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Abstract

We report a measurement of the BY lifetime in the semileptonic decay chan-
nel B? — D v X (and its charge conjugate), using approximately 0.4 fb™!
of data collected with the DO detector during 2002-2004. Using 5176 re-
constructed Dy ™ signal events, we have measured the B? lifetime to be
7(B%) = 1.398 & 0.044 (stat)™J93 (syst) ps. This is the most precise mea-

surement of the BY lifetime to date.
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Chapter 1
Introduction

High Energy Physics, also referred to as Elementary Particle Physics, is that
branch of Physics that researches elemental particles, their properties and the
way they interact with each other. It does so by colliding material particles at
very high speeds, so close to the speed of light that, if we remember Einstein’s
equations, a huge amount of energy is needed; henceforth the term High
Energy Physics (HEP) has been adopted to describe this field of science.
HEP’s main goal is to study and understand what matter is made of, to its

most fundamental level.

As in almost every other field of Science, research in HEP splits up in
two main directions: theoretical and experimental work. Theory works on
new or existing models that describe certain aspects of our universe, while
experiments are designed to prove or disprove these models, sometimes even
ending up with discoveries of whole new phenomena. In turn, both efforts go
hand in hand and complement each other for an ultimate scientific under-
standing of the world around us and the laws that govern it, in any scale,
from the subatomic to the cosmological and everything in between. As men-
tioned before, HEP deals with the subatomic scale, the elementary particles
and fundamental blocks of matter, and the work presented in this thesis in

particular, lives in the realm of experimentation of such scale.



The main idea of a HEP experiment, perhaps currently lacking better
means, is to take an electrically charged subatomic particle, accelerate it to
a speed as close to the speed of light as possible through the use of elec-
tromagnetic fields, and then put it on a head on crash course with either
a fixed material target or an accelerated particle traveling in the opposite
direction. The objective of this being that, if we want to know what that
entity is made of or built with, we use this brute force method to break it
into pieces. Sensitive and especialized detectors are placed at the collision
point, and the data resulting from such events is recorded for experimental
high energy physicists to analyze and try to reconstruct and understand.

In the remaining of this introductory chapter I'll summarize what these
elementary building blocks have been found to be so far, and how they fit
into a sort of subatomic periodic table called the standard model. That will
be followed by a brief description of the spectator model and heavy quark
expansion theories which led to the ideas that motivated the proposal of this
thesis’s research, finally ending the chapter with a basic description of what
Fermilab is and the particular kind of work I performed while I stayed there
as a PhD student. Chapter 2 will describe a few of the theoretical issues that
serve as background for this work, while chapter 3 is used to describe the
experimental setup in detail: the D@ detector itself. On Chapter 4 the data
selection and event reconstruction methods are exposed, which will lead to
the lifteime fit and final measurement presented in chapter 5. Consistency
checks for the measurement will be described in chapter 6, as well as the
calculations for the systematic uncertainties, finally recapping the ideas of

this thesis in the conclusions and final thoughts found in chapter 7.

1.1 The Standard Model

The Standard Model of particle physics is a theory of three of the four known

fundamental interactions and the elementary particles that take part in these



interactions. These particles make up all visible matter in the universe. Ev-
ery high energy physics experiment carried out since the mid-20th century
has eventually yielded findings consistent with the Standard Model [23]. Still,
the Standard Model falls short of being a complete theory of fundamental
interactions because it does not include gravitation, dark matter, or dark
energy. It is not quite a complete description of leptons either, because it
does not describe nonzero neutrino masses, although simple natural exten-
sions do. The Standard Model groups two major extant theories, quantum
electroweak and quantum chromodynamics, into an internally consistent the-
ory describing the interactions between all experimentally observed particles.
The Standard Model describes each type of particle in terms of a mathemat-
ical field, via quantum field theory.

Three Generations
of Matter (Fermions)

mass—|
charge

spin—
name

<2.2eV <0.17 MeV <15.5 MeV

v Ve |l Vi [y Ve

electron muon tau,
neutrino neutrino || neutrino

Quarks

0.511 MeV 105.7 MeV 1.777 GeV
-1 e -1 -1
el T

electron muon tau

Leptons

Bosons (Forces)

Figure 1.1: The Standard Model of elementary particles, with the gauge
bosons in the rightmost column [23].



The Standard Model includes 12 elementary particles of spin —1/2 known
as fermions. According to the spin-statistics theorem, fermions respect the
Pauli Exclusion Principle. Each fermion has a corresponding antiparticle.
The fermions of the Standard Model are classified according to how they
interact (or equivalently, by what charges they carry). There are six quarks
(up, down, charm, strange, top, bottom), and six leptons (electron, electron
neutrino, muon, muon neutrino, tauon, tauon neutrino). Pairs from each
classification are grouped together to form a generation, with corresponding

particles exhibiting similar physical behavior.

The defining property of the quarks is that they carry color charge, and
hence, interact via the strong interaction. The confining behavior of the
strong force results in quarks being perpetually (or at least since very soon
after the start of the big bang) bound to one another, forming color-neutral
composite particles (hadrons) containing either a quark and an antiquark
(mesons) or three quarks (baryons). The familiar proton and the neutron
are the two baryons having the smallest mass. Quarks also carry electric
charge and weak isospin. Hence they interact with other fermions both elec-

tromagnetically and via the weak nuclear interaction.

The remaining six fermions do not carry color charge and are called lep-
tons. The three neutrinos do not carry electric charge either, so their motion
is directly influenced only by the weak nuclear force, which makes them noto-
riously difficult to detect. However, by virtue of carrying an electric charge,

the electron, muon, and tauon all interact electromagnetically.

Each member of a generation has greater mass than the corresponding
particles of lower generations. The first generation charged particles do not
decay; hence all ordinary (baryonic) matter is made of such particles. Specif-
ically, all atoms consist of electrons orbiting atomic nuclei ultimately consti-
tuted of up and down quarks. Second and third generations charged particles,
on the other hand, decay with very short half lives, and are observed only

in very high-energy environments. Neutrinos of all generations also do not

4



decay and pervade the universe, but rarely interact with baryonic matter.

1.2 Heavy Hadron Lifetime Theory

Measurements of the lifetimes of different b hadrons (hadrons with a a bottom
quark or antiquark) allow tests of the mechanism of heavy hadron decay. The
spectator model predicts that all hadrons with the same heavy flavor con-
tent have identical lifetimes. However, observed charm and bottom hadron
lifetimes suggest that non-spectator effects, such as interference between con-
tributing amplitudes, are not negligible in heavy hadron decays. This implies
that a mechanism beyond the simple spectator model is required. An effective
theory called the Heavy Quark Expansion (HQE) [3] includes such effects and
predicts lifetime differences among the different bottom hadrons. In partic-
ular, a difference of the order of 1% is predicted between B® and B? mesons.
The measurement of the flavor-specific BY lifetime using semileptonic decays
is also useful in determining the decay width difference between the light
and heavy mass eigenstates of the BY meson, which is an equal mixture of
CP eigenstates that correspond to mass eigenstates in the absence of C'P

violation in the BY system.

1.3 B? overview. Motivation for this thesis

A BY meson is composed of a s quark and a b antiquark, currently its mea-
sured mass is of 5366.3 = 0.6 MeV [12]. The best lifetime measurements for
this bottom-strange meson, published before this thesis, can be seen in fig-
ure 1.2. It is clear that statistical errors are at around 10% at best, which is
due to the limited statistics accumulated by these experiments. Furthermore,
B-factories like BaBar at SLAC in California and Belle at KEK in Japan, do
not have enough energy to produce enough statistics for B? studies.

Henceforth, the main objective of the work presented in this thesis is to

5



B2 MEAN LIFE

VALUE ;10—12 s) DOCUMENT ID TECN COMMENT

142 1014 003 6ABREU 00Y DLPH ete™ — Z
153 7019 +007  TABREUP  o00c DLPH ete= — Z
136 +009 F008  BABE 990 CDF  pPat 1.8 TeV
172 1020 +018 9 AcKERSTAFF 08F OPAL ete — Z
150 T918 Lo04  BACKERSTAFF 0sc OPAL ete— — 7
147 +£0.14 £0.08 7 BARATE 98C ALEP ete™ — Z
154 1014 1004  BBUSKULIC  96M ALEP ete~ — Z

Figure 1.2: Previous B? lifetime measurements [12].

make a very precise measurement of the lifetime of the BY, that is, with
the the smallest error ever recorded to make it the best of its kind. Also
motivating this work and as hinted in section 1.2, HQE predictions can be
tested measuring the lifetime of the bottom-strange meson B? and comparing
it to that of BY. A final motivating factor for this measurement will be

explained with greater detail in section 1.3.2.

1.3.1 Why use B? — D,y vX?

Having decided to measure BY’s lifetime, the next step is to choose a decay
channel for it. The basic idea is that we have to take our detector in mind
and know its strengths and weaknesses, in order to obtain higher statistics
with a cleaner signal (the most significant over the noise). Figure 1.3 lists the
decay channels with higher probabilities. From it, it is clear that with a 93%
chance a BY will decay into some combination containing a charmed-strange
meson D, (¢, s), plus something else.

Now, the particular channel with the highest probability is the semilep-

s

tonic decay in which BY decays into a D, a lepton and its corresponding

neutrino, plus something else. The probability is high compared to other

6



channels, but it has an important drawback: the neutrino. Our detector
can’t “see” meutrinos, so we will not be able to fully reconstruct the BY
which we want to measure. But on the other hand, there is an extremely im-
portant postive factor about this decay: if the lepton is a muon, then we can
make use of D@’s muon detectors and single-muon trigger to greatly reduce
the combinatorial background in our data selection and event reconstruction
process. The single-muon trigger translates to a proper identification of a
charged track as a muon, whereas tracks recorded at DO’s central tracking
system (section 3.4) will not be properly identified since that system lacks
the ability to do so.

B? DECAY MODES

Mode Fraction {i',-,-“!')
D_ anything (93 £25 )%
D £+ vyanything (7.9 + 24)%
Dq1(2536) ™ uuy, X x (23 4+ 07)x1073
B(D; — D* K2)
Do nt (33 =+ 05)x10—3
o S Sk (84 + 33)x10-3
Do K™ (24 T 13)x10-4
DD, (11 + 04)%
DT D <121 %
5 40 ¢ < 257 %
b, (¥ p )= (39 + 15)%
J/(18) ¢ (13 + 04)x10"3
J/(18) ° z 12 x 103
J/d(18)n < 3.8 x 103

Figure 1.3: Selected B? decay modes. Highest (T';/T") fraction modes are
shown [12].



Looking at the rest of decay channels on figure 1.3, and taking into
account that the more charged tracks we introduce (like pions), the more
our combinatorial background will increase, we choose the decay channel
B? — D;utvX as our best option, not a fully reconstructable channel, but
one with cleaner signals due to the detector’s abilities to properly identify

muons. Next, we are faced with another decay channel decision, the D .

D} DECAY MODES
Hadronic modes with a KK pair

K+ K ( 1.49+ 0.09) %
KtK—=nt ( 5.50+ 0.28) %
prt ( 438+ 0.35) %
¢, ¢ — KTK— ( 218+ 0.33) %
KT K*(892)°
K+K*(892)%, K*0 (26 + 04 )%
K—=nt
f0(980)x*, fop — KT K~ (60 + 24 )x103
K+ K3(1430)°, K — (51 & 25 ) x10-3
K-nt

f(1710)7+, f — K+ K-
K+ K~ nt nonresonant

KOKO 5t —
K*(892)+ K? (53 + 1.2)%
KtK—ntn0 (56 + 05)%
;-."J?r+ﬂ'u, ¢ — KtK—
¢pt, ¢— KTK™ (40 *13)%

Figure 1.4: D hadronic decay modes (with a KK pair). Highest (I';/T)
fraction modes are shown [12].

The D; originating from a BY decay will, in turn, also decay and there
are many ways it could do it, the most probable of which are shown in
figure 1.4. These modes all end up with a KK pair, two charged tracks we
can look for using the central tracking system. Looking at the modes with
higher probabilities, we discard those with neutral particles which will decay

in photons like the 7° or the K0. We are left with two channels of interest:



D; — K K*rn~ and D; — ¢n~. In the first case we have 3 charged
tracks (K—, KT, 77), in the latter the ¢ will decay through ¢ — K~K™, so
in the end it will also have the same 3 tracks. The big difference though,
is that through the ¢ decay, we can restrict a couple of the kaons to be
consistent with the ¢’s mass, while in the first case, were we directly have
the D; — K~ K*n~ decay, we dont have this condition to clean our signal, so
we will end up with a lot more statistics, but most of which will be unwanted

combinatorial background noise.

X

Figure 1.5: Graphic representation of the semileptonic decay channel B? —
D;utvX.

Having chosen our decay channels one after another in order to get the
highest probability modes while thinking ahead and keeping in mind our
detector’s capabilities to properly identify particles and our abilities to filter
our data for cleaner signals, we are left with the best choice of decay mode
to make the lifetime measurement we are after. This decay mode can be
summarized through figure 1.5. The primary vertex (PV) is located at the
pp collision point spotted on the beampipe, BY is thought to originate here
and travel until it decays at what its called the secondary vertex (SV). The
distance it travels from PV to SV is called the Decay Length and it will be
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discussed further on section 4.4, since measuring it is critical in reaching our

goal.

1.3.2 Determining ATy from B; — D™ X

Using the flavor specific decay B, — D;utX we could test the sensitivity
on the determination of lifetime differences between the C'P even and C'P
odd eigenstates of the BY meson. For this thesis, we will perform the life-
time measurement of the B? meson using the assumption that the lifetime
difference between C'P eigenstates is zero. However, recent results from DO
[19] and CDF [20] enforce the hypothesis of different widths for each BY, .~
and BY .

It is well known that in the Standard Model (SM), the B? mesons exist
in two eigenstates of C'P: |B&*") = %(|BS) —|BY)), and |B%4) = %(|BS) +
|BY%)) with CP |B?) = —|B%). The mass eigenstates at time ¢t = 0, B and
BE| (where H means “heavy” and L means “light”) are linear combinations
of |[B%) and |BY) too, e.g.:

eigenstates of the BYBY system.

|BYy = p|BY) — ¢|BY), |BF) =p|B% +q|BY), (1.1)

with p? + ¢ = 1. In the SM, these mass eigenstates are approximately the
C'P eigenstates.

The mass and lifetime differences of the two mass eigenstates are defined
by

B I'y+11
-—
where my 1, and 'y 1, are the mass and decay width of Bf and BSL. Width

difference in BY system is expected to be large in comparison with B? system,

Am:mH—mL, AF:FL—FH, I (12)

where is almost null. It is also expected that BY mesons are produced in an
equal mixture of B and BF

o, and its decay length distribution is described
by a function [21] like
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F(t) = e Tut 4 e7let with Ipp=T+Al/2, (1.3)

I't

instead of just one exponential lifetime e™* which is the functional form

used in the measurement of the BY lifetime assuming a single lifetime (or
Al =0).

It can be shown that the BY lifetime, 7(BY), obtained from a fit assuming
the single lifetime, is related with the total decay width, I', and the width
difference AI" by the relation

11+ (AT/20)

m(B) =51z (AT /20)2

(1.4)

Determining A’y using the expected result from this thesis serves as
part of the motivation for this work, although the particular results for this
measurement will not be reported here, since this is a subject pending the
D@ collaboration’s approval, but it is work in progress and can be left as a

“further study” note.

1.4 Fermilab

Fermi National Accelerator Laboratory (Fermilab), located in Batavia near
Chicago, Illinois, is a U.S. Department of Energy national laboratory spe-
cializing in high-energy particle physics. Fermilab’s Tevatron is a landmark
particle accelerator; at 3.9 miles (6.3 km) in circumference, it is the world’s
second largest energy particle accelerator (the CERN LHC is 27 kilometres in
circumference), you can see a satellite view of the site on Fig. 1.6. In addition
to high energy collider physics done at the D@ and Collider Detector at Fer-
milab (CDF) facilities, Fermilab is also host to a number of smaller fixed
target experiments and neutrino experiments, such as MiniBooNE (Mini
Booster Neutrino Experiment), SciBooNE (SciBar Booster Neutrino Exper-
iment) and MINOS (Main Injector Neutrino Oscillation Search).
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Figure 1.6: A satellite view of Fermilab. The circular structures in the
southwest corner (bottom left) are the Main Injector Ring and Tevatron [24].

The four-mile-long Tevatron with its superconducting magnets is the sec-
ond most powerful particle accelerator in the world (LHC being the most
powerful). Traveling at almost the speed of light, protons and antiprotons
circle the Tevatron in opposite directions. Physicists coordinate the beams
so that they collide at the centers of two 5,000-ton detectors DZero and CDF
inside the Tevatron tunnel at energies of 1.96 trillion electron volts (TeV),
revealing the conditions of matter in the early universe and its structure at
the smallest scale [24].
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1.4.1 D@ Collaboration and my service on site

The DO detector will be described in detail in chapter 3, but as a collabora-
tion, it is an international effort of about 550 physicists from 89 universities
and national laboratories from 18 countries. As a PhD student aspiring to
become part of such a collaboration, earning the right to use their facilities
and data comes with a few obligations. First and foremost, you need to be
on site and devote your time and effort to the operation and maintenance of
the detector itself.

For that, I was working at DO for over a year and half. Started off as a
Silicon Microstrip Tracker (SMT) shifter, learning the ropes of that partic-
ular system while also taking Radiological Worker basic training. The D®
control room works 24 /7 and there are always at least 4 people supervising its
operations, with on-call experts for each system ready to assist at any time.
Once I understood the SMT’s operations and dived deeper into the group
working on it, I managed to get a spot as a SMT Expert, which added a
lot of responsibilities to my work. These included everything from managing
the SMT’s channel archives, debugging code for the system or subsystems,
running tests and studies to improve the SMT’s performance, controls and
overall operation; testing, repairing and replacing malfunctioning hardware;
to developing tools that could be more user friendly to the shifters, the regu-
lar operators. Not to mention the one in every five weeks that I was on-call,
fully and personally responsible for the SM'T’s operations and well being for
a 7 day period, ready to be on site at anytime needed.

The control room was running short on DAQ shifters, so later on I volun-
teered to take on that “sidejob”, and I believe the control room was happy to
get a DAQ shifter with SMT expertise status. The DAQ shifter is a crucial
element in the control room, he or she is the one with full control on the data
taking, which in turn translates to how efficient the detector is in recording
data to disc, and making sure its good data at that.

A DAQ shifter doesn’t need to be an expert on any of the other systems
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in particular, but a reliable DAQ shifter knows enough of them all to have a
better grasp in any situation. DAQ shiters don’t call the shots, but undoubt-
edly they are critical in running the show in the control room. DAQ shifts
are for 8 hours, 7 days in a row, once every 3 weeks. You start with the day
shift, move onto the evening shift and finish with the night shift, one week

at a time. Then you start all over again, and I did this for about 6 months.

Figure 1.7: D@ Silicon Microstrip Tracker team of experts as of August
2006. Back row, from left: Michele Weber, Mike Utes, Kristian Harder,
Derek Strom. Front row, from left: Dmitri Tsybychev, Kazu Hanagaki,
Marco Carrasco. Not pictured: Michael Kirby, group leader.

None of the work I performed while I was stationed at D@ had any direct
impact on the thesis research presented here. My work there was to help
future generations of students get the data they will need, much like I was
able to do research on data I didn’'t take myself, but someone else took
before I was even a PhD student. Therefore my contribution to DO was very
satisfying, and even though you get the chance to work with many people

from all over the world in order to develop new research and perhaps publish
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other articles, my main satisfaction came from the everyday supervising and
operation on the SMT system and the D@ detector as a whole, looking to
improve its efficiency while knowing that the data being collected would
eventually find a young researcher like myself to analyze and make the best

use of.
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Chapter 2
Theoretical Background

This chapter provides some of the theoretical background needed to interpret
the measurement studied in this thesis, most of which was taken from the
workshop “B Physics at the Tevatron: Run II and Beyond” [25], held at Fer-
milab in 2001. The theory of b decays requires some elementary concepts on
symmetries and mixing, some knowledge of the standard electroweak theory,
and some information on how the b quark is bound into hadrons. The Stan-
dard Model, in which quark masses, flavor violation, and C'P violation all
arise from Yukawa interactions among the quark fields and the Higgs field,

still serves as the current foundation for discussing flavor physics.

2.1 CP Violation and the CKM matrix

Let us begin by recalling some of the most elementary aspects of particle
physics. Experiments have demonstrated that there are several species, or
flavors, of quarks and leptons. They are the down-type quarks (d, s, b),
up-type quarks (u, c, t), charged leptons (e, p, 7), and neutrinos (v, v, v;).
They interact through the exchange of gauge bosons: the weak bosons W+
and ZY, the photon, and the gluons. Experiments of the past decade have
verified the SU(3) x SU(2) x U(1) gauge structure of elementary particle

16



interactions, in a comprehensive and very precise way. By comparison, tests
of the flavor interactions are not yet nearly as broad or detailed.

The Cabibbo-Kobayashi-Maskawa (CKM) matrix contains a C'P violat-
ing parameter for three generations. By construction, the CKM matrix is
unitary, which implies several relations among its entries and, hence, be-
tween C'P conserving and C'P violating observables. Furthermore, the same
construction shows how, in the Standard Model, neutral currents conserve
flavor at the tree level, which is known as the Glashow-Iliopoulos-Maiani
(GIM) effect.

In the standard, one-doublet, model, we see that flavor and C'P violation
arise solely through the CKM matrix. Furthermore, in more general settings,
the CKM matrix can still arise, but there may be other sources of C'P viola-
tion as well. If the CKM matrix is the only source of C'P violation, there are
many relations between CP-conserving and C'P violating observables that
arise from the fact that V' is a unitary matrix.

To emphasize the physical transitions associated with the CKM matrix,

it is usually written

Vud Vus vub
V= ‘/cd ‘/;s ‘/;b ’ (2 : 1)
Vie Vis Vi

so that the entries are labeled by the quark flavors. Because V' is unitary,
[Vaal?> + [Vus)® + |Vip|? = 1, and similarly for all other rows and columns.
Even more interesting constraints come from the orthogonality of columns
(or rows) of a unitary matrix. Taking the first and third columns of V', one
has
VuaViy + VeaVigy + ViaViy = 0. (2.2)

Equation (2.2) says that the three terms in the sum trace out a triangle on
the complex plane. Because it is a consequence of the unitarity property

of V', this triangle is called the “unitarity triangle,”
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(P:)

* * Vg Vi
Mia Vb Ma Vo VUd—VUb
'cd Vcb
M B
Vea Veb (0.0) (1.0)

Figure 2.1: The unitarity triangle. The version on the left directly expresses
Eq. (2.2). The rescaled version shows the definition of (p, 7).

shown in Fig. 2.1.

The lengths of the sides are simply |V,4V.5|, etc., and the angles are

T - |
ud Vb ca¥ ch

(2.3)

The notation 5 = ¢, a = ¢o, 7 = ¢3 is also used. By construction
a+ 4+ v = m. The unitarity triangle(s) are useful because they provide a
simple, vivid summary of the CKM mechanism. Separate measurements of
lengths, through decay and mixing rates, and angles, through C'P asymme-
tries, should fit together. Furthermore, when one combines measurements—
from the B, By, K, and D systems, as well as from hadronic W decays—all
triangles should have the same area and orientation. If there are non-CKM
contributions to flavor or C'P violation, however, the interpretation of rates
and asymmetries as measurements of the sides and angles no longer holds.

The triangle built from experimentally defined sides and angles will not fit
with the CKM picture.

In the parameterization favored by the Particle Data Book [12]
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—i513

C12C13 512€13 513€
_ i is
V= —s12C23 — C12523513€""  C12Ca3 — S12523513€"13 593C13 )
61 51
512823 — C12C23513€""1®  —C12S93 — S12C23513€"1®  C23C13

(2.4)

where ¢;; = cost;; and s;; = sin6;;. The real angles 0;; may be chosen so
that 0 < 6;; < 7/2, and the phase d;3 so that 0 < §15 < 27.

A convenient parameterization of the CKM matrix is due to Wolfen-
stein [1]. It stems from the observation that the measured matrix obeys a
hierarchy, with diagonal elements close to 1, and progressively smaller ele-
ments away from the diagonal. This hierarchy can be formalized by defining

A, A, p, and 7 via

A= S19, A= 593/02, p+in= 8136i513/A)\3. (2.5)

From experiment A ~ 0.22, A =~ 0.8, and /p? + n?> ~ 0.4, so it is phe-

nomenologically useful to expand V' in powers of A:

1— 3N A AX3(p —in)
V= Y 1— 1N AN? + O\ (2.6)
AN(1 —p—in) —AN? 1

It is customary to rescale Eq. (2.2) by the common factor AN3, to focus
on the less well-determined parameters (p,n). In the context of the Wolfen-
stein parameterization, there are many ways to do this. Since we anticipate
precision in experimental measurements, and also in theoretical calculations
of some important hadronic transition amplitudes, it is useful to choose an
exact rescaling. We choose to divide all three terms in Eq. (2.2) by V..V
and define
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Vud Vu*b
VeaVy,

P+ i (2.7)
Then the rescaled triangle, also shown in Fig. 2.1, has its apex in the

complex plane at (p,7). The angles of the triangle are easily expressed

_ n -1 ] 1 (N
o = tan ! O EE—— s /6 = tan (—_) y = tan <__) s
<n2+p(p— )) 1—p ! p

(2.8)

Since 7, p, and 1 — p could easily be of comparable size, the angles and,

thus, the corresponding C'P asymmetries could be large.

At the Tevatron there is also copious production of B, mesons. The

corresponding unitarity triangle is

Vus u*b + ‘/cs ;l; + ‘/ts tz = 07 (29)

replacing the d quark with s. In Eq. (2.9) the first side is much shorter
than the other two. Therefore, the opposing angle

B = arg {—“f—vﬂ =N+ O\ (2.10)

is small, of order one degree. Therefore, the asymmetries in B, — ¢n")
and B, — ¢ are much smaller than in the corresponding B decays. On the
other hand, this asymmetry is sensitive to new physics in BY — BY mixing.
In the standard model mixing is induced by loop processes. When, as here,
there is also Cabibbo suppression, it is easy for the non-standard phenomena
to compete. Thus, in the short term a measurement of (3, represents a search

for new physics, whereas in the long term it would be a verification of the
CKM picture.
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Figure 2.2: Standard Model box diagrams inducing B} — BY mixing.

2.2 B’ B’ mixing

In the following, the notation B° represents either of the two neutral B meson
species with the standard convention that B° (B°) contains a b antiquark
(a b quark). B — B° mixing refers to transitions between the two flavor
eigenstates | B°) and |B°). In the Standard Model B°— B mixing is caused
by the fourth order flavor-changing weak interaction described by the box

diagrams in Fig. 2.2.

Such transitions are called |AB|=2 transitions, because they change the
bottom quantum number by two units. In the Standard Model |AB| = 2
amplitudes are small, so measurements of B®— B® mixing could easily be

sensitive to new physics.

B — B® mixing induces oscillations between BY and BY. An initially
produced B° or B° evolves in time into a superposition of B and B°. Let
|B°(t)) denote the state vector of a B meson which is tagged as a B at
time t = 0, i.e., |B(t = 0)) = |B®). Likewise |B°(t)) represents a B meson
initially tagged as a B°. The time evolution of these states is governed by a,

Schrodinger equation:

i(mon) =0 2) () e

The mass matriz M and the decay matriz I' are t-independent, Hermitian
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2 x 2 matrices. CPT invariance implies that
My = My, ['yp =Ta. (2.12)

|AB| =2 transitions induce non-zero off-diagonal elements in (2.11), so that
the mass eigenstates of the neutral B meson are different from the flavor
eigenstates |B°) and |B°). The mass eigenstates are defined as the eigen-
vectors of M —iI'/2. We express them in terms of the flavor eigenstates

as

p|B°) +4|B°),
Heavier eigenstate: |By) = p|B") —q|B"), (2.13)

Lighter eigenstate: |Bp)

with |p|* +|¢|* = 1. Note that, in general, |B;,) and |By) are not orthogonal

to each other.

The time evolution of the mass eigenstates is governed by the two eigen-
values My —iT'y /2 and My, —il'1/2:

B (1)) = e WMt tn /2t By 1) (2.14)

where |By 1) (without the time argument) denotes the mass eigenstates at
time ¢t = 0: |Bp,) = |Bu.L(t = 0)). We adopt the following definitions for
the average mass and width and the mass and width differences of the B
meson eigenstates:

MH + ML 1—‘L + FH

m = #:Mlla I = 7:1—‘11)

Am = MH—ML, Al = FL—FH.

Am is positive by definition. In our convention the Standard Model predic-

tion for Al is positive.

We can find the time evolution of |B(t)) and |B(t)) as follows. We first
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invert (2.13) to express |B%) and |B°) in terms of the mass eigenstates and

using their time evolution in (2.14):

1 . .

|Bo(t)> _ 2_ [e—zMLt—l"Lt/2 |BL> + e—zMHt—FHt/2 |BH>] 7
p

_ 1 . .

|Bo(t)> _ 2_ [e—zMLt—l"Lt/2 |BL> o e—zMHt—FHt/2 |BH>} ) (216)
q

These expressions will be very useful in the discussion of B, mixing. With

(2.13) we next eliminate the mass eigenstates in (2.16) in favor of the flavor

eigenstates:
q —
|B(t)) = g+(t)|30>+]—99—(t)|30>,
— p —
[B°(t)) = 59—@) 1B+ g+(t)|B°), (2.17)
where
- Al't Amt Al't Amt
— —imt ,—I't/2 e .
g+ (1) e "™e [ cosh 1 o5 i sinh 1 S } ,
- ATt Amt Al't . Amt
g_(t) = eTimte T2 [— sinh 1 cos ;n + i cosh 1 sin ZL (%.18)

Note that—owing to AI' # 0—the coefficient g, (¢) has no zeros, and g_(t)
vanishes only at t = 0. Hence an initially produced B° will never turn into

a pure B° or back into a pure B°.

2.3 Heavy Quark Effective Theory

The dominant weak decays of hadrons containing a heavy quark, c or b, are
caused by the decay of the heavy quark. In the limit of a very large mass
mgq of a heavy quark () the parton picture of the hadron decay should set

in, where the inclusive decay rates of hadrons, containing (), mesons (Qq)
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and baryons (Qqq), are all the same and equal to the inclusive decay rate
[parton(Q) of the heavy quark. Yet, the known inclusive decay rates are
conspicuously different for different hadrons, especially for charmed hadrons,
whose lifetimes span a range of more than one order of magnitude from the
shortest 7(£2.) = 0.064 + 0.020 ps to the longest 7(DT) = 1.057 + 0.015 ps,
while the differences of lifetime among b hadrons are substantially smaller.
The relation between the relative lifetime differences for charmed and b
hadrons reflects the fact that the dependence of the inclusive decay rates on
the light quark-gluon ‘environment’ in a particular hadron is a pre-asymptotic
effect in the parameter mg, which effect vanishes as an inverse power of mg
at large mass. A theoretical framework for systematic description of the
leading at m¢ — oo term in the inclusive decay rate I'parion(Q) m% as well
as of the terms relatively suppressed by inverse powers of my is provided by

' A very successful theory

the Operator Product Expansion (OPE) in mj
to describe the decay of the meson containing a heavy and a light quark is
the Heavy Quark Effective Theory (HQET). In the HQET the Lagrangian
is expressed in an OPE expansion. In practice only the b and ¢ quarks have
masses large enough that HQET is valid, it does not apply to the top quark
since it decays before hadronization. Using this theory, the B,/B lifetime
ratio has been calculated to be B,/B° = 1 4 0.01. This is a very precise
prediction, hence lifetime ratios can be a powerful tool to test the Standard

Model.

In section 1.2, it was mentioned that the spectator model predicts that
all hadrons with the same heavy flavor content have identical lifetimes. In
the spectator model, a heavy quark (b or ¢) in a hadron is bound to the
lighter “spectator” quark(s). For as long as the spectator holds, the decay
is governed by the weak decay of the (), and, for this reason, the lifetime
of all hadrons containing () are the same and equal to that of a free Q.
However lifetimes of B hadrons have been experimentally observed to follow

a hierarchy scheme:
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TB. < Tbarion < TB, < TBy < 7B, (219)

On the phenomenological level, the main mechanism generating the ob-
served hierarchy of B hadrons are Pauli interference, Weak annihilation, and
Weak Exchange.
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Chapter 3

The Run IIa D® Detector

In the present chapter the proton-antiproton production is described followed
by a short description of their acceleration on and into the Tevatron. After
this we find a description of our experimental setup: the D@ Detector, sum-
marizing each of its subsystem’s specifications and purposes. The publication
“The Upgraded DO Detector” [26] was used and can be referred to in order

to revise the specs in greater detail.

The DO detector is one of two multi-purpose physics detectors located on
the Tevatron accelerator at Fermilab, Batavia, IL, USA. The D@ experiment
was proposed in 1983 to study proton-antiproton collisions at a center-of-
mass energy of 1.8 TeV at the Fermilab Tevatron collider. The focus of
the experiment was the study of high mass states and large pr phenomena.
The detector performed very well during Run I of the Tevatron, 1992-1996,
leading to the discovery of the top quark and measurement of its mass, a
precision measurement of the mass of the W boson, detailed analysis of gauge
boson couplings, studies of jet production, and greatly improved limits on
the production of new phenomena such as leptoquarks and supersymmetric
particles, among many other accomplishments.

During Run I, the Tevatron operated using six bunches each of protons

and antiprotons, with 3500 ns between bunch crossings and a center-of-mass
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energy of 1.8 TeV. The peak luminosity was typically 1-2x103! cm=2s7!

and approximately 120 pb~! of data were recorded by D@. Following the
completion of the new Main Injector and associated Tevatron upgrades, the
collider began running again in 2001. In Run II, which began in March
2001, the Tevatron is operated with 36 bunches of protons and antiprotons
with a bunch spacing of 396 ns and at an increased center-of-mass energy of
1.96 TeV. The instantaneous luminosity increased by more than a factor of

ten to greater than 1032 cm=2s71.

Muon Calorimetsr_Ton
NORTH 1 Do OGRS ey SOVTH
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—mEm — e

Figure 3.1: Diagram of the upgraded D@ detector, as installed in the collision
hall and viewed from inside the Tevatron ring. The forward proton detector
is not shown. The detectors in the central region of the detector are shown
in Fig. 3.3.

The detector consists of three major subsystems: central tracking de-
tectors, uranium/liquid-argon calorimeters, and a muon spectrometer. The
central tracking system was completely replaced from Run I to Run II. The
old system lacked a magnetic field and suffered from radiation damage, and
improved tracking technologies are now available. The new system includes a

silicon microstrip tracker and a scintillating-fiber tracker located within a 2 T
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solenoidal magnet. The silicon microstrip tracker is able to identify displaced
vertices for b-quark tagging. The magnetic field enables measurement of the
energy to momentum ratio (F/p) for electron identification and calorimeter
calibration, opens new capabilities for tau lepton identification and hadron
spectroscopy, and allows precision muon momentum measurement. Between
the solenoidal magnet and the central calorimeter and in front of the forward
calorimeters, preshower detectors were added for improved electron iden-
tification. In the forward muon system, proportional drift chambers were
replaced by mini drift tubes and trigger scintillation counters that can with-
stand the harsh radiation environment and additional shielding was added.
In the central region, scintillation counters were added for improved muon
triggering. A forward proton detector for the study of diffractive physics was
also added. A side view of the upgraded D@ detector is shown in Figure 3.1.

3.1 p and p production

The initial stage in the production of protons and antiprotons is a Cockecroft-
Walton pre-accelerator. Here hydrogen atoms are ionised to make H ™~ ions,
which are then accelerated through the iniial stages of the accelerator com-
plex. The Cockcroft-Walton machine accelerates the ions to an energy of
about 750 keV, before feeding them into a linear accelerator where they are
accelerated to 400 MeV. After this stage the electrons are removed from the
ions to leave protons, by passing the beam of ions through a carbon foil.
The protons then enter a synchrotron accelerator, known as the Booster,
and are accelerated to around 8 GeV before entering the Main Injector, a
synchrotron with a 3km circumference. The Main Injector sends protons into
the Tevatron, at an energy of 150 GeV, or to the Antiproton Source, at 120
GeV. To produce antiprotons, the protons at 120 GeV are collided witha
nickel target. These collisions produce antiprotons as well as other particles,

so the antiprotons are separated using bending magnets as a charge-mass
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spectrometer. Antiprotons are stored in the accumulator ring until they can

be sent to the Main Injector, from which they are injected into the Tevatron.
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Figure 3.2: Fermilab’s Accelerator Rings [24].

3.2 The Tevatron

The Tevatron provides the final acceleration stage before collisions. It is
a superconducting synchrotron with a circumference of six kilometers, and
while the data for this thesis were taken, it was the highest energy accelerator
in the world. The protons and antiprotons are accelerated from 150 GeV to
their collision energy of 980 GeV. Once collision energy is reached, the beams
are focused for collisions in the two detectors. The protons and antiprotons
circle in bunches, with bunch crossings occurring every 396 ns in the center
of the detectors. The beams continue to circle and collisions are recorded

for several hours, during a period known as a store. Collisions and loss
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of particles from the beams reduce the luminosity, and severals hours after

collisions are initiated, the beams are dumped and a new store is started.

3.3 The D@ Detector Coordinate System

A right-handed system of coordinates with origin at the center of the detector
is used. The z-axis lies along the beam axis, pointing in the direction of the
proton beam, and the y-axis points vertically upward. This means that the
z-axis points away from the centre of the Tevatron ring. Often spherical
polar coordinates are used, with the radial coordinate r lying perpendicular
to the beam direction and the azimuthal angle given by ¢ = arctan(y/z).
The polar angle § = arctan(r/z) is usually replaced by the pseudorapidity,
71, which is defined as

0
n= —ln(tan§) (3.1)
The pseudorapidity is an approximation of the rapidity

1. E+p,

= -
y 2"(E—pz

) (3.2)

for Ej;m, where FE, p and m are the energy, momentum and mass of a
particle respectively. The two quantities are identical for massless particles.
The term transverse refers to the (x,y) plane, and quantitties are often
measured in this plane, such as the transverse momentum, p;r = psin#, and
the transverse energy, Fr = Esinfl. The term forward refers to points at

large |z|.

3.4 Central Tracking System

Excellent tracking in the central region is necessary for studies of top quark,

electroweak, and b physics and to search for new phenomena, including the
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Higgs boson. The central tracking system consists of the silicon microstrip
tracker (SMT) and the central fiber tracker (CFT) surrounded by a solenoidal
magnet. It surrounds the D@ beryllium beam pipe, which has a wall thick-
ness of 0.508 mm and an outer diameter of 38.1 mm, and is 2.37 m long. The
two tracking detectors locate the primary interaction vertex with a resolu-
tion of about 35 pum along the beamline. They can tag b-quark jets with an
impact parameter resolution of better than 15 ym in r — ¢ for particles with
transverse momentum pp > 10 GeV/c at |n| = 0. The high resolution of the
vertex position allows good measurement of lepton pr, jet transverse energy
(Er), and missing transverse energy K. Calibration of the electromagnetic

calorimeter using F/p for electrons is now possible.

Intercryostat
Detector
Central Fiber Tracker
Central Calorimeter / “ |
S . orward
Solenoidal Magnet Preshower
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Figure 3.3: Cross-sectional view of the new central tracking system in the
x — z plane. Also shown are the locations of the solenoid, the preshower
detectors, luminosity monitor, and the calorimeters.

Both the SMT and CFT provide tracking information to the trigger.
The SMT provides signals to the Level 2 and 3 trigger systems and is used
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to trigger on displaced vertices from b-quark decay. The CFT provides a
fast and continuous readout of discriminator signals to the Level 1 trigger
system; upon a Level 1 trigger accept, track information based on these
signals is sent to Level 2. The Level 3 trigger receives a slower readout of the
CFT’s digitized analog signals, in addition to the discriminator information
available at Level 1 and Level 2. A schematic view of the central tracking

system is shown in Figure 3.3.

3.4.1 Silicon Microstrip Tracker (SMT)

The SMT provides both tracking and vertexing over nearly the full  coverage
of the calorimeter and muon systems. Design of the detector, electronics,
and cooling are, in large part, dictated by the accelerator environment. The
length of the interaction region (0 &~ 25 cm) sets the length scale of the
device. With a long interaction region, it is a challenge to deploy detectors
such that the tracks are generally perpendicular to detector surfaces for all 7.
This led to a design of barrel modules interspersed with disks in the center
and assemblies of disks in the forward regions. The barrel detectors primarily
measure the » — ¢ coordinate and the disk detectors measure r — z as well
as r — ¢. Thus vertices for particles at high 7 are reconstructed in three
dimensions by the disks, and vertices of particles at small values of 7 are
measured in the barrels and central fiber tracker. This design poses difficult
mechanical challenges in arranging the detector components and minimizing
dead areas while providing sufficient space for cooling and cables.

An isometric view of the SMT is shown in Figure 3.4. The detector has
six barrels in the central region. Each barrel has four silicon readout layers.
The silicon modules installed in the barrels are called “ladders.” Layers 1
and 2 have twelve ladders each; layers 3 and 4 have twenty-four ladders each,
for a total of 432 ladders. Each barrel is capped at high |z| with a disk of
twelve double-sided wedge detectors, called an “F-disk.” Forward of the three

disk/barrel assemblies on each side is a unit consisting of three F-disks. In the
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4 H-Digks
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Figure 3.4: The disk/barrel design of the SMT.

far forward regions, two large-diameter disks, “H-disks,” provide tracking at
high |n|. Twenty-four full wedges, each consisting of two back-to-back single-
sided “half” wedges, are mounted on each H-disk. There are 144 F-wedges
and 96 full H-wedges in the tracker; each side of a wedge (upstream and
downstream) is read out independently. There is a grand total of 912 readout
modules, with 792,576 channels. The centers of the H-disks are located at
|z| = 100.4, 121.0 cm; the F-disks are at |z| = 12.5, 25.3, 38.2, 43.1, 48.1,
and 53.1 cm. The centers of the barrels are at |z| = 6.2, 19.0, 31.8 cm. The
SMT is read out by custom-made 128-channel SVXIIe readout chips.

The SMT uses a combination of single-sided (SS), double-sided (DS),
and double-sided double-metal (DSDM) technologies. Silicon sensors were
obtained from three manufacturers. Single-sided and double-sided devices
were produced from high resistivity 4” silicon wafers, with crystal orientation
<111> and <100>. The 90° stereo sensors used in layers 1 and 3 of the
four centermost barrels are DSDM sensors, manufactured using <100> 6”
wafers. Isolation on the n-side of all double-sided sensors is provided by p-
stop implants. All traces are biased using polysilicon resistors. Table 3.1
shows the sensor types used in the SMT and their locations. A sketch of a
double-sided 2° ladder with nine SVXIIe readout chips is shown in Figure 3.5.
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Table 3.1: Characteristics and deployment of various sensor types in the
SMT. 7 indicates the length of the inner H-disk sensor; o is the length of the
outer H-disk sensor.

Module Type Layer Pitch Length Inner Outer
(pm) (cm) radius  radius
p/n (cm)  (cm)

F-disks DS 50/62.5 7.93 2.57 9.96

H-disks SS 40 7.63° 9.5 26

80 readout 6.33°

DSDM 1,3 50/1535 120 2715  7.582

1 ’
bR (4) —p5—— 50/625 60 455 1051
S 1,3 50 60 2715  7.582
Bittels (2) —p5— 3 50/625 60 455 1051

Silicon

Beryllium

J

Locating Notches

Surface-to-Surface
Connection

Figure 3.5: Double-sided ladder design, n-side. The SVXIIe readout chips
shown as dashed lines are located on the p-side of the ladder.
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3.4.2 Central Fiber Tracker (CFT)

The CFT consists of scintillating fibers mounted on eight concentric support
cylinders and occupies the radial space from 20 to 52 cm from the center of
the beampipe. To accomodate the forward SMT H-disks, the two innermost
cylinders are 1.66 m long; the outer six cylinders are 2.52 m long. The outer
cylinder provides coverage for |n| < 1.7. Each cylinder supports one doublet
layer of fibers oriented along the beam direction (z) and a second doublet
layer at a stereo angle in ¢ of +3° (u) or —3° (v). Doublet layers with
fibers oriented along the beam axis are referred to as axial layers, while the
doublet layers oriented at small angles are referred to as stereo layers. From
the smallest cylinder outward, the fiber doublet orientation is zu — zv — zu —
2v — zu — zv — zu — zv. The scintillating fibers are coupled to clear fiber
waveguides which carry the scintillation light to visible light photon counters
(VLPCs) for read out. The small fiber diameter (835 um) gives the CFT an
inherent doublet layer resolution of about 100 pum as long as the location of
the individual fibers is known to better than 50 pm.

Discriminator signals from the axial doublet layers are used to form a fast
Level 1 hardware trigger based upon the number of track candidates above
specified pr thresholds (with a minimum threshold of 1.5 GeV/c¢). Level 1
track candidates are used by the Level 2 trigger, while the Level 3 trigger
uses the full CFT readout information.

The scintillating fibers, including the cladding, are 835 pum in diameter
and 1.66 or 2.52 m in length. They are optically connected to clear fiber
waveguides of identical diameter which are 7.8 to 11.9 m long. The fibers
have a multi-clad structure consisting of a core surrounded by two claddings.
The scintillating fiber is structurally and chemically similar to the clear fiber,
but contains fluorescent dyes. The CFT uses about 200 km of scintillating
fiber and 800 km of clear fiber.

Light production in the fibers is a multistep process. The base core

material is polystyrene (PS). The PS is doped with the organic fluorescent
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dye paraterphenyl (pT) to about 1% by weight. Excitations in the PS are
rapidly transferred to the pT via a non-radiative dipole-dipole interaction.
pT has a rapid fluorescence decay (a few nanoseconds) and a short emission
wavelength (=~ 340 nm). The mean free path of the emitted light is only a few
hundred microns in the PS. To get the light out of the detector, a secondary
wave-shifter dye, 3-hydroxyflavone (3HF), is added at a low concentration
(1500 ppm). The 3HF is spectrally matched to the pT but has minimal
optical self-absorption. The 3HF absorbs the 340 nm radiation from the pT

and re-emits it at 530 nm which is well-transmitted in PS.
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Figure 3.6: A VLPC cassette supporting AFE readout boards as viewed from
the left side. The VLPC hybrids are located on the isotherms housed inside
the copper cup shown at the bottom of the figure.

The light generated by the passage of charged particles through the scin-
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tillating fibers of the CFT is converted into electrical signals by the VLPCs
housed in the VLPC cassettes, see figure 3.6. VLPCs are impurity-band sili-
con avalanche photodetectors that operate nominally at 9 K, and are capable
of detecting single photons. They provide fast response, excellent quantum
efficiency (>75%), high gain (22,000 to 65,000), low gain dispersion, and the

capability of functioning in a high background environment.

3.5 Solenoidal Magnet

The superconducting solenoidal magnet was designed to optimize the mo-
mentum resolution, dpr/pr, and tracking pattern recognition within the
constraints imposed by the Run I detector. The overall physical size of the
magnet was determined by the available space within the central calorimeter
vacuum vessel: 2.73 m in length and 1.42 m in diameter. We selected a
central field of 2 T after considering the momentum resolution and tracking
pattern recognition, the available space, and the thickness of the cryostat
which depends on the thicknesses of the conductor and support cylinder.

In addition, the magnet is required i) to operate safely and stably at
either polarity, i) to have a uniform field over as large a percentage of the
volume as practical, ii7) to be as thin as possible to make the tracking volume
as large as possible, iv) to have an overall thickness of approximately 1X, at
1 = 0 to optimize the performance of the central preshower detector mounted
on the outside of the solenoid cryostat, and v) to quench safely without a
protection resistor (although one is installed to reduce the recool time after
an inadvertent fast dump).

Services such as cryogens, magnet current buses, and vacuum pumpout
and relief must reach the magnet from the control dewar through the narrow
space (7.6 cm) between the central and end calorimeter vacuum vessels. The
magnet system is controlled remotely, including cool down, energization, de-

energization for field reversal, quench recovery, and warmup, without access
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Table 3.2: Major parameters of the solenoid

Central field 20T

Operating current 4749 A

Cryostat warm bore diameter 1.067 m

Cryostat length 2.729 m

Stored energy 5.3 MJ

Inductance 0.47 H

Cooling Indirect, 2-phase forced flow helium
Cold mass 1460 kg

Conductor 18-strand Cu:NbTi, cabled
Conductor stabilizer High purity aluminum
Thickness 0.87 Xy

Cooldown time < 40 hours

Magnet charging time 15 minutes

Fast discharge time constant 11 seconds

Slow discharge time constant 310 seconds

Total operating heat load 15 W plus 0.8 g/s liquefaction
Operating helium mass flow 1.5 g/s

to the magnet cryostat, service chimney, or control dewar.

The major parameters of the solenoid design are listed in Table 3.2. A
perspective view of the solenoid inside the central calorimeter with its chim-
ney and control dewar is shown in Figure 3.7. The solenoid, along with its
cryostat, control dewar, and connecting service chimney, was manufactured
by Toshiba Corp. in Yokohama, Japan. The system was specified to oper-
ate safely and reliably over a twenty-year lifetime with up to 150 cool-down

cycles, 2500 energization cycles, and 400 fast dumps.

3.6 Preshower Detectors

The preshower detectors aid in electron identification and backg