 — C12523513€" C12C23 — S12523513€" 5923C13 ) (2-6)
6 )
512523 — €12€23513€ —C12523 — 512€23513€ C23C13

where the three angles are denoted as s;; = sinb;;, ¢;; = cosb,;, 1 < 7 = 1,2,3 and the
complex phase ¢ is responsible for all CP-violating effects in flavor-changing processes in
the SM.

The experimental observation that interactions between quarks of the same generation
are found to be strongly favored, while those between different generations are suppressed
is equivalent to saying diagonal elements of the CKM matrix are nearly equal to one, while
off-diagonal elements become smaller the farther they are from diagonal. The Wolfenstein
parameterization [11] of the CKM matrix, expanded in powers of four independent terms
(A, A, p, and 1) as shown in Eq. illustrates this observation. Experiments have
determined A =~ 0.22, A =~ 0.8, and \/m ~ 0.4. In this representation, CP violation

is given by a non-zero value of 1 to order \3.

1—1)2 A AX3(p —in)
V= —A I AN? +O(\"). (2.7)
AN(1—p—in) —AN 1
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The unitary condition of the CKM matrix results in a total of twelve equations, six of

which are orthogonality relations:

ViaVea + ViiVes + Vi Ve
VadVia + ViVis + Vi Vo

caVia T ViVis + Vo, Vi
VaudVgs + VeaVis + ViaVig
VauaVgy + VeaVigy + ViaVig

C

VsV + Ves Vi + VisViy,

C

0, (2.8)
0, (2.9)
0, (2.10)
0, (2.11)
0, (2.12)
0. (2.13)

These six relations can be represented as triangles which all have the same area [12].

Only two of these triangles have sides with comparable length. The other four triangles

are “squashed”, having one side considerably smaller than the other two, as in the case

of the triangle related to the BY meson. The following equations provide the most useful

restrictions on the matrix elements:

Viud Vi + Vea Vi + Via Vi

Via Via + Vi Vis + Vi, Vo

0, (2.14)

0. (2.15)

These conditions are represented as normalized triangles in the complex plane in

Fig. In the Wolfenstein parameterization, the triangles are identical up to A* and

are referred to as the unitary triangle. One side lies on the real axis from points (0,0) to

(1,0) in the complex (p,77) plane, as shown in the top triangle in Fig. 2.3. The apex of

the triangle is at point (p,7), where

7= n(l—X\/2).

(2.16)

(2.17)
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Im
(p,n)
Vs V| /o0 *
vcd v::b th_vzb
Vcd Vcb
Y B Re
(0,0) 1
Im
(psm)
|V:|b V:b | |V:jd th|
[V V
2 us ts
natr 4 - Re
(0,0) 1

Figure 2.3. The rescaled unitary triangles formed from the orthogonal re-
lations given in Egs.[2.14] (top) and 2.15 (bottom).

CP violation is generally discussed in terms of this plane.

The angles of the unitary triangle are defined in terms of the matrix elements as,

_ _ [ ViV
@ = b = |-t
[ Vcdvﬂ
= = arg |— <, 2.18
4] 03} g_ ViV ( )
_ _ Vudvf:b
Y= ¢3 = arg_ Vch;g}’

or in terms of p and 7 as
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B = tan’ (L : (2.19)

v = tan™' <Q_) .
P

The unitary triangle is a useful representation of the CKM mechanism. The CKM
matrix elements are fundamental parameters of the SM and it is important to measure
them precisely. Today’s high energy experiments seek to verify the SM picture of CP
violation, which can be achieved by separately measuring each side and angle of the
unitary triangles in an effort to over constrain them. For the SM description to be valid,
these measurements should agree with one another. Processes not described by the SM
would be apparent if two sides of the triangle were found not to return to the same point,
or “close”. The 90% confidence limits on the magnitude of the CKM matrix elements,

using tree levelg constraints and unitarity, are given in Equation 2.20

0.9739 — 0.9751  0.221 —0.227  0.0029 — 0.0045
Ve =1 0221-0227 09730 —0.9744  0.039 — 0.044 (2.20)
0.0048 — 0.014  0.037 — 0.043  0.9990 — 0.9992

The most recent experimental results [5], showing agreement with the SM predic-

tioanO, are given in Eq. 2.21.

0.97419 £ 0.00022  0.2257 4 0.0010  0.00359 + 0.00016
VERy =1 02256 +£0.0010  0.97334 4+ 0.00023  0.041579:9010 (2.21)
0.00874F5:99026 0.0407 £ 0.0010  0.999133+3:990044
9Feynman diagrams come in two varietys: tree level diagrams, in which particle interactions are connected

simply, like branches of a tree, and loop diagrams which involve virtual short-lived particles.
10Only |[Viup| and |Vi4| have theoretical uncertainty comparable to the theoretical value.
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2.4. B? Lifetime

The spectator quark model, where interfering effects from nearby “spectator” quarks
are neglected, is the simplest way to calculate B-meson lifetimes. An example is shown in
Fig. where a b-quark decays to a c-quark through the weak interaction with a virtual
W boson. The b-quark couples predominantly to the c-quark and its lifetime depends on

the CKM matrix element V.

N
ol
~

b v () ¢ )

Figure 2.4. A Feynman diagram showing a b-quark decaying to a lighter
c(u)-quark.

According to the spectator model, all B hadrons should have the same lifetime. Ex-
perimentally, however, it is observed that they have significantly different lifetimes, as
given in table[2.4 (from the Heavy Flavor Averaging Group (HFAG) [13]). The B hadron
lifetimes are observed to have the following relationship:

7'(B;r <7(A)) < 7(B?) < 7(BY) < 7(B)).

This demonstrates that spectator model calculations are not sufficient to describe the
decay of B hadrons. For higher precision, it is necessary to include QCD effects into
the spectator model. One approach which successfully describes the decay of hadrons
containing a heavy quark (mg >> Agep ~ 0.2 GeV) and a light quark is the Heavy
Quark Effective Theory(HQET) [15].

HThe B, has a significantly shorter lifetime because both quarks can decay via the weak interaction.
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B hadron Average lifetime (in pico second)
BT 1.639 = 0.009
B° 1.530 £ 0.008
B? (— flavor specific) 1.456 + 0.030
BY (— J /i) 1.477 + 0.046
BY (1/T,) LAT8Y0 05
BY 0.461 £+ 0.036
A 1.379 + 0.051

Table 2.4. Summary of B hadron lifetimes, as given by HFAG [13].

In the HQET the Lagrangian is expanded in powers of 1/mg, usually referred to as
the Operator Product Expansion (OPE). HQET is most effective at describing bound
states containing a b-quark, but also works for those containing a c-quark, although it
requires additional corrections due to the lower mass of the c-quark. The theory does not
apply to top quarks since they decay before forming bound states.

The leading term in the 1/mg expansion describes the decay of a free quark, producing
the same results as the spectator model. Differences in the B-meson lifetimes appear in
the 1 /m:é2 A summary of HQET predictions of the B hadron lifetime ratios and their

experimental values are given in Table 2.5.

Ratios HFAG value | HQET predicted range
7(B;)/7(BY) 1.073 4+ 0.008 1.04 — 1.08
7(BY)/7(B) 0.966 £+ 0.015 0.99 - 1.01
7(AY)/7(BY) 0.901 £+ 0.034 0.86 — 0.95

7(b-baryon)/7(BY) | 0.857 £ 0.026 0.86 — 0.95

Table 2.5. Summary of theoretical predictions of the B hadron lifetime
ratios from HQET and their experimental values.

This thesis describes a measurement of the average lifetime for the BY meson, providing

an important test of HQET predictions and a probe for any possible sources of new physics

beyond the SM.
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2.5. B? Mixing

Neutral B, meson@, where ¢ can be either a d or s quark, exhibit an oscillatory
phenomenon, similar to the neutral kaon system, known as B meson mixing. Mixing
allows an initially produced (i.e. at time ¢t = 0) B, state to evolve into a time-dependent

superposition of the two ﬂavoH eigenstates, B, and B,.

S I{W-I{b b S Vi wer ¥, b
B' WGt uct B B W W B
b veewt 1T 5 b Veouer W 5

Figure 2.5. Lowest order Feynman diagrams for B,~B, mixing.

Initially produced |B,) and |B,) flavor states evolve as a funtion of time (|B,(t)) and

|B,(t))) according to the time dependent Schrédinger equation:

0 [By(®) :(M_ir) |Bq(t)) (2.22)

"o \ g 2 3
| By(1)) | B(t))
where the mass matrix M and decay matrix I' are 2 x 2 Hermitian matrices. Rewriting

Eq. 2.22 to show all its terms gives us:

SO 1B) | [ M- T My — 4T | By(1)) (2.23)
Ot \ |B,(t) My — iTy My — il | B, (t))
Since M and I' are hermitian matrices,
Mz = May, (2.24)
Fl? - F;lv

12The standard convention where B (B) meson contains a b (b) quark is used.
BWeak and flavor eigenstates are used interchangeably.
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and CPT invarianc@ requires
My = My,
[y =T

(2.25)

The off-diagonal elements M, = M, and I';s = I, are responsible for mixing. In
the SM, major contributions to My and I';5 come from the lowest order SM Feynman
diagrams''® for B,~B, mixing, shown in Fig. 2.5. They suggest the mass eigenstates of
the neutral B, meson are different from the flavor eigenstates. Diagonalizing the matrix
gives two physically observable mass eigenstates, called the “Light” eigenstate |Br) and

the “Heavy” eigenstate |By). These can be expressed in terms of the flavor eigenstates

as
Br) =p|By) + q|B,),
| L> p| q> Q| 7q> (2.26)
|Bu) = p|By) — a|By),
with
P*l+ g% = 1. (2.27)

The time evolution of |By) and |By) can be expressed in terms of their eigenvalues (M —
itk and Mp—itE) as:

IBL(t)) = e (Mt B, .
[Bu(t) ="M | By), |
where |Br) and |By) denotes the mass eigenstates at time ¢ = 0.
The following definitions are used for the average mass and width and the mass and

width differences, where My, My, I'r, and 'y are the masses and widths of the mass

eigenstates:

MWhile processes can separately violate charge (C), parity (P), and time (T) symmetries, the combined
CPT symmetry is thought to be conserved by all physical phenomenon.

15These are also sometimes referred to as box diagrams due to their drawn structure.

The top quark dominates this interaction due to its mass and, in general, only the two diagrams
involving the top quark interactions and the V4 and V;;, CKM matrix elements are relevant.
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- 2 ) - 2 ’
The mass difference Am is positive by definition. AI' can be either positive or negative.

The mass difference and width difference can be related to the matrix elements as

follows:

Am =2 |M12| s
(2.30)
AT = 2|I"j5| cos ¢,
where the phase ¢ is defined as
¢ = Arg (—%) (2.31)

The width difference is then related to the phase of the mixing.
The time evolution of the flavor eigenstates expressed in terms of the mass eigenstates

are

2p

[By(t) = & (@M | By) — =@Mt By ))

[By(t) = o (@Mt |By) 4 @Mt 0 By ))
(2.32)

Expressing these in terms of the flavor eigenstates instead of the mass eigenstates and

applying the time evolution operator gives the following:

1By(1)) = g4(t)|By) + gg_@) |B,).

Bult) = Lo-(0)1Bs) +94(0)|By). (23
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: ATt Amt ATt . Amt
gi(t) = emmteTt2 | cosh =¥ 0os 200 4 ginh = sin —o ,
4 4 2
, ATt  Amt ATt . Amt
g-(t) = eTimte /2 [ sinh — cos T 4 i cosh 4 sin ] . (2.34)

The probability, written in terms Am and AI', that a pure state |B,) at time t=0

oscillated and decayed as a |Bq) state after some time t can be written as

2
Pi) = (B B0 2359

The probability that the same state did not oscillate can be written as
Pre(t) = [(By| By())"- (2.36)

Similar equations can be written for the |B,) state, giving the full set of probability

equations as,

cosh —t + cos Amt

B
P.ra(t) =
w' (1) 1+|q/p|2 1—|q/p|?
TP_AT2/d T T25Am?

r

lq/plPe” "

1+|q/10|2 1—[q/p|?
F2/4 T2+ Am?

(o3
(=)
PRi(t) — lg/plPe” ) (Cosh AL cos Amt)’
(38 cm

cosh —t — cos Amt (2.37)

PEA(t) =

r

r2— AF2/4 T T24Am?2

Pha(t) = cosh —t — cos Amt

1+|q/p\2 _ 1—|q/p|?

r AT2/4 ~ T2+ Am?

v N F( 1+|q/p|? 1—|q/p|?

17Since AT is not equal to zero, g () never goes to zero, and g_(t) is only zero when ¢ = 0. This implies
an initially pure By(B,) will never evolve into a pure state again.
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The asymmetry in these expressions between B, and B, are due to possible CP-

violating effects. The CP operation on neutral B mesons can be written such that:

CP|B,) = —|B
‘_q> | q> (238)
CP‘Bq> = _qu>
The CP eigenstates are then:
even\ __ _1 _ B

|qudd> = (|Bq> + |Bq>)

For B? mesons, % = 1 is a good approximation and leads to the result that mass

eigenstates are nearly CP eigenstates [16]. This result will be used as an important
theoretical tool to separate final state products of B — J/¢(utp™)p(KTK™) decays
into CP even and CP odd components using the angular analysis method described in

the next section.

2.6. Angular Distribution in BY — J/¢(utp™)o(KTK™)

The relevant theory for describing the angular distributions in B? — J/v¢ decays,
which proceeds through the quark sub-process b — ¢c3, is now examined. A Feynman
diagram of this process is shown in Fig.[2.7. Both B and B? can decay to this final state,
and they are expected to mix in such a way that the two physical eigenstates (mass or CP
eigenstates) have a sizeable width difference. By analyzing the angular distributions of the
final state products of BY — J/¢(utp~)¢(KTK™) decays it is possible to separate the CP
even and CP odd components® and, therefore, measure the width difference between the
BY mass eigenstates. Other useful parameters can be exracted, such as the CP-violating

phase ¢,, which represents a sensitive probe for CP-violating effects from physics beyond

the SM 18].

8The J/1¢ final state has ~ 75% contribution from CP even, and ~ 25% from CP odd.
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Figure 2.6. Feynman diagram for the direct decay B%—.J/1¢.
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Figure 2.7. Feynman diagram for the decay with mixing BS—>B_2—>J/1/J¢.

The BY — J/1¢ decay is an example of a pseudoscalaH(Bg) meson with spin=0
decaying to two vector mesons (J/¢) and ¢), each with spin=1. The allowed angular
momentum states between the vector mesons are L=0, 1, 2. The final state will be an
admixture of CP-even contributions with L=0,2 and CP-odd with L=1.

To separate the CP-even and CP-odd contributions in the final state, it is convenient
to use the transversity basis [19], which describes the final state angular distributions
in terms of three linear polarization states: A, Ay, and A, where Ay and A measure
contributions from CP-even states and A, from CP-odd states. They are normalized such
that

[Aof* + 14y 1* + AL = 1. (2.40)

197 pseudoscalar behaves similarly to a scalar, except it changes sign under parity inversion.
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The decay amplitude for a pure BY deca)J;O can be expressed [20] in terms of these

three linear polarization states as:

T(BY(t) — J/i ¢) = Ao(t) ewesk — A (t) ef}%-ef/\/i—z’AL(t) €5/ X e;.m/\@ (2.41)

T

where & = pj/y - Po/(M/pMg), Py is the unit vector along the direction of motion of
¢ in the rest frame of J/1, and the time dependences originates from B%— BY mixing. In
this notation, an unmixed BY meson is present at ¢ = 0. Since the CP-even and CP-odd
components differ in both time evolution and angular correlations, the angular distribution
can be used to separate them and their time evolution can be studied individually.

The full angular distribution of the four final state products from B%—.J/1¢ can be
expressed in terms of three angles (0,0,1) in the transversity basis [20]. For an initially

produced B? meson the angular distribution can be written as:

d4F[Bg<t) - J/w(/ﬁ/f)(?(KJrK_)] o 9 2 2 .9 2
dcosf dgp dCOS@b dt - 3927 [ 2|A0(t)| COs @Z)(l — sin” 0 cos (10)

+sin® {| A (¢)[*(1 — sin® @ sin® ) + |4, (t)[*sin’ 6 — Im (Aj(t)AL(t)) sin 20 sin p}

+ % sin 2¢){ Re (Aj(t)A;(t))sin® @sin2p + Im (Aj(t)AL(t))sin20cos ¢ } ] (2.42)

The three angles, displayed in the transversity basis in Fig. 2.8, are used to extract the
decay amplitudes. Angles 6 and ¢ are defined in the J/1 rest-frame, where the +z-axis
indicates the direction of travel of the ¢ meson, and the y-axis lies in the plane formed by
the K and K~ mesons, with the K traveling in the +y direction. Using the right-hand
rule, the z-axis is then normal to this plane. The third angle v is defined in the ¢ meson

rest-frame. The angles are defined as:

0 — The angle between the p and the z-axis in the J/v rest-frame.
¢ — The angle between the projection of the 4t on the on the z-y plane and the z-axis in

the J/1 rest-frame.

20For example, a produced BY meson initially identified as a BY meson by a flavor tag.
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1) — The angle between the K and the negative direction of the J/v¢ in the ¢ meson

rest-frame.
Tas
Y y

A

¢ rest frame

J/y rest frame
K
4\

] 4

4\.‘1 ................ / » X
o

X

Figure 2.8. Diagrams displaying the three decay angles (0,p,1) in the
transversity basis. The left diagram show angles 6 and ¢ in the J/1 rest-
frame, and the right diagram shows angle 1) in the ¢ meson rest-frame.

With this convention:

Pr+—Po(PyPr+)
[P+ —Ps(PypPr+)]’

X=DPy, Y= Z=XXYy

sinf) cosp = py+ - X, sinf sing =py+ -y, cosl =pp+ -z (2.43)
cos ) = _pIK+ : pf]/ﬂ,

The bold-face characters represent unit 3-vectors and everything is measured in the
rest frame of .J/1, while the primed quantities are unit vectors measured in the rest frame
of ¢.

The time evolution of the individual components are given in Table 2.6, where Am, =
mg — my, > 0 is the mass difference of the mass eigenstates BX (CP-odd) and BZ(CP-

even) of the (B, BY) system and I' = (I'y + I')/2 denotes their average decay width.
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Observable Time evolution

| Ao(t)[? [Ao(0)[* e F e~ sin(Am,t) b
|Aj(t)]? | A (0)[? [e7 T2t = e~ T sin(Amt) )
| AL (t)]? |AL(0)]? [e""ut + e Tt sin(Amgt) o]

Re(Aj(t) A1) | [Ao(0)]|A)(0)] cos(dz — 01) [e "=t F e sin(Am,t) ¢y

Im(Aj(1)AL()) | £[A(0)[|AL(0)] [e M sin(d; — Amgt) £ 1 (et — e T2t cos(67) s

Tm(A5(£)AL () | £|Ag(0)[|AL(0)] [e Tt sin(6y — Amyt) & L (7Tt — e~T1t) cos(6,) ]

Table 2.6. Time evolution of the decay B — J/¢(u"p~)p(K K ™) where
the upper (lower) sign corresponds to a pure B? — J/¢ (BY — J/v¢) at
t=0.

The phases 0; = Arg(A4;(0)*A.(0)) and d; = Arg(Ay(0)*A,(0)) are CP-conserving strong

phases. In the absence of final-state interactionﬁ, they are expected to be 0 (mod 7).
The quantity ¢ (¢cxm in SM) is the CP-violating weak phase, which is introduced

through interference effects between BB mixing and decay processes. It can be ex-

pressed in terms of CKM matrix elements as
o VaVa ViV

== 2.44
ViV Ves Vi (244

In terms of the Wolfenstein expansion, ¢y is proportional to the parameter n:
bs = 2071 = 0(0.03). (2.45)

Integration of the full three-angle distributions for tagged B? — J/¢(u™pu~)p(KTK™)
decays, given by Eq. over the two decay angles ¢ and v, leads to the following one-

angle distribution.

2Iprobably not a justifiable assumption for BY — J/yé
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er 3
dcosf dt 8
From this one-angle distribution, the observables [4q(¢)|* + |A(¢)|* and |A | (t)]? can

[ (JAo(t)” + [ Ay (&)]*)(1 + cos® ) + 2| AL (¢)|* sin* 6 ] (2.46)

be determined.

The decay width I';, and I'y; can be determined by fitting the separated CP even and
CP odd lifetime components with exponentials. A proper treatment of detector acceptance
and the results above are used to study the tagged decay of BY — J/¢(utp~)p(KTK™)
and to measure the width difference AI'y from the decay widths I'y and 'y, and the
CP-violating phase ¢s. A measurement of a phase which significantly deviates from the

SM prediction would be a clear sign of new physics.
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CHAPTER 3

The Tevatron Accelerator and the D® Run II Detector

3.1. Introduction

The Tevatron proton-antiproton (pp) collider at Fermi National Accelerator Labo-
ratory (FNAL [22]), in Batavia, Illinois is currently the world’s highest-energy particle
collider, operating at /s = 1.96 TeV. The DO detector is one of two general purpose
detectors located along the 6.26 km (3.89 miles) circumference Tevatron ring and sits at
one of the pp interaction points. This chapter briefly describes the Fermilab accelerator
facility and the D@ Run II detector. Full details of the Tevatron and the D detector
can be found in [23, 24].

3.2. The Tevatron Accelerator

The Tevatron synchrotron accelerator is the final and largest component in a chain of
seven accelerators that make up the Fermilab accelerator facility, displayed in Fig.[3.1. It
brings protons and antiprotons to their full /s = 1.96 TeV energy. Before reaching this
final stage, sources of protons and antiprotons must be created and pre-accelerated. The
Cockeroft-Walton, LINAC (linear accelerator), and Booster synchrotron provide a source
of 8 GeV protons. The Antiproton Source, including the Debuncher and Accumulator,
provides a source of antiprotons. The Main Injector serves a dual purpose: it is the final
accelerating stage before proton and antiproton beams are injected into the Tevatron
synchrotron accelerator, and delivers a source of protons to the Antiproton Source. The
final stage is the Tevatron accelerator, which accelerates circulating beams of protons

and antiprotons each to 980 GeV and collides them at the B and D( interactions
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Figure 3.1. The Fermi National Accelerator Laboratory in Batavia, Illinois.

points where the Colliding Detector at Fermilab (CDF) and D@ detectors are located,

respectively.

3.2.1. The Proton Source

The Tevatron proton source production and initial acceleration begins with a three stage
process that produces protons from ordinary Hydrogen gas (Hz) and accelerates them
to 8 GeV. Components involved in these initial stages are the Cockroft-Walton, LINAC
(linear accelerator), and Booster synchrotron.

H™ ions are produced by an electrical discharge from Hydrogen gas, and accelerated
by a +ve voltage to 25 keV. These 25 keV H™ ions are then released into the Cockroft-
Walton, a 750 KeV DC voltage source, which accelerates the H™ ions to 750 KeV. The
H™ ions are then injected into the LINAC, a 500 feet long linear accelerator, where they
are accelerated to 400 MeV using Radio Frequency (RF) cavities. The 400 MeV H™ ions
are transferred to the Booster, the first synchrotron in the accelerator chain. The Booster

synchrotron contains a sequence of dipole and quadrapole magnets along with 17 RF
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cavities. The protons are produced here by passing the H™ ions coming from the LINAC
through a carbon foil which strips away the two electrons. Once the Booster is filled with
enough proton bunches (5-6x10'? protons) and they have reached an energy of 8 GeV,

they are transferred into the Main Injector for the next stage of acceleration.

3.2.2. Main Injector

The Main Injector is a 1 km diameter circular synchrotron