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ABSTRACT
CP VIOLATION IN SINGLE TOP QUARK PRODUCTION

By

Weigang Geng

We present a search for CP violation in single top quark production with the
D@ experiment at the Tevatron proton-antiproton collider. CP violation in the top
electroweak interaction results in different single top quark production cross sections
for top and antitop quarks. We perform the search in the single top quark final state
using 5.4 b1 of data, in the s-channel, ¢-channel, and for both combined. At this

time, we do not see an observable CP asymmetry.
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Chapter 1

Introduction

This thesis gives an overview of the first search for CP violation in single top quark
production at the D@ experiment at the Fermilab Tevatron Collider. Chapter 1 gives
an introduction to CP violation and the motivation for this search in the single top
process; Chapter 2 sketches the theory background; Chapter 3 gives an introduction
of the experimental facilities used in this analysis; Chapter 4 describes how to identify
basic physics objects; Chapter 5 presents the data and simulation samples used
in this analysis; Chapter 6 shows the event selection cuts and describes how the
background samples are normalized; Chapter 7 presents the multivariate methods
used; Chapter 8 describes how the statistical methods are implemented; Chapter 9
discusses systematic uncertainties encountered in this analysis; Chapter 10 shows the

specific methods used to measure the CP asymmetry and the results; Chapter 11



concludes this thesis by summarizing the results of the analysis and giving an outlook

for future analyses.

1.1 CP Violation

Charge conjugation and Parity (CP) symmetry states that the laws of physics should
be the same if a particle were interchanged with its antiparticle (C' symmetry), and
left and right were swapped (P symmetry). CP-symmetry was proposed in 1957 by
Lev Landau as the true symmetry between matter and antimatter [2]. CP violation
occurs when there is a difference in the way that particles and anti-particles interact.
CP violation was first discovered in 1964, in the decays of neutral kaons by J. Cronin
and V. Fitch [3]. Their discovery showed that weak interactions violate not only the
charge-conjugation symmetry C between particles and antiparticles and the parity
P, but also their combination. The violation of CP-symmetry plays an important
role both in the attempts to explain the dominance of matter over antimatter in the
universe, and in the study of weak interactions in particle physics.

The Standard Model Lagrangian contains two ways to break CP-symmetry. The
first of these is in the QCD strong sector, which has yet not been found experimen-
tally. The second way, involving the weak force, has been experimentally verified,
but only accounts for a small portion of the CP violation required to explain baryo-

genesis. Here we present a search for CP violation involving the top quark.



1.2 Motivation for searching for CP violation in

single top

The top quark was discovered in 1995 at the Fermilab Tevatron by the CDF and DO
collaborations[4]. It is the heaviest elementary particle found to date. Its large mass
and corresponding coupling strength to the Higgs boson suggests that CP violation

in the top sector might be accessible [5].

CP violation processes can exist within the Standard Model (SM) through a
CP-violating phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix. However,
it is estimated that the amount of CP-violation in the SM is not enough to explain
baryogenesis, suggesting the possibility that new physics is needed to account for all

CP-violating processes [6].

CP violation is a very rare phenomenon that was confirmed in the decay of K-
mesons [3]. However, the amount of CP violation observed in these systems can
be accommodated within the SM [7]. More interesting are systems involving B-
mesons where the expected CP-violating effects within the SM are much larger [8].
On the other hand, the SM predicts very low CP violation for top physics because
of the Glashow-Iliopoulos-Maiani (GIM) mechanism which suppresses changes in
strangeness by 2 in weak interactions, making any large CP-violation effect direct

evidence of physics beyond the SM [6, §].



The single top process provides a direct measurement of the CKM Matrix element
[Vipl- Ome of the assumptions in measuring |Vyp| from single top is that the Wtb

vertex is CP-conserving, and we test that assumption here.

1.3 Samples selection and single top analysis overview

This analysis is based on the single top cross section measurement in s+t, s and ¢
channels. (See Section 2.3 for definitions of these channels.) The data and simulation
samples went through various selection cuts and processing stages before multivariate
and statistical analysis. Sketch of the analysis is shown in Figure 1.1. These items

will be discussed in detail in Chapters 4 through 11.
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Figure 1.1: Flow chart of the stages of CP violation analysis in single top. For
interpretation of the references to color in this and all other figures, the reader is
referred to the electronic version of this dissertation.



Chapter 2

Theory

Elementary particles are the building blocks of the world around us and their in-
teractions have been successfully described by the Standard Model of Elementary
Particles [9, 10, 11, 12]. High energy experimentalists conduct experiments either to
test the SM’s predictions in great detail, or to search for new interactions that are not
predicted by the SM (Beyound SM). At the energy frontier, high energy accelerators

can produce heavy particles such as top quarks to probe new physics.

The top quark is the most massive observed elementary particle. It was postulated
in 1973 by Makoto Kobayashi and Toshihide Maskawa to explain CP violation in
kaon decays [7]. The top quark was discovered at the Tevatron collider at Fermilab
in 1995, with the production of a top-antitop pair via strong interactions [4].

C.-P. Yuan et al [13] and S. Willenbrock [14] predicted a top quark production

6



mode by means of the electroweak interaction, in which the top quark is produced
singly, thus also called “Single Top” quark production. This production mode has
been observed at the Tevatron [15, 16] in 2009 by the D@ and CDF collaborations.

Single top is sensitive to many new physics models, and CP violation would be
a significant manifestation of them. Moreover, this measurement is unique in the
Tevatron (pp collider), and is not easily measured at the Large Hadron Collider
(LHC). The last section of this chapter explains how CP Violation in single top

manifest itself and how we intend to measure it.

2.1 The Standard Model

The Standard Model includes two major theories — quantum electroweak theory and
quantum chromodynamics. It describes the interactions between all known particles
(electromagnetic, weak, and strong interactions) in terms of one internally consistent
framework, the quantum field theory (QFT). The particles in the Standard Model
are divided into two groups — fermions and bosons.

The Standard Model has had extensive success in explaining a wide variety of
experimental results. Among other examples, the Standard Model predicted the
existence of the W and Z bosons, gluon, and the top and charm quarks before
these particles were observed. Their predicted properties were also experimentally

confirmed with good precision.
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Figure 2.1: The Standard Model of elementary particles. [17]



The Standard Model depends on 19 parameters, whose numerical values are es-

tablished by experiment.

2.1.1 Fermions

The Standard Model includes 12 elementary particles of spin % known as fermions,
which observe the Pauli exclusion principle [18]. There are the six quarks (up,
down, charm, strange, top, bottom), and six leptons (electron, electron neutrino,
muon, muon neutrino, tau, tau neutrino). Each quark/lepton has a corresponding
antiparticle with the same mass but opposite electric charge.

The fermions are the building blocks of matter. They are further grouped into
three generations, where the lightest are in the first generation and the heaviest in the
third. Each generation contains a charged lepton with charge —1, a charge-neutral
neutrino, and up-type and down-type quarks with charges —i—% and —% respectively.
All ordinary (baryonic) matter is made of first generation charged particles (electrons,

and up and down quarks), since these do not decay. On the other hand, the two

higher generation charged particles decay within very short half lives.

Some properties of quarks and leptons can be seen in Figure 2.1. Note by mass-
energy equivalence, we usually express mass in units of eV/ 02, where c is the speed

2

of light in a vacuum, and we set ¢ = 1 in this thesis, and then leave out ¢ from

equations. The masses of hadrons are mostly of the order of 1 GeV/ 02, which makes

9



the GeV (gigaelectronvolt, or a billion electronvolt) a very convenient unit of mass.

For example the proton has a mass of 0.938 GeV.

The quarks carry color charge (red, green, blue), and hence interact through the
strong interaction. Quarks also carry electric charge and weak isospin (a component
of the weak hypercharge, which unifies weak with electromagnetic interactions.), so
they can interact with each other both elctromagnatically and via the weak inter-
action. At lower energy, or larger distance, the strong interaction becomes very
strong, resulting in a phenomena called color confinement, which results in quarks
being bound to one another, forming color-neutral composite particles called hadrons.
Hadrons are strongly interacting particles built from two types of quark combination:
Baryon = QQQ (3 quarks), Meson = QQ (quark-antiquark pair). The familiar pro-
ton (uud) and the neutron (udd) are the two baryons composed of quarks with the

smallest masses.

The electrons, muons, and taus do not carry color charge, but carry an electric
charge, and so they all interact electromagnetically. The neutrinos do not carry color
charge or electric charge, so they only interact with the other particles through the

weak force, which makes them very difficult to detect.

10



2.1.2 Gauge Bosons

In the Standard Model, gauge bosons are force carriers that mediate the strong, weak,
and electromagnetic fundamental interactions. The gauge bosons of the Standard

Model all have spin 1 (thus the name bosons).

Photons mediate the electromagnetic force between particles that carry elec-

tric charges. The photon is massless and is described by quantum electrodynamics
(QED) [11].

The W, W—, and Z gauge bosons mediate the weak interactions between
particles of different flavors (all quarks and leptons). They are massive, with the Z
boson the heaviest. These three gauge bosons along with the photons are grouped

together, as collectively mediating the electroweak interaction.

The eight gluons mediate the strong interactions between color-charged particles
(the quarks). Gluons are massless. The eightfold multiplicity of gluons is labeled
by a combination of color and anticolor charge (e.g. red-antigreen). Because the
gluon has an effective color charge, they can also interact among with each other,
which is different from photons, which do not carry electric charge and therefore do
not interact with each other. The gluons and their interactions are described by the

theory of quantum chromodynamics (QCD) [11].

Table 2.1 gives a summary of the properties of the gauge bosons in the SM.
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Table 2.1: Standard Model gauge bosons

Gauge Bosons spin = 1
Force | Gauge boson Mass [GeV] Electric Charge
Strong |  Gluon (g) 0 0
Weak W 80.398 + 0.023 +1
Weak A 91.1876 £ 0.0021 0
EM Photon (v) 0 0

2.1.3 Higgs Boson

The Standard Model also predicts the existence of another boson, the Higgs boson,
which gives mass to all elementary particles, including the massive W/Z bosons and

the lighter fermions, i.e. quarks and leptons, and even the Higgs boson itself. In this

way the Higgs boson is a key building block in the Standard Model.

The Higgs particle was theorized by R. Brout, F. Englert, P. Higgs, G. Guralnik,
C. R. Hagen, and T. Kibble in 1964 [19, 20, 21]. It has no intrinsic spin (spin 0), and
for that reason is classified as a boson (like the gauge bosons integer spin 1). Be-
cause an exceptionally large amount of energy and beam luminosity are theoretically
required to observe a Higgs boson in high energy colliders, it is the only fundamental

particle predicted by the Standard Model that has yet to be observed. It is hoped

that the LHC at CERN will confirm the existence of the Higgs boson.
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2.1.4 Limits of the Standard Model

In spite of extensive experimental successes, the Standard Model is not a complete
theory of fundamental interactions. It has its own intrinsic defects, and there are
numerous phenomena that the SM can not explain. This leads to various Beyond
the Standard Model (BSM) searches. Listed below are some of the limitations of the

SM:

e [t does not incorporate the physics of dark energy, which is the reason that
the universe is expanding at an accelerating rate, and accounts for 73% of the

total mass-energy of the universe [22].

e [t does not explain gravitation, and it can’t describe general relativity consis-

tently in terms of quantum field theory.

e [t does not correctly account for neutrino oscillations and their non-zero masses
observed by the oscillation experiments [23]. Although mass terms for the
neutrinos can be added to the standard model by hand, the specifics of neutrino

mass are still unclear.

e [t depends on 19 numerical constants, whose values are obtained from experi-

ment, but the origin of the values is unknown.

e [t has several apparently unnatural properties giving rise to puzzles like the

strong CP problem, where QCD strong interaction is CP-symmetric, and the
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hierarchy problem, such as why the weak force is 1032 times stronger than

gravity [24].

e It does not contain any dark (i.e. nonluminous) matter particle that possesses

all of the required properties deduced from cosmology observations [25].

e It is also difficult to accommodate the predominance of matter over antimatter

(matter /antimatter asymmetry).

2.2 The Top Quark

The existence of the top quark was postulated (together with bottom quark) in 1973
by Makoto Kobayashi and Toshihide Maskawa to explain the observed CP violations
in kaon decay [7]. In hadron colliders, it can be produced via both the strong and
electroweak interactions. The top quark was discovered in 1995 by the D@ and
CDF Collabrations at Fermilab via strong interactions [4]. The production of single
tops via weak interaction was discovered also at Fermilab by the D@ and CDF

experiments in 2009 [15, 16] .

2.2.1 Properties

The top quark is an up-type quark with spin 1/2 and charge +2/3e. It has the largest

mass of any known elementary particles. Its mass is measured 172.9 + 1.5 GeV [26].
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Due to its large mass, it needs high energy colliders to be created, such as Tevatron

or LHC. It participates in strong, weak and electromagnetic processes.

2.2.2 Production

In hadron collisions, top quarks are produced dominantly in pairs through the QCD
processes qq — tt and gg — tt. Approximately 85% of the production cross sec-
tion at the Tevatron is from ¢g annihilation, with the remainder from gluon-gluon
fusion. Smaller cross sections are expected from electroweak single-top productions
mechanisms, mediated by virtual s-channel and ¢-channel W bosons, respectively. A
virtual particle is one having mass not equal to that of the free particles, also called
“off mass shell”.

A Feynman diagram for top pair production is shown in Fig. 2.2

2.2.3 Decay

Top quarks decay almost exclusively into a W boson and a b quark, with a branching
ratio B(t — W 4 b) ~ 99.8%. Thus the final decay products are determined by the
W boson decay.

The fraction of top events containing b quarks is expected to be close to 100%,
and the quarks to be rather energetic, since they come from the decay of a massive

object.
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Figure 2.2: Leading order Feynman diagram for the production of top quark pairs in
strong forces, where a quark-antiquark pair form a very energetic gluon, which then
decays into a top-antitop pair. From here and below, for the Feynman diagrams, the
time axis is always from left to right, and the space axis is from bottom up, unless
otherwise noted.

Because of its enormous mass, the top quark has an extremely short lifetime of
only 5 x 10729 s, which is about 20 times smaller than the time scale of the strong
interaction (10_23 s). As a result, unlike other quarks, the top quark is expected
to decay before top-flavored hadrons or tt-quarkonium bound states can form. This

provides a unique opportunity to study directly the decay of quarks.

2.3 The single top quark

2.3.1 Single top production and decay at the Tevatron

Electroweak top quark production is usually referred to as single top quark pro-

duction because only one top quark is produced per event. At hadron colliders,
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there are three Standard Model single top quark production modes, the s-channel
(pp — tb + X) 2.3 and t-channel (pp — tqb+ X) 2.4 exchanges of a virtual W, and
the tW production (pp — tW + X). The next to leading order (NLO) cross sections
with NNLL corrections for these processes at the Tevatron at 1.96 TeV are listed in
Table 2.2. The central values of the cross sections for single top are for estimated
172.5 GeV top quark mass. The uncertainties include components from the choice

of scale and parton distribution functions, but not for the top quark mass.

Table 2.2: Single top quark production cross sections [1].

Process | Cross Section (pb)

t-channel 2.26 = 0.12

s-channel 1.04 £ 0.04

At the Tevatron, the two dominant single top quark production channels are the
s-channel and ¢-channel. In the s-channel, an intermediate virtual time-like WW-boson
decays into a top and antibottom quark, as shown in Figure 2.3. The final state is
therefore a W boson and two bottom jets. In the ¢-channel, a bottom quark (originat-
ing from gluon radiation) transforms to top quark by exchanging a virtual space-like
W boson with an up or down quark, as shown in Figure 2.4. The accompanying
bottom quark is typically at large pseudorapidity (See definition in Equation 3.6)

and low transverse momentum, defined as pp = \/p% + p?%. Thus they usually es-

17



cape detection, and are often not reconstructed in the analysis. The t-channel final
state results also dominantly in W+2 jets, with just one of the jets coming from a
bottom quark. Occasionally, the initial or final-state quark can radiate a hard gluon
or quark at a large angle. That can be detected as additional jets. Together with
the light quark, this will lead to W+3 and W+4 jets events. The number of jets
reconstructed in the detectors depends on the decay kinematics. Although as shown
in Figure 2.4 is a 2 — 3 process, it contributes similar large cross section in the NLO
calculation to s-chanel [27]. The tW production mode, where a single top quark is
created in association with a real (on-shell) W boson, has too small of a cross section

(0.14£0.03 pb [1]) at the Tevatron energy, so it’s not included in our search channels.

Figure 2.3: Feynman diagram for single top s-channel production.

As mentioned in the top quark section 2.2, the top quark decays to a W boson
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Figure 2.4: Feynman diagram for single top ¢-channel production.

and a b quark. The W boson further decays to two jets or to a lepton plus neutrino
(Figure 2.5). The all-jets channel is immersed in a large QCD background. In
our analysis, the electron and muon leptonic final states are the most useful. The
Feynman diagrams for the single top production and decay modes for s- and t-

channel are shown in Figure 2.6 and Figure 2.7 separately.

Due to its large mass, the top quark is produced almost at rest, and the b quark
from the top quark decay tends to be central and have large transverse momentum,
as shown in Figure ?7. For the decay products of W boson, the lepton has a softer
p spectrum than that of the neutrino. This is due to the W boson polarization,
so the lepton from the W boson decay preferentially points in the same direction

as the incident proton or antiproton. The lepton appears as an isolated track of

19



v, ¥, v W uECC
g i T 8 d d 3% s
%K_J i o P
jj mode
most useful )
leptonic mode Br= 3
2
Br=i=
"9

Figure 2.5: Decay branching ratio of a top quark. Source: CP Yuan class notes.
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Figure 2.6: Feynman diagram for single top s-channel production and decay.
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Figure 2.7: Feynman diagram for single top ¢-channel production and decay.

high momentum in the cetnral tracking detector, matched with a shower in the
electromagnetic segments of the calorimeter or the muon chamber. The transverse
momenta of neutrinos from the W boson decay are reconstructed from the imbalance

in transverse energy measured in each event (missing ET):

Bp=-Y Eb. (2.1)

(Other quarks involved in the collision generate secondary hadrons, but they are
mostly low pp.)

Several single top parton level kinematics distributions for both channels are
shown in Figure 2.8 to Figure 2.11 .

The light quark produced in the t-channel has reasonably large pp, but its most

distinguishing feature is the asymmetric Q(l) x n distribution, where Q(I) is the
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charge of the lepton in the event, which is used to keep the multiplication positive.
This asymmetry arises because the final state light quark produced during the single
top production most often is a d quark that moves in the same direction as the proton
(antiproton). The light quark 1 will hence tend to have the same sign as the charge
of the lepton from the top decay.

Event selection therefore requires a high pp electron or muon, two to four jets,
one of which must be identified as originating from a bottom quark, and missing ET

(Details of event selection see Chapter 5).

2.3.2 Motivations for searching for CP Violation in single

top

The main significance of measuring the cross sections for single-top production is that
it is directly proportional to the |th|2 component of the CKM matrix. Moreover,
no assumption is needed on the number of families or on the unitarity of the CKM
matrix to measure V3 |. If there is CP violation, it would show up for amplitude in
Vipl-

Single top quark production offers excellent opportunities to probe physics beyond
the standard model. There are several ways new physics could produce a single
top quark differently for top and anti-top through processes such as new exchange

particles, flavor changing neutral currents (FCNC), anomalous Wtb couplings or
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other processes.

Single top can be produced by the decay of a resonance, for example, a W/
boson, which have the same final states as the SM single top production, as shown
in Figure 2.12. If this resonance couples differently to top and anti-top, this could

produce different cross sections.

d b
Figure 2.12: Feynman diagram for W/ boson decaying into single top.

Non-SM interactions, such as flavor changing neutral currents (FCNC), can also
enhance the total single top cross section for t-channel, and possibly introduce a
difference in top and anti-top production rates. The Feynman diagrams for FCNC
via exchange of a gluon are shown in Figure 2.13.

In summary, the s-channel (¢b) single top production is most sensitive to new,
heavy charged bosons. The t-channel (tgb) single top quark production would simi-

larly be enhanced by flavor-changing neutral currents (FCNC). Either could produce
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Figure 2.13: FCNC via exchange of a gluon in single top production.

a CP asymmetry effect, providing sensitivity to new physics.

2.4 Outline of CP violation measurement in single
top

Combining the CP symmetry with simultaneous time reversal (T) produces a com-
bined symmetry called CPT symmetry. As of now, no violations of CPT symmetry
have been observed. CPT symmetry must be preserved in any Lorentz invariant
local quantum field theory with a Hermitian Hamiltonian.

We exploit that Tevatron is a pp collider, meaning that the initial state is a CP
eigenstate and therefore, any difference between the cross sections for pp — tX and

pp — tX would be a clear indication of CP violation [8, 28].
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The purpose of this measurement is to measure the top and anti-top quark pro-
duction separately. The theoretical cross section for each of them is half that of the
total single top cross section.

The asymmetry Ap in the single top production can be expressed as follows:

_o(pp = tX) —o(pp — tX)

Ap = olpp = tX) +o(pp — tX)

(2.2)

where o denotes the production rate.

The strategy of this analysis is to identify the production of single ¢ or ¢ quarks
using the charge of the lepton when the W boson decays leptonically and then
measure the individual single ¢ and ¢ production cross sections. We assume that no
significant CP violation is present in background samples.

This analysis uses the same event selection and signal and background modeling
as the measurement of the single top quark production cross section using 5.4 fh—1
of DO Run Ila and Run IIb data [29]. We split by lepton charge the discriminant
that was used to measure the single top quark production cross section [30], and
use it to measure top and antitop production cross sections separately. Therefore all
the systematic uncertainties in the single top quark cross section measurement are
applied to this analysis [29, 30]. A new systematic uncertainty is added to account

for the misidentification of the lepton charge, discussed in detail in Appendix D.
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Chapter 3

Experimental Setup

The Fermi National Accelerator Laboratory (Fermilab) [31, 32] is located in the west
surburbs of Chicago, Illinois in the USA. Fermilab is the only facility in the world
where high energy protons and anti-protons collide at a center-of-mass energy of
Vs =1.96 TeV [32, 33]. The Tevatron completed its physics program in September
2011 and stopped running. All the other elements in the accelerator chain except the

Tevatron and recycler are still being used for neutrino physics and other experiments.

A complex detection system is required to “see” the details of these energetic
collisions, and study interesting physics processes such as single top quark produc-
tion. The two main detectors at Fermilab are known as D@ and CDF. This chapter

presents a description of accelerator complex and the D@ detector at Fermilab.
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3.1 The Accelerator Complex and Tevatron

Fermilab uses a series of accelerators to create the high energy proton and antiproton
beams that collide in the Tevatron collider. The proton beams are created starting
with hydrogen gas from a linac at the beginning of the accelerator cycle. A portion
of the proton beams are taken from the Main Injector to create antiprotons. Once
enough antiprotons are accumulated, they are loaded into the Tevatron, where they
are accelerated to the final highest energy stage. The accelerated protons and an-
tiprotons are grouped into a number of bunches, and they collide at two points where
the CDF (B0) and DO (DO0) detectors are located. Figure 3.1 is a picture illustrating

Fermilab’s accelerator chain. Below we talk about each part separately.

e Cockcroft-Walton Pre-accelerator

Producing negatively charged hydrogen ions (H ™) is the first step in creat-
ing proton and antiproton beams. This takes place in the Cockcroft-Walton
generator. Hydrogen gas is converted into H ™ ions by introducing it into a
container lined with molybdenum electrodes. The ions are accelerated out of
the container by a 750 keV electrostatic field applied by the Cockcroft-Walton

generator.

e Linear Accelerator

The Fermilab Linac is a 500-foot long linear particle accelerator that accelerates
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Figure 3.1: Fermilab’s accelerater chain.
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the negative hydrogen ions H ™~ from the Cockcroft-Walton pre-accelerator to
400 MeV before injecting them into the Booster accelerator. The H™ ions
pass through a carbon foil, which removes electrons from the hydrogen ions,

creating positively charged protons or H +.

e Booster

Located nearly 20 feet below ground, the Booster is a circular accelerator with a
diameter of 500 feet that uses magnets to bend electrically charged particles in
a circular path. Boosting means the protons coming from the linac experience
a repeated acceleration from electric fields during each revolution, increasing
their energy by a small amount each time. The protons travel around the
Booster about 20,000 times, and their energy is boosted to 8 GeV by the end
of the acceleration cycle. Then the Booster sends the protons to the Main

Injector.

In the synchrotron, the final beam energy is determined by the ring radius and
the maximum value of field:

p = 0.3Bp, (3.1)

where p is the proton momentum, B is the magnetic field in Tesla, and p is the

ring radius in meters.

e Main Injector The Main Injector (MI) is the next link in the accelerator chain.
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The MI performs three functions: it accelerates protons and antiprotons for
injection into the Tevatron, it delivers protons for antiproton production, and it
transfer antiprotons between antiproton storage rings and from the antiproton
storage rings to the Tevatron. Protons from the Main Injector are also delivered

to several neutrino targets.

Antiproton Source

Antiprotons do not exist freely in nature like normal matter. To produce an-
tiprotons, a 120 GeV beam of protons taken from the main injector is steered
onto the side of a drum shaped nickel target. The drum is rotated quickly to
prevent the beam from hitting the same spot and thus preventing the destruc-
tion of the target. The collisions produce many secondary particles including
antiprotons. The aniprotons then enter a beamline in which they are captured
and focused, before being injected into a storage ring. After accumulating
a sufficient number of antiprotons in the storage ring, they are sent to the

Recycler before they are injected into the Tevatron.

The Recycler

The Fermilab Recycler is a 8 GeV permanent magnet storage ring for the
accumulation of antiprotons from the antiproton source, and the recovery of

the antiprotons remaining at the end of a Tevatron store. It is located in the
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Main Injector tunnel directly above the Main Injector beamline.

e The Tevatron

The Tevatron is the most powerful proton-antiproton accelerator in the world.
The Tevatron ceased operations on September 30th, 2011. It accelerates beams
of protons and antiprotons to nearly the speed of light at an energy of 0.98
TeV around a four-mile circumference vacuum pipe mostly surrounded by su-
perconducting electromagnets. 774 niobium-titanium superconducting dipole
magnets cooled in liquid helium are used to produce a magnetic filed of 4.2 Tes-
las. Another 240 NbTi quadrupole magnets are used to focus the beam [31].
The collisions reproduce conditions in the early universe (=~ 10 ps after the Big
Bang, in comparison to 1 ps for LHC) and probe the structure of matter at a

very small distance. Picture 3.2 shows the Tevatron tunnel.

3.2 Luminosity and Cross Sections

In particle physics, collision rates are measured in terms of instantaneous luminosity,
L. The luminosity is an important value to characterize the performance of an
accelerator. Luminosity is defined as the number of particles per unit area per unit
2 1

time, usually expressed in cgs units, cm™ “ s

For an intersecting storage ring collider, the instantaneous luminosity can be

35



Figure 3.2: Fermilab’s Tevatron Tunnel. The upper magnets are not in use. The
lower magnets are part of the Tevatron Collider. Protons and antiprotons travel
through a vacuum pipe located inside the string of magnets. On the roof are the
cables and cooling pipes.
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characterized by the parameters:
L= fn——2= (3.2)

where

f is the revolution frequency,

n is the number of bunches in one beam in the storage ring,
N, is the number of particles in each bunch,

and A is the cross area of the beam.

The higher the luminosity, the greater the chance that a proton will collide with
an antiproton. The Tevatron had been able to deliver luminosities up to 4 x 1032
em—2 g1 [34]. At the interaction point, the beams are squeezed very narrowly to

increase the chance of hard collisions.
The rate of a physics process is given by

AN
— =1L 3.3
o = Lo (3.3)

where o is the total cross section of the process, N is the count of physics events,

and L is the (instantaneous) luminosity.

The total number of collisions which result in a given physics process in a period
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of time can thus be written as
N = U/Ldt =oLl (3.4)

where £ = [ Ldt, the integrated luminosity, is defined as the integral of the instan-
taneous luminosity with respect to time.

Therefore, the collision count can be calculated by multiplying the integrated lu-
minosity by the cross-section for that collision process. The total number of collisions
is directly proportional to the integrated luminosity over this time.

The integrated luminosity has the unit of inverse area, usually expressed as inverse
picobarns pb_1 or inverse femtobarns fb_1 (1 barn = 10~ 24 cm2; 1fb=10"1°

barns = 10739 cm2).

This analysis uses 5.4 fb_l of data collected at DQ.

3.3 The DO detector

Detectors are our “eyes” to record and identify the useful events to reveal the nature
of fundamental interactions. D@ is one of two detectors used to study collisions pro-
duced in the Tevatron. Proton-antiproton collisions create showers of new particles
at the center of both CDF and D detectors at a rate of more than 2 million Hz.

We cannot record all those events. The trigger system decides whether an event
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is interesting enough to be worth keeping. About 20 events per second are stored
on computer tape. For these interesting events, the detectors record each particle’s

flight path, energy, momentum and electric charge.

D@ is a typical high energy particle detector. It measures thirty feet tall and
fifty feet long and consists of four major parts: a tracking system, calorimeter, muon

system, trigger system. Figure 3.3 gives a sketch of the D) detector components.

—————— § ———— ——————————§ ————————4
Muon Chambers

Figure 3.3: Side view of the D@ detector. The proton/anti-proton beam travels from
left /right to right/left.

39



3.3.1 Particle Signatures

:t, ~ will show up in the detector as energy deposits in

Stable particles such as p,p, e
hadronic and electromagnetic calorimeters or charged tracks in the tracking system.
Muons have a long lifetime and interact less with matters in the detector, which
means they pass through the entire detector before they decay, and leave tracks
in the muon detectors. Most of the particles produced in high-energy collisions
are short-lived. In order to observe all possible decay products of an collision, one
needs a hermetic detector and electronic system to record the events for further
offline analysis. Besides, since the presence of a neutrino is inferred from the missing
energy, it’s important that the calorimeters have 47 solid angle coverage, so that
missing energy is not due to any failure to detect all produced particles. Figure 3.4
shows a typical cylindrical modern detector:

Figure 3.5 shows what signatures particles will leave in the components of the

detector.

e Most charged particles, like electrons and protons, are detected both in the

tracking chamber and the electromagnetic calorimeter.

e Muons have a long life time, and have small interactions with matters in
calorimeter, so they are detected in all parts of the detector. They pass through

the entire detector, and leave tracks in the muon chamber.
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Figure 3.4: A schematic of the basic components of a hermetic detector. I.P. refers
to the region containing the interaction point. This is a cross section of the typical
cylindrical design. [35].
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Figure 3.5: High energy particle signatures left in the detector components [36].

e Neutral particles, like neutrons and photons, are not detectable in the tracking

chamber.

e Photons are detected by the electromagnetic calorimeter, while neutrons are

evidenced by the energy they deposit in the hadron calorimeter.

e Neutrinos rarely interact with matter, and will escape from detection by the
detector. Their presence can only be inferred using missing energy by looking

at the momentum balance (Eq. 2.1).

An event consists of all data pertaining to a single pp interaction as measured in

the detector.
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3.3.2 Coordinate System and Pseudorapidity

For the convenience of the D@ detector description and data analysis, we use a right-
handed coordinate system, in which the z-axis is defined along the beam pipe in the
direction of the proton beam, and the y-axis is upward, and thus x-axis directed into
the paper by right-handed rule (Figure3.3). The (x, y)-plane is usually referred to
as the transverse plane, which is vertical to the beam direction (z-axis). The polar
angle 6 is the angle relative to the positive z-axis, and the azimuthal angle ¢ is the
angle from the positive x-axis on the transverse plane.

The rapidity of a particle of momentum p# is defined as

1 |P| ‘|’Pz)
2 |P| — Dz ( )

where pz is the component of the momentum along the beam axis.
In the Tevatron, the particles are traveling close to the speed of light, thus the
mass of the particle is neglectable, and E ~ |p| establishes. In this limit, the rapidity

becomes equal to the pseudorapidity:

1 E+pz) 1 I —cosf\| AN
y = 2ln (E—pz) = 2ln [tan<1+0089)] =—In [tan (2)} =n, (3.6

where n = —1In [tan (%)} is called the pseudorapidity, and # is the angle between

the particle momentum p and the beam axis.
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We use the term “forward” to describe the regions that are close to the beam
axis at large |n| (e.g. 2.5), and “central” means the regions with small |n| (e.g. 1.5).
Pseudorapidity depends only on the polar angle of the trajectory of a particle, and

not on its energy as seen from Eq. 3.6.

The detector pseudorapidity ndet is defined as the pseudorapidity of the calorime-

ter cluster (electron, jet, or central track muon) with respect to the geometric center
det — Odet : :
of the D@ detector, n““* = —In [tan 5| where 0,4 is relative to the center

of the detector.

3.3.3 The Central Tracking System

The point where the beams collide is surrounded by tracking detectors to record the
tracks (trajectories) of high energy particles produced in the collision. The Tracking
System is closest to the interaction point. It includes a silicon micro-strip tracker
(SMT) and a central fiber tracker (CFT) right outside the silicon detector. The
whole tracker is immersed in a 2 T superconducting solenoidal magnet, thus particle
tracks are curved; from the curvature we can deduce their momentum. The SMT
and CFT are optimized for tracking and vertexing at pseudorapidities |n| < 3 and
In| < 2.5, respectively. A schematic view of the central tracking system is shown in
Figure 3.6.

The Tracking System is used to identify and measure the momentum of electrons
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Figure 3.6: The Tracking System at DQ.
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and muons, and to determine the position of the primary interaction vertex. The two
tracking detectors are able to locate the primary interaction vertex with a resolution
of about 35 pm along the beamline. They are also used to identify jets originating

from b quarks, which is an important decay product of single top.

3.3.3.1 Silicon Micro-strip Tracker (SMT)

The silicon micro-strip tracker (SMT) is located closest around the interaction region.
It gives very precise information, but silicon is expensive, so it is installed closest to
the beam where they cover a smaller area. The SMT is used for both tracking and
vertexing.

The SMT is designed of barrel modules interspersed with disks in the center, and
disks in the forward region (Figure 3.7). The barrel detectors primarily measure the
r — ¢ coordinate and the disk detectors measure r — z and r — ¢. Vertices of particles
in the forward region are reconstructed in three dimensions by the disks, and vertices
of particles in the central region are measured in the barrels, and the central fiber

tracker. The detector has in total six barrels and sixteen disks.

3.3.3.2 Central Fiber Tracker (CFT)

Outside the silicon, D@ has an outer tracker made of scintillating fibers, which
produce photons of light when a particle passes through. The CFT consists of scin-

tillating fibers mounted on eight concentric support cylinders and occupies r from
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Figure 3.7: The disk/barrel design of the silicon microstrip tracker.

20 to 52 c¢m from the center of the beampipe. The fibers are double clad and are
835 microns in diameter. 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 (See
Fig. 3.6).

Each cylinder supports two layers of fiber doublets. One doublet layer of fibers
is oriented along the beam direction (z) and a second doublet layer is oriented at a
stereo angle in +3° or —3°.

The scintillating fibers are coupled to clear fiber waveguides which carry the
scintillation light to visible light photon counters for read out. The entire detector

has 71,680 channels.

3.3.4 The Central and Forward Preshower Detectors

The central and forward preshower detectors are located between the solenoid and

the calorimeters. The preshower detectors aid in electron identification and back-
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ground rejection during both triggering and offline reconstruction. They function as
calorimeters as well as tracking detectors, enhancing the spatial matching between
tracks and calorimeter showers.

The central preshower detector (CPS) covers the region |n| < 1.3. The CPS
consists of three concentric cylindrical layers, each having 1280 triangular scintillator
strips. The resolution of the CPS is about 6 mm. The two forward preshower

detectors (FPS) cover 1.5 < |n| < 2.5.

3.3.5 The Calorimeters and ICD

The D@ calorimeter system consists of three uranium/liquid-argon calorimeters and

an intercryostat detector (ICD).

3.3.5.1 Calorimeters

The calorimeters are located outside the tracking system. They use uranium metal
bathed in liquefied argon to capture particles and measure their energies. The
calorimeters provide energy measurements for electrons, photons, and jets, as well
as assist in identification of electrons, photons, jets, and muons and measure the
transverse energy imbalance in events (missing transverse energy /7). They play
crucial role in this analysis. The calorimeter systems are illustrated in Figure 3.8

below.
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Figure 3.8: Hlustration of the calorimeter systems.
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As can be seen in Figure 3.8, each calorimeter contains an electromagnetic section
closest to the interaction region followed by fine and coarse hadronic sections.

As shown in Figure 3.9, the calorimeter has a central section (CC) covering
pseudorapidities up to |n| &~ 1.1, and two end calorimeters (EC) that extend coverage
to very forward region || =~ 4.2. All three calorimeters are housed in separate

cryostats that maintain a temperature of approximately 90 K.
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Figure 3.9: Intersecting view of a quarter of the D@ calorimeter, showing the trigger
towers and pseudorapidity coverage. The shading pattern indicates groups of cells
ganged together for signal readout. The rays indicate pseudorapidity intervals from
the center of the detector. The ICD is also denoted in the figure.

The signals generated by particle interactions in the calorimeters are grouped

into showers. Calorimeter readout cells form pseudo-projective towers as shown
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in Figure 3.9, which are called Trigger Towers, which are essential for L1 and L2

triggers. There are 55,296 calorimeter electronic channels to be read out in total.

3.3.5.2 Intercryostat Detector

There are two issues with the calorimeters:

e The three calorimeters provide incomplete coverage in pseudorapidity.

e There is substantial material in the region we do not analyze, thus degrading

the energy resolution.

To address these problems, additional single-cell structure layers of sampling have
been added between the central and end cryostats. This Intercryostat detector (ICD)
consists of scintillator sampling that is attached to the exterior surfaces of the end
cryostats. It covers the region 1.1 < |n| < 1.4. Its rough location is shown in

Figure 3.9.

3.3.6 The Muon System

Surrounding all of the rest of the detector, the muon system resides at the most
outside layer beyond the calorimeter, and as the name implies, detects muons. Unlike
most common particles, muons don’t get absorbed in the calorimeter; they interact

small with the calorimeter and live long enough to leave the detector. By putting
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detectors outside, we can identify muons relatively easily. High energy muons are

quite rare and a sign of interesting collisions.

The central muon system uses proportional drift tubes (PDTs), central scintilla-
tion counters. The PDTs and scintillators are emerged in toroidal magnets in order
to bend charged particles. The scintillators are also used for triggering. The central

muon system provides coverage for |n| < 1.0.

The forward muon system extends muon detection to |n| ~ 2.0, and uses mini
drift tubes (MDTs) rather than PDTs, and includes trigger scintillation counters and

beam pipe shielding.

3.3.7 The Luminosity Monitor

Luminosity at the D@ interaction region is measured by plastic scintillator arrays
placed in front of the EC cryostats. A dedicated Luminosity Monitor (LM) is used
to detect inelastic pp collisions. The LM also serves to measure beam halo rates and

as a fast measurement of the z coordinate of the interaction vertex.

The LM detector consists of two arrays of twenty-four plastic scintillation counters
with Photomultiplier tubes (PMTs) readout. The arrays are located in front of the
end calorimeters and occupy the radial region between the beam pipe and the forward

preshower detector. They cover the pseudorapidity range 2.7 < |n| < 4.4.
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3.3.8 The DO Trigger System

Proton-antiproton collisions delivered by the Tevatron happen inside the detector
2.5 million times every second. We cannot record all those events on computer tape.
Instead, trigger and data acquisition systems are designed to accommodate the high
interaction rates. The trigger is a system of fast electronics and computers that
decides whether an event is interesting enough to be kept using information from a
small subset of the D detector signals. The task of the trigger system is to suppress
background events as efficiently as possible while not losing precious physics events.

Three distinct levels form this trigger system with each succeeding level examining

fewer events but in greater detail.

e The first stage (Level 1 or L1) comprises a collection of hardware trigger ele-

ments that provide a trigger accept rate of about 2 kHz.

e In the second stage (Level 2 or 1.2), hardware engines and embedded micropro-
cessors associated with specific subdetectors provide information to a global
processor (L2GBL) to construct a trigger decision based on individual objects
as well as object correlations. Once there is a L2 accept, the complete detector
information is read out. The L2 system has an accept rate of approximately 1

kHz.

e Events passed by L1 and L2 are sent to a farm of Level 3 (L3) microprocessors;
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sophisticated algorithms reduce the rate to about 50 Hz to be recorded for

offline reconstruction.

The overall coordination and control of D triggering is handled by the software
package COOR running on the online host. COOR interacts directly with the trigger
framework (for L1 and L2 triggers) and with the data acquisition supervising systems

(for the L3 triggers).

3.3.8.1 The Level 1 Trigger

The Level 1 Trigger is implemented in hardware and programmable firmware. The
calorimeter trigger (L1Cal) inputs consist of electromagnetic and hadronic trig-
ger tower energies made up of sums over depth and transverse coordinates (in a
An x A¢ = 0.2 x 0.2 region). The central track trigger (LICTT) does a fast track
identification and momentum estimate using FPGAs and firmware. The muon sys-
tem trigger (L1Muon) looks for patterns consistent with muons using hits from muon
wire chambers, muon scintillation counters, and tracks from the L1CTT. The L1 for-
ward proton detector trigger (L1FPD) selects diffractively-produced events in which
the outgoing protons or antiprotons are scattered at very small angles. The trigger
framework (TFW) gathers digital information from each of these L1 trigger devices
and determines whether a particular event is to be accepted for further examination

by L2, or rejected. The L1 trigger makes a decision in 3.5 ps.
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3.3.8.2 The Level 2 Trigger

The L2 trigger provides detector-specific preprocessors (L2Cal, L2Muon, L2PS, L2CTT,
L2STT) and a global stage (L2Global) to refine objects coming from L1 and test for
correlations in physics signatures across detector subsystems. L2 includes prepro-
cessors for each detector subsystem and a global processor for integration of the
data. Preprocessor subsystems include tracking, calorimeter, preshower, and muon
systems. The subsystems work in parallel and trigger decisions are made in the
L2Global stage based on physics objects reconstructed in the preprocessors.

L2 preprocessors collect data from the front-ends and L1 trigger system and
analyze these data to form physics objects. L2 can also combine data across detectors
to form higher quality physics objects and examine event-wide correlations in all L2
physics objects. The full detector is read out for events passing L2 and further
analysis in the L3 trigger.

Data arrive at the L2 system via three transmission protocols. Calorimeter and
tracker data and signals from the TFW are transmitted by 1.3 Gbit/s serial G-
Links on optical fibers [37]. The muon system uses 160 Mbit/s Cypress Hotlink
transmitters on coaxial cables or standard CAT/6 cables, unshielded twisted pair

(UTP) Hotlinks [38].

e L2Cal The calorimeter preprocessor system identifies jets and electrons/ pho-

tons and calculates event I 7 for the global processor. Each processor uses the
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E7p data from the 2560 calorimeter trigger towers, including both electromag-

netic towers and the electromagnetic and hadronic tower sums.

e L2Muon L2Muon receives the L1Muon output and data from approximately
150 front-end modules (from the PDTs, MDTs, and the scintillation counters).
The muon candidates contain the track pp , n and ¢ coordinates, and quality

and timing information.

e L2PS L[.2PS is used for electron refinement at the trigger level by providing
evidence for early shower development and by giving a good spatial point for
comparison with calorimeter clusters or tracks. At L2, the CPS and FPS are

treated as separate detectors and their data are processed independently.

e L2STT The L2STT performs online pattern recognition in the data from the
SMT. It reconstructs charged particle tracks found in the CFT at L1 with
increased precision by utilizing the much finer spatial resolution of the SMT.
The L2STT improves the momentum measurement of charged particle tracks at
the trigger level. Requiring hits in the SMT helps reject spurious L1 triggers
from accidental track patterns in the CFT. L2STT is able to measure the
impact parameter of tracks precisely enough to tag the decays of long-lived

particles, specifically B hadrons.

e L2CTT The L2CTT preprocessor takes inputs from the L1CTT and the
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L2STT. It operates in two different modes: i) with input tracks straight from
LI1ICTT and ii) with input tracks from L2STT which receives input from the
L1CTT and SMT barrels. The pp or impact parameter sorted list of L2 tracks

are passed on to L2Global.

L2Global L2Global is the first level of the trigger to examine correlations
across all detector systems. L.2Global is responsible for making trigger decisions
based on the objects identified by the L2 preprocessors. Trigger decisions are
made by creating global physics objects. L2Global imposes requirements on
the global physics objects according to configuration information it receives
from the Trigger Control Computer (TCC) based on the downloaded trigger
menu from COOR. Level 2 Trigger Control Computer (L2TCC or TCC2) is a
computer that runs L2 Relay Software (or L2RS). It provides an interface to

COOR and monitor servers, and configures and controls all 1.2 crates.

After an L1Accept is issued, the TFW sends a trigger decision mask to L2Global,
and the SCL sends notification of an L1 accepted event to every geographic
sector. For each event, L2Global uses the 128 L1 trigger decision bits (each
trigger decision bit represents a pass or fail of a certain trigger condition) and
preprocessor inputs to make a trigger decision, and returns this decision to the
TEFW. The trigger list specifies which trigger conditions L2 will impose for each

run. The trigger list is downloaded to L2Global by the TCC, which receives
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its instructions from COOR.

A block diagram of the L1 and L2 trigger systems is shown in Figure 3.10.
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Figure 3.10: Trigger-related data flow in L1 and L2 trigger systems.

3.3.8.3 The Level 3 Trigger

The L3 trigger provides additional rejection at a higher level through a fully pro-

grammable software trigger. L3 has the full readout information available from all

detector elements. L3 performs a limited reconstruction of events, reducing a nomi-
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nal 1 kHz input rate to 50 Hz for offline analysis. Its decisions are based on complete
physics objects as well as on the relationships between such objects. The trigger list
includes blocks of filter scripts that specify one or more filters. Only when all filters

in a script are satisfied, is the trigger satisfied and the event sent out to be recorded.
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Chapter 4

Event Reconstruction and Object

Identification

This chapter describes how the detector subsystems are used in order to identify
physics objects, such as jets and electrons, which are created from a pp collision.
Particle identification is essential for many physics analyses at the D) experiment.
The hits with a corresponding position and measured energy are clustered to form
either a track or a calorimeter energy cluster, depending on their locations in the
detector. From these physics objects are created: vertices, electrons, muons, jets and
K. The DO offline reconstruction software [39] is responsible for reconstructing

those objects that are used to perform all D@ physics analyses.

The reconstructed objects are related to each other. By extrapolating all tracks
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to the beam line, the crossing point with the most tracks is used as the vertex.
Different detector systems help in separating physics objects from each other. For
example, muon will have signal at muon detector, while electron does not, which
will discriminate from electron. Jets have a bigger and wider shower shape, while
electron are isolated signals in calorimeter, and usually have tracks in the tracking
system. MET is the sum of all energies measured in calorimeter. Since there will
be some energy missing to get the balance in each direction, we assume there is a
neutrino, which can not be detected. Even though physics objects are reconstructed

separately, objects are not allowed to overlap and share hits or energy or tracks.

4.1 Tracks

Charged particles are identified in the CTT, which is discussed at Section 3.3.3. It
can be used to measure the particle momentum. Matching with calorimeter energy
deposits or muon hits, we can determine the particle trajectories more precisely.

In the plane perpendicular to the direction of the magnetic field, the trajectory
of a charged particle is a circle. Trajectories originating from the interaction point
can be characterized by two parameters (p, ¢), where ¢ is the direction of the track

at the point of closest approach to (0, 0), and the curvature:

_ 4B
Pt

p (4.1)
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where ¢ is charge, B is magnetic filed, and py is transverse momentum.

Due to the large number of hits in the event, pattern recognition in the tracking
system can not be achieved by conventional combinational approach. One must
reduce the combinations of track candidates before feeding them to the final Kalman
filter based local road finders, which is highly CPU consuming. In this analysis two

preselection pattern recognition algorithms are used:

e Histogram Track Finding (HTF): divides the detector into slices in (¢, p)
and uses the Hough transform [40]