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Abstract

The production of W bosons in association with jets at the Fermilab Tevatron provides an
opportunity to test predictions for electroweak and QCD processes described by the standard
model. Complicating this picture, evidence for anomalous production of heavy-flavor quarks
(t,b,c) in association with W bosons was reported in Run I by the CDF collaboration. In
this dissertation, I present an examination of the exclusive jet spectrum in the W+jets final
state in which the heavy-flavor quark content has been enhanced by requiring at least one
b-tagged jet in an event. For this measurement, "W bosons have been selected in W — ev
and W — puv decay channels. I also present a measurement of the exclusive jet spectrum for
events which contain one jet tagged with more than one b-tagging algorithm. I compare data
on e + jets (164.3 pb™!) and p + jets (145.3 pb™!) channels, collected with the D@ detector
during Run II of the Fermilab Tevatron pp collider, to expectations from the standard model.

The results of the search are used to set upper limits on anomalous production of such events.
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Part 1

Invitation



Foreword to Part 1

The work described in this dissertation is a continuation of the ongoing search for new phe-
nomena in elementary particle physics and was completed at the Fermi National Accelerator
Laboratory (Fermilab) in Batavia, IL. Fermilab is the home of the world’s highest-energy
particle accelerator, referred to as the Tevatron, which collides counter-rotating beams of
protons and anti-protons. These beams are brought into collision at two points on the ring.
The DO experiment sits at one of these points and was used to collect the data used in this
thesis.

I have separated this document into two parts: the first, which you are beginning now,
attempts to provide a landscape view of the physics studied by scientists at Fermilab and
the methods utilized in this study. The second part focuses on the data analysis to which
this thesis is devoted and the motivations for such an endeavor. I like to think of the
first five chapters of this document as an invitation to the reader, providing background
for the physics discussed here. As alluded to above, the work described in this thesis is a
continuation of efforts which have been in progress for many years. To immediately leap
into the details of the analysis would, in numerous ways, take undue credit for the many
lifetimes of work which have defined this field. Furthermore, it would provide a disadvantage
to readers who are not intimately familiar with the ideas behind elementary particle physics
or its experimental methods. To allay such misdirections, Chapter one provides a short

discussion of the means and motivations of the particle physicist; Chapter two offers an



introduction to the theoretical advances (and weaknesses) embodied in the Standard Model
of particle physics; Chapter three describes the experimental apparatus used to initiate and
collect the data used in this analysis; Chapter four outlines the methods used to translate the
collected data into meaningful physics; and Chapter five introduces the concept of simulating

the predictions of theories.



Chapter 1

Introduction

For millennia, the nature of the universe has intrigued those who live within it. The idea of
basic building blocks of nature was devised early on by the Greek philosopher Empedocle
(cf. 450 BC) who broke matter down into four “roots”: water, earth, air, and fire!. These
roots were bound by the forces of love and hate, with love creating unity and hate forcing
division, and the mixing of these basic elements by the forces gave rise to all matter. The
science of particle physics follows in the footsteps of this philosophy, struggling to describe the
fundamental components of matter and their interactions. A revolution in the understanding
of particle interactions occurred in the 19th and 20th centuries as scientists rapidly progressed
from Dalton’s 1803 inference of atoms as the basic components of matter to the development
of quantum mechanics and relativity in the early 19th century. Technological advances
thereafter drove a furious wave of advancement in the field culminating spectacularly in the
1983 discovery of W and Z bosons and the 1995 discovery of the top quark.

This chapter is intended to introduce the philosophy and basic practices of experimental
particle physics. Furthermore, in an effort to reach the widest possible audience, it is written

as a pedagogical discussion for those who are not familiar with the field this thesis addresses.

'Hindu scholars of the same epoch added sky to this list.
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1.1 Fundamental Questions

The field of particle physics? has evolved over many years, but has remained constant in
the desire to answer fundamental questions about the universe in which we live. The most
basic methodology has been to identify the smallest indivisible components of matter. In
this regard, we have been very successful in identifying a handful of particles believed to
be basic. Further efforts have shown how all forms of matter observed thus far can be
constructed from these basic constituents. With this evidence, one can address questions
such as the evolution of the universe, asymmetries between matter and anti-matter, and the
origin of mass. Answering these questions involves a long journey of smaller questions. Each
step along this journey paradoxically demonstrates how little we understand, rather than
simply advancing our knowledge. Indeed, each new discovery simultaneously enlightens us
while unearthing numerous new questions. In this way, the identification and pursuit of
fundamental questions drives the evolution of the field: our accumulated evidence allows for
the formulation of predictions for unanswered questions.

Physicists have identified several particles that they believe to be the most fundamental.
Some of these particles are stable and form the normal matter we interact with every day
while the others live for only fractions of a second before decaying to the stable ones. The
matter that we interact with on a daily basis was created in the birth of the universe, the
so-called Big Bang. The intense energy released manifested itself as enormous temperatures
which facilitated particle collisions with energies large enough to produce all of the elemen-
tary particles and their bound states. As the universe cooled®, most of these interactions
became increasingly inefficient and eventually energetically impossible. Continued cooling

has produced the universe we live in today. Thus, to reproduce the conditions of the early

2This field is also commonly referred to as high-energy physics or elementary particle physics.
3The explosion of the Big Bang caused the infant universe to expand. This expansion increased average
particle separation, and thus lowered average energy density, or, equivalently, temperature.
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universe (and thereby study them) we require the means of achieving particle interactions

with energies equal to those of the earliest times.

1.2 Tools and Goals

As with all vocations, the practitioners of particle physics have crafted very specialized tools
and methods to facilitate the experimental observations imperative to the science. This
toolbox is employed to achieve the primary goal of particle physicists: to produce particles
not found in ordinary matter for the purposes of studying their properties. This task is
clearly separated into two problems: particle production and particle detection. Each of

these problems is addressed with a unique set of methods.

1.2.1 Particle Production

The most important method in the particle physicist’s toolbox is the ability to create and
annihilate particles. Colliding two particles can cause the annihilation or scattering of the
particles. If the momenta of the colliding particles is large compared to their rest mass, the
resulting annihilation or scattering can create final-state particles that are different from the
original particles. In this way, physicists can carefully construct collisions which will result
in particles of interest. A large fraction of the effort to obtain the necessary collisions goes
into preparing uniform beams of particles with a precise energy. There are two main types
of particle accelerators capable of achieving this: linear accelerators and synchrotrons.
Linear accelerators are, as the name suggests, machines which accelerate electrically
charged particles to a specific energy over a straight path. This acceleration occurs by using
successive bursts of energy from a series of electric fields along the length of the accelerator
to push particles to higher and higher energies. Particles are confined to the path of the

accelerator using magnetic fields. Collisions between particles can be arranged by directing
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the particle beams of two opposite-facing linear accelerators at a single interaction point.
The drawback of such a machine is that larger energies require longer accelerators, eventually
becoming unrealizable due to cost and space limitations.

Synchrotrons are circular accelerators. Particles are accelerated in the same way as with
linear accelerators, but they are forced to follow a circular path (a ring). Such accelerators
allow for two counter-rotating beams in the accelerator at one time, and these beams can
be brought into collision at different points along the ring. The advantage of this design
is that the accelerating path is followed many times by each particle, thus reducing the
length of accelerating fields required to achieve higher energies. Furthermore, the beams
of particles are recycled and caused to collide many times, thus increasing the efficiency
of the accelerator. The drawback is that the constant turning of the particles required to
remain in the circular path causes energy loss in the form of synchrotron radiation. This loss
increases with particle energy and eventually limits the maximum energy obtainable with

the accelerator.

1.2.2 Particle Detection

After successfully initiating particle collisions which result in the production of new particles,
the task remains to observe the behavior of the new particles created. The most useful
information for physicists is the energy and momentum for each final state particle. This
knowledge allows one to reconstruct what occurred in the collision and thus infer the physics
involved. To achieve these observations, immense detectors are constructed around the
collision point. These detectors contain two different types of subdetectors: particle tracking
and calorimetry. These subdetectors measure the paths and energies of the particles produced
in the collision, respectively.

It is the job of particle tracking detectors to precisely measure the trajectories of particles
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leaving the interaction region without significantly influencing their original momenta. This
is achieved by using gases or thin layers of material sensitive to the passage of charged
particles, which are arranged close to the collision point. When a charged particle passes
through these materials, some atoms are ionized. This ionization is used to reconstruct the
path of the particle. The introduction of a uniform solenoidal magnetic field causes charged
particles to follow a curved path, yielding a measurement of the particle’s momentum.

Once the direction and momentum of particles are measured, the energy can be deter-
mined. This technique, known as calorimetry, is accomplished by bringing the particle to
a halt in carefully chosen materials outside the tracking detectors. Interaction with these
materials cause a particle to continuously lose energy until it stops. The energy loss initiates
a calibrated response in the detector which is translated to an energy measurement.

In this way, the particles produced in each collision are observed and recorded. This
process is repeated many, many times to observe different final states* and to collect many

instances of the same physics process to increase the statistical certainty of the observation.

1.3 Predictions and Horizons

The ability to predict the results of particle physics experiments has steadily progressed to
a level which allows accurate predictions in most instances. The predictive paradigm used
today is referred to as the Standard Model (SM) of particle physics. Within the SM, there
exist descriptions of the most basic particles and their properties. Also described are the
means by which these particles interact with one another, which gives rise to the forces
observed in nature. This means of predicting particle interactions has proven to be a very

powerful tool for understanding matter on its most fundamental level.

4Each collision typically only produces one interaction type of interest. Collecting a significant number
of interesting events requires many billions of particle collisions.
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However, the SM is an approximate theory and is not believed to be the ultimate de-
scription of nature. In particular, the SM predicts the existence of a particle (or particles,
depending on the exact formulation of the theory) needed to explain the origin of mass. This
particle remains undetected, despite large efforts designed to observe such a particle. Fur-
thermore, the SM does not explicitly exclude physics not described by the SM itself. These
issues reinforce the understanding that the SM only describes a small portion of physics and
that a more complete theory could someday be formulated. As such, physicists continue to
test the SM’s predictive ability in an effort to identify physics not described by the model.
Such searches for new phenomena will continue to expand the horizons of particle physics,

both the known and the unknown.

1.4 Notational Conventions

Before continuing on in this discussion, it is necessary to introduce the common use of natural
units. In high energy physics, there are two fundamental constants: Planck’s constant, h,
and the speed of light (in vacuum), ¢. These constants appear ubiquitously in the notation
of this field and it becomes convenient to adopt a system of units in which the values of

these constants are equal to one

h
h=—=1.055x 107 J sec - h=1
2T

c=2998 x 10"%m/s — c=1

In this way, an equation such as Einstein’s famous energy-matter relationship £ = mc?

becomes simply £ = m. It is then appropriate to convert units to reflect this change:

energy, momentum, and mass are measured in GeV, distance and time in GeV~!. This
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notational convention, although not quite accurate from a mathematical point of view, is
commonplace and will thus be used throughout this dissertation. One electron-volt (eV) is
the energy gained by a singly-charged particle accelerated through a potential of one volt. A
giga-electron-volt (GeV) is one billion eV and is an energy typical to modern particle physics

experiments. For scale, the proton rest mass is roughly 1 GeV.



Chapter 2

Theoretical Background

By the early 20th century, the theories of special relativity and quantum mechanics had
arrived at the forefront of modern physics. However, quantum mechanics broke down at
large velocities and relativity failed to make predictions on small distance scales. In 1928,
the era of relativistic quantum mechanics was ushered in by Dirac when he merged the two
theories in a relativistically covariant equation describing a quantum-mechanical spin-1/2
particle. Over the next three decades, a wealth of experimental evidence lead to many
ad hoc applications of this approach but no coherent theory describing the observations.
During the late 1960’s and early 1970’s Glashow, Salam, and Weinberg [1, 2, 3] developed
a relativistic quantum field theory capable of describing the physical world at high energies
and small distances based on the principle of local gauge invariance. This theory is known
as the Standard Model (SM) of particle physics. In my description of the SM, I will follow

the conventions of [4] and [5].

11
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2.1 The Standard Model

In quantum field theories (QFTs), particles are described by quantized field excitations above
the ground state, with different fields representing different particle types. The SM contains
two kinds of elementary particles: matter particles and force carriers. The matter particles
can be divided into two types of fermions (particles with intrinsic spin of 1/2): quarks and
leptons. These fermions all have mass and are the constituents of the physical universe.
The force carriers have integral spin and are called bosons. Interactions between the matter
particles are mediated via boson exchange. These exchanges give rise to the three SM forces:
electromagnetic, weak, and strong!. In total, six quarks, six leptons, and five bosons have

been observed and are listed in Tables 2.1 and 2.2.

Leptons Quarks

Particle Type Symbol Charge Particle Type Symbol Charge

electron neutrino Ve 0 up quark u 2/3
electron e +1  down quark d -1/3
muon neutrino Yy 0 charm quark c 2/3
muon ] +1 strange quark s -1/3
tau neutrino vy 0 top quark t 2/3
tau T +1  bottom quark b -1/3

Table 2.1: The spin-1/2 particles (fermions) of the Standard Model of particle physics.

2.1.1 Local Gauge Invariance

The SM is a Lagrangian field theory and a discussion of which should begin with a description
of its construction. To properly describe a field, our Lagrangian must be a function of a

complex field, ¢(x), and its derivatives, 0,¢(x)

IThe fourth fundamental force, gravity, is not included in the formulation of the SM.
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Bosons

Particle Type Symbol Charge Force Mediated

photon v 0 Electromagnetic
W boson w+ +1 Weak
W~ boson W= -1 Weak
Z boson A 0 Weak
gluon g 0 Strong

Table 2.2: The integral-spin particles (bosons) of the Standard Model of particle physics.

£=L(6,0,0) (2.1)

All of the force carrier particles and the interactions they mediate can be shown to arise
from symmetries in such a Lagrangian. In particular, requiring the SM Lagrangian to be
symmetric under local gauge? transformations provides a mechanism for generating each
boson in turn. An example of such a gauge transformation can be provided by the U(1) group
of local phase transformations U(3(x)) = €95 where 3(z) has an arbitrary dependence on
space-time coordinates and ¢ is some constant. If we assume a fermion field with no external

potential, the Lagrangian takes the form

£ =T ("0, —m) ¢ (2.2)

where 7* are the Dirac matrices. Upon inspection of this Lagrangian, it is clear that it is

not invariant under the U(1) transformation of the field

P — €9P@yy (2.3)

However, if we rewrite the Lagrangian as

2The term “gauge” can be taken as synonymous with phase.
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£ =¥ (iy"Dy — m) v (2.4)

where D, = 0, +1A,(x) and A, is a vector field (potential) which transforms under U(1) as

Ay — Ay —0,8(x) (2.5)

we explicitly preserve local gauge invariance and the Lagrangian takes on the new form of

L= (iy"9, —m) — gy A, (2.6)

In this way, we have added to the Lagrangian a massless vector field which couples to
the fermion field with strength ¢. This new particle can be interpreted as the photon. If we
further require SU(2) and SU(3) gauge invariance of the fermion Lagrangian, we explicitly
obtain three more massless vector bosons (carriers of weak force) and eight massless scalars

(carriers of strong force), respectively.

2.1.2 Electroweak Unification

As mentioned above, the weak force carriers can be introduced into the SM by requiring
SU(2) local gauge invariance. However, this alone is unsatisfactory as it allows only one
neutral vector boson, while Table 2.2 lists two. We can get around this by combining the
(commutable) SU(2) and U(1) groups in one group: SU(2) x U(1). This done by requiring
the left handed and right handed particle fields to transform differently

@I i Y

i
XL — € XL

wR — €i6Y¢R (27)
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where T% = ¢%/2 is the generator for the SU(2) rotation group and o are the three Pauli
matrices. The phase Y is analogous to the phase 3(x) introduced in the last section, but I've
changed its name to avoid confusion with the previous example. The y are isospin doublets
of left-handed fermions and the 1)z are isosinglets of right-handed fermions®*. We can create
a Lagrangian invariant under these transformations by writing a covariant derivative of the

form

D= 0, +ig W T + % kB, (2.8)

for left-handed doublets and

D, = 0.+ kB, (2.9)

for right-handed singlets. This technique introduces three SU(2) gauge bosons, W, and one
U(1) gauge boson, B,,, which couple to the fermion fields with strengths g and k, respectively.

We have now obtained a Lagrangian that is invariant under local SU(2) x U(1) gauge
transformations, and have produced four massless vector bosons. This feature exemplifies
the beautiful interaction between theory and experiment in the field of particle physics. The
physical model predicted three weak bosons, which were discovered in a celebrated dual
victory of theory and experiment. However, these weak force carrier bosons were observed
to have masses nearly 100 times larger than the proton mass. A very large problem, indeed,
as adding a mass term of the form %mQW“Wu to the Lagrangian would destroy the local
gauge invariance we worked so hard to obtain. Ignoring this issue and introducing mass
terms “by-hand” would inject divergences into the theory, rendering it unrenormalizable

and thus retaining no predictive power. This problem is solved in the Glashow-Weinberg-

3Handedness is the same as helicity and is determined by the overlap of the particle’s spin and momentum
vectors.
41t should be noted that in the SM, the neutrino is massless. Thus, there exist only left-handed neutrinos.



CHAPTER 2. THEORETICAL BACKGROUND 16

Salam (GWS) model of electroweak interactions by the method of spontaneous symmetry

breaking.

2.1.3 Electroweak Symmetry Breaking

The GWS model addresses the problem of gauge boson masses by introducing a SU(2)

doublet of complex scalar (spin-0) fields to the SM Lagrangian

+ + = ~
¢ with ¢ = (p1 + i) V2 (2.10)

¢° ¢° = (g3 +igs) V2

©-
I

which interacts with itself via a potential V(¢) = pu? ¢d + A (5@5)2. To force non-zero
boson masses, we consider the case of u> < 0 and A > 0 giving V(¢) two minima at
Do = :I:\/T/Q)\ = d+v. We have the freedom to choose either solution as the ground state
for ¢ and in this discussion we shall choose the positive solution. We can then rewrite the

scalar field as an excitation relative to this non-zero vacuum expectation value

1 0
o(z) =1/5 (2.11)
v+ h(x)

which manifestly breaks the SU(2) x U(1) gauge symmetry and introduces a single real
scalar field, h(z), which is referred to as the Higgs field. Via interactions with the Higgs
field, the SM Lagrangian obtains a new term which generates the gauge boson masses (which

is sufficient to evaluate at the ground state of ¢)
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! 1 1 0
L = 3 (0 v) <gW5 T + §kBu) (ng” T + 51{:3“) (2.12)
v
v’ 2 12 2 2\ 2 3 2
=7 (g W +9> (W) + (—gW?2 +kB,) ) (2.13)
(recall that T are the Pauli matrices). We therefore can write
1 : . vy
W, = 7 (W, FiW?) with my = 5 (2.14)
1 ) v
Zg = W (QWS - kBH) with myg = 5\/ 92 + k2 (215)
1
A= — (k‘Wj’ +¢B,) with ms=0 (2.16)

VTR

where we can now interpret the forms of the weak gauge fields and the photon field. The
three extra degrees of freedom obtained from ¢(x) appear as longitudinal polarizations of
the original W,ﬁ fields, allowing them to become massive. Thus, the introduction of the
Higgs field, although it spontaneously breaks SU(2) x U(1) symmetry upon the choice of a
ground state for the Higgs potential, solves the problem of weak boson masses while keeping
the theory renormalizable. Furthermore, fermion masses are obtained in a similar manner
through their interactions with the Higgs field. Reinterpreting Eq. 2.13 with Higgs field
excitations above the ground state of ¢y, we obtain self interaction terms and a mass term

for the Higgs field
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/

1
L= —p®h? — \h® — S \h? (2.17)

4
1 A 1
= _§mih2 — \/;mhh?’ — ZM# (2.18)

where m, = v2u%. The only unsatisfactory feature of this new Higgs field is that its mass
is not predicted by the theory, even though the W* and Z° masses can be determined by

measurements of weak decays.

2.1.4 Quantum Chromodynamics

The third and final SM force remaining is the strong force. This force is incorporated into
the SM Lagrangian via the requirement of SU(3) gauge invariance. The fundamental rep-
resentation of this group requires three quantum numbers, which are referred to as “colors”
in the quark sector, thus motivating the name quantum chromodynamics (QCD). As SU(2)
gave rise to 22 — 1 = 3 gauge bosons, QCD adds 3% — 1 = 8 new fields (G*), referred to as

gluons. Given color field transformations under SU(3) given by

U(x) — ey () (2.19)
where I'* are the eight generators of the SU(3) gauge group and «, is allowed to vary over all
space-time points (a summation over the subscript a is implied), we can create a Lagrangian
invariant to SU(3) phase transformations by writing a covariant derivative of the form

D, =0, +1gs G, I (2.20)

G* are the eight gluon fields and g, is the strong coupling constant. However, due to the
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non-Abelian nature of the SU(3) generators, we find that

(Efy‘uraw) - (E’Y“Faw) + fabcabaq/“rcqﬁ (221)

where fu. are the SU(3) structure constants. This indicates that the fields G, must trans-

form as

1
G, — G, — g—(‘%a“ — fabe G0 (2.22)

In QCD, quarks are defined as one of three color fields (chosen as red, green, and blue),
defining three quark and three anti-quark quantum states. The gluons occupy eight color
states: rg, rb, gF, gb, bF, bg, (rT — gg) /V/2, and (17 + gg — 20b) / V6. These gluons are
massless and are the carriers of the strong force. Quarks and anti-quarks are bound into

color singlet combinations by gluons to form mesons and hadrons.

2.1.5 The Standard Model Lagrangian

At this point, we have nearly constructed the full SM Lagrangian in parts. We can collect
all the parts and summarize as
Lsy = Lew + Locp + L (2.23)

Up to this point, we’ve ignored the kinetic energy terms in the Lagrangians. We reintroduce

them here for completeness. These components are given by
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Lpw = _iWWWW — iBWBW W#,Z° ~ kinetic energies
+ X H (8u +ig Wi T+ % kBu) xr Left-handed quark and lepton

kinetic energies and EW interactions

+ E}ﬂ” (% + % kBu) VR Right-handed quark and lepton

kinetic energies and EW interactions
(2.24)

where 1, and 1 g extend for all quark and lepton left-handed (LH) doublets and right-handed
(RH) singlets, respectively, W, = 9,W, — ,W3 — gW, x W, , and B, = 0,B, — 0, B;

Locp = —iF,Efﬁ) - Fl@n Gluon kinetic energies

(2.25)

+iq’ (z’gsGZF“) ¢ Gluon couplings to the quarks

where Fﬁﬁ) = 0,G}, =0y —ap farc GGy, , a =1, ..., 8 Tuns over the gluon indices, and i = 1,2, 3

runs over the three quark colors;

Ly= [(0u+igWiT"+%kB,)o

‘2 Higgs kinetic energy

and EW interactions
—12p¢ + A (€Z§¢)2 Higgs potential energy (2.26)

—(g1XL ¢ ¥R + g2X1 ¢ ¥Yr + HC) Lepton and quark Higgs couplings

and mass terms
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where ¢, is given by

0 0 (4
6 — ¢ with ¥ = (¢3 — i) /V2 (2.27)

¢ ¢~ = (¢1 —ig) /V2
and HC indicates the hermitian conjugate of the terms. The Higgs Lagrangian Ly can be

written in the more intuitive form of (expanding about the minimum)

Ly= 1 (8h)* — imih? Higgs kinetic energy and mass
m2 m2 . . .
—32ap3 — LZhpt Higgs self-interactions

+3W W (20 h 4 h?) WWh and WW hh vertices

(2.28)

41 g% 4k Z, 2" (2uh+h?)  ZZh and ZZhh vertices

8 sin Oy 2
—miyy WIW# +m% 2,z W= Z° masses

- Z m f@Ef ! Fermion masses
f

This completes the full SM Lagrangian in its GWS formulation, providing for the kinetic
energies of all SM particles, the masses (or lack thereof) of all SM particles, and the gauge-

boson mediated fundamental forces.

2.2 Beyond the Standard Model

The SM has proven to be a sufficient theory describing fundamental particles and their

interactions up to the energies presently achievable. Indeed, the SM has proven itself in an
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era of precision electroweak measurements, and the robustness of this theory is due largely to
the fundamental simplicity it uses to approach a description of matter. Despite its successes,
however, there remain a few glaring problems that remind us that there must be physics
beyond the SM. This section outlines some of the problems faced by the SM and a few
of the currently promising alternative formulations. By no means is it intended to be a
comprehensive discussion of the topic. The goal is to motivate the reader’s imagination for
new ideas. I also hope to reinforce the idea that elementary particle physics is a journey and

not a destination.

2.2.1 Problems of the Standard Model

Given sufficient time and energy, a well-educated person could fill several books on the topic
of problems of the SM. However, I would like to draw attention to only a few problems which
I feel exemplify the most important issues. First, there exist several important problems that
the SM was not designed to address. These issues are not technically a failure of the SM,

but simply describe the litany of physics that is not described by the SM.

e Gravity: The one fundamental force that the SM is silent about is gravity. Although
the strength of the gravitational force is tiny at the very small scales probed by the SM,
it remains the dominant force throughout the universe. Attempts to find a quantum
mechanical description of gravity consistent with the SM have failed spectacularly.
This omission provides the first suggestion that the SM is merely an effective field
theory (EFT) which describes nature well at the chosen length scales, but ignores the

additional degrees of freedom at smaller length scales (higher energies).

e Unification: The SM description of fermion-boson interactions is fixed by the gauge
coupling strengths, which are different for each gauge boson. A more complete theory

will create a single charge quantization and thus unify all three forces. Such a unifi-
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cation in the SM would occur at higher (unprobed) energies. Typically, these energies
are at a very large scale (Ap; ~ 10'® GeV) known as the Planck Scale. However, cal-
culations of this phenomenon indicate that without the discovery of new physics, the

gauge couplings do not converge even at large energies as seen in Figure 2.1.

Coupling Constant Evolution
Standard Model
0.10 T T T T

= 0.05

0.00 A 1 A 1
0.0 2.0 4.0
t=log(Q/M.,)/2x

6.0

Figure 2.1: Evolution of the gauge coupling constants in the Standard Model from the
experimentally measured values at the Z-pole. aj = 5/3q;, since this is the relevant coupling
in Grand Unified Theories [7].

e Dark Matter: Measurements of the matter-energy density of the universe find that

the density prescribed to the particles of the SM accounts for very little of the total
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density. Barring a change in the behavior of gravity over very large length scales, the
most probable explanation is a new particle not directly predicted by the SM. This
particle would necessarily be non-luminous to explain the inability to observe it, hence
the name Dark Matter. Depending on the properties of such a particle, the SM could

either require cosmetic changes or fail completely.

e The Cosmological Constant Problem: Vacuum energy calculations of the vacuum
energy density (py) based on the predictions of the SM result in a very large value
of py ~ A%, if one believes that the SM holds up to the Plank Scale, and py ~
XEw = (100 GeV)? otherwise. This is many orders of magnitude larger than recent
cosmological observations, which suggest a cosmological constant of approximately
pa = 1073 GeV*. While this problem could be resolved by fine-tuning — subtracting off
the present cosmological constant by fiat — it seems odd that two numbers should cancel
to over 50 orders of magnitude [6]. As the SM contains no mechanism (symmetry)
which could account for a negative vacuum energy contribution, this evidence requires

an explanation external to the SM.

e Matter / Antimatter Asymmetry: The world we live in is made purely of matter.
Predictions of the very early universe suggest that there was a slight excess of matter
over antimatter. SM matter-antimatter interactions could not have driven this resulting
asymmetry without producing an enormous energy density beyond what is currently
observed. This puzzle suggests a primordial baryon asymmetry, which is explicitly
ruled out by the SM. If baryon number truly is not a conserved quantity, then the SM

must contain an underlying substructure.

In addition to the problems that are external to the SM, there exist a number of problems

which arise in the formulation of the SM itself.
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e The Hierarchy Problem: In the context of unification, which was introduced above,
there is no explanation within the SM for why the Planck scale energies at which
unification becomes apparent are so much larger than the other energy scales of the
SM. The natural SM energy scales are the electroweak scale (~ 100 GeV) and the Higgs
vacuum expectation value (~ 250 GeV), leaving an unoccupied “desert” of physics over

17 orders of magnitude in energy scale.

e The Fine-Tuning Problem: As given in Eq.2.18, the quartic self-interaction term
generates a quadratically divergent contribution to the Higgs mass, arising from radia-
tive quantum corrections. These divergences can remain finite if a large energy scale
limit is introduced. However, the only other energy scale in the SM is the Planck
scale, at which the corrections become enormous. In order for the Higgs mechanism
to maintain unitarity® in longitudinal gauge boson scattering, the Higgs mass must re-
main smaller than ~ 900 GeV. Achieving this constraint requires cancellation by mass
counter terms to one part in roughly 10, which, although not formally impossible, is

regarded as an unacceptable fine-tuning of parameters [7].

e Neutrino Mass: In the SM, the neutrino is massless. However, present data on
atmospheric and solar neutrinos as well as accelerator neutrino experiments indicate
that neutrinos indeed have mass. As a consequence, evidence suggests that neutrinos
exhibit a mixing behavior which is different than that observed in the quark sector.
Simply adding neutrino mass terms to the SM Lagrangian causes undesirable behaviors
of the theory, as well as requiring the inclusion of right-handed neutrinos. Aside from
forcing a reformulation of the SM, this problem would introduce several independent

parameters which are not predicted by the theory.

5Unitarity is basically the conservation of probability. This constraint is included in the construction of
any quantum field theory, including the SM.
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2.2.2 Potential Future Paths

In this section, I would like to introduce two potential alternatives to the SM of particle
physics. Here, I limit myself to formulations which provide observables that can be tested
in the foreseeable future. This choice, I regret, leaves out promising advances in high energy
theory (such as String theory) and in cosmology theory. Although it is prediction which
drives experimental innovation, in this context it seems best to focus on those theories which

are experimental contemporaries of the SM.

e New Minimal Standard Models: There have been many attempts to “fix” the
existing problems of the SM by writing new SM-like Lagrangians. These modified
Lagrangian terms can be assembled to form a complete SM-like Lagrangian, incorpo-
rating terms for Dark Energy, Dark Matter, neutrino masses, and gravity [8]. Although
these models are narrowly confined by experimental measurements, they should be in-
vestigated as they predict observables that can be probed at today’s achievable energy
levels. In particular, such a model can be formulated to include neutrino masses in two
ways: with Dirac-type or Majorana neutrinos. Each of these choices has drawbacks.
Choosing Dirac neutrinos does not provide a solution for universal baryon asymmetry.
Choosing Majorana neutrinos creates a high-energy CP-violating parameter which can
account for baryon asymmetry, but forces the possibility of neutrinoless double beta
decay. Measurements of the parameters of a New Minimal Standard Model would

allow a full evaluation of the phase space for direct extensions to the SM.

e Supersymmetry: Supersymmetry (SUSY) is a model which introduces a symmetry
relating particles of different spin. Particles are combined in a superfield containing
two fields differing by one-half unit of spin. Thus each fermion of the SM is given a
bosonic superpartner (forming a chiral superfield) and each boson of the SM is given

a fermionic superpartner (forming a vector superfield). The addition of this symmetry
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provides solutions to many problems of the SM such as the Fine-Tuning problem, the
Cosmological Constant problem, and unification (see Figure 2.2). However, particles
in a superfield have the same masses and quantum numbers aside from the 1/2 unit of
spin. This is a problem as no scalar particles with the (small) masses of the SM leptons
have been observed, directly or indirectly. Thus, SUSY must be a broken symmetry,
and the mechanism for this breaking is not well described. The currently accepted
means of breaking this symmetry requires the superpartners to the SM particles to
have masses less than roughly 1 TeV. Furthermore, the simplest anomaly-free SUSY
model requires two SU(2) Higgs-type doublets of complex scalar fields, which predicts
not one but five scalar Higgs fields. This, in itself, is not fundamentally a problem, but
it introduces a second, unpredicted parameter to the Higgs sector describing the ratio of
the vacuum expectation values for the two Higgs doublets [7]. Despite its deficiencies,
SUSY provides a badly needed substructure for a SM-like gauge field theory. The
predictions of this model provide an excitingly rich array of new physics which can be

tested by today’s experimental technology.
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Figure 2.2: Evolution of the coupling constants in a low energy SUSY model from the
experimentally measured values at the Z-pole. The SUSY thresholds are taken to be at
1 TeV. af = 5/3ay, since this is the relevant coupling in Grand Unified Theories [7].



Chapter 3

Fermilab and The D® Detector

The data analyzed in this thesis were produced via the orchestrated interaction of two
primary experimental instruments: the Fermilab Tevatron and the D@ detector. The data
were recorded during Run II of the Tevatron in the years 2003-2004. This experimental
procedure consists of the Tevatron preparing high-energy beams of protons and anti-protons
which are brought into collision. These collisions occur at the center of two particle detectors:
the collider detector at Fermilab (CDF') and the DO detector. These detectors measure the
final states of the particles that are produced in the interactions initiated in the colliding
beams.

This chapter provides a basic description of the preparation of proton and anti-proton
beams by the Tevatron accelerator complex and the means by which the D@ detector observes
and records the collisions of these beams. This chapter also includes a discussion of proton

anti-proton collisions and the resulting physics.

29
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3.1 The Fermilab Accelerator Complex

The Fermilab Tevatron delivers proton and anti-proton (pp) beams, each with energies of
980 GeV. In collider mode, these beams are brought into collision with a center-of-momentum
energy of /s = 1.96 TeV. Each beam type starts at low energy and is brought to full energy
through two different series of acceleration steps. Figure 3.1 gives a schematic description of
the Fermilab accelerator complex. In this section, we will briefly describe the acceleration
stages necessary to prepare the final beams. A very complete discussion of the Run II
Tevatron acceleration complex operation can be found in [9)].

The proton beam is accelerated in five distinct stages

1. The first stage is known as the preaccelerator. The proton beam originates as hydrogen
gas which is ionized via a magnetron source to H~ ions. These ions are magnetically

selected and accelerated to 750 keV using an electrostatic Crockroft-Walton accelerator.

2. The proton linac (a linear accelerator) accepts the 750 keV H~ ions and uses radio-

frequency (RF) fields to accelerate the ions to an energy of 400 MeV over about 150 m.

3. Next in line is the Booster, which is a synchrotron ring with a radius of 75 m. Before
injection to the Booster, the 400 MeV H ™ ions are passed through a carbon foil that
strips off the electrons, leaving bare protons. The protons are injected into the Booster
and constrained to a circular path using dipole magnets. Magnets of higher-order poles
are used to maintain a focused beam. The Booster uses RF cavities to accelerate the
protons over the course of about 20,000 revolutions® to 8 GeV. During the acceleration

process, the protons are grouped into a pulse train containing five to seven bunches.

4. The Booster injects its 8 GeV proton beam to the Main Injector, which is a circular

synchrotron with a radius of about 500 m. The Main Injector coalesces the protons

1Over the course of the acceleration, the RF frequency and magnetic field strengths are increased syn-
chronously to maintain a circular orbit. Hence the name synchrotron.
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Figure 3.1: The accelerator complex at the Fermi National Accelerator Laboratory.

from the Booster into one bunch and accelerates them to either 120 GeV or 150 GeV,
depending on their target location. The 150 GeV proton bunches are injected to the

Tevatron, while the 120 GeV bunches are delivered to the anti-proton facility.

The anti-proton beam is the largest limiting factor in the operation of the Tevatron.
Although preparing a proton beam for the Tevatron is (comparatively) quick and easy,

obtaining enough anti-protons for collider operation takes more time and care.

1. In the p stacking mode, the Main Injector delivers bunches of 120 GeV protons to the
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anti-proton source.

2. The proton beam from the Main Injector is directed to a nickel target. The proton-Ni
collisions create many secondary particles, including anti-protons. These secondaries
are collected via a lithium lens and 8 GeV anti-protons are selected using a magnetic
dipole spectrometer. The efficiency of this process is about 15 anti-protons produced

for every million protons on target.

3. The 8 GeV anti-protons are transferred next to the Debuncher, which is a triangular
storage ring of about 520 m in circumference. Here the bunch structure from the
Main Injector is removed and the transverse momentum profile of the anti-protons is

reduced. Using stochastic cooling?, the anti-protons are induced into an ideal orbit.

4. Next, the anti-protons are transferred to the anti-proton Accumulator, which is housed
along with the Debuncher. Here, the anti-protons are bunched and stored until a
sufficient number has been prepared. The anti-protons are maintained at an energy of

8 GeV using RF cavities in both the Accumulator and Debuncher.

5. Once the anti-protons have achieved the same timing structure as the protons in
the Main Injector, they are transferred over to the Main Injector and accelerated to

150 GeV.

When the accelerator complex is ready, the Main Injector delivers 36 bunches of protons
(about 5 x 10 protons per bunch) to the Tevatron. The Tevatron is a circular synchrotron
with eight accelerating RF cavities and is about 1 km in radius. The Tevatron is the only
Fermilab accelerator with superconducting magnets, producing fields of up to 4 Tesla. After

proton injection, anti-protons are transferred from the Main Injector four bunches at a time

2Stochastic cooling is a beam-cooling method in which the beam orbit is measured at one point on the
ring and altered in a downstream part of the ring. By sending the correction information across the center
of the ring, it can arrive before the particles, which take a longer path along the ring.
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(up to 36 bunches). Then, the Tevatron accelerates the proton and anti-proton bunches in
two oppositely rotating beams up to a final energy of 980 GeV. The high-energy beams are
then squeezed to a high density using focusing magnets and brought into collisions with a
center-of-momentum energy of 1.96 TeV. The Tevatron operates with a 36 x 36 pp bunch
structure that creates a 396 ns bunch crossing. These collisions occur at two points on the
Tevatron ring, referred to as interaction regions. One of these interaction regions is occupied

by the D@ Detector.

3.2 Cross Sections, Coordinates, and Collisions

This section briefly describes the physics of colliding protons and anti-protons. We also
include a discussion of the rate of interactions between two colliding beams and the coordinate
systems which are used to measure the final states of such collisions. Also included here is
a phenomenological discussion of the basic interactions of elementary particles with bulk

matter.

3.2.1 Cross Sections and Luminosities

The simplest description of two colliding particles (either one stationary and one in motion,
or both in motion) is in the center-of-momentum frame (in both classical and relativistic
descriptions). This frame of reference occurs when there is zero total momentum between
the two particles, and is almost always moving with respect to the laboratory frame, the frame
of a stationary observer. In the scenario that the two particles are produced with identical
(but perfectly opposite) momenta in the laboratory frame, the two frames are equivalent. It
is this scenario that is created at the Tevatron. In addition to simplifying the description of
the collision, this preparation maximizes the total collision energy in the laboratory frame.

Incidentally, the center-of-momentum frame is also historically referred to as the center-of-
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mass frame, but we’ll use the more intuitive center-of~-momentum terminology.
The rate of interactions between two identical, colliding beams of particles is classically

described as

R=pvo (3.1)

where p is the density of the (combined) beams, v is the relative velocity of the beams,
and o is the classical cross section for the process (nominally the cross-sectional area of the
particles). In this classical description, the cross section is fixed and the rate of interactions
is linear with both velocity and beam density. This equation can be equivalently written in

the form

R=Lo (3.2)

by introducing the quantity, L, or the instantaneous luminosity. The instantaneous luminos-
ity is a measure of the particle flux of the colliding beams and (again, for identical beams)
is proportional to the square of the number of beam particles passing through a unit area
per unit time.

In a SM description of collisions, the classical description of the cross section manifestly
fails and thus must take on a new definition. This failure occurs because SM particles are
point particles and occupy a single space-time point. The overlap of the spatial extent of
two point particles is a delta function and the interaction probability is vanishingly small.
Furthermore, the quantum-mechanical description of such interactions provides for many
different possible interaction types. Thus, the outcome of each interaction isn’t fixed, but is
selected from a large list of outcomes with different probabilities based on the properties of
the incident particles. Finally, the SM description of the cross section requires it to change

as a function of the center-of-momentum energy in order to conserve probability. Hence,
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when colliding relativistic beams of SM particles, we are lead to a new description of the
cross section. In this description, one specifies a specific final state or ensemble of final states
and an energy-dependent cross section is calculated using the rules defined by the SM. This
cross section is no longer related to the size of the particles, but represents an interaction
probability per unit flux. Historically, cross sections were measured in units of barns, where
1 barn = 10~2* cm?, as this was roughly the cross-sectional area of a small atomic nucleus.
This notation is still used, although cross sections of interest are typically much smaller and
are usually on the order of pico-barns (pb), or 10736 cm?.

In the evaluation of a dataset, the quantity of interest is the number of events recorded.

This number is dependent on the duration of time collisions are observed. Thus, a new

quantity is introduced, the integrated luminosity £

Ez/Lﬁ (3.3)

which is the time integral of the instantaneous luminosity during the experimental exposure
period. This quantity is frequently referred to as simply the luminosity and we will adopt this
convention. To simplify calculations of event numbers, the luminosity is generally measured
in units of inverse barns, with common luminosities on the order of inverse pico-barns (pb™1)

and inverse femto-barns (1fb~! = 1000pb~).

3.2.2 Coordinate Systems

The DO detector uses a right-handed coordinate system. In this system, the 4z axis is
defined by a vector pointing radially outward from the center of the Tevatron ring (east).
The +y axis points vertically and the 4z direction is tangent to the direction of proton travel
at the center of the detector (south), thus completing the right-handed coordinate system.

D@ has roughly cylindrical symmetry and particle collisions exhibit spherical symmetry
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(in their rest frame), motivating the choice of a combination of spherical and cylindrical
coordinates (6, ¢, z). The polar angle  is defined from the +z axis and the azimuthal angle
¢ is defined with ¢ = 0 at the +z axis and ¢ = 7/2 at the +y axis. As the variable 6 is
not Lorentz invariant (as ¢ is), it becomes difficult to work with at the large Lorentz boosts

common at the Tevatron. Thus, a Lorentz invariant variable rapidity, y, is introduced

E+p.
E_pz

1

=3 (3.4)

In

where p, is the particle momentum along the z axis. In the zero-mass limit, this variable

transforms to the new variable pseudorapidity, n,

- o5

As the position of the beam collision isn’t constrained to occur exactly at z = 0, it becomes
useful to define 7 in two ways: physics-n and detector-n. Physics-n is defined with respect to
the primary interaction and detector-n is defined with respect to the center of the detector

(x,y,2z = 0). Solid angles are measured using the two Lorentz invariant angles (7, ¢)

R = V(A¢)? + (An)? (3.6)

3.2.3 pp Collisions

Most of the pp collisions initiated at the Tevatron result in a very small momentum exchange
between the two hadrons. These interactions do not produce physics useful for probing SM
physics. Occasionally, a larger momentum transfer occurs and the original proton and anti-
proton are broken apart. A parton (a quark or gluon constituent) of the proton exchanges

a force carrier boson with a parton in the anti-proton to create a hard-scatter reaction. The
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fragments of the proton and anti-proton receive little transverse momentum in the collision
and continue along nearly parallel to the beam-line, while the ejected partons enter the
detector [10].

Such hard-scatter interactions of the protons can result in the production of any of the
SM particles. However, many of the SM particles are unstable and thus decay rapidly to
lighter particles. Common examples of this are W and Z bosons, as well as the top quark.
Generally, only electrons, muons, neutrinos, photons, and a few bound states of light quarks
(u,d,s) live long enough to reach the detector.

The parton structure of the proton and anti-proton (hadrons) leads to a careful consider-
ation for the physicist. The hadrons are accelerated to a uniform 980 GeV by the Tevatron,
but this energy is shared by the constituent partons, which are in continuous relative motion
within the hadrons. Thus, the collision of two partons may not occur at 1.96 TeV and may
not have zero net momentum along the z-axis. However, to a good approximation the net
transverse momentum of the event is zero, which leads to the useful variables of transverse

momentum (pr = p sin(f)) and transverse energy (Ep = E sin(f)) for each particle.

3.2.4 Particle Interactions with Matter

The primary means of measuring the properties of particles is to look for energy deposited as
those particles pass through matter. Different particles lose energy in different ways and the
energy loss of particles can depend highly on its initial energy. In this section, we’ll briefly
review the means by which particles are detected. This discussion is largely derived from

the detailed treatment in [11].
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Tonization and Excitation

As a charged particle passes through matter, its charge will interact electromagnetically with
the electrons of the medium’s atoms. These interactions result in a net transfer of momentum
from the incident particle to the medium. This momentum transfer represents energy loss for
the particle and serves to either ionize or excite the atom it interacts with. Such interactions
are mediated by photons and the induced energy loss can be phenomenologically described
by the Bethe-Bloch equation [11]. This interaction depends on the momentum of the incident
particle and the charge and mass densities of the matter through which it passes.

In the event that the momentum transfer is large enough to eject an electron from its
atomic orbit, ionization occurs. The resulting free electron and cation (referred to as a hole)
can be collected via an electric field, thus signaling the passage of a charged particle. This
technique is capitalized on in solid state semiconductor (silicon) detectors.

When the momentum transfer is insufficient to ionize an atom, an atomic electron can
absorb this energy and be promoted to a higher-energy orbital above its ground state. The
relaxation this excitation results in photon emission. This photon emission (referred to
as scintillation light) is used in scintillator detectors to indicate the passage of a charged

particle.

Coulomb Scattering

In addition to interactions with atomic electrons, charged particles can interact with the
nuclei of the atoms in a material. This Coulomb scattering results in a deflection of the path
of the particle, with almost no energy loss. The scattering angle falls with increasing particle
momentum and radiation length of the material in question, but multiple Coulomb scatter-
ing can result in a significant alteration in the original trajectory of a particle. Coulomb

scattering represents an undesirable matter interaction from the point of view of the physicist
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as it changes the trajectory of a particle in an unpredictable way.

Particle Cascades

As high-energy particles (we now include neutral particles such as photons and 7° mesons)
pass through matter, interactions can result in the production of secondary particles with
lower energies than the original particle. Subsequent interactions create cascades of sec-
ondaries which lose their energy via ionization and excitation in a particle shower. In the
presence of sufficient amounts of material, such particle showers result in the full energy
depletion of the incident particle, and thus a means of measuring the particle’s energy. This
process of absorbing a particles energy for measurement is referred to as calorimetry. The
mechanism of shower formation varies for different particles, so we will describe them sepa-
rately.

Electrons with energies above a few hundred MeV dominantly lose energy via photon
emission, or bremsstrahlung. The energy loss is exponential with increasing distance traveled
in a medium. The characteristic distance of this energy loss is referred to as the radiation
length, Xy, given approximately as

164 A
Xo = 716 cm (3.7)

pZ(Z —1)In (287/\/2)

where A is atomic mass of the material, Z is the atomic number, and p is the mass density.
The energy loss is inversely proportional to the square of the particle’s mass, and thus
bremsstrahlung losses for muons and hadrons are typically neglected at the energies of the
Tevatron. When encountering the electromagnetic field of a nucleus, high-energy photons
can convert to electron-positron pairs. The energy loss for this process can be parameterized
in terms of the radiation length of the material the photon is traversing, gXO. The electron-

positron pair will then each lose energy via bremsstrahlung, creating more photons, thus
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propagating an electromagnetic shower.

Although hadrons can lose energy via ionization (provided they are charged), they also
interact with the nuclei of matter via the strong force. These strong interactions are generally
inelastic, producing secondary quarks and gluons which hadronize, producing a hadronic
shower. The characteristic length for hadronic showering is the nuclear interaction length,

A7, given approximately by

35 A3
o

A1 cm (3.8)

Hadronic shower formation can give rise to particles which decay or interact electromagnet-
ically, producing photons and electrons in the hadronic shower. As the nuclear interaction
length is generally much larger than the radiation length for a given material, electromagnetic

and hadronic showers have much different signatures in a calorimeter.

3.3 The DO Detector

D@ is a multi-purpose detector designed to identify the elementary particles that are pro-
duced in the pp collisions at the Tevatron [12, 13]. The detector, shown in Figure 3.2,
was built in the late 1980’s and early 1990’s, operated from 1992 to 1996 in Run I of the
Tevatron, and ultimately upgraded to handle the increased luminosities in Run II of the
Tevatron [14]. The detector weighs approximately 5,600 tons, and its dimensions measure
roughly 13 x 11 x 17 m®. The primary utility of the detector is to measure the properties
of electrons, muons, and stable hadrons and mesons. To perform these measurements, the
D@ detector uses three main detection components: tracking, calorimetry, and muon identi-
fication, all symmetric about the Tevatron beam line. At the center of the detector are the

tracking detectors, which are designed to measure the trajectories of particles while mini-
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mizing scattering and energy loss. These requirements are met by using the least amount
of material possible to obtain an accurate measurement of the ionization induced by the
passage of charged particles. Outside the tracking detectors is the calorimeter, whose job it
is to make a measurement of each particle’s energy. This is done by using dense materials
sufficient to absorb the full energy of most incident particles, while making a measurement
of the energy deposition. Muons, unlike electrons and strongly-interacting particles, do not
interact appreciably with the calorimeter and must be detected in the muon system outside
the calorimeter. The muon system uses tracking detectors designed to measure the trajectory
and charge of the muon. Neutrinos interact so rarely with matter that their presence must be
inferred via a net imbalance in transverse momentum. This section will briefly describe the

D@ subdetectors and their operation. More complete descriptions can be obtained in [13]

and [14].

3.3.1 Inner Tracking Detectors

The tracking detectors are constructed directly outside of the Tevatron beam line and consist
of two subsystems: the Silicon Microstrip Tracker (SMT) and the Central Fiber Tracker
(CFT). These tracking detectors are surrounded by a superconducting solenoid magnet,
providing a 2 Tesla field parallel to the beam line. The tracking detectors perform charged
particle detection up to || = 3.0. The solenoidal field causes electrically charged particles to
follow a curved path, with the curvature inversely proportional to the particle’s momentum.
This allows for precise measurements of momentum and a determination of the particle’s
charge. Furthermore, the tracking detectors provide a means to measure the hard-scatter

vertex and any secondary vertices produced by the decay of short-lived particles.
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Silicon Microstrip Tracker

The innermost tracking system at DO is the SMT [15], which is the closest detector com-
ponent to the beryllium beam pipe® of the Tevatron. The SMT provides high-resolution
measurements of the paths of charged particles leaving the interaction region. The large z
distribution of the pp interaction region (¢, ~ 26 cm) provides a challenge for designing a de-
tector in which tracks are predominantly perpendicular to detector surfaces. This challenge
motivates a detector geometry consisting of six barrels and sixteen disks of silicon wafers,
creating a tracking coverage out to |n| = 3.0. A schematic of the SMT geometry is shown in
Figure 3.3.

The six barrel segments are 12 cm long and made up of four concentric layers of silicon
wafers, allowing for r — ¢ measurements of central tracks. Each layer of silicon is slightly
overlapped to ensure full ¢ coverage. The six barrels provide coverage of the |n| < 1.1 region.
Along the axis of the barrels are twelve 8 mm-thick disks, referred to as F-disks. The disks
are made of twelve overlapping, double-sided silicon wedges, creating an annulus with central
radius 2.6 cm and outer radius 10.5 cm. Two larger disks, referred to as H-disks, are placed
on either end of the detector. These H-disks are made of 16 overlapping, single-sided silicon
wedges, each forming an annulus with inner radius 9.5 cm and outer radius 26 cm. The F-,
and H-disks together provide r — z and r — ¢ tracking coverage out to |n| = 3.0.

The SMT barrels and disk wedges are made of 300 pum-thick silicon wafers consisting of
a n-type/p-type silicon interface (p-n junction). Interspersed on both sides of the silicon are
thin conducting readout strips with a pitch varying from 50 pgm to 153.5 um. As charged
particles pass through the silicon wafer, ionization produces electron-hole pairs. An applied

bias voltage pulls these pairs (in opposite directions) to the readout strips, and the collected

3The Tevatron beam pipe is nearly all made of steel. However, the sections around the collision points are
made of beryllium. Beryllium has a much smaller density and Z value than iron, reducing the probability
that particles will interact with the beam pipe.
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charge is stored in a capacitor array until the information is ready to be processed.

Central Fiber Tracker

The Central Fiber Tracker (CFT) lies immediately outside the SMT and provides tracking
coverage up to |n| < 2.0 [16]. The combined measurements of the SMT and CFT allow for
improved tracking quality not achievable by either detector alone. The CFT consists of eight
carbon fiber cylinders holding layers of scintillating fibers. Each cylinder supports a doublet
layer of fibers oriented parallel to the beam line (axial fibers). The odd numbered cylinders
(counting from the inside to outside) hold an additional doublet offset at alternating angles
of £3° (stereo fibers). The axial fibers provide ¢ measurements at a fixed radius and, when
combined with the stereo fibers, can provide a measurement of z. Each fiber consists of
a 775 pm polystyrene core that is doped with fluorescing molecules with peak emission at
535 nm. Surrounding the core are two 15 pum layers of cladding (acrylic and fluro-acrylic),
increasing the light-collection efficiency. In total, the CF'T contains 71,680 fibers. A quarter-
view schematic of the CF'T is shown in Figure 3.4.

As charged particles pass through the fibers, scintillation light travels their length in
both directions. The fibers, which range in length from 166 cm for the innermost cylinder
to 257 cm for the outermost cylinders, have an aluminum mirror coating at one end to
reflect photons back into the fiber. The other end is joined to clear fibers which guide the
scintillation photons to a solid-state silicon device called a Visible Light Photon Counter
(VLPC). Photons incident upon the surface of the VLPC are converted to electron-hole
pairs, which are subsequently collected via a 6 V bias voltage. The VLPCs are grouped
together in “cassettes” of 1024 VLPCs which are kept in liquid helium dewars to reduce

electronic noise, providing single-photon resolution.
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3.3.2 Central and Forward Preshower Detectors

As noted above, the SMT and CEFT are nested within a superconducting solenoid. This
solenoid is constructed of very dense material and is uninstrumented. This solenoid material
can interact with particles, causing early showering before the calorimeter that impacts
the measurement of the particle’s energy. To mitigate this problem, the region between
the solenoid and the central calorimeter cryostat has been instrumented with a preshower
detector. For uniformity, a complimentary preshower detector is constructed in the forward
regions. These preshower detectors are designed to improve calorimetry measurements and
are also sensitive enough to aid in tracking measurements.

The Central Preshower Detector (CPS) is a cylindrical detector consisting of three layers
of scintillating strips which cover the region of || < 1.2 [17]. The scintillating strips have
a triangular cross section with a 7 mm base and a 1 mm hole containing a wavelength
shifting fiber. The innermost layer of strips is arranged axially, while the two outer layers
are arranged at stereo angles of £23°. The geometry of the CPS and the orientation of
the scintillating strips are shown in Figure 3.5. The Forward Preshower Detector (FPS) is
very similar to the CPS in its construction, consisting of two layers of stereo scintillation
strips and no axial layer [18]. The FPS is mounted on the inner faces of the end calorimeter
cryostats and is shown schematically in Figure 3.6. The preshower detectors are read out
in the same manner as the CPS, with the scintillation light being collected via a clear fiber

and transmitted to VLPCs for charge conversion.

3.3.3 The Calorimeter

The D@ calorimeter lies outside the solenoid and measures the energies of electromagnetic
particles (electrons, photons) and hadrons. This measurement is made by inducing interac-

tions with incident particles via the material of the calorimeter, creating showers of secondary
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particles which lose energy through ionization in the calorimeter’s active medium. A mea-
surement of a particle’s total energy is made when the showering process is fully contained.
The calorimeter is a compensating?, sampling calorimeter in which liquid argon is used as
the active medium and depleted uranium (as well as copper and steel) is used as an absorber
material [12]. As it completely surrounds the inner detectors, the calorimeter has a modular
design to provide access to the inner regions. This design consists of three cryostats, which
are vessels containing the calorimeter and the cryogenics required to maintain the liquid
argon at a constant temperature, and is shown in Figure 3.7. The calorimeter is comprised
of three distinct modules: the Central Calorimeter (CC) covering the region |n| < 1.2 and
two End Calorimeters (EC North and EC South) that extend coverage to |n| ~ 4.5. The
calorimeter modules themselves are further segmented into three sections. In order of in-
creasing radius, these are the electromagnetic (EM), fine hadronic (FH), and coarse hadronic
(CH) sections.

The EM sections consist of four layers of depleted uranium absorber plates, each 3-4 mm
thick. The FH section contain three (CC) or four (EC) layers of 6 mm-thick uranium-
niobium (2%) alloy absorber plates. The outer CH section has one 46.5 mm-thick absorber
plate made of copper (CC) or steel (EC). This layered structure is summarized in Table 3.1

in terms of the radiation and nuclear interaction lengths of each layer.

EM FH CH
CC Depth  2.02.0,7.0,10 Xo 1.3,1.0,09 \; 3.2 )\;
EC Depth  0.3,2.6,7.9.9.3 X, 1.21.2,12); 3.6 \;

Table 3.1: Calorimeter layer depths in terms of the radiation and nuclear interaction lengths
of each layer.

Each calorimeter layer is segmented into a set of readout cells. These cells are Anpx A¢p =

4The term compensating refers to the fact that the ratio of the electromagnetic to hadronic responses is
nearly one. This is not true for all calorimeters and depends on the material used as an absorber
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0.1x0.1 in size, except in the third EM layer where the segmentation doubles. These readout
cells are grouped radially to form a An x A¢ = 0.2 x 0.2 readout geometry referred to as
a tower, shown in Figure 3.8. The readout cells consist of a group of adjacent unit cells
immersed in the liquid argon of the calorimeter. Each unit cell is a copper pad insulated
with G10 plastic covered in a resistive epoxy coating. The resistive coating is held at a high
voltage (~ 2.5 kV). The showering particles in the calorimeter ionize the liquid argon and
the liberated electrons are drawn to the resistive coat. Via capacitive coupling, an image
charge is induced on the copper pad. Readout electronics sample the charge on the pad,

converting it to an analog signal proportional to the ionization energy recorded.

3.3.4 Intercryostat and Massless (Gap Detectors

As evident in Figure 3.8, there is an uninstrumented region between the CC and EC covering
the region 1.1 ~ |n| ~ 1.4. The material in this region (cryostat walls, support structures,
cabling...) can participate in shower evolution, and thus can impact jet measurements. To
augment the shower sampling in this region, scintillator detectors have been mounted on
the EC cryostat walls facing the gap. Each intercryostat detector (ICD) consists of 384
scintillator tiles of the same size as the calorimeter cells, An x A¢ = 0.1 x 0.1. Separate
single-cell structures, called massless gaps, are installed in the gap region to make further

measurements of shower formation [12]

3.3.5 The Muon System

Located outside the calorimeter, the D@ muon detector system is physically the largest
subdetector and is designed to detect the passage of muons while making a measurement of
their momenta [14]. As mentioned in Section 3.2.4, the large muon mass (~ 200 Meectron)

causes muons to lose little energy via Bremsstrahlung. Energy loss for muons occurs primarily
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via ionization and excitation, which are low-energy loss processes. Thus, muons with energies
above ~ 3 GeV exit the calorimeter and enter the muon system. The muon system consists

of three primary components

e Wide Angle Muon Spectrometer (WAMUS) covering || < 1
e Forward Angle Muon Spectrometer (FAMUS) covering 1 < || < 2

e A 1.8 Tesla iron toroidal magnet

The WAMUS consists of two types of detector components: proportional drift tubes
(PDTs) and scintillator tiles. These components are arranged in three layers, referred to as
A- B-, and C-layers. The A-layer is located inside the toroid and the B- and C-layers are
outside the toroid. The FAMUS has a similar structure using mini drift tubes (MDTs) and
scintillator pixels. The geometry of the muon system can be seen in Figure 3.9.

The muon drift tubes are filled with a gas mixture (80% argon, 10% CH,, 10% CFy)
which is easily ionized by the passage of charged particles. Each tube contains a gold anode
wire held at high voltage (relative to cathode pads on the top and bottom of the tube). The
ionization is collected at the wire and converted to a signal via readout electronics, allowing
for good position measurements but poor timing measurements (~ 500 ns resolution). The
scintillators provide additional spatial information and ~ 10 ns resolution time measure-
ments, allowing for cosmic ray rejection. The iron toroid serves two purposes. First, it acts
as an extra layer of dense shielding, effectively containing any hadronic showers which are
not contained in the calorimeter. And second, its magnetic field provides a measurement
of the muon’s momentum by comparing the position of hits in the inner layer to the outer
layers. Whenever possible, the high-resolution tracks of the inner tracking detectors are used

for making muon momentum measurements.
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3.3.6 Luminosity Monitor

The Luminosity Monitor (LM) is the subdetector responsible for measuring the instantaneous
luminosity being delivered to the D@ experiment. As the instantaneous luminosity drops
steadily during beam collisions, an accurate measurement of the instantaneous luminosity
allows for optimization of data taking rates and a reliable normalization measurement for
specific event rates. The LM is constructed of two hodoscopes of plastic scintillation pixels
mounted on the front faces of the EC calorimeters, as shown in Fig. 3.6 and labeled as “Level
0”. The LM spans the region 2.7 < |n| < 4.4 and measures the inclusive rate of inelastic pp

scattering by detecting charged particles from the interaction region [45].

3.3.7 Trigger and Data Acquisition Systems

With a Tevatron beam-crossing time of 396 ns, there are roughly 2.5 million possible events
every second. Most of these events are due to low-py, non-diffractive pp scattering. These
type of events have been studied extensively in the past and are not considered a physics
priority at D@ . The task remains to identify the interesting events and record them. Iden-
tification of these events is performed using a technique known as triggering, which proceeds
by matching event properties to a predefined set of patterns which are characteristic of the
physics processes of interest. However, physical constraints limit the rate at which events can
be triggered and recorded. First, the frequency at which the detector can be read out sets
an upper limit on the event examination rate at about 10 kHz. Second, the maximum event
processing and storage rate sets an upper limit on the rate of events which are ultimately
recorded at about 100 Hz. The D@ detector utilizes a trigger structure comprised of three
distinct stages, intuitively referred to as Level 1 (L1), Level 2 (L2), and Level 3 (L3) triggers.
Each trigger level is increasingly more refined than the previous, creating a filtering system

which maximizes the efficiency for identifying interesting physics events while satisfying the
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event rate constraint. The structure of this data acquisition path is shown in Figure 3.10.

The Level 1 trigger, shown in Figure 3.11, consists of algorithms implemented in the
firmware of Field Programmable Gate Arrays (FPGAs). Condensed information from the
calorimeter, preshower, CF'T, and muon detectors is processed in parallel to make a prelim-
inary triggering decision about each event. The latency for the L1 trigger is approximately
4.2 us, allowing for a small deadtime compared to the maximum readout rate of the detector
of ~ 10 kHz. The output of L1 is used to limit the rate for accepted events to ~ 1.5 kHz.

If the Level 1 trigger issues an accept, the Level 2 trigger queues the event for processing.
The L2 trigger combines a hardware trigger scheme (as in L1) with a software trigger scheme.
Different pieces of information from the subdetectors are correlated to construct basic physics
objects (electrons, muons, tracks, jets) and this information is combined to make a global
L2 trigger decision, further reducing the event rate to ~ 800 Hz.

When the L2 trigger system issues an accept, the event is passed to the L3/Data Ac-
quisition (DAQ) system. At this point, the full detector information is collected from the
subdetector read out crates (ROCs). As shown in Figure 3.12, this event information is
then routed to one of ~ 125 Linux PCs in the L3 farm. Each PC processes the data with
an identical copy of a filtering software package, reconstructing refined physics objects and
applying sophisticated algorithms to arrive at a final trigger decision. Events which receive

a L3 accept are sent to a collection machine and are written to tape for future analysis.
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Figure 3.2: Schematic view of the D@ detector, illustrating the layout of the three major
subdetector components: the central tracking, the calorimeter, and the muon system. Also

shown is the support structure and the Tevatron beam line.
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Figure 3.3: Schematic view of the SMT detector, illustrating the geometry of the barrel,
F-disks, and H-disks.
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Figure 3.4: a) A quarter r-z view of the CFT detector, showing the nested eight barrel
design. b) A magnified r-¢ view of the two ribbon doublet layer configuration for two
different barrels. layering.
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Figure 3.8: A one quarter r-z view of the calorimeter. Lines extending from the center of

the detector denote the n coverage of projected readout towers.
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Chapter 4

Event Reconstruction

If an event satisfies the prerequisites for one of the physics triggers, the information measured
by all the detector components is digitized and stored on disk to be analyzed in the future
by researchers. During analysis, it is most convenient and intuitive for events to be recast
in terms of the particles produced in the interaction. To this end, sophisticated algorithms
are employed to identify quarks and leptons. Event reconstruction proceeds by using mea-
surements made in the subdetectors to identify the particles produced in the hard-scatter
interaction. The stable particles which reach the detector are electrons, muons, and hadrons.
As mentioned previously, quarks experience a phenomenon called hadronization and mani-
fest themselves in the detector as hadronic jets. The reconstruction of these physics objects

from raw detector data can be divided into three primary stages

e Hit finding, wherein the digitized data is converted into “hits” defined by energy de-
posits in detector components (SMT silicon strips, CFT fibers, calorimeter cells, and
muon scintillators and chambers). Each hit corresponds to an energy value, a spatial

location, and their associated uncertainties.

o Tracking and clustering, where adjacent hits are combined into clusters consistent

61
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with the passage of a particle. Hits in the tracking detectors can be grouped to form

trajectories referred to as tracks.

e Particle identification, during which tracks and clusters are combined to form candidate

signatures of physics objects.

In this chapter, the reconstruction of physics objects from clusters will be briefly described.

4.1 Charged Tracks

Charged particles produced in pp scattering travel through the 2 T solenoidal field surround-
ing the tracking detectors. Lorentz forces cause the particles to follow a helical path from
the interaction point. The solenoidal magnetic field lines are carefully mapped, including
fringe effects near the edges of the tracking volume, and the paths of charged particles can
be predicted. Using this predictive power, algorithms are applied to group clusters in the
SMT and CFT into seed tracks. The algorithms are iterated on these seeds to group more
tracking clusters until the addition ceases to improve the track measurement. Once tracks
are found, a fit is performed to determine the kinematic track parameters and their errors.

A more complete description of the central track algorithms can be found in [19].

4.2 Primary Vertexing

The spatial points where pp collisions occur are characterized by the emergence of many
charged particles. For each event, such a point is the origin of all the particles and is referred
to as the primary vertex (PV). The reconstructed tracks in the event are used to find the
location of the PV. For each track, the distance of closest approach (dca) to a common

initial point (nominally the geometrical center of the detector) is calculated. All tracks with
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dca significance dca/o4. < 5, at least two SMT hits, and pr > 0.5 GeV/c are used to
create a vertex with the position determined via a fit. If the y?/ndof (where ndof is the
number of degrees of freedom in the fit) is larger than 10, the track with the highest x?/ndof
contribution to the vertex fit is removed. This process is iterated until the vertex fit x?/ndof
falls below 10 or the number of tracks in the vertex is less than two. After this initial pass,
the origin of the vertex is used as a seed in a second pass of the algorithm in which the track
dca significance is required to be less than 3. After a vertex is found, the process is repeated
using the remaining unvertexed tracks until no more vertices can be fit.

For the instantaneous luminosities at which the data for this analysis was recorded, an
average of 0.5 additional inelastic pp collisions are expected per event in addition to the
hard-scatter interaction'. The tracks from inelastic collisions, or minimum bias interactions,
have smaller transverse momenta than tracks from hard-scatter interactions. The log,, (pr)
distribution of tracks in primary vertices is used to define a probability for a track to come
from a minimum bias vertex. For each vertex, a likelihood is calculated with the minimum
bias probabilities. The vertex with the lowest minimum bias likelihood is chosen as the

event’s PV. This vertex serves as the center of the physics coordinates for the event.

4.3 Secondary Vertexing

Particles with a finite lifetime tend to travel away from their production vertex before de-
caying. The distance they travel depends on their momentum, and can easily reach lengths
which are measurable by the central tracking detectors. A good example of this phenomena
is the production and decay of B mesons. When a bare b quark is produced, the strong
force will cause it to immediately hadronize, often forming a B meson. The lifetime of these

mesons is well-measured at about 1.5 ps. Thus, a B meson with an energy of 30 GeV will

!These additional collisions arise from multiple interactions in the bunch crossing. The average refers to
the mean of a Poisson distribution.
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2. The decay of such a meson

travel a distance of roughly 3 mm in the laboratory frame
generally results in several charged particles, each creating a track originating at the point
of decay. Thus, the reconstruction of vertices which are spatially separated from the PV
(secondary vertices) is a means of identifying long-lived particles. Due to the particular in-
terest in b quark physics and the comparatively long lifetimes of B mesons, this process one
of several algorithms commonly referred to as b-quark tagging. Secondary vertices are re-
constructed after the event’s PV is identified. Several combinations of algorithm parameters
are defined to provide different efficiency/purity operating points, but we will only describe
the TIGHT secondary vertex selection. The LOOSE and MEDIUM versions have identical
algorithms, with less stringent reconstruction parameters.

The secondary vertex (SV) algorithm begins by creating a list of tracks not included in

the PV. Using this list, several algorithm steps are undertaken:

1. The list of tracks is searched for two-track vertices compatible with originating from
light-quark hadrons (for example K0 or A), which can be identified via the character-
istic angles between the two tracks and their known masses. Any tracks identified in

this initial search are removed from the list.

2. Next, proto-vertices are formed by clustering tracks in this list into 3-dimensional

cones® defined by an angular ring of R = \/(An)2 + (A¢)? = 0.5. The tracks clustered
are required to have dca < 0.15 cm, zdca < 0.40 cm, at least two SMT hits, and
pr > 0.5 GeV/c, where the zdca is the distance of closest approach along the beam

direction.

3. The proto-vertices are then searched for two-track vertex seeds constructed with tracks

2B mesons have a mass of roughly 5 GeV. A B meson with an energy of 30 GeV has a Lorentz boost
~v ~ 5.7, giving it a dilated lifetime of ~ 8.5 ps (¢7 ~ 2.8 mm).

3 A requirement of constant angular size over a range of radii can be used to define the three-dimensional
geometry of a cone.
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with a dca significance greater than 3.5, pr > 1.0 GeV/c, and the x? of the track’s fit
(from hits in the tracking detectors) less than 3.0. These seed tracks are fit to a vertex
with the requirement that the fit Y2 < 100. Additional tracks from the proto-vertex
are attached to the seed vertex if the x? contribution to the fit is less than 15, thus

forming preliminary SVs.
4. The final list of SVs for each event is selected using the following criteria

L

e The transverse decay length, L., = , of the SV must be less than 2.6 cm.

Ty

-

L,, is the two-dimensional vector from the PV to the origin of the SV, projected

into the plane transverse to the beam direction.

e The collinearity of the SV must be greater than 0.9. The collinearity is defined
as the projection of the SV transverse momentum, p,,, along Emy, normalized by
their product. The value py, is calculated as the transverse momentum sum over

all SV tracks.

e The decay length significance, L,,/0r,,, of the SV is required to be greater than
7. The error value o, is evaluated from the vertex fit by propagating the errors

associated with each SV track.

4.4 Electron and Photon Identification

Electrons and photons can be initially grouped together in the identification (ID) process. As
described in Section 3.2.4, electrons and photons will create electromagnetic (EM) showers
in the calorimeters via bremsstrahlung and photon conversion. Thus, EM identification
begins by searching the calorimeter layers for clusters of adjacent cells with positive energy
deposition. After initial clustering, the EM object is defined with the cells in a circle of radius

R = 0.4 around the energy-weighted centroid of the cluster. To be accepted as an electron
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or photon candidate, the shape and energy of the EM object must pass additional quality
criteria defined by EM-ID variables. For reference, the full EM-ID process is documented
in [41].

First, a crude requirement is imposed requiring that the fraction of the EM object’s energy
that is deposited in the EM section of the calorimeter (layers 1-4) should be at least 90% as
the transverse extent of the EM layers of the calorimeter was designed to fully contain high
energy EM showers. Next, the isolation of the EM object’s energy deposition is calculated

as the fraction of energy in an annular ring around the centroid of the cluster 0.2 < R < 0.4

Er<o4—Fr<0.2

= . Small values of isolation
R<0.2

to the energy within R = 0.2 of the centroid: [so =
are characteristic of properly reconstructed electron showers (rather than jets or 7 — v+~
decays), as the calorimeter was designed such that R = 0.1 towers should contain a circle of
the EM particle’s Moliere radius*. The Iso variable is required to be less than 0.15. Finally,
a multi-variable tool (referred to as the H-matrix) is used to further discriminate between

characteristic EM shower shapes and hadronic showers. The H-matrix is calculated as the

inverse of the covariance matrix calculated with the following variables:

e The energies deposited in the four EM layers of the calorimeter.
e The energies deposited in the preshower and fine-hadronic calorimeter layer.

e The energy-weighted widths of the shower at the EM3 layer in r-¢ and z.

The H-matrix is trained against simulations of electron showers and then used as an error
matrix for a y2-like calculation®. This method provides a quantitative measurement of the
probability that a calorimeter cluster arises from a single electron or photon. A cut is placed

on the H-matrix x? at 15-25 depending on the purity desired.

4The Moliere radius is a parameter defined by multiple scattering theory as the radius containing about
90% of the shower’s energy

5The H-matrix variables are not, in general, Gaussian and thus such a calculation will not follow a
standard x? distribution exactly.
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Finally, electrons and photons can be distinguished by requiring a track in the central
tracking detectors that projects to the position of the shower in the calorimeter. This ensures

that the shower is initiated by a charged particle and not a photon or other neutral particle.

4.5 Muon Identification

Muons are reconstructed from hits in the muon system wire chambers and scintillators. Two
broad classes of muons can be defined by the number of subdetectors which are used to
identify the muon. Muons which are identified using only the information from the muon
system are called local muons. Muons which are also matched to a track from the central
tracking detectors, greatly increasing momentum precision and accuracy, are referred to as
central muons. A more complete discussion of muon reconstruction can be found in [20].
For the purposes of muon reconstruction, the three physical muon system layers are
divided into two categories: the A-layer (before the toroid) and the B- and C-layers (outside
the toroid). Signals from the wire chambers and scintillators in each category are combined
into segments. Segments from different categories are joined in a fit, yielding a measurement
of the muon’s path (position and direction) and a measurement of the muon’s momentum as
its path bends in the toroidal field. A minimum of two nearby wire chamber hits is required
to make a segment, which is the result of a linear fit to these wire chamber hits. Matching
scintillator hits can be added to the segment, provided they overlap in n with the segment.
Detector inefficiency motivates the categorization of these segments, and this categorization
is summarized in the nseg variable. The absolute value |nseg| = 1, 2, or 3 respectively
indicates that the local muon was detected with A-layer hits only (inside the toroid), BC-
layer hits only (outside the toroid), or both A- and BC-layer hits. Local muons are given
a negative nseg value, while central muons are given positive nseg values. Reconstructed

muons are given a fit quality grade to describe the reliability to the muon fit
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e Tight Muons have at least two wire-chamber hits in the A-layer (which is four cham-
bers deep) with a matching A-layer scintillator hit. In the BC-layers, a total of three
wire chamber-hits are required (the B- and C-layers each have three chambers), again
with a matching scintillator hit. Finally, tight muons require a converged fit for a

central track match.

e Medium Muons are similar to tight muons except for requiring only two wire chamber
hits in the BC-layers. Also, medium muons do not explicitly require a central track

match, although a match can be required separately from the definition.

e Loose Muons have at least one scintillator hit in either the A- or BC-layers. They

must also have at least two wire chamber hits in one of the layers.

The signature of a muon can be mimicked by a charged pion which does not deposit all
of its energy in the calorimeter, and thus reaches the muon system. However, such pions
are generally produced in the hadronization of quarks from the hard-scatter interaction, and
characteristically will be surrounded by additional energy deposition. Two isolation variables

are constructed to discriminate against such fake muons

e Halo Isolation: The transverse energy deposited in the calorimeter in an annular
ring (or halo), defined by 0.1 < R < 0.4 around the axis of the muon, is required to

be smaller than 2.5 GeV.

e Track Isolation: The sum of the pr of all tracks in a cone of R = 0.5 around the

muon direction is required to be less than 2.5 GeV/c.

Finally, cosmic-ray muons can penetrate the detector and leave a signature in one or
more parts of the muon system. The muon scintillation detectors allow for a precise time

measurement of interacting muons. The time measurement for the scintillators is calibrated



CHAPTER 4. EVENT RECONSTRUCTION 69

such that muons from pp collisions arrive at ¢ = 0. Muons scintillator times far from this value
are rejected. The angular incidence of cosmic-ray muons is roughly uniform and most will
not appear to originate from the event’s primary vertex (PV). Constraining the distance of

closest approach (dca) for the path of the muon to the PV provides additional discrimination.

4.6 Jet Identification

As mentioned in sections 3.2.4 and 3.3.3, quarks originating in pp interactions will hadronize
and subsequently deposit their energies in the calorimeter. Jets are reconstructed from this
energy deposition, allowing for both a position (7, ¢) and energy measurement of the initial
quark. In this analysis, we use jets reconstructed with a simple cone algorithm. These
cones are defined as being confined to an angular circle of the specified constant size, and
are constructed using the calorimeter readout-towers. Each tower points radially toward the
geometrical center of the detector, but its transverse energy (FEr) is calculated with respect
to the PV, using the physics coordinate n'. The jet reconstruction procedure can be found
in [10].

Jet reconstruction begins by seeding the algorithm with calorimeter towers with Ep >
0.5 GeV and a total Er > 1.0 GeV within R = 0.3. The cone is then defined with the
desired radius (both R = 0.5 and R = 0.7 for this analysis) and the Ep-weighted centroid
is calculated. The cone is then recentered at this centroid and the energies are recalculated.
This process is iterated until the cone axis becomes stable, and the resulting cone is saved
as a proto-jet. Next, the midpoints between proto-jet pairs are used as seeds for the cone
algorithm. The list of proto-jets is then pruned by removing entries with adjacent axes and
entries with Fr < 8 GeV. Next, the split-merge process begins by matching proto-jets with

overlapping boundaries®. If the E contained in the overlapping region is greater than half

6The algorithm allows for two proto-jets to share calorimeter towers, which must be corrected to allow
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the Er of either proto-jet, they are merged and the cone is recalculated. Otherwise, they
are split, with the towers being reassigned to the spatially closest cone axis, and the energies
and axes of each modified cone are recalculated.

After the preliminary reconstruction, quality criteria are applied to remove jets due to
calorimeter noise and EM showers. These criteria are applied to all jets, regardless of cone

size.

e The fraction of the jet’s energy deposited in the EM calorimeter layers is required to
lie in the range 0.05 < EM Fraction < 0.95. Jets interact primarily via the strong
interaction and tend to deposit energy uniformly in the calorimeter, with roughly one
third of the jet’s energy deposited in the EM layers. Very small values are indicative
of calorimeter noise, while values above 0.95 are consistent with the signature of an

electron or photon.

e The fraction of the jet’s energy deposited in the CH calorimeter layers is required to be
less than 0.4. The CH layers tend to exhibit more noise than the rest of the calorimeter
and, as jets tend to deposit little of their energies in the CH layers, this criterion helps

to reject calorimeter noise.

e The ratio of the energies of the first and second-most energetic calorimeter cells clus-
tered within the jet cone is required to be less than 10. A ratio of 10 or above is a

good indication that this jet is clustered around a hot cell caused by electronic noise.

e The number of calorimeter towers that together contain 90% of the jet’s energy is
required to be greater than one. A value of one indicates a jet reconstructed from an

EM object or a hot cell.

for proper event reconstruction.
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e The transverse energy recorded by the L1 calorimeter trigger for the jet is required
to be greater than 40% of the reconstructed jet’s transverse energy in the EM and
FH calorimeter layers (excluding the CH layers). When the jet is located in the ICD
region, this cut is lowered to 20%. This criterion further discriminates against CH

noise.

The jets which have been clustered with the specified cone must have a series of scale
corrections applied to reflect the original parton’s energy, referred to as jet energy scale (JES)

corrections. These corrections include

e A correction for average energy deposition in the calorimeter due to inelastic collisions
other than the hard-scatter collision is made. This offset energy, which varies as a

function of 7, must be subtracted from the jet.

e A correction for the non-linear calorimeter response to energy deposition is made.
Non-uniformities in the geometry of the calorimeter lead to variations in calorimeter

response as a function of both n and jet energy.

e Corrections for jet energy which is not clustered in the jet cone are made. These

corrections vary with jet cone size.

e The presence of a muon in the jet cone can indicate a semi-leptonic decay of a heavy-
flavor quark via a virtual W boson. As muons deposit very little of their energies in
the calorimeter, the jet energy must be recalculated to account for the muon and its

associated neutrino.

Only jets which have a transverse energy Er > 15 GeV and || < 2.5 have JES corrections
applied. Jets below these thresholds do not deposit enough transverse energy to allow for a

reliable correction and are generally not considered in analyses.
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4.7 Missing Transverse Energy

The protons and antiprotons colliding at the Tevatron are prepared to have equal and oppo-
site momenta, indicating that the total vector momentum sum in any event should be zero.
However, as discussed previously, the hard-scatter interactions occur between the partons of
the parent proton and antiproton. These partons share the total momentum of the parent
and are not constrained to any particular momentum value. However, the partons tend to
carry very little momentum in the plane transverse to the beam path. Thus, to a good
approximation, transverse momentum can be considered a conserved quantity.

As neutrinos interact very weakly with matter, their presence is inferred from any im-
balance of transverse momentum in the event. This “missing” momentum is defined by the
net imbalance in the transverse energy deposited in the calorimeter. The transverse missing
momentum is assumed to point opposite to this vector, and is referred to as the missing
transverse energy, or Hr’. The transverse vector sum of all calorimeter cells with positive
energy, except those in the CH layers, are used to define the Hr. The CH cells are included
only if they are clustered within a reconstructed jet.

Several corrections must be applied to this preliminary Hr. Foremost are those due to
JES corrections. Because the measured jet energies are re-calibrated to reflect their true
energies in the detector, this change in energy impacts the K7 . The JES corrections must
therefore be taken into account in the calculation of 7. We use cone jets with R = 0.7 for
this correction in order to minimize the uncertainty on jet energy and thereby on the JES
corrections. Only jets that pass the quality requirements described in Section 4.6 are used
for this correction. In addition, muons, which usually behave as minimum-ionizing particles,
deposit very little of their energy in the calorimeter and appear as missing energy. The

momenta of identified muons can be subtracted vectorially from the Hp to correct for this

"The calorimeter measures energies, not momenta. The momentum relation for calorimeter energy depo-
sitions is calculated based on the location of the event’s primary vertex.
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effect.

4.8 Luminosity

Although not a physics object, the instantaneous luminosity is a quantity that must be
reconstructed by the detector. At each bunch crossing, an opportunity for an inelastic pp
collision occurs. On the occasions that a collision occurs with a large enough momentum
transfer to trigger the detector, the deflected hadron remnants are detected in coincidence by
the scintillation counters of the luminosity system. The small timing resolution (~ 0.2 ns)
allows for the z position of the collision to be determined to within about 6 cm, providing
rejection for collisions between beam halo particles.

The instantaneous luminosity for each proton-antiproton bunch pair is measured using
the fraction of bunch crossings with collisions. The probability of observing at least one

collision (multiple interactions are not uncommon) is given by

Pn>0)=1—¢* (4.1)

where p is the average number of inelastic collisions per bunch crossing

p= Lo/ f (4.2)

where £ is the instantaneous luminosity, o.rs is the effective pp inelastic cross section, and
f is the frequency of the bunch crossings. The probability P(n > 0) can be rewritten as
Riumi/ f, where Ry is the rate of inelastic collisions measured by the luminosity system.

Thus, the luminosity can be written as

L=—=(f/oess) n (1 = Riumi/ f) (4.3)
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The bunch crossing frequency f is well measured at 7.58 MHz. The effective inelastic
cross section (or luminosity constant) is the dominant source of uncertainty. Its value is
approximately 43.1 + 1.9 mb, as measured by experiments at CERN and in Run I of the
Tevatron [21]. Approximately every four minutes, a luminosity block is written to a database,
recording the average inelastic collisions rate from the luminosity system for that time period,
the status of the data acquisition, and the data quality as determined from the state of the

detector hardware during that time.



Chapter 5

Simulation

After collecting and reconstructing data events, the task remains for the physicist to under-
stand the patterns observed in the data. These patterns can reflect many different phenom-
ena such as production of SM particles like W bosons or quarks, events present in the data
due to electronic noise in the detector mimicking a physics process, or possibly the signature
of a particle or phenomena previously unobserved. This confusing overlap of patterns must
be categorized in order to separate events of interest from the bulk of data. One tool used
to aid in this categorization is the artificial simulation of events, commonly referred to as
Monte Carlo simulation. This simulation allows the prediction of the ideal behavior of the
detector, providing a model to which data can be compared to determine detector and re-
construction performance. It also provides a prediction of the detector’s response to specific
physical processes of interest, allowing detailed measurements of physical distributions and
selection efficiencies.

The Monte Carlo method itself refers to the calculation of approximate solutions to
a variety of mathematical problems by performing statistical sampling experiments. The
method is named after the city in the Monaco principality, because of the city’s role in

the popularization of the roulette wheel, the invention of which is often credited to Blaise
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Pascal, a 17th century French mathematician. The roulette wheel represents a simple random
number generator, and the heart of the Monte Carlo method lies in the random selection
of outcomes based on predefined probabilities. However, the method can apply to problems
with no probabilistic content as well as to those with inherent probabilistic structure.

In the context of particle physics, Monte Carlo (MC) represents the random generation
of physical final states occurring after the collision of two (or more) initial-state particles.
After generation of a final state, the particles in that state are propagated through space
based on their initial momenta, ultimately interacting with the detector. This chapter will
briefly discuss these two MC simulation steps. To simplify the breadth of the discussion, we

shall constrain the topic to the relevant case of pp collisions.

5.1 Generation

The MC process begins with generation, or producing the description of one possible outcome
of a pp collision. This process involves the random selection of an initial state and a final

state from the available kinematic phase space, and can be summarized in three steps

1. First, a physics process is chosen, constrained principally by the requirement that it
must be a process that can be described physically by the SM. A further constraint
is the choice of initial-state particles (generally two), which must be obtained from
the colliding hadrons. With these constraints met, the matrix element for the chosen
process must be calculated. For this example, we will choose the annihilation of a ¢gq

pair to a gluon propagator which subsequently decays to a tf pair, as shown in Fig. 5.1.

2. Second, the momenta of the initial-state quarks are determined by a simulation of the
parton momentum distributions of the proton and anti-proton. These momenta are

selected at random using a parton distribution function (PDF), which describes the
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Figure 5.1: One possible Feynman diagram for ¢¢ production in pp collisions.

motion of the quarks and gluons (partons) inside the hadrons. The PDF’s are gener-
ally determined phenomenologically by a global analysis of a range of hard scattering

processes, using a perturbative QCD framework.

3. Third, given the momenta of the initial-state quarks and the desired matrix element,
the kinematic phase space for the decay of the gluon propagator can be determined.

At random, one of the possible final states of the tt pair is selected.

The result is two sets of four-momenta and quantum numbers describing the ¢t pair, and is

the final product of the generation process.

5.2 Propagation and Interaction

After obtaining a set of final-state particles and their momenta, the next step is to determine
their behavior through the course of time. This step involves the determination of the
trajectories of the particles as they pass into the detector, describing the decays of particles
with finite lifetimes, predicting the process of energy loss as the particles interact with the
detector, and gauging the realistic response of the detector to the energy depositions made

by the particles.
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This process necessarily starts with a detailed description of the detector geometry and
materials. Such should include the specifics on how the detector materials’ behave during
the passage of charged particles and the details of any magnetic fields in the detector. The
decay of short-lived particles is simulated, providing appropriate daughter particles based
on the predictions of the SM. Most particles which will decay have already done so before
exiting the beam pipe, resulting in primarily stable particles entering the detector. However,
some particles enter the detector volume before decaying. At this point, the decays can be
influenced by interactions with the detector materials, which must also be simulated.

The possibilities of initial- or final-state radiation can be included for all charged particles.
This describes the emittance of photons for electomagnetically charged particles or gluons in
the case of strongly charged particles, both impacting the momenta of the particles involved
and introducing new particles to the final state. Futhermore, as quarks propagate, the
strong force induces the phenomena of hadronization and fragmentation, which lead to the
formation of hadronic showers or jets. These processes must all be simulated to obtain a
proper description of particle behaviors.

Now all that remains is the propagation of the particles through the detector. The
path of each particle is calculated based on magnetic fields encountered and the changes in
trajectory caused by scattering from detector materials. The energy deposited in each part
of the detector is converted to a signal by simulations of the detector’s readout electronics.
These signals are subsequently compiled into a full event as it would be written in the case
of real data collection. At this point, the MC events are ready to be passed through the
same reconstruction process as the data. Over time, this process is fine-tuned until the MC
predictions can reproduce the gross features of the data, providing the desired predictive

power.

'In the case of the D@ detector, this includes everything from the beryllium beam pipe and the silicon of
the SMT to the last wires in the outer layer of the muon system, including any non-instrumented support
structures.



Part 11

Problem and Analysis

79



Foreword to Part 11

After the introductory discussions in Part I, the second part of this document deals with the
data analysis and the motivations behind it. We have examined the tools, both experimental
and theoretical, used to predict and observe the interactions of elementary particles. How-
ever, such tools as they are, the level of their accuracy will ultimately decide their utility. A
detailed test of the predictions made by the Standard Model (SM), in the form of simulated
SM processes, is a necessary step in the study of elementary particles. In particular, there
are a few specific physical signatures that are of prominent contemporary interest at the
Fermilab Tevatron Collider.

The foremost of these signatures is the production of top quarks. In 1995, the two
Fermilab Tevatron experiments (D@ and CDF), discovered the top quark, thus completing
the third generation of matter particles as predicted by the SM. Following this triumph,
great efforts have been made to measure attributes of the top quark, such as its mass and
decay properties. In addition to this, the production of Higgs bosons is an area receiving
much attention. Although predicted by the SM, such a particle has yet to be observed.
Complicating the search, the SM does not explicitly predict the mass of a hypothetical
Higgs boson, but merely provides a range of masses compatible with other SM observables.

The observable signature of these processes is that of b quarks in the final state. The
large mass of the top quark (my,, ~ 178 GeV/c?) causes it to decay very quickly to a W

boson and a b quark. The phenomenologically likely mass of a Higgs boson is of the order of
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100 — 150 GeV/c? and the dominant decay mode of a Higgs boson in this mass range is into
two b quarks. Furthermore, the most observable production mechanism for a Higgs boson at
the Tevatron is in association with W or Z bosons, providing a signature somewhat similar
to the production of #t pairs. A large background process to both of these signals is the
production of bb pairs via gluon splitting in association with a W boson. The focus of this
thesis is therefore the careful measurement of inclusive heavy-flavor (¢, b, ¢) quark production
in association with W bosons. This analysis takes the form of a search for such production
beyond the predictions of the SM. The second part of this thesis is devoted to the description

of the search, the motivations driving it, and the analysis itself.



Chapter 6

Statement of Problem

As mentioned in the foreword, this analysis represents a search for anomalous production of
heavy-flavor quarks in association with W bosons at the Fermilab Tevatron. This chapter

discusses the motivations for a search of this type and the design of the analysis.

6.1 Motivations

The heavy-flavor (HF') quark (¢, b, ¢) content of jets produced in association with a W boson
provides a test of standard model (SM) predictions. Many physical measurements and
searches at the Tevatron depend greatly upon the ability to predict HF quark production,
such as measurements of top properties and searches for Higgs bosons. These issues alone
motivate a careful measurement of HF production, but an additional issue was introduced
recently when the CDF collaboration announced an observation of an anomalously large
rate of HF quark production during Run I of the Tevatron. Lacking the ability to efficiently
perform HF-jet tagging, the DO collaboration was unable to test this observation.

A measurement of the HF quark production rate can be interpreted as a search for

anomalous production, providing both a test of the SM and sensitivity to new physics. All
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of these processes are observed experimentally as a HF quark jets in association with a W
boson, and we will thus focus on these signatures. I will attempt to more completely describe

these motivations in the following.

6.1.1 Top Quark Production

Since the discovery of the top quark during Run I, Fermilab physicists have been attempting
to make precision measurements of the top’s properties. These measurements include the top
quark mass n,,, the rate of top decays to HF quarks R;_;, and the helicity of W bosons
from the decays of top quarks H;,,. Each of these measurements is a probe of the SM
predictions of the top quark properties and also of the SM itself. The study of electroweak
(EW) interactions in the SM has reached a precision both theoretically and experimentally
that quantum corrections become important. As the most massive SM particle, the top
quark is the largest contributor to these corrections, and a precision measurement of the
top mass can lead to an indirect inference of the Higgs mass via radiative corrections!.
The rate of top decays to HF quarks, R;_.,, is directly proportional to the square of the
CKM matrix element Vi, [25]. This value is expected to be very near unity, and improved
measurements can help to advance the constraints on other parameters of the CKM matrix,
which is currently the focus of much effort in particle physics. The helicity of W bosons in
top quark decays provides a third test of the SM. The top quark decays via a vector/axial-
vector (V-A) charged current interaction. This parity-violating interaction limits decays of
top quarks into W bosons with longitudinal and left-handed helicity states. A measurement
of the left- and right-handed helicity of W bosons from top decays probes both the top mass
and the SM description of EW decays [26].

The two dominant production modes for top quarks at the Tevatron are in tt pairs as

illustrated in Fig. 6.1. The decays of the W bosons define the observable final states, with

!The current measurement of the top-quark mass from Run I of the Tevatron is 178.0 & 4.3 GeV/c? [24]
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fully hadronic (six-jet) (~ 44%) and semi-leptonic (four-jet) (~ 44%) the most probable
final states. However, the QCD multijet backgrounds to the six-jet signature are large and
irreducible, leaving the leptonic W decays as the more promising signature. Thus, the
leptonic decay of one of the W bosons along with the hadronic decay of the second W boson

provides the dominantly observed final state.

W

ol

W+

Figure 6.1: Feynman diagrams for ¢t production in pp collisions. The left diagram (quark-
antiquark production) is dominant, but the right diagram (gluon fusion) contributes ~ 5 —
10% to the total cross section.

An additional contribution can come from single top quark production, as shown in
Fig. 6.2. These two processes, referred to as the s-channel and t-channel processes, may be

characterized by the momentum exchange of the participating W-boson: Q%;.

e {-channel W-exchange (Q%, < 0): This process has the largest cross section of the
single top processes. The t-channel process is commonly referred to as “qtb”, and

includes the tqb, tgb, tq, and £ final states.

e s-channel W-exchange (Q%, > 0): The s-channel process is referred to as “tb”, and
includes both tb and b final states. The s-channel process represents ~ 31% of the

single top cross section.

These signatures define two- and three-jet final states in association with a W boson.
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Figure 6.2: The dominant Feynman diagrams for t-channel (left) and s-channel (right) single
top quark production.

6.1.2 Higgs Boson Production

Searches for a Higgs boson have continued for many years, the most comprehensive of which
was performed at LEP?. Figure 6.3 displays the results of the combined LEP II search for
a SM Higgs boson as a function of Higgs mass. The lower limit on the Higgs mass of 114.4
GeV/c? obtained from LEP can be combined with several other precision EW measurements
(including the measurement of the top mass) to yield a constraint on the range of Higgs
masses compatible with the formulation of the SM. A plot of this constraint in the form of
a least x2 fit to global EW data is shown in Fig. 6.4. Thus, the indications leading into
a Higgs search at the Tevatron are that a Higgs boson is most likely to have a mass near
115 — 130 GeV/c?, allowing for a more concerted search effort.

At the Tevatron, the dominant production mechanism is gluon fusion, as seen in Fig. 6.5.
After gluon fusion, the largest production mode is associated production with a W or Z
boson. Figure 6.6 outlines the decay branching fractions for a SM Higgs boson as a function
of mass, showing H — bb to be the dominant decay mode for masses below ~ 135 GeV/c2.
In a similar fashion to the top quark signature, fully hadronic final states resulting from

gluon fusion production are difficult to observe and searches generally focus on the leptonic

2The Large Electron Positron (LEP) collider was a synchrotron at the CERN facility outside Geneva,
Switzerland.
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Figure 6.3: The 95% confidence level limits for the LEP II combined SM Higgs search.

decays of the associated W and Z bosons. This Higgs production and decay process defines
a two-jet final state in association with a W or Z boson, as shown in Fig. 6.7.

The observation of a Higgs boson would occur in two ways. First, as the topology defines
a two-jet final state, a Higgs signal would appear as an excess of events in the exclusive
jet spectrum. However, this observation method is not very sensitive and is eclipsed by
searches capitalizing on the dijet invariant mass of the Higgs boson. Although this search
method is complicated without a predicted Higgs mass, it is ultimately the method which
provides the most realistic prospects for Higgs discovery. However, without a very detailed
understanding of the predicted SM backgrounds for this process, any observed signal can be

mistakenly interpreted as an upward fluctuation.
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Figure 6.4: Least x? fit for precision EW data constraining the mass of a SM Higgs boson.

6.1.3 CDF Anomalous Result

In 2002, the CDF collaboration reported evidence for anomalous production of HF jets in
association with a W boson, based on events recorded during Run I of the Tevatron in which
pp collisions occured at /s = 1.8 TeV [22], and subsequently reconfirmed in 2004 [23]. In
this study of roughly 11,000 W — (v (£ = e or p) inclusive decays® , two different HF-quark
tagging algorithms were applied separately to identify jets arising from HF quarks. These
two algorithms, secondary-vertex and soft-lepton tagging, resulted in selections which were
roughly compatible with SM predictions. The CDF data observations and SM expectations
for the secondary-vertex tagging and soft lepton tagging selections are shown in Figs. 6.8.

In this figure, the exclusive number of jets for events with at least one jet tagged with

3The term inclusive refers to a selection without further discrimination on the remaining particles in the
event.



CHAPTER 6. STATEMENT OF PROBLEM 88

SM Higgs cross section (HIGLU, V2HV)
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Figure 6.5: Production cross sections for a SM Higgs boson in pp collisions at /s = 1.96
TeV as a function of hypothesized Higgs mass. These values were based on a calculation by
T. Han and S. Willenbrock [28].

the specified HF-tagging algorithm is plotted. The study then defined a supertag as a
jet with both a secondary vertex and SLT tag. Jets tagged in this way are then referred
to as superjets*. Upon selection of superjets, a marked deviation between data and SM
expectations was observed, as seen in Fig. 6.9. The W boson plus superjet selection observed
13 with a SM expectation of 4.4 + 0.6 events in the W plus 2- and 3-jet bins. The CDF
collaboration reported a <~ 1% probability that this excess is compatible with the predicted
result.

This evidence for anomalous HF production can be interpreted in several ways. The
possibilities of an upward fluctuation in data or a systematic error in the SM expectation
cannot be dismissed in this study. However, one must also consider the possibility that a
physical process not described by the SM is contributing to the observed number of events.
In Run I of the Tevatron, the DO experiment lacked a tracking detector with the resolution

necessary to perform secondary-vertex tagging and an independent measurement of this

4The prefix “super” is used to indicate high quality and is not meant as a reference to supersymmetry.
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Figure 6.6: Branching fractions for a SM Higgs boson. These values were calculated using
the HDECAY program [29].

phenomena was not made. However, the upgraded D detector makes this possible and a
drives the motivation to attempt to reproduce the CDF result. Indeed, in addition to probing

the accuracy of contemporary SM predictions, a search for anomalous HF jet production in

association with W bosons provides the opportunity to investigate the CDF result.

6.1.4 Additional SM Backgrounds

In addition to the top and Higgs contributions to a W plus HF jet final state, there are
several SM processes that are significant. These processes, although interesting alone, are
considered a background to top measurements or Higgs searches. The dominant backgrounds
are Wbb/c¢, with the quark pair arising from gluon splitting, shown in Fig. 6.10, and W Z

(with Z — bb) production, shown in Fig. 6.11, respectively. As seen in Fig. 6.10, the Wbb
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Figure 6.7: Feynman diagram of Higgs production in association with a W boson, with a
W H — puvbb final state.

process can include additional jets arising from gluon emission (which can subsequently split
to two quarks). In this way, the Wbb background can contribute to two or more jets final
states. In the case of W Z production, the Z boson decays to bb in ~ 15% of decays, producing
a two-jet final state. For both of these backgrounds, the analog processes of Zbb and ZZ can
contribute. In this scenario, the Z boson decays to a dilepton final state (Z — ¢¢) and one of
the leptons either escapes the detector or is lost due to detector/reconstruction inefficiencies.
The missing lepton can mimic a neutrino signature of missing transverse energy.

HF quarks are also produced by QCD-only multijet interactions. These events can be-
come background events if the signature of a W boson is imitated by a fluctuation in mea-
surements made by the detector. For example, a quark or gluon can shower early in the
calorimeter and create an energy deposition satisfying the electron reconstruction require-
ments. In addition, a hadron could contain pass through the calorimeter and be observed
in the muon detectors. The behavior of a neutrino can also be “faked” by an upward or
downward fluctuation in the measurement of the jets in the calorimeter, thus creating a net
imbalance in transverse energy. If these two circumstances occur together with QCD bb pro-

duction, the W-boson plus HF-jet topology is satisfied. Also as mentioned above, another
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Figure 6.8: The exclusive number of jets in events with a selected W boson. One of the jets
is required to have a SVX tag (left) or a SLT tag (right).

class of backgrounds is defined in the event that a jet arising from a light-flavor quark (u, d, )
is misidentified as a HF quark. Although the probability for these two background types to

pass into the selected sample is small, the rate at which they occur is very large and thus

represents a significant background.

6.2 Analysis Design

The strategy for measuring the rate of HF jets in association with W bosons naturally begins
with the selection of W bosons. In this analysis, only two of the three possible W decays
are chosen: W — ev and W — puv. The W — 7v decays are not a desirable topology
as the 7 itself decays dominantly to hadrons. The leptonic 7 decays also do not represent
an appreciable efficiency for selection as the energy of the resulting electron or muon is
generally too small to be selected. The W-boson candidate selection proceeds by identifying
an energetic electron or muon within the triggering acceptances of the detector, and requiring
the event to exhibit sufficient missing transverse energy to be consistent with the neutrino

from a W decay. The second step in the analysis is to evaluate the distribution of jets in the
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Figure 6.9: The exclusive number of jets in events with a selected W boson. One of the jets
is required to have both a SVX tag and a SLT tag.

selected events. Jets are selected in regions of the calorimeter which are well-understood and
which allow for proper energy scale corrections. The distribution can be categorized by the
number of jets in the event, which is then referred to as the exclusive jet spectrum. After
measuring this spectrum, the heavy-flavor quark content is evaluated via HF-quark tagging,
or simply HF-tagging. This final sample of HF quarks in association with W bosons allows
for a comparison of the SM predictions to the data observation. The following chapters

explain the steps in the process of selecting and analyzing this desired sample of events.

ol
o
o

q

Figure 6.10: Primary Feynman diagrams contributing to the Wbb (left) and Whb-+jets (right)
final states.



CHAPTER 6. STATEMENT OF PROBLEM 93

q

Figure 6.11: Dominant Feynman diagram for ¢q¢ — W Z production at the Tevatron.

To address the anomalous result from the CDF collaboration, a further selection is made
by requiring the simultaneous overlap of two different tagging algorithms for the same jet.
Jets selected by more than one algorithm have a larger probability for originating from a HF
quark, and thus represent a more pure sample. With this selection, limits on the anomalous

production of HF jets in association with W bosons is extracted.



Chapter 7

Data and Simulation

In addition to the data collected for this analysis, simulated samples of SM processes were
generated in the form of Monte Carlo events. This chapter outlines the data sample used

and the details of the simulation.

7.1 Data Sample

The DO detector records events at an average rate of 50 Hz. As discussed in Sec. 3.3.7, these
events are a small subset of the pp collisions initiated by the Tevatron, filtered down to match
the maximum physical recording rate available using a number of three-tiered triggers. This
final rate to tape consists of events triggered by a large menu of triggers representing the
current physics priorities of the experiment. The first two trigger levels can accommodate
128 trigger bits (each trigger represents one bit). The third level concatenates these bits and
refines the output to make a final trigger decision. This decision is made by comparing to a
predefined list of global triggers, which consist of a requirement for each of the three physical
trigger levels. Furthermore, the data collected for this analysis were recorded over a period

of time which spans several global trigger lists (or versions), and we must therefore include
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triggers from both lists. This analysis relies on global triggers which select single, isolated
electrons and muons consistent with the decays of W bosons. In this chapter, we will briefly
discuss the triggers used and their corresponding efficiencies and luminosities.

In the selection of W — erv and W — uv decays, we require a single-electron or a single-
muon trigger to have fired for each event. The full data sample is reduced to two smaller
sub-samples, referred to in the following as the 1IEMLOOSE and 1MULOOSE samples, which

are selected as follows:
e 1EMloose: One offline reconstructed electromagnetic shower with p5 > 15 GeV/c.

e 1MUloose: One offline reconstructed muon with pf. > 8 GeV/c.

7.1.1 Single Electron Triggers

To increase trigger efficiency, we require W — er candidate events in the 1EMLOOSE
sample to have passed one of several similar triggers: the logical OR of triggers EM _HI,
EM_HI_SH, EM_MX, and EM_MX _SH for trigger versions below v12. For trigger version
v12 and above, we include the logical OR of triggers E1_SHT?20, E2_SHT20, E3_SHT?20,
E1_SH30, E2_SH30, and E3_SH30. The trigger requirements for the dominant triggers in

these groups are as follows:

e EM _MX_SH
— Level 1: CEM(1,15): At least one L1 calorimeter trigger tower with at least 15
GeV of transverse energy in the EM layers.
— Level 2: No L2 trigger requirement is made for this trigger.

— Level 3: L3Ele(1,20,sh): A single electron candidate with transverse energy above
20 GeV and within |n.,| < 3.0. This trigger term also places shower shape

requirements on the reconstructed electron candidate.
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e E1 SHT20

— Level 1: CEM(1,11): At least one L1 calorimeter trigger tower with at least 11

GeV of transverse energy in the EM layers.
— Level 2: No L2 trigger requirement is made for this trigger.

— Level 3: L3Ele(1,20,sh): A single electron candidate with transverse energy above
20 GeV and within |7.,| < 3.0. This trigger term also places shower shape

requirements on the reconstructed electron candidate.

The trigger efficiencies are obtained from Ref. [31]. The pr-weighted trigger efficiency
for W — ev decays is found to be €, = 96.7 = 0.3% for trigger versions below v12 and
€rrig = 97.7£0.4% for trigger version v12. This yields a luminosity-weighted average trigger
efficiency of €,;, = 97.0 £ 1.6%.

7.1.2 Single Muon Triggers

We use the following triggers for the 1IMULOOSE data sample: MUW _W _L2M3 TRK10,
MUW_A_L2M3_TRK10, MT10W_L2M5_TRK10, and MU_W _L2M5_TRK10. Be-
cause certain triggers were prescaled for different run periods, we take care to rely only
on unprescaled triggers. Because of this, we used MU_W _L2M5_TRK10 for runs 162512-
179555, and the other three triggers for all other runs. The trigger requirements for the

dominant triggers are as follows:

e MUW_W_L2M3_TRK10

— Level 1: mulptxwtlx: A wide region tight scintillator trigger with loose require-

ments on hits in the muon wire chambers.

— Level 2: One medium muon, identified at L2, with pr > 3 GeV/c.
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Trigger L1 L2 L3 Total
MUW_W_L2M3_TRK10 86.7+0.7% 97.7+04% 743+4.1% 63.0+4.2%
MU_W_L2M5_TRK10 84.0+0.7% 86.3+0.9% 804+3.1% 58.3+3.3%

Table 7.1: Trigger efficiencies for the dominant single-muon triggers used in this analysis [30].

— Level 3: One track, reconstructed at L3, with p;r > 10 GeV/c.
e MU_W_L2M5_TRK10

— Level 1: mulptxwtxx_fz: A wide region tight scintillator trigger with a coincidence

in the forward luminosity scintillators.
— Level 2: One medium muon, identified at L2, with pr > 5 GeV/c.

— Level 3: One track, reconstructed at L3, with py > 10 GeV/c.

Table 7.1 details the efficiencies for the two main triggers at the three trigger levels, and
the overall efficiencies. For the MUW _W _L2M3_TRK10 and MUW _A _L2M3_TRK10
triggers, we use the efficiency found for MUW_W_L2M3_TRK10. In the case of the
MT10W_L2M5_TRK10 and MU_W _L2M5_TRK10 triggers, we apply the efficiency found
for MU_W_L2M5_TRK10. The trigger efficiencies for these dominant single-muon triggers

can be found in Table 7.1.

7.1.3 Luminosity

The luminosity can be calculated for each global trigger. This is done by summing the
average instantaneous luminosity values recorded in the luminosity blocks (LB) for the data,
as each LB contains a record of the triggers exposed during its corresponding time period.

However, before this luminosity integration can proceed, one must remove all LB’s from the
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list which correspond to data-taking periods in which the data was corrupted in any way.

This data corruption can happen for several reasons, the most common of which are

e The DAQ system can experience problems which cause data flow to stop. These
instances can arise from any of the three levels of the trigger and result in a LB for

which no data is written (or written at low efficiency).

e After each run, the data quality from each subdetector is recorded. For example, some
runs may consist of events in which the muon system is not operating properly, but
the tracking detectors and calorimeter are. Such a run would be useful for analyses

not sensitive to muon information, but useless for others.

o After the data is recorded, offline checks of the data quality can reveal instances of
detector noise or otherwise degraded events. A detailed analysis is generally performed

and a list of “bad” LB’s is compiled.

To ensure a normalizable data set, we remove all corrupted LB’s. Furthermore, to ensure the
quality of the data, we remove all runs which have exhibit degraded detector performance
for the following subdetectors: SMT, CFT, calorimeter, and muon system. Finally, we reject
the list of LB’s which have been marked as containing calorimeter noise by offline analysis.
The integrated luminosity for the dominant triggers before the removal bad runs and bad
LB’s are listed in Tables 7.2 and 7.4. The results after the removal of bad runs/LB’s are
shown in Tables 7.3 and 7.5. Because triggers can overlap, the total recorded luminosity

does not have to equal the sum of the separate contributions in each column.

7.2 Simulated Samples

To study event rates in data, we produced full event-level and detector-level simulations of

nearly all SM processes which may result in a W boson plus HF jets signature.
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Trigger pl4.03 pl4.05 pl4.06 Total
EM_MX_SH 326 87.5 7.6 127.7
E1_SHT20 42.7 0.0 0.0 42.7
Total 75.3 87.5 7.6 170.4

Table 7.2: Integrated luminosity for electron triggers, before good run/LBN selection, for
the 1IEMLOOSE data sample. The units presented are pb~!.

Trigger pl4.03 pl4.05 pl4.06 Total
EM_MX_SH 29.9 84.5 7.5 121.9
E1_SHT20 42.4 0 0 42.4
Total 72.3 84.5 7.5 164.3

Table 7.3: Integrated luminosity for electron triggers, after good run/LBN selection, for the
1EMLOOSE data sample. The units presented are pb~!.

The Monte Carlo (MC) for all the processes of interest were generated at /s = 1.96 TeV,
using the CTEQSL [32] parton distribution functions (PDFs). A Poisson-distributed minimum-
bias overlay, with an average of 0.5 events, was included for all events. The tt MC events
were generated with my,, = 175.0 GeV. A complete list of the MC event samples can be
found in Tables 7.6-7.8. These tables list both the number of events and the effective cross

section value for the process. This effective cross section is given in terms of the total cross

Trigger pl4.03 pl4.05 pl4.06 Total
MUW_W_L2M3_TRK10 755 42.9 0.1 118.5
MT10W_L2M5_TRK10 57.9 52.0 0.2 110.1

MU_W_L2M5_TRK10 0.1 30.0 0.9 31.0
MUW_A_L2M3_TRK10 23.2 29.6 0 52.8
Total 75.6 72.9 1.0 149.5

Table 7.4: Integrated luminosity for muon triggers, before good run/LBN selection, for the
1MULOOSE data sample. The units presented are pb~1.
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Trigger pl4.03 pl4.05 pl4.06 Total

MUW_W_L2M3_TRK10 724
MT10W_L2M5_TRK10 54.9

MU_W_L2M5_TRK10 0.1
MUW_A_L2M3_TRK10 20.9
Total 72.5

42.4 0.1 114.9
43.7 0.2 98.8
28.8 0.5 294
28.8 0.0 49.7
72.2 0.6 145.3

Table 7.5: Integrated luminosity for muon triggers, after good run/LBN selection, for the
1MULOOSE data sample. The units presented are pb~1.

section for the generated process (with the appropriate generator level cuts) multiplied by

the branching fractions appropriate for the specified final state.

MC Process Generator o x B(pb) Events
tt — fvb qgb ALPGEN 2.36 46k
tt — fvb (vb ALPGEN 0.56 53k
tt — qqb qgb ALPGEN 2.51 32k
tb (s-channel), (W — e, uv) CoMPHEP 0.23 30k
qtb (Wg-fusion), (W — e, uv) CoMPHEP 0.52 32k
W Z — lvqq, qglt ALPGEN 0.72 48k
27 — lUlqq ALPGEN 0.21 24k
WW — lvqq ALPGEN 1.20 23k
W + n-jet (W — (v) PyTHIA 9162 300k
Z + n-jet (Z — U0) PyTHIA 882 300k

Table 7.6: Monte Carlo samples simulated for ¢, single-top, and diboson SM processes.

The samples correspond to leading-order (LO) matrix elements for parton configurations.

The tt, ZZ, WZ, and WW were generated with ALPGEN 1.2 and PYTHIA 6.2 was used to

simulate fragmentation and hadronization. For the W/Z+jets samples, the events were

interfaced to PYTHIA to simulate the remainder of the event, initial state radiation (ISR),

fragmentation, and hadronization. There was no matching done between the generated

partons and the parton-level jets. These samples do not include W — 7v or Z — 77 decays.
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MC Type Generator o x B(pb) Events
Wob, (W — ev) ALPGEN 3.35 100k
Wbb, (W — uv) ALPGEN 3.35 100k
Wbb + 1-jet ALPGEN 3.0 45k
Whb + 2-jet ALPGEN 1.53 44k
Wee ALPGEN 5.89 41k
Wce + 1-jet ALPGEN 3.76 49k
Wce + 2-jet ALPGEN 2.01 20k
We ALPGEN 64 20k
We + 1-jet ALPGEN 40.3 20k
We + 2-jet ALPGEN 15.5 20k
We + 3-jet ALPGEN 5.3 20k
W + 1-jet ALPGEN 1652 215k

W + 2-jet, (W — erv)  ALPGEN 287.3 100k
W + 2-jet, (W — pv)  ALPGEN 287.3 100k
W + 3-jet ALPGEN 228 35k
W + 4-jet ALPGEN 76 46k

Table 7.7: Monte Carlo samples simulated for select W+jets SM physics processes.

To ensure proper representation of these decays, the efficiency for the existing samples was
increased by a factor corresponding to the efficiency of the selection for W — rv and Z7 — 77
decays in each channel. For example, in the case of W — er decays, the efficiency was scaled
by a factor of 1+ ey, /eéw e, = 1.042, where the ratios for W — ev and W — 7v events
were evaluated using PYTHIA. The W — uv, Z — ee, and Z — pu events were also scaled
in the same manner.

Because the ALPGEN W/Z+jets samples do not have matching between the generator
partons and the final state jets enforced, there is no guarantee that the final state n-jet
spectrum matches the generated event spectrum. To avoid incorrect calculations of cross
sections, we eliminate events in which there are extra jets in the final state. We achieve this

by applying two requirements to the events:

e Original partons are matched to parton-level jets, and only one parton-level jet is
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MC Type Generator o x B(pb) FEvents
Zb, (Z — ee) PyTHIA 0.77 30k
Zb, (Z — pp) PyTHIA 0.77 30k
Zbb, (Z — ee) ALPGEN 0.539 100k
Zbb, (Z — ppu) ALPGEN 0.539 100k
Zbb + 1-jet ALPGEN 0.44 14k
Zbb + 2-jet ALPGEN 0.22 10k
Zcc ALPGEN 3.07 30k
Zcc + 1-jet ALPGEN 1.14 15k
Zcc + 2-jet ALPGEN 0.41 10k
Z + 1-jet, (Z — ee)  ALPGEN 90.4 100k
Z + 1-jet, (Z — pp)  ALPGEN 90.4 100k
Z + 2-jet, (Z — ee)  ALPGEN 290.1 100k
Z + 2-jet, (Z — pp)  ALPGEN 29.1 100k
Z + 3-jet ALPGEN 214 15k
Z + 4-jet ALPGEN 2.3 -

Table 7.8: Monte Carlo samples simulated for select Z+jets SM physics processes.

accepted for any generated parton.

e Events with a greater number of final-state jets than were generated are removed. In
practice, this means that an event generated as W43 jets and reconstructed with 4 or

more jets will be rejected, and similarly for the full n-jet spectrum.

The cross sections for different samples are determined as follows, and are specific to
the specified final state. Unless otherwise specified, weak-boson decays were forced into the

leptonic modes.

e For the ALPGEN samples, we use the generator cross sections. The exception is the ¢t

samples, which are normalized to 6.77 pb [36].
e For the PYTHIA samples, we also use the generator cross sections.

e The single-top cross sections (tb and qtb) are from the results of NLO calculations
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137).

e For the W/Z+jets samples, the generator cross sections are scaled by a k-factor of 1.3.
This value is obtained by comparing LO and NLO cross sections using the MCFM

generator [38].

The contribution of the inclusive process W + b is estimated using MCFM to calculate a
cross section ratio relative to W + bb production. This ratio is Ry, ywiwp = 0.21 for events
in which all jets are required to have pr > 15 GeV/c. The cross section for W + b is taken
as this ratio multiplied by the NLO-normalized W + bb cross section. In addition, the pr
spectrum for W + b was measured using inclusive W production generated with PYTHIA.
The expected efficiency for W + b is then calculated using the efficiency of W + bb events in

which only one jet is reconstructed convoluted with the efficiency for the jet py requirements.

7.3 Estimation of Multijet Backgrounds

The data sample in this analysis contains events originating from multijet production that
mimics a W-boson signature. As this background arises predominantly from pure QCD inter-
actions, it is commonly referred to as simply QCD background. Currently, MC simulations
of these processes do not reproduce features of data well, mostly due to the calculational
difficulties in the non-perturbative QCD model. However, much of the data collected arises
from QCD processes and provides a reliable means of predicting this background. To esti-
mate multijets backgrounds, we use the so-called matrix method [39]. This method proceeds
by defining two samples, “loose” and “tight”. The loose sample should contain a large frac-
tion (> 80%) of multijets background, and the tight sample should represent the selected

analysis sample. These values can be expressed as (for the example of W-boson selection)



CHAPTER 7. DATA AND SIMULATION 104

Nloose = N, cp + NW
N (7.1)
Niight = egcpNgep + ew Nw
where Ngep is the number of multijets events in the loose sample and Ny is the number
of W-boson events in the loose sample. The efficiencies egcp and ey represent the rate

at which multijets and W bosons pass the tight selection, respectively. This system of two

equations can be solved to yield the number of multijets events for a particular selection

6W—Nvloose - Ntight

Nocp = €qgep (7.2)

€W — €QCD
To measure the value egeop, events are selected in the Br < 15 GeV region. Here, the
fraction of real W boson events becomes negligible, and, as seen in Eq. 7.1, the ratio of the
tight to loose selections returns a measurement of egcp. The measurement of ey depends
on the difference between the tight and loose selections and will be described below.

In the case of the W — ev selection, the tight and loose samples differ by the requirement
of a matching charged track for the electron. Often, tracks are accidentally matched to small
shower depositions due to soft gluon radiation or other hadronic activity. Here, the value
for ey can be measured as the electron tracking efficiency, and is found in Z — ee events.
Events are selected with at least one electron with a matching track and a total of two
electrons which reconstruct to the Z mass within 10 GeV/c?, thus increasing the likelihood
of originating from a Z decay. The electron track matching efficiency is taken as the fraction
of events in which the second electron also has a matching track. For the W — puv selection,
the tight and loose selections differ by the requirement on muon halo and track isolation. In
this scenario, €y is measured in Z — pp events in the same way as in the W — ev selection.

The extracted values of ey and egep used are given in Tables 7.9 and 7.10. They are

calculated for inclusive multiplicities of N > 1, 2, 3, and 4 jets. The statistics for N> 4 are



CHAPTER 7. DATA AND SIMULATION

e + jets

n-jets €sig € fake
>1 0.77£0.04 0.0284+0.001
> 2 0.79£0.05 0.02940.001
>3 0.79£0.06 0.03040.002
>4 - 0.028+0.007
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Table 7.9: The “tight” selection efficiencies for signal and multijet events in the e + jets

sample.

[+ jets

n-jets €sig € fake
>1 0.894+0.03 0.1440.02
> 2 0.884+0.03 0.16%0.02
>3 0.86+0.04 0.1540.03
>4 - 0.15£0.05

Table 7.10: The “tight” selection efficiencies for signal and multijet events in the u + jets

sample.

too low to provide a reliable estimate, and we therefore use the values from N> 3 for the

larger jet multiplicities.



Chapter 8

Analysis Methods

This chapter focuses on the details of the selection and evaluation of the W boson plus heavy-
flavor (HF) jets sample. We describe the procedures for identifying W-boson candidates,
the treatment of jets in the candidate events, and the HF-quark tagging methods. We also
include a discussion of the systematic uncertainties associated with the analysis methods

and the means used to make a comparison between the data and SM predictions.

8.1 W-Boson Selection

Selection of events which contain a W boson begins by searching for the decay products.
Hadronic W-boson decays are dominant, but the final state signature is rendered unobserv-
able by the large QCD multijet background at the Tevatron. As mentioned earlier, we focus
on two of the semi-leptonic W boson final states: W — ev and W — uv. Here we outline

the process of reliably selecting one of these final states.
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8.1.1 Primary Vertex Selection

W-boson production begins at the center of the detector in pp collisions. The protons and
antiprotons are brought into collision in bunches with some finite spatial extent, and thus
tend to collide over an extended region in space. As described previously, the actual point
where the collision occurs is referred to as the event’s primary vertex (PV). As the PV serves
as the center of the event’s physics coordinate system, a poor measurement of the origin can
cause errors in the calculations of pr, n, and the Er.

When a PV is reconstructed with many tracks, it’s position measurement becomes much
more reliable because the PV fit has more constraints. As such, we reject all events with
a PV with fewer than three associated tracks. With a well-reconstructed PV, the distri-
bution of the longitudinal PV position assumes a Gaussian distribution with a mean value
near the geometrical center of the detector. In some instances, tracking inefficiencies or mis-
measurements can cause the reconstructed PV position to fall far from it’s nominal value.
In addition, multiple interactions in each bunch crossing can create additional vertices and
tracks that can confuse the PV-finding algorithm, again resulting in anomalously large posi-
tion measurements. To mitigate these effects, the PV acceptance is limited by requiring the
PV z-positions (along the beam) to be within |zpy| > 60 cm from the geometrical center
of the detector. The distributions of these variables are shown in Fig. 8.1, illustrating the
~ 25 cm Gaussian width of the zpy distribution and the number of tracks used to reconstruct

the PV.

8.1.2 Lepton Selection

To select leptonic decays of W bosons, events are required to contain one well-identified
lepton. To reject events arising from Z — /(¢ decays in which one lepton is not detected,

as well as contamination from WW , WZ, and ZZ backgrounds, a veto on any additional
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Figure 8.1: The distribution of the primary vertex z position (left) and the number of tracks
used to reconstruct the vertex (right).

isolated leptons with pr > 8 GeV/c in the event is imposed. For electrons, the specific

reconstruction and quality requirements are:

e One isolated electron passing EM reconstruction criteria;

Electron shower shape fit y? < 20;

The trajectory of a charged track from the central tracking detectors matched to the

position of energy clustered for the electron in the calorimeter;

The electron must fall within an acceptable fiducial volume;

pr > 20 GeV/c, || < 1.1.

In the context of this selection, a lepton is considered isolated if it is separated from all

jets in the event by an angular radius R = 1/(An)2 + (A¢)? > 0.5. The electron shower
shape is compared in the longitudinal and transverse directions with that expected for real
electrons. Placing a requirement on the x? of this fit increases the reliability of the calorimeter
measurements. Requiring a central track which matches the electron’s calorimeter position

provides discrimination against particles which do not originate from the PV. In addition,
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this requirement helps to eliminate electrons that are faked by neutral hadrons and gluons
(which leave no tracks), which are characteristic of QCD multijet backgrounds. As the
calorimeter is constructed of three liquid-argon cryostats that are azimuthally segmented
into wedges, the areas between the wedges exhibit slightly poorer energy resolution and
efficiency. To eliminate systematics from this feature, the fiducial volume surrounding these
regions is removed from the acceptance. In addition, electrons are only accepted within the
region |n.| < 1.1 (measured from the geometrical center of the detector) to ensure they are
within regions instrumented for calorimeter triggers, and the requirement on the electrons
pr removes electrons not efficiently triggered upon. This last requirement increases the
reliability of the luminosity measurement for electron triggers.

For muons, the reconstruction and quality requirements are:

One isolated muon passing the medium muon reconstruction criteria;
e The muon must produce hits in all three muon system layers;

e The trajectory of a charged track matched to the position of hits in the muon detectors
with minimum track-hit requirements in the central tracker: at least 2 SMT hits and

7 CFT hits;

e Cosmic ray muon rejection via timing requirements in the muon system scintillator

detectors;

e The transverse energy deposited in the calorimeter in an annular ring, defined by

0.1 <R < 0.4 around the axis of the muon, must be smaller than 2.5 GeV;,

e The sum of the pr of all tracks in a cone of R = 0.5 around the muon direction be less

than 2.5 GeV/c. This excludes the track matched to the muon trajectory;

e pr > 20 GeV/c, |n,| < 1.6;
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e For |n,| < 1.1, further reject the region of 4.25 < ¢, < 5.15.

Muons reconstructed with fewer than three hits in the muon system tend to have a
poorer momentum measurement and a higher incidence of detector noise. To ensure a
reliable measurement, we require the muon to have produced hits in all three muon detector
segments. In addition, a matching central track rejects faked muons from neutral hadrons
and gluons which penetrate the calorimeter, as well as providing a high-resolution momentum
measurement. To ensure a good central track match, minimum track-hit requirements are
imposed. This requirement is more necessary than in the electron selection because the
distance to the muon detectors is much greater than the distance to the calorimeter (from
the tracking detectors). In addition, muons have a high incidence of contamination due to
cosmic ray muons, which is reduced via the timing cuts. These timing cuts reject muons
that are consistent with originating outside the detector. The muon fiducial volume is
further reduced in the region |p| < 1.1 to remove the uninstrumented region where the
detector is supported from below. Finally, the pr and |n| requirements ensure the muon
is in a triggerable region of high efficiency, thus increasing the reliability of the luminosity

measurement.

8.1.3 Missing Transverse Energy

The neutrino from the W-boson decay does not appreciably interact with the matter in the
detector as it passes through. Thus, we rely on the transverse momentum imbalance, or By,
to provide information on the neutrino’s momentum. Both selections, W — ev and W — puv,
require a minimum K7 of 20 GeV. The Hr value is taken from the event reconstruction and
verified to contain proper corrections for all muons in the event, including those that are
not isolated. Even after corrections, the K7 value can still deviate from it’s actual value

because of mismeasurements in the event. Such mismeasurements could arise from poor
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measurements of the jets or leptons in the event. In the case that the lepton in the event
is grossly mismeasured, the Hr will tend to point in the same azimuthal direction as the
lepton, while in real WW-boson events it will point in the opposite direction. Thus, to help
reject against poorly reconstructed events and QCD multijet backgrounds, the separation
in ¢ between the K7 and the lepton is required to be at least w/8. Figure 8.2 shows the
resolution of the #7 in W — ev and W — puv events. The results are divided into events with
one or two jets, and events with three or more jets. Here, the effects of the jet energy scale
corrections are evident as the calorimeter response broadens with an increasing number of
jets. These distributions represent the difference between the transverse neutrino momentum
in W decays (taken from the MC parton information) and the reconstructed Hp. The
distributions have been fit to Gaussian functions, and the fit parameters are shown in the

plots. In events with one or more jets, the Fr resolution varies from approximately 6-13 GeV.
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Figure 8.2: The Kr resolution in W — fv plus jets events. The distributions have been
divided into events containing 1 or 2 jets (left) and 3 or 4 jets (right).

8.1.4 W Boson Mass and Selection Efficiencies

After lepton and Fr selection, the next step is to reconstruct the mass of the W boson to en-

sure a robust W sample. Because there is no information about the longitudinal momentum
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of the neutrino from the W — (v decay, the W boson mass cannot explicitly be recovered.
However, if we assume that the K7 observed in the event corresponds to the transverse
momentum of the neutrino, the projection of the W mass into the transverse plane can be

calculated as follows:

My, =2 phBr (1 — COS <¢g — (bE/T)) (8.1)

where pf is the transverse momentum of the lepton (e or ), and qb% is the azimuthal
angle of the transverse Hp vector. The full W mass is well measured by many experiments
and the current world average is 80.425 £ 0.038 GeV/c [11]. Thus one expects a Jacobian
mass peak, distorted by a varying distribution of transverse W momentum [40]. When the
neutrino is produced with low p, and the Er accurately represents its full momentum, My,
will reconstruct very near the full W mass, widened by the natural width of the W and the
detector B and lepton resolutions. With the W width measured to be 2.124+0.041 GeV [11]
and the nominal K7 resolution approximately 10 GeV (see Fig. 8.2), one expects the upper
edge of the My, distribution to extend to 90-95 GeV/c? (higher in cases of poor Hr or
lepton measurements). The lower edge of the distribution will tail off to lower transverse
mass with larger neutrino p, values.

A constraint is placed on this reconstructed mass of 40 < My, < 120 GeV/c%. On
the lower cutoff, this requirement primarily rejects QCD multijet backgrounds which have
produced a W — (v signature by chance and have a mass distribution exponentially falling
from zero. On the upper end, the mass cut rejects poorly reconstructed W bosons and
events arising from detector fluctuations. Figure 8.3 shows the distributions of transverse
momentum for electron candidates and Er in both data and MC for the W — ev selection.
Also included in the figures is the estimated QCD multijet background. Figure 8.4 shows

the distribution of the transverse mass and pr of the W, derived from the momentum of the
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electron and Hr. In Figs. 8.5 and 8.6, we show the analogous distributions for the W' — pv
selection. All four distributions do not involve jet selection or HF-tagging and represent a
normalization of the inclusive PYTHIA W/Z + n-jet MC to data. These distributions are
dominated by events with no jets present and the observed shapes can be seen to be in

adequate agreement with the MC expectation.
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Figure 8.3: Electron py and missing transverse energy in the W — ev channel, prior to jet
selection.

The cumulative efficiencies for W — puv and W — ev MC events are shown for each
successive W boson selection step in Tables 8.1 and 8.2, respectively. The final efficiencies

represent the values used in the inclusive W selections.

8.2 Jet Selection and Heavy-Flavor Tagging

After completing a robust WW-boson selection, the next steps in event selection is jet selection
and HF-quark tagging. In this step, it is very important to select well-understood jets and

perform the HF-tagging in a manner that provides high purity.
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Figure 8.4: Transverse mass of W bosons, and their pr in the W — er channel, prior to jet

selection.

8.2.1 Jet Selection

As mentioned earlier, jets are defined using an iterative seed-based cone algorithm (including

mid-points), clustering calorimeter energy within R = 0.5, which is subsequently corrected

for the jet energy scale (determined from momentum balance in photon+jet events) [43]. To

ensure proper energy-scale (JES) corrections, all jets are required to lie within |n;| < 2.5,

ID Cut: W+ n-jet (W — ev) Wbb (W — ev) tt— evqq
1 EM shower, pr, and 7 criteria 29.4+0.2% 32.840.3% 33.240.2%
Corrected Hr > 20 GeV 25.1+£0.1% 27.440.2% 30.940.2%
A¢(pre. Br) 24.940.1% 27.140.2%  28.0+0.2%
Isolated lepton veto 24.840.1% 27.0+0.2% 27.840.2%
Transverse W mass window 24.14+0.1% 25.840.2% 25.640.2%

Table 8.1: Efficiencies for W — ev selections in Monte Carlo for channels of interest. Events
in the three categories were generated using the ALPGEN generator. The efficiencies do not
include the impact of the branching ratio for W — ev.
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Figure 8.5: Muon pr and missing transverse energy in the W — pv channel, prior to jet
selection.

where 7; is measured with respect to the center of the detector. Also, jets are required to
satisfy p’f > 25 GeV/c. This constraint selects jets that have well-measured JES corrections
and that are have a high reconstruction efficiency. At the cost of ambiguity for efficiency, the
jet reconstruction algorithm can reconstruct jets which may also have been reconstructed as
electrons, as they both appear as clustered calorimeter energy. To minimize this ambiguity,

we therefore do not consider reconstructed jets that are within R = 0.5 of the axis of any

ID Cut: W+ n-jet (W — pv) Wbb (W — uv)  tt — uvqq
1 Good muon, pr, and 7 cuts 36.9+0.2% 36.9+0.3% 33.3+0.2%
Corrected Hp > 20 GeV 32.04+0.1% 31.7+0.2% 31.3+0.2%
Ad(pry, Er) 31.7+0.1% 31.240.3%  28.7+0.2%
Isolated lepton veto 31.44-0.1% 31.04:0.3% 28.140.2%
Transverse W mass window 30.0+0.1% 28.940.2% 25.340.2%

Table 8.2: Efficiencies for W — puv selections in Monte Carlo for channels of interest. Events
in the three categories were generated using the ALPGEN generator. The efficiencies do not
include the impact of the branching ratio for W — pv.
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Figure 8.6: Transverse mass of W bosons, and their pr in the W — pv channel, prior to jet
selection.

electron.

8.2.2 Heavy-Flavor Quark Tagging

After the sample of jets in association with a W — ev or W — uv decay is selected, the HF
content of the jets is evaluated. This evaluation is performed using two different HF-tagging

algorithms: secondary-vertex tagging and soft-lepton tagging.

Secondary-Vertex Tagging

The secondary-vertex tagging (SVT) algorithm relies upon the displaced decay vertices of
long-lived hadrons. For this analysis, the TiIGHT SVT operating definition is used. Only the
jets that pass more stringent quality requirements are considered for SVT tagging. These
criteria are not used to eliminate jets from an event, but only to choose tagging candidates for
the SVT algorithm. The jets that do not pass these requirements are retained to characterize

the total number of jets in the event. Jets used in the SVT algorithm must be matched in
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(n, @) to track jets within a separation of R = 0.5. Track jets are defined by:

e Cone size R = 0.5 in (1, ¢)

Extent in the z-direction of Az = 2.0 cm

A pr > 0.5 GeV/c for any included charged track

Tracks must have at least 2 hits in the SMT

At least 1 track with pr > 1.0 GeV/c (to be used as the seed)

Individual track dca of less than 0.2 cm in the transverse plane and less than 0.4 cm

in the z direction.

A list of calorimeter jets whose trajectories match to track jets is made. The efficiency for
this matching is approximately 85% and is flat as a function of both n and pr, as seen
in Figs. 8.7 and 8.8. These jets are then matched to the reconstructed secondary vertices
(described in Sec. 4.3). Jets are deemed SVT tagged if their axis matches to within R = 0.5
of the axis of a secondary vertex. Figure 8.9 shows the SVT HF-quark and light-quark
efficiencies for the TIGHT SVT definition. The operating point chosen for this analysis has

an average b-quark tagging efficiency of (33.4 + 2.7)%, and (0.22 + 0.03)% for light quarks.

Soft-Lepton Tagging

The second method employed for HF-tagging involves low-py muons from decays of HF-
quarks through virtual W-boson intermediaries. About 18% of HF-quark decays result in
a final state with this kind of muon [11], the detection of which provides a means to tag
a jet of heavy-flavor. For this HF-tagging algorithm, no requirements are placed on the
jets, as they are for the SVT algorithm. Jets with muons close them in (7, ¢)-space are

considered candidates for this type of HF-tag. The muons used for this evaluation must
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Figure 8.7: The SVT jet taggability efficiency as a function of , with no requirement on pr.

pass the medium muon reconstruction requirements. No muon track match requirement
is made, but the momentum of the track is used to describe the muon’s momentum in
the event of a match. In addition, only muons with p4. > 4.0 GeV/c and |n,| < 2.0 are
considered for soft-muon tagging. Muons that pass certification and the kinematic criteria
are matched with jets based on their separation in (7, ¢)-space. Jets with muons within
R = 0.5 are considered SLT tagged. In the case of ambiguity, the muon closest to the jet
axis is chosen as the tagging muon. The basic efficiency operating point for this tagging is
determined by the lower muon momentum cutoff. Lowering the momentum cutoff lets light-
quark background into the algorithm. This occurs because a low-py muon is much more
easily faked because of it’s large curvature in the muon toroids. This feature is compounded
by a higher combinatorial probability for low-p tracks in jets to match the faked muon hits
position. The operating point chosen for this analysis results in a SLT b-tagging efficiency
of 4.4+ 0.3% and 0.85 4+ 0.08% for light-quark jets.

In instances in which one of the muons from a Z — uu decay by chance lies within a jet,
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Figure 8.8: The SVT jet taggability efficiency as a function of pr, with no requirement on
.

the event can easily mimic the signature of a W — puv plus SLT tagged jet. To reject any
Z — up backgrounds, we require pf. < 15.0 GeV/c. This requirement is performed for both
the W — erv and W — uv samples to eliminate any bias between the two. In practice, no
events are rejected from the W — er data sample due to this cut.

Events with a SLT contain a muon which can impact trigger efficiency. The single-
electron triggers used for W — ev decays depend on calorimeter trigger inputs, and do not
receive input from the muon detectors. However, the single-muon triggers used for W — uv
decays can be impacted by the presence of an additional muon. This effect has been studied
and shown to increase single-muon trigger efficiency from (62.1+3.4)% to (68.443.5)%. The
details of this study can be found in Appendix A. This increased trigger efficiency will be

used in the normalization of MC events in which a SLT tag is required.
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Figure 8.9: The heavy-flavor and light-quark tagging efficiencies for the SVT algorithm.
8.3 Monte Carlo / Data Normalization

Reconstruction algorithms are never fully efficient, neither on data nor on MC. However, it
is important for these efficiencies to match in order to extract reliable measurements from
data. With this in mind, we normalize all selection efficiencies in MC to data to account
for any discrepancies. Similarly, distributions in variables used for selection criteria may not
agree between data and MC, and these must consequently be adjusted to match data. We
identify below the instances in which we modify efficiencies or distributions of variables in

MC.

8.3.1 Electron Selection

The reconstruction efficiency for electrons in data is defined by the DO EM-ID group [41],

and is found in data to be €44 = 85.0+1.96% for electrons in the central cryostat (|n| < 1.1)

reco

and for the electron reconstruction criteria outlined in Section 4.4. In MC, this efficiency

is found to be ¢ = 96.54 + 1.98%. From these values we derive a data/MC efficiency

T€eco
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correction factor of £ = 0.880+0.024, which is used to normalize (downward) the electron
reconstruction MC efficiency.

The track-matching efficiency in MC also differs from that found in data. The EM-
ID group has measured the electron track-matching efficiency as €% = 76.91 4+ 2.67% in
data [41]. For MC, the electron track-matching efficiency is found to be €M = 82.51 +

1.96% [41]. We must therefore correct (downward) the electron track-matching efficiency in

the MC by the ratio of these two numbers: f7}' = 0.932 4+ 0.037.

8.3.2 Muon Selection

The data/MC efficiencies for muons have been studied extensively in [42]. These studies
indicate that the reconstruction efficiency for muons is the same for data and MC, within the
uncertainty of the measurement. As such, there is no normalization for this efficiency. The
isolation efficiency is found to be €5, = (87.0+0.4)% in data and €;5, = (89.0+£0.3)% in MC,
= 0.978 + 0.005. The track-matching

150

resulting in an efficiency normalization factor of
efficiency for muons is found to be €y = (92.1 £ 0.5)% in data and €, = (98.4 £0.2)% in

MC, resulting in a track matching efficiency normalization factor of f/, = 0.936 £ 0.005.

8.3.3 Heavy-Flavor Quark Tagging

Differences in tracking efficiencies between MC and data must be kept at a minimum to be
able to extract reliable results for HF-tagging. Any detector inefficiency not modeled in the
MC will widen discrepancies, and to mitigate these kinds of deficiencies, we always normalize
the MC HF-tagging results to match data.

Primarily because of differences in tracking efficiency between data and MC, the SVT
tagging algorithm is more efficient in MC. To account for this discrepancy, the B-ID group

provides functions parameterized in (pr,n) for normalizing the MC SVT tagging results to
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data. These functions act as scale factors, effectively reducing the efficiency for MC. The
details of this procedure can be found in [44].

For the SLT tagging algorithm, differences between MC and data are corrected by scaling
the MC muon selection efficiency to match data. We correct for the muon identification
efficiency in jets and for the track matching efficiency in jets for muons with a matched
track. The corrections are applied per tag and the average efficiency for these corrections in

MC is f5ET = 0.842 4 0.056.

8.3.4 Smearing of Lepton pr

To obtain agreement between electron and muon pr spectra for data and MC, the MC must
be smeared to match the resolution in data. To perform this smearing for electrons, we

modify the electron energy as follows:

E'=a.x Ex(10+G) (8.2)

where E’ is the resulting energy, E is the energy before smearing, «, is an n-dependent
scaling factor, and G is a random number selected from a Gaussian distribution centered at
zero with an n-dependent standard deviation .. For electrons with |n.| < 1.1, a, = 1.003
and o, = 0.045. All 3 components of electron momentum are scaled accordingly to maintain
the electron mass. For muon pr smearing, we modify the muon momentum components as
follows:

1 1

Pr au X pr

where p/. is the resulting transverse momentum, pr is the transverse momentum before
smearing, «, is an 7-dependent scaling factor, and G is a random number selected from

a Gaussian distribution centered at zero and 7-dependent o,. For muons with |r,| < 1.6,
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a, = 0.991 and o, = 0.00226. For muons with |r,| > 1.6, we use o, = 0.999 and o, =
0.00465. The remaining component of the muon momentum (p,) and the muon energy are
both scaled accordingly to maintain the muon mass. The parameters in Eqs. 8.2 and 8.3

reflect the shifts needed in absolute scale as well as resolution to match MC to data.

8.4 Systematic Uncertainties

We classify the sources of systematic uncertainty in the analysis into two categories: those
that impact the overall normalization of the selection (i.e., the number of W bosons we
select), and those that affect the shape of the selected jet distributions. Of course, some

sources of error will fall into both categories, and are considered accordingly.

8.4.1 Systematics from Normalization

The analysis begins by selecting an inclusive W-boson sample and comparing the normal-
ization and shapes of distributions of interest of data with MC. Uncertainties in selection
procedures propagate to the normalization, and can influence the expected number of events.

We consider the impact of the following sources of systematic uncertainty:
e Efficiencies for electron ID (em;p) and track matching (emy,x)
e Efficiencies for muon ID (u;p) and pr (dpf) resolution
e Measurement of the absolute luminosity
e Trigger Efficiency

The systematic uncertainties in variables used for lepton selection are available in [46]. In
particular, the uncertainty in em;p is +2.1%, the uncertainty in emy,,, is £3.1%, in p;p it is

+0.8%, and £3.0% for dp.. These parameters do not depend significantly on jet multiplicity.



CHAPTER 8. ANALYSIS METHODS 124

For the integrated luminosity, we assign a systematic uncertainty of 6.5%, associated with
the absolute uncertainty on the inelastic pp cross section [45]. The uncertainties on the
trigger efficiencies are taken from Sec. 7.1.

We furthermore consider the systematic uncertainties associated with the MC generation:
e MC cross sections
o W — tv, Z — 77 Factors

We associate a conservative uncertainty of 15% on the cross sections used to normalize the
W + X ALPGEN MC samples (where X includes all quark flavors). We use a value of
6.4% [36] for the samples, and 18% for the single-top samples. Furthermore, we associate a
1% uncertainty with the inclusion of W — 7v, Z — 77 efficiencies in MC samples that do

not include these decays (see Sec. 7.2).

8.4.2 Systematics from Discrepancies in Shapes

After selecting the W -boson sample, we check whether the jets in each event can be HF-
tagged. Tagging defines our final selection, and requires full understanding of the shape of
distributions of variables most affected by criteria that cause events to shift from bin to bin,

or to be rejected. The sources of systematics we consider are:

Jet Energy Scale (JES)

Jet Identification

SVT tagging efficiency

SLT tagging efficiency

MC jet-parton matching
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The uncertainty in the JES impacts the measurement of Kr, which also impacts the
normalization. Changes in jet py can affect the acceptance because requirements on jet pr
in the analysis can shift events from bin to bin, or reject them outright. The effect of the
uncertainty in JES is studied by changing the pr of each jet by 4+ one standard deviation
(+10), where 1o is defined by the systematic uncertainty in the JES. The systematic uncer-
tainty associated with jet identification is measured to be 4% in [47]. To gauge the impact of
a change in HF-tagging efficiency on the shape of distributions in HF-tagged events, we also
vary the SVT HF-tagging efficiency by £1o for each tagged jet, where 1o is defined by the
systematic uncertainty in the normalization of the SVT data and MC efficiencies. For the
SLT HF-tagging efficiency, we include a systematic uncertainty of 8% obtained by varying
the R = 0.5 tagging cut by £15%. The uncertainty associated with the matching of MC
partons to reconstructed jets is taken as 3%, which is obtained by varying the R matching
value by +15%.

All major systematic uncertainties associated with this analysis are summarized in Table

8.3, as a function of the exclusive number of jets in each event (including any tagged jets).
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Systematic Njet =1 Njey =2 Njeg =3 Njg >4
emip 2.1% 2.1% 2.1% 2.1%
€Myl 3.1% 3.1% 3.1% 3.1%
. 0.8%  0.8%  08%  0.8%
HpT 3.0% 3.0% 3.0% 3.0%
Lumi 6.5% 6.5% 6.5% 6.5%
Electron Trigger 2.0% 2.0% 2.0% 2.0%
Muon Trigger 5.2% 5.2% 5.2% 5.2%
MC Cross Section 10 /18% 10 /18% 10 /18% 10 /18%
W — tv,Z — 77 Factors  1.0% 1.0% 1.0% 1.0%
JES 2.0% 2.0% 2.0% 2.0%
Jet ID 4.0% 4.0% 4.0% 4.0%
SVT tagging 9.5% 9.5% 9.7% 9.7%
SLT tagging 8.0% 8.0% 8.0% 8.0%
Parton matching 3.0% 3.0% 3.0% 3.0%

Table 8.3: Summary of systematic uncertainties associated with results for HF-tagged jets,
as a function of the total exclusive number of jets, including any tagged jets.



Chapter 9

Results and Discussion

This chapter focuses on the details of the evaluation of the W boson plus heavy-flavor
(HF) jets sample. This measurement is performed on the selected W+jets sample using
secondary-vertex and soft-lepton tagging algorithms, all of which are described in the pre-
vious Chapter 8. We compare these selections to SM predictions and the previous CDF
anomalous W+HF-quark production result.

Results reported in this section correspond to 164 pb~lof integrated luminosity in the
e-+jets selection, and 145 pb~tin the p+jets selection. As detailed in the previous section, the
MC are normalized to these luminosities and corrected for differences between data and MC
in HF-tagging and lepton ID efficiencies. Also, any discrepancy in trigger efficiency between
MC and data is taken into account for each set of selections (e + jets and p + jets). Because
these selections have different integrated luminosities, we treat each one separately before
combining. After a the normalizations, we sum the two samples to improve the statistical

uncertainty of the analysis.

127
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9.1 Event Selection Results

To ensure a robust analysis, we examine the event sample at different points in the selection
process. First, we will discuss the W +jets sample before HF-tagging has been performed.
After this step, we will impose the HF-tagging requirements to produce the final selected

event samples.

9.1.1 W plus Jet Selection

Figure 9.1 shows the exclusive number of jets in events with a selected W boson. The
fourth bin in the plot includes the sum of four or more jets and the plot legend indicates
the expected SM processes contributing to the observed data sample. The numbers of
expected and observed events for this distribution are summarized by source in Table 9.1,
demonstrating reasonable agreement between data and SM predictions at this stage of the
analysis. At this point, it is prudent to test whether the observed W-boson selection variables
agree with the SM predictions for the exclusive jet distributions. These results are discussed

in Appendix B, and show adequate agreement.

9.1.2 W Boson plus Heavy-Flavor Quark Selection

Figure 9.2 shows the exclusive number of jets in events with at least one jet tagged with the
SVT algorithm. The last bin in the plot contains the sum of four or more jets and there
can be more than one SVT-tagged jet in any event. Figure 9.3 shows the py distribution of
SVT-tagged jets. Any SLT tag is simply ignored in these plots and can be included if the
event also contains a SVT tag. The distributions of expected and observed events with at
least one SVT-tagged jet are summarized by source in Table 9.2.

Figure 9.4 shows the exclusive number of jets in events with at least one SLT-tagged jet.

The format for these plots is the same as that for the SVT plots in the previous section.
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Figure 9.1: The exclusive number of jets with pr > 25 GeV/c in events with a selected W
boson, prior to requiring HF-tagging.

Figure 9.5 shows the pr distribution of SLT-tagged jets. The distribution of expected and
observed events with at least one SLT b-tagged jet is summarized by source in Table 9.3.

It is important to ensure that the process of HF-tagging does not introduce a significant
bias in the transverse W-boson mass distribution for selected events. Such a bias could
emanate from the primary lepton momentum or the Kr. In practice, the decays of b quarks
will contain neutrinos which can impact the Er value. This effect can, in turn, impact the
reconstructed W boson mass. Figure 9.6 shows the distribution of the measured transverse
W boson mass for events in which at least one jet was HF-tagged with either the SVT or
SLT tagging algorithms. Here we see a small enhancement of the high- My, tail, as expected
for inclusive b-quark decays. Aside from this, no significant departure from the transverse
mass distributions obtained before HF-tagging.

Jets tagged with both algorithms should provide a cleaner sample of heavy-flavor jets.
The results for events with at least one “doubly-tagged” jet, supposedly enriched in heavy-

quark content, is shown in Fig. 9.7. The distribution of expected and observed events with
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Source WH1jet W+2jets  WH3jets W>4jets
W/Z+jet 111464£2190 14484284 2034+40 2545
Multijet 11134391 323+114  804£28 2348
WWWZ.ZZ 11.2+1.8 14.9+2.4 1.240.2 0.1£0.01
We 274.9454.0 83.8416.5 13.6+2.7 1.64+0.3
W/Zce 97.5+19.2 37.7+7.4 62412 0.5%0.1
W/Zb 20.7+4.1 7.8+1.5 1.240.2  0.14+0.02
W/ZbE 127.1+£25.0 60.9£12.0 11.1+£2.2 0.9£0.2
tt, Single top  6.6%1.0 21.243.4  21.843.4 15.54£2.5
SM prediction 12796+2685 19974+441 338+78 66416
Data 12928 1899 289 58

Table 9.1: Summary of the exclusive number of jets with pr > 25 GeV/c in events with a
selected W boson, prior to requiring HF-tagging. The fourth bin represents the integral of
four or more jets.

at least one jet tagged by both the SLT and SVT algorithms is summarized in Table 9.4.
The correlation between the SVT and SLT algorithms has been studied in MC. These studies
find no significant correlation between algorithms, and the details about these correlations

can be found in Appendix C.

9.2 Limits on Anomalous Production

Upon finding adequate agreement between data and SM MC predictions in the W-+HF-
tagged jet samples, we can derive limits on anomalous HF-quark production in association
with W bosons. We have three selections from which to derive limits (SVT, SLT, & doubly-
tagged). However, only the doubly-tagged jet sample has the sensitivity to yield limits on

the scale of the dominant SM contributions.
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Source W+1jet W+2jets  WH3jets  WH>4jets
W/Z+jet 56.1£11.0 7.2+14 3.8+0.7 0.6+0.1
Multijet 13.4+£4.7 6.8+2.4 1.540.5 0.6+ 0.2
WWWZ.ZZ 0.26 £0.04 0.71+0.11 0.084£0.01 0.0140.01
We 10.7£2.1 3.84+0.8 0.84+0.2 0.140.02
W/Zce 2.240.4 1.84+0.4 0.4140.08 0.05+0.01
W/Zb 2.8+0.6 1.84+0.4 0.32£0.06 0.03£0.01
W/Zb[_) 13.9£2.7 12.4+£2.4  2.7£0.5 0.2340.04

tt, Single top  1.040.2 5.0+0.8 6.24+1.0 5.1+0.8
SM prediction 100.3£21.7 39.5+8.6  15.7+3.1  6.6%1.2
Data 104 37 18 6

Table 9.2: Summary of observed and predicted W-boson candidate events with at least one
SVT-tagged jet.

9.2.1 Model Independent Limits

Because we have not suggested a possible model for the production of anomalous events,
we cannot base limits on any model for new physics. In the absence such a model, we
quote limits on the number of expected events per exclusive jet bin. To determine limits, we
calculate the 95% confidence level (C.L.) for additional event production in each bin using
a modified Frequentist method, also referred to as the C'Ls method [48].

We begin by defining the values N, and N, as the number of anomalous (signal) and
expected SM (background) events, respectively, for each distribution. The value Ny is
then defined as the sum of these two numbers: Ny, = Ny + N,. To evaluate a limit,
we assume a Poisson distribution for repeated trials of each measurement. We begin by
populating a normalized distribution with a large number (~ 10®) of Poisson trials with a
mean value given by Ng,. For each entry in the Poisson distribution, the N, value is drawn
from a Gaussian distribution with a mean value given by the expected SM background found
in this analysis and a width given by the error on that expectation. The value Ny is held

fixed at the number of anomalous signal events being tested. Next, we define the value
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Figure 9.2: Exclusive jet multiplicity for events with at least one SVT-tagged jet. The fourth
bin represents the integral of four or more jets.

C' L.y as the integral of the normalized Poisson distribution below the observed number of
events in data for Ny > 0, and C'L; as the integral below the observed number of events for

Ny, = 0. The value of N is increased until the value

OLS+IJ
CL, =
CL,

(9.1)

falls below 0.05, or C'Ls < 0.05. The N, value at which this test is satisfied is defined as
the 95% C.L. limit for the event rate for anomalous heavy-flavor production in association
with a W boson. Table 9.5 shows the values extracted for each exclusive jet bin. These
limits represent the number of additional events, per jet bin, that could be observed and
still remain consistent with SM results at 95% C.L. Given a particular model, a researcher
could extract cross-section limits by calculating the model acceptance in each exclusive jet

bin, with the luminosities for each sub-channel (e + jets and p + jets).
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Figure 9.3: Transverse momentum for jets which have been tagged with the SVT tagging
algorithm.

9.2.2 Anomalous Production Limits

Assuming that anomalous heavy-flavor quark production has the same event topology as
some SM process, the event limits derived above can be translated into upper limits on cross

sections. To this end, we consider three scenarios which cover the full exclusive jet range:

o “TWbb-like” production in which two b quarks are produced in association with a W
boson. In this scenario, additional light quarks or gluons can be produced, and thereby
shift the event topology to more than two jets. Jets not within the acceptance of the
detector can also cause the event topology to drop to less than two jets. We model

this production using the cross-sections and efficiencies for SM W/Z + bb production.

e “Single-top-like” production in which one heavy particle is produced in association
with one or more quarks, that could possibly be possibly b quarks. The event can
contain additional light or heavy quarks and gluons. We model this scenario using

the cross-section and efficiency for SM single top production, dominated by two- and
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Source WH1jet W+2jets  WH3jets  WH>4jets
W/Z+jet 42.2410.3 10.4£2.0 3.2+0.6 0.2610.05
Multijet 10.2+£3.6  3.9£14 1.240.4 0.51+ 0.18
WWWZzZ.ZZ 0.15+0.02 0.36+0.06 0.0440.01 0.01 4+0.01
We 8.6+£1.7 2.14+0.4 0.68+0.13 0.05+0.01
W/Zce 2.1+0.4 1.47+0.29 0.314+0.06 0.02+0.003
W/Zb 1.240.2 0.844+0.16 0.13£0.03 0.0240.003
W/Zbg 5.9+1.2 5.3£1.0 1.140.2 0.131+0.02
tt,Single top  0.36+0.06 1.8+0.3 2.24+0.4 1.9+ 0.3
SM prediction 80.7+17.4 26.1£5.7 8.9+1.8 2.940.6
Data 81 21 8 2

134

Table 9.3: Summary of observed and predicted W-boson candidate events with at least one

SLT -tagged jet.

three-jet topologies.

e “tt-like” production in which a two heavy particles are produced and decay to a W

boson and a HF quark. The event can also contain additional light or heavy quarks

and gluons. We model this scenario using the cross-section and efficiency for SM ttb

production, dominated by three- and four-jet topologies.

We evaluate an upper cross-section limit on exclusive jet production for each scenario,

but first ignore the efficiency for reconstructing the predicted jets. The remaining efficiency
represents W-boson selection and HF-tagging. To extract limits for a specific model, this
efficiency must be multiplied by the probability to reconstruct the number of jets given in
each exclusive jet bin. Given a model with W-boson production similar to that observed
in one of the three scenarios, a researcher can calculate the specific jet acceptances in the
exclusive jet bin(s) of interest. These results are presented in Table 9.6.

To evaluate a limit on inclusive jet production for each scenario, we reintroduce the effi-
ciency for reconstructing the predicted jets. For inclusive Wbb-like anomalous production,

we sum the first two exclusive W + n-jet bins, as the contribution from the remaining bins is
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Figure 9.4: Exclusive jet multiplicity for events with at least one SLT-tagged jet. The fourth
bin represents the integral of four or more jets.

negligible. For t¢-like and single-top-like anomalous production, we sum all W + n-jet bins,
except for the n = 1 bin, where the contribution is also negligible. For these last two scenar-
ios, we also report limits based on a sum of the events in the W+2.3 jet bins for comparison
to the CDF anomalous result. Table 9.7 shows the 95% C.L. event limits for the combination
of jet bins for these three hypotheses, and also the corresponding anomalous heavy-flavor
quark production cross section limits. The jet reconstruction efficiency is included in the

calculations and the limits contain the expected efficiency of the specified SM processes.

9.3 Discussion and Conclusions

9.3.1 Comparison to Standard Model Predictions

We have measured the HF-tagging rates in data events that also contain a W boson and

compared these results to SM MC predictions. The MC prediction for the SVT-tagged jet
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Figure 9.5: Transverse momentum for jets which have been tagged with the SLT tagging
algorithm.

sample demonstrates a y? deviation from the data observation of 0.94 for the four exclusive
jet bins, while the SLT-tagged jet sample has a x? sum of 3.38. In these selections, we find
no significant departure from SM predictions. The largest effect in these two distributions
is a small systematic data deficit in the W + 2-jet bin. This deviation could be explained by
either the modeling of the processes in that bin, or by a statistical fluctuation in the data.
In either case, the data observation is still within 1o of the SM prediction. Furthermore,
the W boson plus doubly-tagged jet sample demonstrates good agreement between data and
SM MC processes. These tests increase our ability to limit the rate of rare processes in W

plus heavy-flavor quark production.

9.3.2 CDF Anomalous Result

Using the cross-section limits we’ve derived, the anomalous HF-quark production result from
CDF can be addressed. The CDF result was introduced in Sec. 6.1.3 and is characterized

by an excess of events in the W42 3 jet bins, shown in Fig. 6.9. As is evident, there are
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Figure 9.6: Transverse W-boson mass for events with at least one HF-tagged jet.

several interpretations that can be made about the distribution of events in the CDF W plus

doubly-tagged sample. We will address the three most relevant scenarios.

1. The excess seen in the first three bins of the CDF W+SLT distribution (see Fig. 6.8)

indicates an underestimation of the SLT efficiencies between MC and data. The

SLT-only distribution for CDF consists of approximately 75% light-quark backgrounds

(mistagged jets), with the rest consisting of HF-quark processes. The CDF SLT effi-

ciency measurement for HF quarks (used for MC normalization) could be underesti-

mated by performing its measurement in a sample with an over-represented light-quark

content. With the additional requirement of the SVT tag (for doubly-tagged jets), this

discrepancy would become more pronounced in the richer HF sample as the light-quark

contribution is reduced. Assuming that the light-quark SLT rate is measured well, a

simple calculation can be performed to determine the proper per-jet SLT HF-tagging

efficiency:
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Source W+1jet W+2jets  WH3jets  W+H>4jets
W/Z+jet 2.2404 0.05+0.01 0.15£0.03 0.0+0.0
Multijet 1.240.4 0.5+0.2 0.1£0.1 0.0£ 0.0
W/Zb,W/Zc 0.584+0.11 0.1840.03 0.0440.01 0.02+0.003
W/Zbb,W/Zce 0.9140.18 0.87+£0.17 0.2040.04 0.02-0.004
tt, Single Top  0.074+0.01 0.32+0.05 0.444+0.07 0.33+0.05
SM prediction  5.041.2 2.0+0.5 1.0+0.2 0.4+0.1
Data ) 1 1 0
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Table 9.4: Summary of observed and predicted W-boson events with at least one jet tagged
by both the SLT and SVT algorithms.

Source WHljet WH2jets WH3jets  WH>4jets
Data observation ) 1 1 0

SM prediction 4.9+1.2 2.0+£0.5 0.9440.18 0.37£0.05
95% C.L. Limit (events) 6.68 3.86 4.14 3.00

Table 9.5: Observed and predicted W-boson events with at least one jet tagged by both
the SLT and SVT algorithms. Also shown is the 95% C.L. limit in the form of additional
expected events.

fHF(n) = (Pfalse/Brue)n (92)

where frpp(n) is the fraction of the correct HF content for each n—jet bin, Ppyse is
the incorrect per jet SLT HF-tagging efficiency, and P, is the true efficiency!. This
condition is most closely satisfied with a value of Pfyse/Pirye = 0.787, determined by
increasing the HF-contribution of each bin to eliminate the data excess observed and
minimizing the deviation over the jet bins. Correcting for this factor and assuming no
SVT/SLT correlations, the excess in the W+2,3 jet bins of the CDF doubly-tagged

sample drops from 8.6 events to 4.7 events. As a fraction of the SM prediction, the

'Tf one assumes that the data and MC predictions should agree, then the true efficiency is determined by
the additional SLT rate needed to achieve agreement.
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Figure 9.7: Exclusive jet multiplicity of events with at least one jet that has been tagged
with both the SVT and SLT algorithms. The fourth bin represents the integral of four or
more jets.

excess drops from 194% to 54% of the SM prediction.

2. The one-jet bin in the CDF doubly-tagged distribution is deficit in data. Considering
that the general shapes of the CDF and D@ MC distributions agree, such a deficit is
unexpected. Such an offset can occur if there is a difference between the jet selection
efficiencies between MC and data. In particular, differences in the jet energy scale

correction could cause such an effect by causing more jets to be accepted by the pr cut

Model W+1jet WH+2jets W +3jets WH >4 jets
W bb-like 35.0 9.1 6.0 4.5
Single-top-like 33.3 16.2 12.5 8.5
tt-like 26.4 10.2 11.7 12.6

Table 9.6: Cross-section limits in pb, based on the hypotheses of “top-like” anomalous
production and “Wbb-like” anomalous production of exclusive number of jets. Each value is
corrected for the efficiency of reconstructing the predicted number of jets in each jet bin.
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Source W +1,2jets W +2,3jets W+ > 2 jets
Data observation 6 2 2

SM prediction 6.9+1.2 2.940.5 3.3£0.5
95% C.L. Limit (events) 6.58 4.51 4.41
Model

W bb-like 26.2 pb - -
Single-top-like — 16.7 pb 15.6 pb
tt-like - 23.7 pb 14.7 pb

Table 9.7 95% C.L. limits for the number of events summed over the indicated jet bins.
Also shown are cross-section limits based on the hypotheses of Wbb-like, single-top-like, and
tt-like anomalous production for the selected numbers of jets.

than would otherwise be accepted. If this bin is summed with the W 42,3 jet bins, the
excess over the SM prediction falls from 8.6 to 5.6. As a fraction of the SM prediction,
the excess falls from 194% to 66%.

3. The third interpretation, which has been used most by the CDF collaboration, is that
the excess in observed events in the W+2.3 jet bins represents a contribution from a
non-SM source of physics. This scenario cannot be dismissed without an independent
measurement. Such a measurement has been discussed in this dissertation, and we will

address the hypothesis of anomalous HF production in detail below.

Making a direct comparison of the results and limits described here to the CDF anoma-
lous result is difficult. Differences in efficiencies, cross sections, and the center-of-momentum
energy cause inconsistencies in comparisons between the two results. However, we can iden-
tify a scenario in which a direct comparison can be motivated: with the same method of
calculating upper cross-section limits used in Sec. 9.2.2, we can calculate an anomalous cross
section for the CDF sample using the SM production scenarios outlined above. These val-

ues can be compared directly to the limits found in this dissertation, and a comparison of
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these numbers can be found in Table 9.8. To calculate these numbers for the CDF result,
the cross sections and selection efficiencies from the CDF study are used. This allows the
same process to be compared with the luminosity, cross-section, and center-of-mass energy
differences factored out. Table 9.8 indicates that using the Wbb-like scenario, no exclusion of
the comparable CDF observation can be made. However, for the single-top-like and tt-like
scenarios, an exclusion of the CDF result can be observed at a level of L, = 2.2 x 1072 and

CL, = 4.0 x 1072, respectively.

Source Wbb-like (1,2 jets) Single-top-like (2,3 jets) tt-like (> 2 jets)
CDF Anomalous 4.3 20.7 15.6

DO 95% C.L. Limit 26.2 16.7 14.7

C.L. - 2.2 x 1072 4.0 x 1072

Table 9.8: Comparison of CDF and D@ results for a W plus doubly-tagged jets selection.
The three rows correspond to the CDF anomalous cross section, the D@ 95% C.L. upper
cross section limit, and the C.L. at which the CDF result can be excluded.

9.3.3 Conclusions

We have presented an analysis of events in which a W boson was selected in either the
W — ev or W — puv decay channel. After this selection, we examined the jets in these
events for possible HF-tags, using both secondary-vertex and soft-muon tagging algorithms.
In the e + jets channel we analyzed 164 pb~! of data, and 145 pb~! of data in the p + jets
channel. At this time, we see no significant departure from the predictions of the standard
model (see Figs. 9.2-9.7). Using a W boson plus doubly-tagged jet sample, we set a 95% CL
limit on the rate of anomalous production as a function of the number of jets in the events
in which at least one jet is tagged with a simultaneous SLT and SVT tagging algorithm (see
Table 9.5). Interpreting these results as anomalous SM production of Whb-like events, single-

top-like events, and tt-like events, we are able to set upper cross section limits of 26.2 pb,
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15.6 pb, and 14.7 pb, respectively for such anomalous HF-quark production (see Table 9.7).

Finally, we made a comparison with the anomalous W boson plus HF-quark production
result published by the CDF collaboration. Using the upper cross-section limits derived
using the DO data, we exclude the CDF result at greater than 99% C.L. in the W+2.3 jet
bins, and in the W+ > 2 jet bins in single-top-like and tt-like scenarios, respectively. We find
we cannot exclude the CDF result in the W+1,2 jet bins for a Wbb-like scenario, as these
combined bins do not constitute a significant departure from the SM predictions. Based on
these comparisons, and the further considerations discussed in Sec. 9.3.2, we conclude that
the CDF result does not represent sufficient evidence to indicate a non-SM source of physics

in W boson plus HF-quark production at the Fermilab Tevatron pp Collider.
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Muon Trigger Enhancement in SLT

Events

In this analysis, W boson selection begins with requiring a single-lepton trigger to fire, as
discussed in Sec. 7.1. The efficiency for each trigger ultimately determines the maximum
W-boson selection efficiency. The analysis further vetoes events containing more than one
isolated lepton, which helps to eliminate certain backgrounds, but also helps to reduce the
complication of trigger overlaps. However, in the instances in which a jet is b-tagged using
the SLT algorithm, an additional (non-isolated) muon is present in the event. This muon
will not impact the W — ev triggering efficiency, as these events are selected by requiring a
single-electron trigger and the muon bias in these triggers is negligible. However, there is a

significant probability that such a muon can impact the W — pv triggering efficiency.

A.1 Single-Muon Trigger Enhancement

The dominant single-muon triggers used in this analysis are MUW_W _L2M3_TRK10 and
MU_W_L2M5_TRK10, with the following trigger terms

143
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e MUW_W_L2M3_TRK10

— Level 1: mulptxwtlx (wide region tight scintillator trigger with loose requirements

on hits in the wire chambers)
— Level 2: 1 medium muon, identified at L2, with py > 3 GeV/c

— Level 3: One L3 track, with pr > 10 GeV/c
e MU_W_L2M5_TRK10

— Level 1: mulptxwtxx_fz (wide region tight scintillator trigger with fast Z coinci-

dence)
— Level 2: 1 medium muon, identified at L2, with py > 5 GeV/c

— Level 3: One L3 track, with py > 10 GeV/c

The muons resulting from the semi-leptonic decay of a B meson generally has a small pr,
as shown in Figure A.1. Therefore, the L3 requirement will generally be difficult to satisfy
with these muons. However, the presents of one or more jets and another high-pr muon will
serve to augment this efficiency. Thus, the largest increase in single-muon triggers will occur
at L1 and L2.

To evaluate the impact of this effect, we use data events which have been selected using
a single-electron trigger. The single-muon trigger efficiency for SLT muons will be measured
by counting the frequency in which these muons satisfy the selected single-muon triggers
in W — ev plus SLT events. To model most closely the W — pur plus SLT final state,
we perform a loose W — ev selection with a soft-muon b-tag requirement. The W — ev

selection performed is identical to that described in Sec. 8.1, with the following changes
e pr > 15 GeV/c

e Corrected By > 15 GeV



APPENDIX A. MUON TRIGGER ENHANCEMENT IN SLT EVENTS 145

800
700
600
500
400
300
200
100
0

-

Events

>

=Y
o
®
-t
S
L
M;
-t
H
—r
o
—
©

SLT Muon p; (GeV/c)

Figure A.1: Transverse momentum for SLT muons in data events.
e 30 < My, <150 GeV

These changes are performed to increase the statistics of the test sample and should not intro-
duce significant systematic errors. The SLT b-tagging requirement is described in Sec. 8.2.2.
The shape of the jet distributions does not differ between the W — erv and W — puv se-
lections, and the requirement of a matched-track for the electron will provide a similar L3
enhancement as in W — uv events. With these considerations, we do not associate a sys-
tematic uncertainty with this method of measuring the single-muon trigger enhancement due
to SLT muons.

The first step in this evaluation is to measure the single-muon trigger efficiency in W — ev
plus jets events in which no SLT is observed. This residual single-muon trigger efficiency is
determined by counting the number of events selected as described above, with a veto on
SLT b-tagged events. The fraction of these events satisfying a single-muon trigger is kept
as the residual efficiency. Each trigger was considered only during the runs in which it was
active, as specified in Sec. 7.1. These results can be found in Table A.1.

Next, the number of events which contain a SLT b-tagged jet is evaluated. The results of

the measurement can be seen in Table A.2. The total number of events indicates the number
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Trigger Total Evts Passed Trigger Efficiency
MUW_W_L2M3_TRK10 437327 515 0.12+0.005%
MU_W_L2M5_TRK10 98789 35 0.04+0.006%

Table A.1: Numbers of selected events for a loose W — ev + jets requirement and the
number of events which also fired the specified trigger. All events which contain a SLT
b-tagged jet are vetoed.

of W — ev plus SLT events. The number of these events passing the specified trigger is

evaluated and listed in the table. The errors listed are statistical errors.

Trigger Total Evts Passed Trigger  Efficiency
MUW_W_L2M3_TRK10 1631 317 19.44+1.2%
MU_W_L2M5_TRK10 378 27 7.14+1.4%

Table A.2: Numbers of selected events for a loose W — ev + SLT requirement and the
number of events which also fired the specified trigger.

Given a single-muon trigger efficiency of P, and a SLT muon trigger efficiency of P, the

total trigger efficiency for W — pv plus SLT events can be evaluated as

Pop=1—((1-P)(1—PR)) (A.1)

where the SLT muon trigger efficiency, P, is calculated by subtracting the residual single-
muon trigger efficiency measured in W — er plus jets events with a SLT veto from the

efficiency found for events requiring a SLT b-tag.

Py = Pspr — Ppostr (A.2)

and the results are shown in Table A.3. Thus, the luminosity-weighted single-muon trigger

efficiency for W — uv events rises from 62.1 £ 3.4% to 68.4 + 3.5% in SLT b-tagged events.



APPENDIX A. MUON TRIGGER ENHANCEMENT IN SLT EVENTS 147

Trigger Py 1) P
MUW_W_L2M3_TRK10 63.0+4.2% 19.3+1.9% 70.1+4.2%
MU_W_L2M5_TRK10 583+33% 71+21% 61.3+4.1%

Table A.3: Combined selection efficiencies for single-muon triggers as given by Eq. A.1.
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W-Boson Selection in Exclusive Jet

Distributions

Although good agreement was observed for the W-boson selection variables in Sec. 8.1, it
is important for the transverse W-boson mass distributions to agree after requiring jets in
the events. The distributions shown in Sec. 8.1 were dominated by events with no jets and
were thus normalized to the large-statistics PYTHIA W/Z+jets MC samples. Here we will
present these distributions for each exclusive jet selection, as described in Sec. 8.2.1. At this

point, we will normalize the selections to the ALPGEN MC samples listed in Sec. 7.2.

B.1 W — er Selections Variables in Exclusive Jet Dis-
tributions

The distributions for W — ev+ 1, 2, 3, and > 4 jets are shown in Figs. B.1- B.2. The
distributions show a slow decrease in [ resolution with increasing number of jets, which
leads to a broader My, distribution. This feature fortifies the need for the upper cutoft on

the transverse mass distribution. The agreement between data the MC predictions is good
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within the limits of statistics.
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Figure B.1: Transverse W-boson mass distributions for events with exactly one (left) and
two (right) jets with pr > 25GeV /c and |n| < 2.5. These events are selected W — ev decays.
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Figure B.2: Transverse W-boson mass distributions for events with exactly three (left) and
four (right) jets with pr > 25GeV/c and |n| < 2.5. These events are selected W — ev
decays.

B.2 W — uv Selections Variables in Exclusive Jet Dis-
tributions

The distributions for W — ur+ 1, 2, 3, and > 4 jets are shown in Figs. B.3- B.4. The

distributions follow the general trend seen in the W — ev decays, with a noticeably lower
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QCD multijet contribution. Again, the agreement between data and MC predictions is good

within statistics.
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Figure B.3: Transverse W-boson mass distributions for events with exactly one (left) and
two (right) jets with pr > 25GeV/c and |n| < 2.5. These events are selected W — puv
decays.
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Figure B.4: Transverse W-boson mass distributions for events with exactly three (left) and
four (right) jets with pr > 25GeV/c and |n| < 2.5. These events are selected W — puv
decays.



Appendix C

Tagging Algorithm Correlations

The heavy-flavor quark content of events can be enhanced by applying an HF-tagging al-
gorithm to the jets in the event. Even after this requirement, a significant number events
containing only light-flavor quarks can contaminate the sample. Requiring the simultaneous
overlap of two or more tagging algorithms can significantly increase the purity of such a selec-
tion, although at the cost of efficiency. It is important to understand the correlations between
the two tagging algorithms when requiring such an overlap. In this Appendix, we evaluate
the correlations between secondary-vertex tagging (SVT) and soft-muon (SLT) tagging. We
define jets which have been tagged by both of these two algorithms as doubly-tagged jets.
Because SLT and SVT algorithms tag heavy-flavor quarks decaying into different (but not
orthogonal) ways, we expect the efficiency for each tagger to depend on different properties of
the jets. The SVT algorithm relies on charged tracks from the decay of heavy-flavor quarks.
The number of these tracks is larger for fully hadronic HF-decays than for semi-leptonic
decays. However, the SLT algorithm intrinsically requires a muon present in the jet (ideally,
from b — pve or b — ¢ — pvq decays). This difference should cause the SVT efficiency to
be lower for jets that are SLT tagged (i.e., semi-leptonic HF decays) and can be observed as

a negative correlation between the tagging algorithms.
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To study the performance of the SVT and SLT algorithms, we first measure the efficiencies

per jet as a function of pr. We perform this study on two groups of MC samples:

e Top-like: the first group are events that contain high pr b-quarks from decays of
heavy particles. We include the following event types: tt, qtb (W-g fusion), and tb

(s-channel).

e Whb-like: the second group are events in which the b-quark pr is lower than in the

first group. Here, we include the following event types: Wbb, Zbb, and Zb.

We ensure that any muons used for the SLT algorithms arise from HF-quark decays and not
decays of primary W or Z bosons by matching with generator partons.

To measure the tagging efficiencies, we match jets in each event to b-quark partons using
generator information. Next, the tagging algorithms are applied to each jet. The pr is
recorded for each sample, before and after applying the tagging algorithms. The tagging

efficiency is then given by the ratio of the two pr distributions:

Tagged Jets Matched to a b-parton
€tag =
tag Total Jets Matched to a b-parton

(C.1)

In the following, this efficiency is measured using good jets (described in Sec. 4.6) with
pr > 20 GeV/c, good PV selection (described in Sec. 4.2), and no additional event selec-
tion. The measured SVT efficiencies include the inefficiency associated with jet taggability

requirements (see Sec. 4.6).

C.1 Tagging Efficiencies for Inclusive b Decays

Figures C.1 and C.2 show the SVT, SLT, and doubly-tagged jet efficiencies, for top-like

and Wbb-like inclusive b-quark decays, respectively. To measure the correlation between the
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taggers, we divide the doubly-tagged efficiencies by the product of SVT and SLT efficiencies.
These distributions are shown in Figs. C.3 and C.4, for top-like and Wbb-like samples,
respectively. In the event of no correlations, we expect this distribution to be equal to unity

for all pr values. We fit the normalized efficiencies to a straight line:

f(pr) = ap+ a1 X pr (C.2)

Table C.1 shows the fit parameters for the two event samples. A negative correlation is
observed in these samples, indicating that the doubly-tagged efficiency is lower than expected

from the SVT and SLT efficiencies alone.

Sample Qo a
Top-like  0.9314+0.034 —0.0001 + 0.0004
Whbb-like 0.801 £+ 0.048 0.0016 £ 0.0007

Table C.1: Parameters for a linear fit to the normalized doubly-tagged efficiency for inclusive
b-decays.

C.2 Tagging Efficiencies for Leptonic b Decays

Figures C.5 and C.6 show the SVT, SLT, and doubly-tagged jet efficiencies for the top-like
and Wobb-like samples for semi-leptonic b-quark decays. We determine the correlation in the
same way as in the previous section. The normalized doubly-tagged efficiencies are shown in
Figs. C.7 and C.8 for top-like and Wbb-like samples respectively. The results for a linear fit
are given in Table C.2. As expected, limiting the measurement of tagging efficiencies to jets

matched to semi-leptonic decays of b-quarks produces a correlation much closer to unity.
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Figure C.1: Tagging efficiencies for SVT, SLT, and doubly-tagged algorithms in the top-like
sample (denoted ¢t in the plot) as a function of tagged jet pr. The efficiency is derived for
inclusive decays of b-quarks.

Sample  ag ax
Top-like  1.008 4 0.057  0.0003 4 0.0007
Whb-like 0.988 +£0.075 0.0004 + 0.0013

Table C.2: Parameters for a linear fit to the normalized doubly-tagged efficiency for semi-
leptonic b-decays.

C.3 SVT Efficiency for Leptonic b Decays

We have observed a negative correlation for the overlap of SVT and SLT algorithms in jets
not constrained to arise from semi-leptonic b-quark decays. Provided this negative correlation
can be explained by a decrease in the number of tracks produced by b decays, we should
observe a corresponding decrease in SVT efficiency for the two samples. At the same time,
we should be able to measure a decrease in the number of tracks per secondary vertex in

MC and data.
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Figure C.2: Tagging efficiencies for SVT, SLT, and doubly-tagged algorithms in the W bb-like
sample (denoted Wbb in the plot) as a function of tagged jet pr. The efficiency is derived
for inclusive decays of b-quarks.

Figures C.9 and C.10 show the decrease in SV'T efficiency when restricted to semi-leptonic
b decays as a function of pr for top-like and Wbb-like samples, respectively. Also shown is
the ratio of efficiencies as a function of pp. Table C.3 shows the results of a linear fit to this
ratio. The values we find are very close to those observed in the negative correlation of SVT
and SLT efficiencies in inclusive b decays, indicating that this decrease in SVT efficiency is
the source for the negative correlation.

Figure C.11 shows the difference in the number of tracks per jet between jets that have
been tagged with the SVT algorithm and the SLT algorithm for the top-like and Wbb-like
MC samples. The same distribution is shown for data in Fig. C.12. In both plots, there is a
marked decrease in the number of tracks per jet for semi-leptonic b-decays. The decrease in
the mean value of the distributions as a percentage of the SVT mean value is 32.3%, 24.7%,
and 27.2% for Whbb, tt, and data, respectively. The number of tracks in jets tagged with

the SVT algorithm starts at two, as that is part of the requirement for forming secondary
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Figure C.3: Doubly-tagged jet efficiency normalized by SV'T and SLT efficiencies in the top-
like sample (denoted ¢t in the plot) as a function of tagged jet pr. The efficiency is derived
for inclusive decays of b-quarks.

vertices (see Sec. 4.6).

Sample aop a
Top-like  0.926 & 0.027  —0.0001 + 0.0003
Wbb-like 0.846 4 0.032 0.0007 £ 0.0006

Table C.3: Parameters for a linear fit to the decrease in SVT efficiency for semi-leptonic b
decays.

C.4 Conclusions on SVT/SLT Correlations

In this Appendix, we studied efficiencies for secondary-vertex (SVT) and soft-muon (SLT)
tagging. We have seen that there is a negative correlation when a jet is required to be
tagged simultaneously with both algorithms. Futhermore, we showed that nearly all of this

correlation can be attributed to a decrease in the SVT efficiency for jets that have a SLT,



APPENDIX C. TAGGING ALGORITHM CORRELATIONS 157

DTAG Eff / (SVT Eff x SLT Eff), Wbb, all b-quarks ‘

Fraction
— — —
2 O ©

Y
N

© o
D O

o
FS

o
N
H\‘\H‘H\‘H\‘\H‘\H‘\H‘H\‘H\l\\

20 40 60 80 100 120 140
Jet p; (GeV/c)

oo

Figure C.4: Doubly-tagged jet efficiency normalized by SVT and SLT efficiencies in the
Wbb-like sample (denoted Whb in the plot) as a function of tagged jet pr. The efficiency is
derived for inclusive decays of b-quarks.

and that this decrease in SVT efficiency can be accounted for by a decrease in the number of

tracks in jets that results from semi-leptonic decays of heavy-flavor quarks relative to fully

hadronic heavy-flavor quark decays.
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Figure C.5: Tagging efficiencies for SVT, SLT, and doubly-tagged algorithms in the top-like
sample (denoted ¢ in the plot). The efficiency is derived for semi-leptonic decays of b-quarks.
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Figure C.6: Tagging efficiencies for SVT, SLT, and doubly-tagged algorithms in the W bb-
like sample (denoted Wbb in the plot). The efficiency is derived for semi-leptonic decays of
b-quarks.
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Figure C.7: Doubly-tagged jet efficiency normalized by SV'T and SLT efficiencies in the top-
like sample (denoted tf in the plot) as a function of tagged jet pr. The efficiency is derived
for semi-leptonic decays of b-quarks.
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Figure C.8: Doubly-tagged jet efficiency normalized by SVT and SLT efficiencies in the
Wbb-like sample (denoted Wbb in the plot) as a function of tagged jet pr. The efficiency is
derived for semi-leptonic decays of b-quarks.



APPENDIX C. TAGGING ALGORITHM CORRELATIONS 160

SVT b-Tagging Eff, tt c SVT Eff: b— u / All b-quarks, tt
> n -
§ 0.3F ~§ 1.2}
(%] o L
N R
ihig.25 II|i|i|"|| | || || “ II‘ | i |
0.2] 'lll | | || 0.8 |
o.15f | 0.6
0_1; | — All b-quarks, tt 0_4;
0.05; —bop tt 0.2
c:\u\\u\u\\u\\u\\\u\\ul\ c:\\\‘\\\‘\\\‘m\‘\u‘\H‘\Hh
0 20 40 60 80 100120 140 0 20 40 60 80 100120 140
Jet p; (GeV/c) Jet p; (GeV/c)

Figure C.9: Left: SVT efficiency for inclusive b decays and semi-leptonic b decays as a
function of pr. Right: The ratio of SVT efficiencies for these two scenarios. These figures
correspond to the top-like event sample.
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Figure C.10: Left: SVT efficiency for inclusive b decays and semi-leptonic b decays as a
function of pr. Right: The ratio of SVT efficiencies for these two scenarios. These figures
correspond to the Whb-like event sample.
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Figure C.11: Left: Number of tracks per tagged jet in the Wbb-like MC sample. Right:
Number of tracks per tagged jet in the top-like MC sample. Plots are shown for SVT and
SLT tagged jets separately.
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Figure C.12: Number of tracks per tagged jet in data for SVT and SLT tagged jets.
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