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ABSTRACT

Search for Vector-like Quark Production
in the Lepton-+jets and Dilepton-jets
Final States Using 5.4 fb~! of Run II Data

Seth Caughron

The Standard Model of particle physics provides an excellent description of particle
interactions at energies up to ~ 1 TeV, but it is expected to fail above that scale.
Multiple models developed to describe phenomena above the TeV scale predict the
existence of very massive, vector-like quarks. A search for single electroweak pro-
duction of such particles in pp collisions at a center-of-mass energy of 1.96 TeV is
performed in the W+jets and Z+jets channels. The data were collected by the DO
detector at the Fermilab Tevatron Collider and correspond to an integrated luminos-
ity of 5.4 fb~!. Events consistent with a heavy object decaying to a vector boson and
a jet are selected. We observe no significant excess in comparison to the background
prediction and set 95% confidence level upper limits on production cross sections for
vector-like quarks decaying to W+jet and Z+jet. Assuming a vector-like quark —
standard model quark coupling parameter 5, of unity, we exclude vector-like quarks
with mass below 693 GeV for decays to W+jet and mass below 449 GeV for decays

to Z+jet. These represent the most sensitive limits to date.
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CHAPTER 1. INTRODUCTION 1

Chapter 1

Introduction

Particle physics is a field of physics that studies the fundamental constituents of
matter and their interactions. The current knowledge of these constituents and their
interactions is summarized in the Standard Model (SM), a theory dating to the 1970s
which is one of the most successful and well-tested scientific theories in human history.
However, the SM suffers from several shortcomings at higher energy scales, and it
is widely acknowledged that previously undiscovered particles and/or interactions
must exist to explain what the SM cannot. This dissertation describes a search for
a particular type of hypothetical particle, the vector-like quark, that is allowed in

several different extensions to the SM.

1.1 The Standard Model

The SM [1} 2; 13; 4] is above all a theory of interactions. It describes all known fun-
damental interactions, or forces, with the exception of gravity: the electromagnetic
interaction, the weak interaction, and the strong interaction. There are two classes of
particles in the SM: fermions, which make up the visible matter in the universe and
interact with each other via the forces listed above, and bosons, the so-called “force

carrier” particles which mediate the interactions. Each particle has a correspond-
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ing anti-particle with the same mass and opposite electric charge. The two major
theories which comprise the SM are quantum chromodynamics (QCD) and quantum
electrodynamics (QED). The former describes the strong nuclear force, and the latter
describes the electromagnetic force. The SM also provides an internally consistent
description of the distinct electromagnetic and weak interactions as a result of the
breaking of an electroweak symmetry through the so-called “Higgs mechanism.”

At the mathematical level, the SM is a gauge theory with a symmetry group
SU(3) ® SU(2) ® U(1). Particles are represented by fields, and the fermions, which
have no explicit mass terms in the SM Lagrangian, acquire masses via the introduction
of a scalar field (the Higgs field). However the Higgs particle remains the only particle
predicted by the SM which has not yet been observed in nature.

1.1.1 Fermions

Fermions are particles with half-integer spin obeying Fermi-Dirac statistics. They
make up all the visible matter in the universe, and are divided into two sub-categories:
leptons and quarks. Leptons are distinguished by their interactions via the electro-
magnetic and weak forces, and include electrons, muons and taus, along with their
associated neutrinos. Quarks, while also coupling to electroweak force carriers, addi-
tionally interact through the strong force, and thus form baryonic matter, including

protons, neutrons and integer-spin mesons.

Leptons

There are three generations of matter in the SM. The lepton content of each
generation is a charged lepton and an associated neutral neutrino. Leptons are spin-
1/2 particles, and participate in the electromagnetic and weak interactions, but not
the strong interaction. The first generation consists of the electron (e~) and electron
neutrino (v,), the second generation consists of the muon (x) and muon neutrino
(v,) and the third generation consists of the tau (7) and tau neutrino (v,). Each

lepton has a lepton flavor number, L., L, or L., which is +1 for each particle and —1
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for each anti-particle. These lepton flavor numbers are individually conserved in the
SM. Lepton properties are summarized in Table [5]. Neutrinos are unique in the
SM in that they are neutral and almost massless fermions, and in that right-handed
neutrinos (and left-handed antineutrinos) are sterile, i.e. do not interact at all in the

SM.
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Lepton Content of the Standard Model

Particle Electric Charge Mass (MeV/c?) Anti-particle
1% generation e -1 0.511 et
Ve 0 < 0.000002 Ve
284 generation o -1 105.7 wt
v, 0 <0.19 v,
3'4 generation T -1 1776.8 Tt
vy 0 < 18.2 U,

Table 1.1: Leptons of the standard model, with charges, masses and anti-particles.

Quarks

Quarks are also spin-1/2 particles and are differentiated from leptons primarily
by their participation in the strong interaction. They carry fractional electric charges
of 42/3 or —1/3 of the electron charge, and are, like leptons, organized into three
generations. The first generation consists of the up (u) and down (d) quarks, the
second of the charm (¢) and strange (s) quarks and the third of the top (t) and
bottom (b) quarks. Strong interactions involving the second or third generation con-
serve quark flavor number, denoted by U (upness), D (down-ness), C' (charmness),
S (strangeness), T (topness) and B (bottomness), though the weak interaction does
not conserve these numbers. Table summarizes quark properties [5].

According to the SM, single, or free, quarks are not found in nature. Quarks
are always confined in bound states called baryons (three quark bound states) and
mesons (quark-antiquark pairs). They carry an additional quantum number, color,
corresponding to their strong coupling and analagous to the charge of the electromag-
netic interaction. Quarks can have 1 of 3 color charges — red (), blue (b) or green
(9) — and antiquarks carry anti-color, but their free states as baryons or mesons are

color-neutral.
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Quark Content of the Standard Model

Particle Electric Charge Mass (MeV/c?) Anti-particle
1% generation u +2/3 1.5—-3.3 u
d —~1/3 3.5 —6.0 d
284 generation c +2/3 1270 c
s ~1/3 104 5
3'd generation t +2/3 171200 t
b -1/3 4200 b

Table 1.2: Quarks of the standard model, with charges, masses and anti-particles.

1.1.2 Gauge bosons

Fermions interact through the exchange of gauge bosons, spin-1 particles which medi-
ate the various forces described by the SM. There are four: The photon () mediates
the electromagnetic interaction, and corresponds to the generator of the U(1) gauge
group. The W* and Z bosons mediate the weak interaction, and correspond to the
three generators of SU(2). Finally, the gluon mediates the strong interaction, and
the eight different color-anticolor states of the gluon generate SU(3). These particles
are summarized in Table [5]. The photon and gluons are massless, whereas the

W and Z bosons, like the fermions, acquire their masses via the Higgs mechanism.

1.1.3 Fundamental interactions

The electromagnetic interaction, through which particles that carry electric charge
exchange virtual photons with each other under the symmetry group U(1)e,, is de-
scribed in quantum mechanical terms by QED. The electromagnetic coupling strength

is defined by the dimensionless quantity
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Gauge Boson Content of the Standard Model

Force Force carrier Electric Charge Mass (MeV/c?)
Electromagnetic vy 0 0
Charged weak W= +1 80.398 + 0.025
Neutral weak Z 0 91.1876 £ 0.0021
Strong g 0 0

Table 1.3: Gauge bosons of the standard model, with charges and masses.

B e? B 1 (1 1)
~ Admweghe  137.036... ’

«

where e is the electron charge, €, is the permittivity of free space and i = h/(27) is
the reduced Planck constant. « is known as the fine structure constant, and since
a < 1, electromagnetic interactions can be computed using perturbation theory by
expanding matrix element calculations in orders of «. Indeed, predictions of QED
have been verified in the laboratory to one part in 10'?, making it the most accurately
tested theory in the history of science.

The weak interaction is understood in the SM as being distinct from the elec-
tromagnetic interaction only at low energy scales, a result of electroweak symmetry
breaking via the Higgs mechanism. Above the electroweak symmetry breaking scale,
the electromagnetic and weak forces are unified into one interaction under the gauge
group SU(2) ® U(1). The Higgs mechanism spontaneously breaks the symmetry of
this gauge group, resulting in a massless photon and three massive gauge bosons, the
W and the Z. Due to the masses of the W and Z bosons, the weak interaction is
short-range, as opposed to the long-range electromagnetic force.

QCD is the gauge field theory which describes the strong interaction between
quarks through the exchange of gluons. As gluons carry both a color and an anti-

color, there are eight color states of gluons which correspond to the generators of an
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SU (3)color non-Abelian gauge symmetry group. Due to the fact that gluons them-
selves carry the charge of the force they mediate, they have a self-interaction which
makes QCD non-Abelian (as opposed to QED). The coupling strength of QCD, a,
changes (or “runs”) as a function of the energy of the interaction, as do the electro-
magnetic and weak coupling strenghts. QCD is non-perturbative in energy regimes

where «y is large, i.e. at low energies.

1.2 Limitations of the Standard Model

The only particle predicted by the SM which has not yet been observed in the labo-
ratory is the spin-0 Higgs boson. Experimental searches for the particle responsible
for electroweak symmetry breaking have excluded a SM Higgs boson with masses in
the regions my < 114.4 GeV/c? and 158 < my < 175 GeV/c? at the 95% confidence
level (C.L.) [5; 6]. Figure shows the combined Tevatron and LEP exclusion plot

as a function of Higgs mass.

However, even if one assumes that the Higgs will eventually be discovered with
a mass consistent with the SM’s predictions, the SM will still suffer from significant
shortcomings. First of all, the SM is a theory of interactions. It describes the interac-
tions between the fermions quite well, but has nothing to say about why, for example,
the fermions have the masses they do. It requires 19 free parameters (including said
fermion masses), which are not predicted by anything but rather are determined from
empirical measurements. It does not include a theory of gravity or an explanation
for dark matter. It contains only left-handed, massless neutrinos, a prediction which
is contradicted by experimental results.

Even the confirmation of the existence of the Higgs boson would entail further
problems with the SM. In general, the presence of a spin-0 particle in a quantum
field theory with a mass much smaller than the cutoff scale of the theory requires

an unnaturally delicate cancellation between the bare mass of the particle and its
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Figure 1.1: Upper limits on the ratios to the SM cross section as a function of Higgs
mass. The horizontal line is the expected SM cross section; mass regions where the

observed limit is below this line are excluded for an SM Higgs.
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quadratic radiative corrections through loop diagrams. This unnaturalness is referred
to as “the hierarchy problem.” A Higgs particle with a mass less than 1 TeV and a
cutoff scale of ~ 106 TeV, or even the Planck scale at ~ 2 x 10'® TeV, implies a fine-
tuning on the order of 1 part in 10%°. The hierarchy problem can also be considered in
terms of the extreme disparity between the strength of gravity and that of the weak
force. The ratio of Fermi’s constant G (associated with the electroweak symmetry
breaking scale) and Newton’s constant G (associated with the strength of gravity)
is roughly 10%2, and it is a mystery why nature appears to have chosen such vastly
disparate mass scales.

A wide range of theories suggests the existence of new particles or interactions
close to the electroweak scale in order the stabilize the Higgs boson mass and/or
explain phenomena that the SM does not. Several of these theories postulate the

existence of vector-like quarks, and these are described in the next chapter.
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Chapter 2

Vector-like Quarks

The property that distinguishes vector-like fermions from SM fermions is non-chirality,
i.e. their left- and right-handed components transform in the same way under SU(3)®
SU(2)®@U(1). Vector-like fermions do not exist in the SM: All SM fermions are chiral.
A model which allows for the existence of vector-like quarks is described in Section [2.1],
and a specific example of vector-like quark couplings to SM vector bosons is given in
Section [2.2] References to other models are listed in Section [2.3] and the results of

previous searches are given in Section [2.4]

2.1 Warped Extra Dimensions and the Randall-
Sundrum Model

One method of addressing the hierarchy problem described in Section is to assume
that spacetime has more than four fundamental dimensions. If there are 4 +n space-
time dimensions, where n is the number of spatial dimensions in addition to the three
we observe, then the Planck scale, Mp; = 2 x 10*® GeV, is only the 4-dimensional ef-
fective, or reduced, Plank scale. This reduced scale is determined by the fundamental
scale M in 44 n dimensions and the geometry of the extra dimensions. For example,

in the case of flat compactified extra dimensions with finite volume,
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M3, = M" 2V, (2.1)

where V,, is the volume of the n-dimensional compact space. If V,, is assumed to
be very large, the hierarchy between the gravity scale and the weak scale can be
eliminated. However, this setup introduces a new large hierarchy between the weak
scale and the compactification scale pio (~ 1/Vy / ™.

The Randall-Sundrum (RS) model [7] attempts to solve this problem by proposing
a scenario with extra dimensions that have a warped rather than a flat geometry. The

non-factorizable metric describing a 4 + 1-dimensional warped spacetime is

ds* = e 2oy, datdx” + r2de?, (2.2)

where k is a curvature scale on the order of the Planck scale, x* are the familiar 4-
dimensional spacetime coordinates, and ¢ is the coordinate for the extra dimension,
which has a finite interval whose size is set by r. (the compactification radius of the
5 dimension). This metric is a solution to Einstein’s equations in a universe con-
taining two 3-dimensional branes. SM fields are localized on one of the branes, while
gravity originates on the other. Among the many theoretical and phenomenological

implications of this setup, the reduced Planck scale reads as

3

M - T T
M%l:7[1—e 2krem] (2.3)

Since the source of the hierarchy in this model is an exponential function of the
compactification radius r., significant fine-tuning is not required to reproduce the
hierarchy observed in nature. The introduced hierarchy between the fundamental

5-dimensional Planck scale and the compactification scale (u. = 1/r.) is only of order

50.
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2.2 Vector-like Quark Theory and Phenomenology

Fermions can be vector-like in five dimensions; therefore the existence of vector-like
quarks is possible in models with extra dimensions such as the example described
above. Of particular interest are those scenarios in which the modifications to SM
quark couplings due to their interactions with vector-like quarks cancel out, allowing
mixing between vector-like and light quarks to a degree unconstrained by precision
electroweak measurements [8]. Otherwise, significant electroweak couplings between
SM quarks and vector-like quarks are excluded by precision measurements of the
couplings of SM quarks to each other, implying that the cross section for electroweak
production of single vector-like quarks is heavily suppressed. A simple possibility [9]
is to introduce two new vector-like quarks, Qy and @ p, with electric charges +2/3
and —1/3, respectively. Their charged- and neutral-current gauge interactions to the

first generation SM quarks are

Z,(FuoUry" Quy, + /idDJRW”QDR) +h.c,
(2.4)

%Wj (KuplRY"Qy + Kavdry" Quy) +

9
\/_ 2CW
where g is the weak coupling constant (~ 107%), ¢y is the cosine of the weak mixing
angle (6 ~ 30°), ug and dg are the SM right-handed quark singlet fields and Qp
and Qu are the vector-like quark fields. W and Z are the weak vector boson fields.

The coupling strength is parametrized by the model-independent parameter r,q,

v oL
RqQ = m_Q“qu (2.5)

where v is the vacuum expectation value of the SM Higgs field, and the dimensionless
parameter fqo encodes the model-dependence of the coupling.

In models with warped extra dimensions, K, can naturally be of order one. The
possibility of large electroweak coupling between vector-like quarks and SM quarks

makes searches for single production of vector-like quarks at the Tevatron attractive.
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Figure [2.1| shows s- and t-channel production diagrams of single vector-like quarks.
They are produced in association with a SM quark. Figure shows charged- and
neutral-current production cross sections for down- and up-type vector-like quarks,
along with the much lower pair-production cross-section. Assuming a k4o of order
one, even vector-like quarks with masses above 600 GeV/c? can be produced with

cross sections greater than 100 fb.

Figure 2.1: s-channel (a) and t-channel (b) Feynman diagrams for single electroweak

production of vector-like quarks at the Tevatron.

Vector-like quarks in this model decay to a W or Z boson plus a SM quark gq.
Decays to the Higgs boson plus a SM quark are also allowed, but are not considered
in this analysis. The implementation of the model which is used in this analysis
sets Kyu = Kuyp = 1 and Rqy = Kgp = 0. Allowing coupling only to the SM up
quark implies that Qp decays exclusively to Wq and @)y decays exclusively to Zgq.
It also means that ()p is produced only through charged-current interactions, and
Qu is produced only through neutral current interactions. This choice enables us to
conduct two independent searches for vector-like quarks in two channels: (W — (v)qq
for decays to Wyq, and (Z — 00)qq for decays to Zq. There are two SM quarks in
the final state: one from the associated production with the vector-like quark (see
Figure , and one from the vector-like quark decay. Only decays of vector bosons

to electrons or muons will be considered.
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Figure 2.2: Vector-like quark production cross sections for charged current (solid
lines) and neutral current (dashed lines) processes at the Tevatron as a function of

vector-like quark mass mg. The dotted curve is for strong pair production.

The particular choice of coupling does not affect the final cross section limits shown
in Section [9] as these are general for decays to Wq and Zg, respectively. However, it
does affect the theoretical production cross sections of @y and @Qp by restricting Qp
to neutral-current production and ()p to charged-current production. The excluded
vector-like quark masses cited in Section [9] are therefore dependent on our choice of

coupling.

2.3 Other Models

There are many other examples of theories of physics beyond the SM which predict
the existence of vector-like quarks. Although a discussion of all of them is beyond
the scope of this dissertation, notable examples include models with universal extra
dimensions, which contain an entire vector-like fourth generation of fermions [10;

11], and little Higgs models [12; [13].
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2.4 Previous Searches

Previous searches at the Tevatron for vector-like quarks, or for heavy quarks in gen-
eral, have focused on pair production via the strong interaction. A Feynman diagram
of this process is shown in Figure [2.3. The CDF collaboration has excluded a mass
below 338 GeV/c? for a pair-produced heavy quark decaying to a W boson plus a
SM quark [14]. Figure shows the cross-section exclusion curve as a function of

vector-like quark mass.

Figure 2.3: Strong pair production of vector-like quarks at the Tevatron.

The motivation for searching for pair-produced vector-like quarks, in spite of the
reduced kinematic range accessible in the production of two heavy objects, is the
assumption that vector-like quarks (and heavy quarks in general) cannot mix sizably
with SM quarks. Such a search also depends only minimally on the strength of the

coupling to weak bosonsﬂ making it essentially model-independent.

'The coupling does need to be large enough to ensure prompt vector-like quark decay.
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Figure 2.4: 1D cross section exclusion curve as a function of mass for a pair-produced

heavy quark (curves labeled ¥') decaying to Wq (CDF Collaboration).
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Chapter 3

Experimental Apparatus

The Fermilab Tevatron Collider [15; |16], located at the Fermi National Accelerator
Laboratory [17], produces proton-antiproton (pp) collisions at a center-of-mass energy
(1/s) of 1.96 TeV. This analysis uses data collected by the DO experiment, one of two
multipurpose detectors (CDF is the other) designed to study the outgoing particles
produced by these collisions. The Fermilab Tevatron Collider and the D@ experiment

are both described in detail below.

3.1 The Fermilab Tevatron

The Tevatron Accelerator Complex is a system of several different accelerators. The
proton and antiproton beams that collide at y/s = 1.96 TeV in the Tevatron are pro-
vided by the Proton Source (comprising the Cockcroft-Walton, Linac and Booster)
and the Antiproton Source (comprising the Debuncher and Accumulator), respec-
tively. Figure |[3.1| shows an illustration of the full accelerator chain.

The process of creating two focused high-energy particle beams in the Tevatron
starts with a small bottle of hydrogen. A Cockecroft-Walton accelerator negatively
ionizes the hydrogen, producing H~ ions with an energy of 750 keV via electrostatic

acceleration. The 750 keV ions are then sent to a linear accelerator (Linac) which
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Figure 3.1: The Tevatron Accelerator Complex.

accelerates them to 400 MeV. The Linac consists of two stages, the first composed of
five drift tubes, which accelerate the ions to 116 MeV, and the second composed of
seven side-coupled cavities, which complete the acceleration to 400 MeV. While the
two stages use different technologies, they both rely on oscillating electric fields in
radio frequency (RF) cavities to apply a series of short pulses of acceleration to the
hydrogen ions as they travel down the beamline. At the end of the Linac, the ions
pass through a thin carbon foil which strips off the two electrons, leaving only 400
MeV protons.

The protons then enter the Booster, the first of two intermediate synchrotrons
before injection into the Tevatron. The Booster accelerates the protons through
roughly 20,000 revolutions around an an accelerator ring with a radius of 75 m, 13.25
times smaller than the Tevatron. The Booster’s ring contains 18 RF cavities, which
boost the proton’s energy to about 8 GeV. The protons are then passed to the second
intermediate synchotron, called the Main Injector (MI). With 18 RF cavities arranged
in a circular ring of radius 525 m, the MI can acceletrate the protons from 8 GeV to
either 120 GeV or 150 GeV. Protons with energy of 150 GeV are injected into the

Tevatron for the final stage of acceleration and collisions.
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The 120 GeV protons are sent from the MI to a nickel spallation target. The
resulting collisions produce a stream of secondary particles, among them antiprotons.
Magnets are used to separate out antiprotons with an energy near 8 GeV, which are
then directed into the Debuncher (the rest of the particles continue to a beam dump).
The purpose of the Debuncher, a roughly triangular ring with average radius 80.4 m,
is to reduce the spread of the antiprotons in momentum space to 0.2% or less, which
it achieves through techniques called RF bunch rotation and adiabatic debunching.
The Debuncher passes these protons to the Accumulator ring, which sits inside the
Debuncher ring with a smaller average radius of 75.5 m. The Accumulator stores
and cools the 8 GeV antiprotons, receiving beam transfers from the Debuncher every
few seconds until it reaches a point where it is essentially full, and adding more
antiprotons becomes inefficient. At this time, the antiproton beam is transferred to
the Recycler, an antiproton storage ring which is located in the same tunnel as the
MI. Antiprotons stored in the Recycler are transferred to the MI at the beginning
of a new set of collisions, or store, to be accelerated from 8 GeV to 150 GeV before
injection into the Tevatron.

Both the proton and antiproton beams are injected into the Tevatron in 36
bunches, which contain over 10° particles each. The beams travel in opposite di-
rections around the Tevatron ring (radius 1000 m), and the particles are accelerated
from 150 GeV to 980 GeV. 774 superconducting niobium-titanium dipole magnets,
cooled with liquid helium, bend the protons and antiprotons around the circular ring,
while 240 NbTi quadrupole magnets are used to keep the beams focused. The beams,
now traveling at nearly the speed of light, cross paths at the two collision points at
D@ and CDF with a filled bunch spacing of 396 nanoseconds.

The collision rate per unit area per unit time in the center of the detector is referred
to as instantaneous luminosity, and it is generally measured in units of cm=2s7!. It

is given by the formula
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Figure 3.2: A side-view of the DO detector. The inner tracking system (not labeled)

can be seen at the center of the image, inside the calorimeter.

1N
L=f :
ooy,

(3.1)

where f is the collision rate, n; and ny are the number or particles per bunch in
each beam, and 0,0, represents the overlapping area of the two beams in the plane
transverse to the beam axis. The Tevatron currently holds the world record for

2571 Inte-

instantaneous luminosity achieved at a hadron collider at 4.02 x 1032cm™
grating the instantaneous luminosity over time gives the integrated luminosity, £, a
common measure of data set size which is usually expressed in inverse barns, where
1b~! = 10~2*cm~2. The data set used in this analysis corresponds to an integrated

luminosity of 5.4 fb=!, recorded by the D@ detector from July 2002 to June 2009.

3.2 The D® Detector

The DO detector is one of two multipurpose detectors at the Fermilab Teva-
tron Collider. A cross-section displaying the main components of the detector is

shown in Figure |3.2
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The central tracking system consists of a silicon microstrip tracker and a central
fiber tracker, both of which are located within a 2 T superconducting solenoidal mag-
net. Hits in these two detectors are used to form charged particle tracks. Surrounding
the two tracking subdetectors are liquid-argon and uranium calorimeters, both elec-
tromagnetic and hadronic, which are used to measure the energy of most particles
coming from the collision point. The outer muon system consists of a layer of tracking
detectors and scintillation trigger counters in front of 1.8 T toroidal magnets, with

two similar layers behind the toroids.

3.2.1 Coordinate System

The DO Detector utilizes a right-handed coordinate system with the z axis pointing
in the direction of the proton beam and the y axis pointing upwards. The origin is
located at the physical center of the detector. The azimuthal angle ¢ is defined in the
xy plane measured from the x axis, and the polar angle # is defined in the zy plane
with respect to the z axis. Particle momenta are generally described in terms of their
components perpendicular (transverse) and parallel (longitudinal) to the z axis. As 6
is not a Lorentz-invariant quantity, it is convenient to define an alternate description

of the longitudinal kinematics, the rapidity, y:

1. E+pp

-]
y=3 H[E—pL

], (3.2)

where F is the energy of the particle and py, is its longitudinal momentum. In the
limit where |p] > m, a particle’s energy and momentum are essentially equivalent,

and rapidity reduces to another variable called pseudorapidity, :

1
n:_lnm]
2 |ﬁ1_pL

Rapidity and pseudorapidity are useful in that the the difference in either quantity

= — ln[tan(g)]. (3.3)

between two particles is independent of the boost along the beam axis. A related
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quantity used in this analysis is AR, the separation between two objects in n — ¢

space:

AR = \/[An7 + (o). (3.4)

In addition to the longitudinal measures defined above, this analysis also employs
measures of energy and momentum in the plane transverse to the beam axis, denoted

Er and pr:

Er = Esin6 (3.5)

pr = \/P: + ;- (3.6)

Coordinates measured using the detector center as (0, 0,0) are referred to as “de-
tector coordinates.” However, the interaction region has a significant spread along
the 2z axis (0 &~ 25 cm) and the primary vertex from the pp collisions will usually not
be located at z = 0 as defined by the detector itself. Coordinates defined with respect

to the interaction point of a given event are referred to as “physics coordinates.”

3.2.2 Central Tracking System

The DO central tracking system, shown in Figure [3.3] contains a silicon microstrip
tracker (SMT) and a central fiber tracker (CFT), both installed in a 2 T supercon-
ducting solenoid. It is designed for charged particle tracking and vertexing.

The SMT [20; 21] is the subdetector closest to the interaction point, surrounding
the beam pipe over a length of 2.4 m. When charged particles pass through the
doped silicon of the SMT, ionizing radiation produces free electrons and holes. An
electric field acts on the electrons and holes, which travel to the electrodes arranged
in long parallel strips over the length of the silicon “ladder,” where they produce a

measurable pulse.
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Figure 3.3: A schematic of the DO inner tracker.
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Figure 3.4: A drawing of the silicon microstrip tracker.

The SMT’s design implements a combination of barrel and disk modules in order
to provide detector surfaces perpendicular to the direction of particle tracks over
the entire range in 7 which it covers, up to |n| < 3. The barrel detectors primarily
measure the r — ¢ coordinate, while the disk detectors measure the r — z coordinate
in addition to r — ¢. The layout of barrel and disk modules in the SMT is shown in
Figure [3.4]

The SMT has six barrel segments in the central region, each 12 cm long with four
silicon readout layers. The first and third layers are single-sided and axial (microstrips
are parallel to the z axis and thus provide the azimuthal position of tracks). The

second and fourth layers are double-sided, with one axial side and one stereo side
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oriented at an angle of 2° or 90° with respect to the beam line in order to provide the
position of tracks in n space. Counting all layers, the barrels have an inner (outer)
radius of 2.7 (10.5) cm. The barrels are interspersed with 12 F-disks, each made of
12 double-sided wedge detectors, both sides of which are offset by 15° from the radial
direction. The F-disks are located at |z| = 12.5, 25.3, 38.2, 43.1 and 53.1 cm and
have an inner (outer) radius of 2.6 (10.0) cm. In the forward regions, there are four
H-disks consisting of two layers of 12 single-sided wedge detectors offset by 7.5° from
the radial direction. The H-disks have an inner (outer) radius of 9.5 (26.0) cm and
are located at |z| = 100.4 and 121.0 cm. The combination of their larger radius and
forward placement provides tracking and vertexing coverage up to || < 3. The SMT
provides individual track position resolution of about 10 ym and vertexing resolution
of about 35 pum.

The CFT [22], which is used in combination with the SMT to reconstruct charged
particle tracks, consists of scintillating fibers mounted on eight concentric support
cylinders occupying the radial space from 20 to 52 cm from the center of the beam
pipe. The six outer cylinders are 2.52 m long, while the two innermost cylinders are
only 1.66 m long to accommodate the H-disks. This arrangement provides coverage
of up to |n| < 1.7. Each cylinder contains two double-layers of fibers, one axial
and one at a stereo angle of up to 3°. The double-layers are constructed such that
one layer is offset by one half of the 835 nm fiber spacing with respect to the other
for a gapless configuration. When charged particles pass through the fibers, they
produce photons (scintillate) with a peak emission wavelength of 530 nm. Clear fiber
waveguides conduct the light from one end of the scintillating fibers to visible light
photon counters (VLPCs). The opposite ends of the fibers are coated in aluminum
with a reflectivity of about 90%, making the photon collection efficiency very high.
The VLPCs then convert the light signals into electric signals. The CFT provides
spatial resolution on the order of 100 pm.

The two detectors of the central tracking system sit inside a 2 T superconducting
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solenoidal magnet. The liquid helium-cooled solenoid is enclosed in a cryostat 2.73 m
long and 1.4 m in diameter, and operates at a current of 4,749 A. The purpose of the
solenoid is to provide a strong, uniform magnetic field in the central tracking volume,
with field lines running parallel to the beam axis. The magnetic field bends charged

particle tracks, allowing for measurement of particle momentum and charge.

3.2.3 Preshower Detectors

The preshower detectors, located between the solenoid and the calorimeters, aid in
electron identification and background rejection. They can also be used to correct
energy measurements in the calorimeters for energy losses in the upstream material
and to help identify and reconstruct electrons or photons which begin to shower before
reaching the calorimeters. The central preshower detector (CPS) covers the region
In| < 1.3 and the forward preshower detector (FPS) covers 1.5 < |n| < 2.5.

Both the CPS and FPS are made from triangular strips of scintillator. The trian-
gles are arranged in the pattern shown in Figure |3.5] such that there is no dead space
between strips. Each triangular strip is wrapped in aluminized mylar for optical iso-
lation and inward reflectivity and has a wavelength-shifting fiber at its center which
collects the light emitted by the scintillating material and transports it to clear light-
guide fibers. The light signal is then sent to VLPCs for conversion into an electronic
signal.

The CPS, made of three concentric cylindrical layers of 1280 triangular scintillator
strips each, sits in the 5 ¢m gap between the solenoid and the central calorimeter.
The two FPS detectors (north and south) sit in front of the endcap calorimeters. The
FPS detectors consist of two layers, separated in z, with a lead-stainless-steel absorber
plate of thickness 2 X, where X, denotes a radiation length, between them. The
2 inner layers are called MIP layers and the 2 outer layers are called shower layers.
Charged particles generally register as a minimum ionizing particle in the MIP layer,

but both electrons and photons will usually shower in the absorber, producing a
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cluster of energy in the shower layer. Both the MIP and shower layers are arranged
in eight 22.5° wedges. Each MIP layer contains 206 scintillator strips and each shower
layer contains 288. A drawing of a complete wedge with MIP layers, absorber and

shower layers is shown in Figure (3.6}

3.2.4 Calorimeter

The D@ Calorimeter is a liquid argon / uranium sampling calorimeter [19]. It is
designed to measure the energy of electrons, photons and jets; to assist in the iden-
tification of electrons, photons, jets and muons; and to measure the overall trans-

verse energy balance of events. The calorimeter is made up of 3 sections, a Central
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Figure 3.7: A drawing of the DO calorimeter.

Calorimeter (CC) and two Endcap Calorimeters (EC), which are all contained in
separate cryostats and cooled to 90 K. The CC covers |n| < 1.1 and the EC covers
1.3 < |n| < 4.0. Each calorimeter has three main components: an electromagnetic
(EM) layer with fine granularity and two hadronic (HAD) layers, one fine and one
coarse. Figure shows a cutaway of the calorimeter system.

The calorimeters measure incident particle energy by alternating absorber and ac-
tive medium. Particles that enter the calorimeter, both charged and neutral, interact
with the absorber and produce showers of secondary particles. These secondary par-
ticles ionize the active medium, and the resulting charge is collected by high voltage
pads. The amount of charge collected is proportional to the energy deposited in the
active medium by the incident particle.

The active medium in all of the calorimeters is liquid argon. The absorber mate-
rial is depleted uranium in the EM layer, a uranium-niobium alloy in the fine hadronic
layer, and copper (in the CC) or steel (in the EC) in the coarse hadronic layer. Elec-
tromagnetic showers, produced by electrons and photons, develop via the production
of electron-positron pairs and Bremsstrahlung radiation, while hadronic showers, pro-

duced by hadrons, result from cascades of strong interactions. The different mecha-
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Figure 3.8: Layout of the calorimeter towers

nisms driving shower development can cause different detector responses for the two
types of showers, an effect known as non-compensation. The different absorbing ma-
terials were chosen for the various layers of the calorimeter in order to achieve a ratio
of detector response to EM and HAD showers, a quantity called e/, of as close to 1
as possible.

Calorimeter cells are arranged in pseudo-projective towers. Starting from the
innermost layer and working outwards, there are 4 layers for the EM modules, 3
layers for the fine HAD modules (4 in the EC) and 1 coarse HAD layer. Figure
displays the cell layout for one quadrant of the calorimeter system. Tables and

list the radiation lengths and nuclear interaction lengths for the various layers.

Calo section CC EC

Number of layers 4 4

Layer radiation lengths (Xo) | 1.4, 2.0, 6.8, 9.8 | 1.6, 2.6, 7.9, 9.3

Table 3.1: Radiation lengths of the EM layers.

The granularity of the calorimeter is such that each cell covers an area in n—¢ space
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Calo section CC FH CCCH | ECFH | EC CH
Number of layers 3 1 4 1

Layer interaction lengths (A4) | 1.3, 1.0, 0.76 3.2 4 x 1.1 4.1

Table 3.2: Interaction lengths of the HAD layers.

of approximately 0.1 x 0.1. The third EM layer, however, is where the maximum of
EM showers occurs, and so it has a finer segmentation of 0.05 x 0.05. The calorimeter
delivers a relative energy resolution of oz /E = 15%/vE + 0.3% for EM showers, and
op/E = 45%/VE + 4% for HAD showers, where E is measured in GeV [23].

3.2.5 Intercryostat Detector

The use of separate cryostats for the three calorimeter sections means that the re-
gions between them are not well-instrumented and also contain a large amount of
dead material, resulting in poor coverage and energy resolution in the pseudorapidity
range 0.8 < |n| < 1.4. Additional sampling is therefore added in the form of the In-
tercryostat Detector (ICD). The ICD consists of 32 scintillating tiles with granularity
An x A¢p = 0.3 x 0.4, each of which is made up of twelve 0.1 x 0.1 sub-tiles. The
ICD is attached to the exterior surface of the EC cryostat and provides coverage in
the region 1.1 < |n| < 1.4. Clear optical fibers carry the scintillator signal to photo-
multiplier tubes, which convert it to an electronic signal. The ICD signal electronics

are designed to be compatible with the calorimeter readout system.

3.2.6 Muon Spectrometer

The muon system [19; 24] is the outermost subdetector of D@ , sitting outside the
calorimeters. It provides detection and momentum measurement of muons indepen-

dent of the central tracking system. Muons traverse the calorimeter as minimum
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Figure 3.9: Blown-up view of the muon drift chambers

ionizing particles and generally lose a small fraction of their initial energy before
reaching the muon system. Most other particles (electrons, photons and jets) are
stopped in the calorimeter.

Three main components make up the muon system. Scintillation counters are used
for triggering, drift tubes provide precise tracking in addition to triggering, and 1.8
T toroidal magnets bend muon tracks to allow momentum measurement. Figure |3.9
shows a blown-up view of the drift tube arrangement. The detector systems previously
described in this chapter are all located inside the A-layer shown in Figure [3.9. The
toroids of the muon system sit in between the A-layer and the B-layer.

The central muon tracking system, covering |n| < 1.0, utilizes Proportional Drift
Tubes (PDTs) to reconstruct muon tracks. There are 6624 drift tubes of varying
length in the central region, organized into 94 PDT chambers in 3 layers (A, B and
C). The rectangular tubes have a 50 ym anode wire running down their center, along
with cathode pads above and below the anode wire. They are filled with a gas
mixture of 84% Argon, 8% CF, and 8% CH;. When a muon passes through one
of the drift tubes, it ionizes the gas. The anode wires are operated at 4.7 kV and
the cathode pad electrodes are held at 2.3 kV, so the electrons in the ionized gas

drift towards the anode and the positive gas ions drift towards the cathodes. Once
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the ions reach their destinations, they create a measurable electronic signal. The
muon’s hit position along the length of the wire is determined using the electron drift
time and the amount of charge deposition on the inner and outer cathode pads. A
three-dimensional measurement of the muon’s trajectory is achieved by using crossed
x X y X z tubes.

The forward muon tracking system, which extends coverage out to |n| < 2.0, uses
Mini Drift Tubes (MDTs). The MDTs operate on the same principle described above.
An MDT tube consists of eight 9.4 x 9.4 mm? cells, each with a 50 ym anode wire
in the center. There are a total of 6080 tubes (or 48,640 anode wires) in the MDT
system, again organized into three layers, each of which is further subdivided into
eight octants (see Figure . The anodes are kept grounded, while the cathodes are
operated at -3200 V. The MDT system is important for measuring muons which do
not pass through all layers of the inner tracker.

Along with the drift tubes, the muon system employs scintillation counters in both
the central and forward regions. Their layout is shown in Figure [3.10] In the central
region, the cosmic cap and bottom counters are placed on the top, sides and bottom
of the outermost layer of PDTs, the C-layer. There are a total of 372 scintillators,
0.6 m wide and 2.1 — 2.9 m long, in the cosmic cap and bottom. They provide a fast
timing signal to associate a muon measured in the PDTs to an appropriate bunch
crossing and to reject muons from cosmic rays. The A-layer of PDTs is also covered
with scintillation counters, referred to as A¢ counters, which also trigger on muons
and reject out-of-time signals from cavern backgrounds. They additionally provide a
time stamp for low-p; muons that do not reach the cosmic cap or bottom counters.
Their construction is similar to that of the cosmic cap and bottom, but requires finer
segmentation as they sit closer to the detector center.

The forward muon scintillation counters are mounted on all three layers of the
MDT system. Each layer is divided into octants containing about 96 counters each,

for a total of about 4,600 counters in the forward system. Ranging in size from
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Figure 3.10: Blown-up view of the muon scintillation counters

17 x 24 cm? to 60 x 106 cm?, they provide muon triggering and background rejection
in the pseudorapidity range 1.0 < |n| < 2.0.

The toroidal magnets of the muon system rest between layers A and B in both
the central and forward regions. The central toroid is a square annulus 109 cm thick
with an inner surface about 318 c¢m from the beam pipe. It is wound using twenty
coils of ten turns each. The two end toroids are positioned at 454 < |z| < 610 cm,
and are wound with eight coils of eight turns each. The three toroids are operated in
series at a current of 1500 A, producing a magnetic field of about 1.8 T. The polarity

of the magnets is regularly reversed during data collection.

3.2.7 Luminosity Monitor

In order to provide an accurate measurement of the integrated luminosity recorded
by the detector, luminosity monitors (LMs) are placed just in front of the endcap
calorimeters at |z| = 140 cm. Figure shows their placement along the beam pipe.
They consist of arrays of 24 plastic scintillators each, which cover the pseudorapidity
range 2.7 < || < 4.4. The LMs are designed to measure the rate of inelastic pp

collisions and therefore the instantaneous luminosity through the relation
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L= fNLM, (3.7)

OLM

where f is the beam crossing frequency, Ny is the average number of inelastic colli-
sions per beam crossing, and o, is the effective cross section for the LM, determined
by the LM’s acceptance and efficiency. The instantaneous luminosity L can then be
integrated over all detector runs to determine the integrated luminosity £. The z
position of the primary vertex can also be measured using the difference between the

time-of-flight measured for particles hitting the North and South monitors:

to—t

Zy =C 5

(3.8)

where c is the speed of light.

3.2.8 Trigger and Data Acquisition

The filled bunch crossing rate in the center of the detector is approximately 1.7 MHz.
Since it is impossible to record detailed event data at such a rate, and since most
bunch crossings do not result in uniquely interesting physics events, a 3-level trigger
system is used to reduce the event rate to about 100 Hz. The Level 1 (L1) trigger is
hardware-based, and it uses preliminary information from the tracking, calorimeter
and muon systems to reduce the rate to about 2 kHz. The Level 2 (L2) trigger,
consisting of processor cards and single-board computers (SBCs) arranged in VME

crates, receives input from L1 and runs simple software algorithms to further reduce



CHAPTER 3. EXPERIMENTAL APPARATUS 34

the rate to 1 kHz. L2 has the capability of combining information from multiple
subdetectors, including from the SMT. Finally, the Level 3 (L3) trigger runs more
sophisticated algorithms on a computer farm, performing a partial reconstruction of
the events and sending the accepted events for recording to tape at a rate of 100 Hz.

Trigger definitions are formed by requiring a certain set of criteria at each of the

three levels. An example definition for a dielectron trigger is:

e L1: At least two EM objects with Ep > 7 GeV and || < 3.2, one of which has

Er > 13 GeV and satisfies isolation and EM fraction requirements.

e [2: At least one EM object with Er > 13 GeV and a tighter isolation require-

ment.

o [.3: At least two electrons with E7 > 6 GeV. One must have Er > 8 GeV. One
track

must be matched to a track with p7** > 5 GeV and pass loose shower shape

requirements.

A trigger list is a combination of many trigger definitions, and different trigger
lists and prescale sets are used depending on the instantaneous luminosity in the
Tevatron in order to maintain an event rate that is as close as possible to 100 Hz.
Every event written to tape has passed at least one trigger definition contained in the
trigger list being used at the time the event was recorded.

The data acquisition system (L3DAQ) transports subdetector data from the VME
readout crates to the L3 processing nodes, and finally on to tape storage. Coordina-
tion and control of triggering and data acquisition is handled by the main D@ run
control program, COOR, which runs on the online host system. SBCs in the subde-
tector readout crates handle the routing of event fragments from the crates to the L3
farm nodes. The event builder (EVB) process constructs complete events from the
various fragments, after which the events can be run through the L3 filtering process.
Events which have passed the L3 trigger are assigned to various output streams based

on which trigger components the event has satisfied. Each event is sent to only one
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Figure 3.12: Overview of the DO trigger and data acquisition systems

stream. These events are transmitted to the storage facility and written to tape.
An overview of the data flow through the trigger and L3DAQ system is shown in
Figure [3.12]
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Chapter 4

Data Reconstruction and Object

ID

This section describes the reconstruction of all objects used in the analysis. The
D@ Offline Reconstruction Software Package (DORECO) [25] is run on the triggered
events and builds physics objects, stored according to the D& Event Data Model [26].

4.1 Primary Vertex

Each bunch crossing at the center of the detector can contain multiple pp interactions,
especially at high instantaneous luminosity. In order to determine the location of
the hard scatter, or primary vertex (PV), which gave rise to the physics objects
which passed the trigger in a given event, DORECO uses an adaptive primary vertex
algorithm [27].

First, tracks in the central tracking system with pr > 0.5 GeV/c? are chosen
with an additional requirement of 2 hits in the SMT if the track is within the SMT
geometric acceptance. A clustering algorithm then identifies tracks from different
interactions by clustering tracks that are within 2 cm of each other. A vertex fitting

algorithm is then performed on the z-clusters, which determines the location and
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Figure 4.1: Number of primary vertices for low (in red) and high (in blue) luminosity

ranges.

width of the beam, and tracks are preselected based on their distance of closest
approach to the beam spot.

In the next step, the adaptive PV algorithm fits the preselected tracks to a com-
mon vertex. The track errors are then reweighted according to their individual y?
contributions to the vertex. Tracks with a y? above a certain cutoff are dropped,
and the fit is iteratively re-computed with the new weights and the new fitted ver-
tex until convergence is reached, i.e. subsequent fits return the same vertex position.
This process is performed for all clusters of tracks. The algorithm reconstructs pri-
mary vertices with an efficiency of close to 100% for |z| < 80 cm. In the final step,
the reconstructed vertex with the lowest probability of coming from a minimum bias
interaction [28] is chosen as the primary vertex. Figure shows the number of

primary vertices reconstructed for two different instantaneous luminosity regions.

4.2 Electrons

Electrons are reconstructed by combining calorimeter shower shape information with

a track in the central tracking system. Various selection criteria are applied to clusters
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of energy in the calorimeters to distinguish EM clusters from hadronic clusters due to
jets. A track-match requirement is imposed in order to reject photons, which deposit
energy in the calorimeters in a manner similar to electrons, but do not leave a track
in the inner tracker, as they are not charged.

A Simple Cone Algorithm [29] builds calorimeter clusters from EM towers. EM
towers are defined as the first five layers of calorimeter towers, i.e. the four EM layers
and the first fine hadronic layer. The algorithm starts with a seed tower that has a
minimum FEr of 0.5 GeV, and it then loops over all towers within a cone of radius
AR < 0.4 around the seed tower. It calculates the centroid of the cluster by weighting
the towers by the energy deposited within them, and it then iteratively repeats the
process with a cone drawn around this new centroid. A cluster is found once the
position of the centroid is stable.

A set of electron identification criteria is defined to select high-quality EM clus-
ters [30; 131; 132]. The clusters are required to deposit at least 90% of their energy
in the EM calorimeter to reject jets. Additionally, they must have less than 15% of
their energy in an annulus defined by the region between a cone of R = 0.2 and one
of R = 0.4, as EM clusters tend to have a narrower transverse profile than hadronic
clusters. To discriminate against photons that pass these selections, an EM cluster
must be matched to a track with pr > 5 GeV, and that track must point to a position
along the z axis which is no more than 1 cm from the primary vertex chosen by the
PV algorithm described in Section [4.1] The ratio of the calorimeter energy and the
track momentum must also be less than 2.5.

Finally, multivariate discriminant variables formed from calorimeter shower shape
measurements are used. The first is the “H-matrix” (HMz7) variable [30], built from
the energy fractions deposited in all four EM layers, the total shower energy, the
position of the primary vertex, and the shower width in the r — ¢ plane in the third
EM layer. The second is the eight-variable EM likelihood (LHo0d8), constructed
from a mix of tracker and calorimeter information (including HMz7). Figure



CHAPTER 4. DATA RECONSTRUCTION AND OBJECT ID 39

=
(=]
w

—WMC

— loose data

T T T TTTT H\\‘HH‘HH‘HH‘HH‘HX

| . T
03 04 05 06 07 08 09 1
Likelihood

Figure 4.2: Electron LHood8 for W boson MC (in blue) and loosely selected data (in

red), which is dominated by jets misidentified as electrons.

shows the LHood8 for electrons from W boson decays in Monte Carlo and for loosely
selected data events.

Electrons passing all criteria except the LHood8 requirement are referred to as
loose electrons. Those electrons which additionally satisfy L Hood8 > (.85 are referred
to as tight. The tight selection has an efficiency of over 85% for signal electrons, with
a fake rate from jets below 10%. Electrons in Monte Carlo (MC) simulation are
corrected for differences between MC and data in reconstruction and identification

efficiency.

4.3 Muons

Muons are identified by combining tracks in the muon spectrometer with tracks in
the inner detectors. Specifically, the muon definition used in this analysis [33; |34]

requires a track in the muon system that meets the following criteria:

o At least two A layer wire hits;

o At least one A layer scintillator hit;
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e At least two B/C layer wire hits;

e at least one B/C layer scintillator hit.

This corresponds to the “mediumnseg3” requirement defined by the Muon ID
Group, which has an overall efficiency of roughly 75% for isolated muons. The muon
track must be matched to an inner detector track with a x? per degree of freedom of
less than 4. As with electrons, the inner detector track must be within 1 c¢m of the
reconstructed primary vertex at its point of closest approach to the beam axis.

To reject cosmic rays, a timing requirement of |tz — to| < 10 ns is imposed for
each layer of scintillation counters, where t; is the bunch crossing time and .., is
the time recorded by the scintillator hits. Finally, muon candidates must be isolated
from other tracks in the inner detector and from calorimeter activity in order to
reject muons coming from heavy flavor decays, which usually also produce hadrons.
Figure [4.3| shows calorimeter and tracker isolation for muons from W boson decays in
MC and for loosely selected data. The tight isolation criteria are defined as follows:
There must be less than 2.5 GeV of energy in the calorimeter in a cone of radius
R = 0.5 around the muon’s vector, extrapolated between the inner detector and the
muon system. In addition, the scalar sum of the pr of all tracks in the inner detector
in a cone of the same size must also be less than 2.5 GeV. The loose isolation criterion
uses an isolation variable defined as the calorimeter energy in a R = 0.4 cone around
the muon plus the sum of the track momenta in a R = 0.5 cone, all divided by the
muon’s pr. Muons in MC simulation are corrected for differences between MC and

data in reconstruction and identification efficiency.

4.4 Jets

Quarks and gluons (collectively referred to as partons) produced in pp collisions do

not travel through the detector as free particles, but quickly hadronize, producing
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Figure 4.3: Muon calorimeter isolation (left) and tracker isolation (right) for W boson
MC (in blue) and loosely selected data (in red), which is dominated by muons from

heavy flavor decays.

energetic showers of mesons and baryons called jets. D@ software reconstructs jets
from energy deposits in the calorimeters.

Before jet reconstruction, the T42 zero-suppression algorithm [35] is run to remove
isolated energy deposits that are likely the result of calorimeter noise. This noise is
caused by electronics noise from the calorimeter’s 50,000 readout channels as well
as decay of the uranium in the absorbing material. The T42 algorithm suppresses
noise by requiring that calorimeter cells have an energy at least 4 standard deviations
above the noise level (E > 40,4s¢). On average, only 0.003% of noisy cells, or about
1.5 cells per event, will pass this cut. Cells neighboring a 4o cell are also accepted if
they have energy greater than 2.50 above the noise level.

The Run II midpoint cone algorithm [36] is run to reconstruct jets from the energy
deposits which are not suppressed by T42. The midpoint cone algorithm works in a
manner similar to that described for electrons in Section 4.2 However, in addition
to using hadronic calorimeter towers with energy above a given threshold as seeds,
the algorithm also seeds jets using the midpoint in 1 — ¢ space between two such
towers. This jet-finding technique protects the algorithm, at first order, from so-

called infrared sensitivity (see Figure , which causes simple cone algorithms to
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Figure 4.4: An illustration of infrared sensitivity. A simple cone algorithm that
reconstructs two jets from two large energy deposits will merge them into one jet in

the case of soft gluon radiation between the two deposits.

incorrectly merge jets in the case of soft gluon radiation between them. Jets cannot
have more than 40% of their energy in the coarse hadronic layer of the calorimeter,
as noise levels tend to be higher in that section. They also must have at least 5%
of their energy in the EM layer, but not overlap with any reconstructed electrons in
1N — ¢ space.

DORECO does not recover the full particle-level energies (i.e. the sum of the
energies of all particles making up the jet), so a jet energy scale correction is applied
to the reconstructed jets [37]. Jets in Monte Carlo (MC) simulation are further
corrected for differences between MC and data in reconstruction and identification
efficiency, energy resolution and calorimeter response. This is accomplished through a
standard jet shifting, smearing and removal algorithm (JSSR) [38], which also removes
jets with pr < 15 GeV.

One final selection criteria can be applied to reconstructed jets. In running periods
of higher luminosity, it can be advantageous to require that jets be vertez-confirmed,
i.e. matched to the primary vertex of the event. A jet is considered vertex-confirmed
if there are at least two tracks within the jet cone radius that point to the primary
vertex. This selection rejects jets produced in other pp interactions from the same
bunch crossing. Figure shows the number of jets failing vertex confirmation (i.e.

coming from other pp interactions) for high and low luminosity.
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Figure 4.5: Number of non-vertex-confirmed jets for low (in red) and high (in blue)

luminosity ranges.

4.5 Missing Transverse Energy

Neutrinos (and other particles that do not interact strongly or electromagnetically)
do not interact with the detector and carry away momentum that can be partially
inferred from momentum conservation in the transverse plane. The negative sum of
the transverse momenta of all particles observed in the detector is associated with
the sum of the transverse momenta of any neutrinos in the event. A similar inference
cannot be made about the longitudinal momentum, as the longitudinal momentum
of the partons involved in the hard scatter is not usually known.

In practice, missing transverse energy ([;) is computed through a vector sum
of the energies deposited in all the EM and fine HAD cells of the calorimeter (after
application of the T42 algorithm) [39]. Cells in the coarse HAD calorimeter are
only included in the calculation if they are part of a reconstructed jet passing all
selection cuts. Any corrections applied to reconstructed electrons and jets are also
propagated to the F. The lone exception is JSSR smearing, as applying this to the
B resulted in worse agreement between data and Monte Carlo. Since muons only
deposit a small fraction of their energy in the calorimeters, the E is also corrected

for any muons passing the selection criteria. Figure 4.6[ shows the observed linear
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Figure 4.6: I, resolution in GeV as a function of the square root of the scalar sum

of ET.

relationship between the F resolution along the x and y axes and the square root of

the scalar sum of Er from all objects in the event.
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Chapter 5

Data and Monte Carlo Samples

5.1 Dataset

The data used in this analysis were recorded from July 2002 to June 2009. This
comprises two separate run periods: Run Ila (or pl7) data were recorded from July
2002 to February 2006 and correspond to about 1.1 fb™! and Run IIb (or p20)
data were recorded from June 2006 to July 2009 and correspond to roughly 4.3 fb~1.
The period from February to June 2006 saw an upgrade of the detector, including
installation of a new central tracking system and a significant upgrade to the muon
system, therefore background modeling is done separately for the two run periods.
As our model for the signal contains two vector-like quarks which decay with
100% branching ratios to different decay products (see Section , the search is
conducted in two final states: (W — fv)qq, or “lepton—+jets,” and (Z — £f)qq, or
“dilepton—+jets.” The data in the lepton+jets final states are taken from the pl7
and p20 EMinclusive and MUinclusive skims produced by the D¢ Common Samples
Group [40], and represent 5.4 fb~! of Run II data. Data for the dilepton final states are
obtained from the p17 and p20 2EMhighpt and 2MUhighpt skims, also representing
5.4 fb=1. These skims are subsets of the complete data set recorded by D@; Table

shows the total number of events in each skim. Events are placed into different skims
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based on the reconstructed physics objects that they contain. Events in the skims

used in the lepton+jets and dilepton+jets analysis meet the following criteria:

e EMinclusive: one EM object with pr > 20 GeV or

one EM object with pr > 8 GeV and track pr > 5 GeV or

two EM objects each with pr > 7 GeV or

one EM object with pr > 12 GeV and Hmaz7 < 75 and a jet with

pr > 8 GeV.

e MUinclusive: one loose muon with pr > 8 GeV or

one loose muon with pr > 5 GeV and two tracks with pr > 8,5 GeV or

two loose muons with no pr requirement.

e 2EMhighpt: two EM objects with pr > 12 GeV or

one EM object with pr > 15 GeV and a track with pr > 7 GeV.

e 2MUhighpt: two loose muons with py > 10 GeV or

two loose muons, one with py > 15 GeV or

one medium muon with pr > 15 GeV and two tracks each with pr > 15

GeV.

Skim name

Number of events (millions)

EMinclusive
MUinclusive
2EMhighpt
2MUhighpt

980.3
1525
129.4
69.36

Table 5.1: Initial number of events in each data skim.
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Only good quality events are selected from these skims and used in the analysis,
using criteria determined by the Data Quality (DQ) Group [41]. These criteria include
complete detector read-out and the absence of known electronic noise patterns. All
runs marked as bad by the SMT, CFT, Calorimeter, and Muon systems are removed.
Luminosity blocks which are marked as bad by offline calorimeter selection are also
removed from the analysis. Additionally, individual events with known noise patterns
in the calorimeter are removed.

The dilepton analyses make no explicit trigger requirement, because the overall
trigger efficiency for this channel is expected to be very high owing to the presence
of two relatively high-pr leptons in the final state. However, this is not the case in
the lepton+jets analyses, so trigger requirements are imposed. The p+jets analysis
selects events using a logical OR of all triggers which require at least one muon, while
the e+jets analysis uses a similar logical OR selecting events with have passed at
least one electron+jets trigger. These choices were made in large part based on the
success other D@ analyses have had in modeling the effects of using these trigger
suites in Monte Carlo background predictions, as all signal and background MC must
be corrected for trigger efficiencies. In all analyses the luminosity is determined by
the fully unprescaled JT125 trigger. Table shows the luminosity for the dilepton

and lepton+jets analyses.

Run Period Delivered [pb™!] | Recorded [pb™!] | Good DQ [pb~!]
July 2002 - February 2006 1347.48 1244.66 1078.81
June 2006 - March 2008 1936.43 1787.37 1625.61
March 2008 - July 2009 294217 2823.22 2661.89
July 2002 - July 2009 6226.01 5855.19 5360.47

Table 5.2: Integrated luminosity delivered to and recorded by D@ and available for
the analysis (good DQ) in units of pb~.
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5.2 Monte Carlo Samples for Signal and Background

The vector-like quark signal Monte Carlo samples were generated using MADGRAPH [42]
with CTEQ6L1 [43] parton distribution functions (PDF). The implementation of the
model includes an up-type vector-like quark with charge 2/3 and a down-type vector-
like quark with charge -1/3. Couplings to SM quarks are set by the model-independent

parameter Kyq:

(S
KeQ = —FqQ (5.1)

mq
where /4o encodes the model-dependence of the coupling and is set to 1. We produce
samples with degenerate vector-like quarks, such that Br(Qp — Wq| = Br|Qu —
Zq] = 100% [9], equivalent to A,y = Kup = 1 and Kgqy = Kgp = 0. The final
cross-section limits for ) — Wq and ) — Zq are independent of this choice.

Heavy quark widths are mass-dependent, and are numerically calculated using
BRIDGE [44]. Parton shower evolution is performed with PyTHIA [45]. Signal samples
are produced with vector-like quark masses from 280 GeV/c? up to 700 GeV/c2.

Tables and show the cross-section, branching ratio, and number of gener-
ated events for each vector-like quark type and mass point. The branching ratios for
®Qp = Wq— lvqgand Qu — Zq — (lq are due to the forcing of leptonic gauge boson
decay in the second step, as the branching ratios for the first step are 100% in both

cases.

The W/Z+jets and t& (m, = 172.5 GeV/c?) background samples are generated
using ALPGEN [46] in tandem with the MLM jet-matching prescription [47]. ALPGEN
is used as the generator for the primary backgrounds (W/Z+jets) due to its ability to
model events with multiple hard jets via a 2 — n hard scatter (rather than the 2 — 2
processes generated by, for example, PYTHIA). The matching algorithm ensures that
hard jets (i.e. jets with large pr) are generated by ALPGEN at the parton level and

that PyTHIA fills in, via the parton shower, regions of phase space underpopulated by
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pp — Qpq — frvqqg MADGRAPH Monte Carlo Sets
Qp Mass [GeV/c?] | o [pb] BR  Number of Events

280 10.5  0.213 19745 (pl7)
19045 (p20)

320 5.52 18963 (p17)
19213 (p20)

360 3.03 19155 (p17)
18747 (p20)

400 1.73 12462 (pl7)
9969 (p20)

450 0.867 19801 (p17)
9097 (p20)

500 0.450 19620 (p17)
9767 (p20)

550 0.231 19671 (p17)
8257 (p20)

600 0.124 19825 (p17)
9100 (p20)

650 0.0637 18922 (p17)
9923 (p20)

700 0.0348 14778 (p17)
15342 (p20)

49

Table 5.3: The cross sections, branching fractions and initial numbers of events of the

®Qpq — Wqq — lvqqg MADGRAPH Monte Carlo samples for Run Ila (p17) and Run

IIb (p20). Branching fractions are the same for all listed samples.
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pp — Quq — llgqqg MADGRAPH Monte Carlo Sets
Qu Mass [GeV/c?] | o [pb] BR  Number of Events

280 3.10  0.067 19360 (p17)
11147 (p20)

320 1.60 19548 (p17)
19213 (p20)

360 0.863 19545 (p17)
18747 (p20)

400 0.480 18741 (p17)
9380 (p20)

450 0.237 18695 (p17)
9096 (p20)

500 0.119 19624 (p17)
8870 (p20)

550 0.0608 19516 (p17)
9123 (p20)

600 0.0315 19346 (p17)
9668 (p20)

650 0.0160 19654 (p17)
9846 (p20)

700 0.0085 15252 (p17)
12805 (p20)

20

Table 5.4: The cross sections, branching fractions and initial numbers of events of the

Quq — Zqq — tlqqg MADGRAPH Monte Carlo samples.
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the fixed-order calculation. Both the W and Z + heavy flavor (i.e. bb and cé) samples
are generated separately from light flavor (i.e. udsg) samples. Because PYTHIA is
allowed to generate heavy flavor from gluon splitting, such events are removed from
the light parton samples to avoid double-counting. The procedure for removing these
events is documented in Ref. [48]. The tf samples are scaled to the next-to-next-
to-leading-order (NNLO) [49] cross section for m; = 172.5 GeV/c?. The individual
W and Z+nlp samples are combined by their relative leading logarithm cross sections
as determined by ALPGEN and then further scaled by the commonly used ALPGEN

k-factors [50] shown in Table [5.5to correct the cross sections to next-to-leading-order.

k-factors for W/Z+jets ALPGEN Samples

Process Reco | k-factor
Z+jets pl7 1.30
p20 1.30

Z+cc+jets | pl7 | 1.30x1.67
p20 | 1.30x1.67
Z+bb+jets | pl7 | 1.30x1.52
p20 | 1.30%1.52

W+jets pl7 1.30
p20 1.30
W+cc+jets | pl7 | 1.30x1.47
p20 | 1.30x1.47
W+bb+ijets | pl7 | 1.30x1.47
p20 | 1.30x1.47

Table 5.5: k-factors for ALPGEN W and Z-+jets samples.

Single top (m; = 172.5 GeV/c?) background samples, used in the lepton + jets
analysis, are generated using CoMPHEP [51], with parton shower evolution per-

formed by PyTHIA [52].
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The Monte Carlo samples for diboson (i.e. WW, W + Z, and ZZ) production
are generated using PYTHIA with the CTEQG6L1 PDF set. All samples are decayed
inclusively. The samples are scaled to the NNLO cross sections [53].

For all processes, B-hadrons are decayed using EVTGEN [54] and tau leptons are
decayed using TAUOLA [55].

All Monte Carlo samples are processed through a GEANT-based [56] simulation
of the DO detector, and are overlayed with data events from randomly chosen bunch
crossings to simulate the effect of additional pp collisions and detector noise. The
instantaneous luminosity profile of these events is chosen to match the profile of Run
[Ta and Run IIb triggered data.

Tables contain listings of all Monte Carlo background samples used, in-

cluding subprocesses, cross sections times branching ratios and numbers of events.
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tt Monte Carlo Sets

Event Type Subprocess o -BR [pb] Number of Events
tt
(my = 172.5 GeV/c?)
4+ 0lp— 2020 2b+0lp  0.349 1516107 (p17)
tE+0lp — 2020 2b+0lp  0.352 749542 (p20)
i+ 1p—20202b+1lp  0.147 963057 (p17)
tt + 1lp — 20 2v 2b + 1lp 0.142 452177 (p20)
tH+2lp—20202b+2lp  0.112 701167 (pl7)
tt + 2lp — 20 2v 2b + 2lp 0.068 281453 (p20)
4+ 0lp — (v 2b g7 +0lp  1.398 771271 (pl7)
14+ 0lp — fv 2b qf +0lp  1.400 777068 (p20)
4+ 1lp — v 2bqf +1lp  0.589 492647 (p17)
tH+1lp — v 2bqf +1p  0.577 457782 (p20)
4+ 2lp — v 2b qq +2lp  0.422 288992 (p17)
t+2lp = v 2bqf +2p  0.267 321166 (p20)

Table 5.6: The cross sections times branching fractions and the initial numbers of
events of the tt ALPGEN Monte Carlo samples used in dilepton analyses for Run Ila

(p17) and Run IIb (p20). Branching fractions are the same for all listed samples.
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tt Monte Carlo Sets
Event Type Subprocess o -BR [pb] Number of Events
tt
(my = 170 GeV/c?)

H40lp— 202 2b+0lp  0.375 301180 (p17)
tE+0lp— 2020 2b+0lp  0.379 1506566 (p20)
4+ 1p — 2020 2b+1lp  0.156 149465 (p17)
H+1lp—202v2b+1lp  0.153 918361 (p20)
4 2lp =202 2b+2lp  0.072 74942(p17)

tt + 2lp — 20 2v 2b + 2lp 0.0853 288840 (p20)
tt + 0lp — fv 2b qq’ + Olp 1.55 977226 (pl7)
H40lp — fv 2b qff +0lp  1.52 871904 (p20)
tH+1p — v 2b qf +1p  0.600 877783 (p17)
H41lp — v 2bqq +1p  0.624 600399 (p20)
tH+2p— w2 qi +2lp  0.312 302011 (p17)
t+2lp — v 2b qf +2p  0.307 349273 (p20)

Table 5.7: The cross sections times branching fractions and the initial numbers of

events of the tt ALPGEN Monte Carlo samples used in the /+jets analyses.
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s-channel Single Top Monte Carlo Sets
Event Type Subprocess o - BR [pb] Number of Events
tb tb — evbb 0.363 291094 (p17)
(my = 172.5 GeV/c?) 0.363 248415 (p20)
tb — uvbb 0.363 289002 (pl7)
0.363 226343 (p20)
tb — Tvbb 0.363 288909 (pl17)
0.363 249947 (p20)

Table 5.8: The cross sections times branching fractions and the initial numbers of
events of the s-channel (tb) single top COMPHEP Monte Carlo samples used in the

(+jets analyses.

t-channel Single Top Monte Carlo Sets
Event Type Subprocess o - BR [pb] Number of Events
tgb tgb — evbgb 0.758 290065 (pl7)
(my = 172.5 GeV/c?) 0.758 273518 (p20)
tgh — uvbgh  0.758 289311 (p17)
0.758 274418 (p20)
tqb — Tvbgb 0.758 290066 (p17)
0.758 247397 (p20)

Table 5.9: The cross sections times branching fractions and the initial numbers of
events of the t-channel (tgb) single top CoMPHEP Monte Carlo samples used in the
(+jets analyses.
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Diboson Monte Carlo Sets
Event Type | Subprocess ¢ -BR [pb] Number of Events
Ww Inclusive 11.6 2053448 (p17)
593126 (p20)
W2z Inclusive 3.25 412762 (pl7)
434206 (p20)
Z7 Inclusive 1.33 296491 (p17)
271675 (p20)

Table 5.10: The cross sections times branching fractions and the initial numbers of

events of the diboson PyTHIA Monte Carlo samples.

W +jets Monte Carlo Sets
Subprocess o -BR [pb] Number of Events
W — v+ 0lp 4520 12526514 (pl7)
4510 40274534 (p20)
W —lv+1lp| 1280 0425157 (p17)
1280 8365020 (p20)
W — v+ 21p 304 4285002 (p17)
304 5936329 (p20)
W v+3lp| 727 3535816 (p17)
72.6 3754272 (p20)
W —tv+41lp 16.8 2493506 (p17)
16.8 2602738 (p20)
W +51p| 508 780938 (p17)
5.15 2044335 (p20)

Table 5.11: The cross sections times branching fractions and the initial numbers of

events of the W+jets ALPGEN Monte Carlo samples.
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W +jets Monte Carlo Sets
Event Type Subprocess o -BR [pb] Number of Events
W + cc
W —={lv+cc+0lp 23.3 1205996 (p17)
W — v +ce +0lp 24.5 934253 (p20)
W —lv+ce+ 1lp 13.9 740093 (p17)
W —={lv+4+cc+ 1lp 13.5 738709 (p20)
W — v +ce + 2 1p 5.57 342472 (pl7)
W — v +ce+ 21p 5.50 554236 (p20)
W —=tv+cc+3lp 2.24 446288 (pl7)
W —tv+cc+3lp 2.53 469900 (p20)
W + bb
W — lv+bb + 0lp 9.30 1372108 (p17)
W — v +bb+0lp 9.37 1104413 (p20)
W — v+bb+11p 4.14 666553 (p17)
W — v +bb+11p 4.30 782487 (p20)
W — lv+bb+2lp 1.58 248702 (p17)
W — v +bb+ 21p 1.57 523717 (p20)
W — fv+bb+ 31p 0.763 276900 (p17)
W — lv+bb + 3 1p 0.724 412747 (p20)

Table 5.12: The cross sections times branching fractions and the initial numbers of

events of the W + c¢é and W 4 bb ALPGEN Monte Carlo samples.
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Z+0lp Monte Carlo Sets

Subprocess Mass [GeV] o -BR [pb] Number of Events
Z —ete” 4+ 0Olp 15 < My <75 337 532867 (pl7)
337 1580862 (p20)
75 < Mz <130 132 2884817 (pl7)
132 1006195 (p20)
130 < Mz < 250 0.891 288923 (pl7)
0.891 352445 (p20)
250 < Mz < 1960 0.0692 199458 (p17)
0.0668 723691 (p20)
Z—=ptum +0lp 15<Mz<75 336 533270 (pl7)
344 1556802 (p20)
75 < Mz <130 132 2894120 (pl17)
134 1251862 (p20)
130 < Mz < 250 0.881 473275 (pl7)
0.887 351275 (p20)
250 < M < 1960 0.0677 197860 (p17)
0.0694 549457 (p20)
Z 1t +0lp  15< My <75 337 534038 (p17)
338 1113728 (p20)
75 < Mz <130 133 2848048 (pl7)
131 068412 (p20)
130 < Mz < 250 0.885 281921 (pl17)
0.922 358601 (p20)
250 < Mz < 1960 0.0658 192995 (pl17)
0.0672 535656 (p20)

o8

Table 5.13: The cross sections times branching fractions and the initial numbers of

events of the Z+0lp ALPGEN Monte Carlo samples.
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Z+11lp Monte Carlo Sets

Subprocess Mass [GeV] o -BR [pb] Number of Events
Z —ete” + 1lp 15 < My <75 40.3 426271 (pl7)
40 956175 (p20)
75 < My < 130 40.8 1799040 (p17)
40.1 566876 (p20)
130 < Mz < 250 0.373 181686 (p17)
0.376 179033 (p20)
250 < Mz < 1960 0.0344 94645 (pl7)
0.0358 520452 (p20)
Z—=ptum+1p  15<Mz<75 39.7 429859 (p17)
40.1 570408 (p20)
75 < Mz <130 40.6 1917640 (p17)
41.4 604493 (p20)
130 < Mz < 250 0.347 369868 (pl7)
0.359 170242 (p20)
250 < M < 1960 0.0374 95823 (pl7)
0.035 440553 (p20)
Z =71t + 1lp 15 < My <75 39.9 428065 (pl7)
39.9 528075 (p20)
75 < Mz <130 40.6 1881530 (p17)
40.3 562760 (p20)
130 < Mz < 250 0.34 183371 (p17)
0.375 171211 (p20)
250 < Mz < 1960 0.0353 90716 (pl17)
0.0363 461239 (p20)

29

Table 5.14: The cross sections times branching fractions and the initial numbers of

events of the Z+1lp ALPGEN Monte Carlo samples.
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Z+21lp Monte Carlo Sets
Subprocess Mass [GeV] o -BR [pb] Number of Events
Z —ete” 4 2lp 15 < My <75 10 162046 (p17)
9.95 549058 (p20)
75 < Mz <130 10 881188 (pl7)
9.98 267939 (p20)
130 < Mz < 250 0.0954 87783 (pl7)
0.102 160466 (p20)
250 < Mz < 1960 0.012 44507 (pl7)
0.0112 325986 (p20)
Z—=ptp +2lp 15<Mz;<75 9.92 162803 (p17)
0.87 275077 (p20)
75 < Mz <130 9.81 956045 (p17)
9.91 400558 (p20)
130 < Mz < 250 0.096 266045 (pl7)
0.0084 160267 (p20)
250 < M < 1960 0.011 43853 (pl7)
0.0105 326442 (p20)
Z 1t +2p  15< My <75 9.94 163473 (p17)
10 279564 (p20)
75 < My < 130 10 864222 (p17)
9.99 274324 (p20)
130 < Mz < 250 0.0993 86752 (pl7)
0.0972 162320 (p20)
250 < My <1960  0.0113 43695 (p17)
0.0109 329708 (p20)

Table 5.15: The cross sections times branching fractions and the initial numbers of

events of the Z+2lp ALPGEN Monte Carlo samples.
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Z+3lp Monte Carlo Sets

Subprocess

Number of Events

Z — ete + 3lp

Z = ptp~ + 3lp

Z — 1 1~ + 3lp

Mass [GeV] o - BR [pb]
15 < My <75 2.76
2.77
7 < Mz <130 3.15
3.3
130 < Mz < 250 0.0319
0.0331
250 < My < 1960 0.0039
0.00404
15 < My <75 2.81
2.84
7 < Mz < 130 3.06
3.25
130 < Mz < 250 0.0349
0.0335
250 < Mz < 1960 0.00407
0.00401
15 < My <75 2.78
2.77
75 < Mz < 130 3.18
3.1
130 < Mz < 250 0.0322
0.0362
250 < My <1960  0.00387
0.00406

78677 (pl7)
536343 (p20)
835696 (p17)
127038 (p20)
82057 (pl7)
300408 (p20)
39630 (p17)
301603 (p20)
78219 (p17)
267966 (p20)
934623 (pl7)
146250 (p20)
249232 (p17)
141929 (p20)
56575 (pl7)
301395 (p20)
77433 (p17)
278238 (p20)
828424 (pl7)
173657 (p20)
83736 (p17)
157799 (p20)
41067 (p17)
146464 (p20)

61

Table 5.16: The cross sections times branching fractions and the initial numbers of

events of the Z+3lp ALPGEN Monte Carlo samples.
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7, — ee + c¢ Monte Carlo Sets

Subprocess Mass [GeV] o -BR [pb] Number of Events
Z sete +0lp  15< My <75 4.08 194772 (p17)
4.09 182027 (p20)
75 < My < 130 0.9 202071 (p17)
0.901 182485 (p20)
130 < Mz < 250 0.00743 95499 (pl17)
0.0075 181778 (p20)
250 < Mz <1960  0.000661 192390 (p17)
0.000645 230882 (p20)
Z sete +1lp  15< My <75 1.04 87420 (p17)
1.03 180347 (p20)
75 < Mz <130 0.478 104998 (p17)
0.506 89293 (p20)
130 < My < 250 0.00457 47903 (p17)
0.00433 91938 (p20)
250 < Mz <1960  0.000434 194033 (p17)
0.000468 228935 (p20)
Zete +2p  15< My <75 0.347 101246 (p17)
0.382 172926 (p20)
75 < Mz <130 0.289 48597 (p17)
0.286 47357 (p20)
130 < Mz < 250 0.0028 48773 (pl7)
0.00267 93171 (p20)
250 < Mz <1960  0.000288 193856 (pl7)
0.000306 231974 (p20)

62

Table 5.17: The cross sections times branching fractions and the initial numbers of

events of the Z — ee 4+ ¢¢ ALPGEN Monte Carlo samples.
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7 — ee + bb Monte Carlo Sets

Subprocess Mass [GeV] o -BR [pb] Number of Events
Z sete +0lp  15< My <75 0.546 201637 (p17)
0.518 180549 (p20)
75 < Mz <130 0.395 200830 (p17)
0.401 200121 (p20)
130 < Mz < 250 0.00349 106152 (p17)
0.0034 90970 (p20)
250 < Mz <1960  0.000316 193233 (p17)
0.000305 190731 (p20)
Z—etem +1lp 1< Mz<T75 0.192 98780 (pl7)
0.207 90826 (p20)
75 < Mz <130 0.193 100608 (p17)
0.173 97474 (p20)
130 < Mz < 250 0.00171 11656 (pl7)
0.00167 47734 (p20)
250 < Mz <1960  0.000184 201073 (p17)
0.000201 183718 (p20)
Z —ete” 4 2lp 15 < My <75 0.0813 102688 (p17)
0.0783 91895 (p20)
75 < Mz <130 0.0973 49663 (pl7)
0.107 48269 (p20)
130 < Mz <250  0.000969 48519 (pl7)
0.000938 48934 (p20)
250 < Mz <1960  0.000113 193429 (pl17)
9.5¢-05 181942 (p20)
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Table 5.18: The cross sections times branching fractions and the initial numbers of

events of the Z — ee + bb ALPGEN Monte Carlo samples.
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Z — pp ~+ c¢ Monte Carlo Sets

Subprocess Mass [GeV] o -BR [pb] Number of Events
Z st +0lp  15< My <75 4.14 196941 (pl7)
4.14 180580 (p20)
75 < Mz <130 0.931 193789 (p17)
0.932 193928 (p20)
130 < Mz < 250 0.00745 96075 (pl7)
0.00756 79493 (p20)
250 < Mz <1960  0.000643 194548 (p17)
0.000622 191017 (p20)
Z = ptu +1p  15< My <75 1.12 100243 (p17)
0.953 93093 (p20)
75 < Mz <130 0.504 101903 (p17)
0.548 92744 (p20)
130 < Mz < 250 0.0046 47913 (pl7)
0.00439 45857 (p20)
250 < Mz <1960  0.000445 192766 (p17)
0.000439 170822 (p20)
Z s ptu +2p 15< My <75 0.374 97406 (p17)
0.343 95436 (p20)
75 < Mz <130 0.293 50563 (p17)
0.281 51277 (p20)
130 < Mz < 250 0.00278 48783 (pl7)
0.00283 47946 (p20)
250 < My <1960  0.000279 193214 (p17)
0.000262 181158 (p20)
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Table 5.19: The cross sections times branching fractions and the initial numbers of

events of the Z — up + ¢¢ ALPGEN Monte Carlo samples.
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Z — i+ bb Monte Carlo Sets
Subprocess Mass [GeV] o -BR [pb] Number of Events
Z sty +0lp 15< My <75 0.514 265270 (p17)
0.509 188546 (p20)
75 < Mz <130 0.404 193991 (p17)
0.424 210139 (p20)
130 < My < 250 0.00341 105284 (p17)
0.0034 90624 (p20)
250 < Mz <1960  0.000336 193218 (p17)
0.00034 178546 (p20)
Z—=ptp +1p 15< Mz <75 0.188 103150 (p17)
0.199 92018 (p20)
75 < My < 130 0.187 98877 (p17)
0.195 101055 (p20)
130 < Mz < 250 0.00174 48137 (pl7)
0.00184 46222 (p20)
250 < Mz <1960  0.000163 193985 (pl17)
0.000173 180821 (p20)
Z s ptu +2p 15< My <75 0.0782 102281 (p17)
0.0784 89922 (p20)
75 < Mz <130 0.105 50175 (p17)
0.099 49600 (p20)
130 < Mz <250  0.000966 47880 (pl7)
0.000884 45903 (p20)
250 < My <1960  0.000104 198791 (p17)
0.000106 187820 (p20)

Table 5.20: The cross sections times branching fractions and the initial numbers of

events of the Z — uu + bb ALPGEN Monte Carlo samples.
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7, — 77 4+ c¢ Monte Carlo Sets

Subprocess Mass [GeV] o -BR [pb] Number of Events
Z 1t +0lp  15< My <75 4.13 201925 (p17)
4.11 180024 (p20)
75 < Mz <130 0.907 196058 (p17)
0.898 260243 (p20)
130 < Mz < 250 0.00746 96318 (p17)
0.00743 91957 (p20)
250 < Mz < 1960 0.0006 193769 (p17)
0.000656 178927 (p20)
Z—1tr 4+ 1p 15<Mz<75 1.02 95266 (p17)
1.05 181402 (p20)
75 < Mz <130 0.505 97060 (p17)
0.488 100802 (p20)
130 < Mz < 250 0.00452 48303 (p17)
0.00441 48814 (p20)

250 < M, < 1960 0.000459 194802 (p17)
0.000466 181722 (p20)

Z 7t~ 4+2p 15< My <75 0.352 98947 (p17)
0.382 179172 (p20)

75 < My < 130 0.277 48058 (pl7)

0.298 50711 (p20)

130 < My <250 0.00274 47683 (pl7)

0.0025 46629 (p20)

250 < My < 1960  0.000279 199836 (p17)

0.000261 188560 (p20)

Table 5.21: The cross sections times branching fractions and the initial numbers of

events of the Z — 77 + ¢¢ ALPGEN Monte Carlo samples.
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7 — 77 + bb Monte Carlo Sets

Subprocess Mass [GeV] o -BR [pb] Number of Events
Z st 4+ 0lp  15< My <75 0.532 201732 (p17)
0.51 188371 (p20)
75 < My < 130 0.41 202015 (pl7)
0.424 196943 (p20)
130 < My < 250 0.00353 104451 (p17)
0.0034 89812 (p20)
250 < Mz <1960  0.000319 195386 (pl7)
0.000325 180448 (p20)
Z—1tr 4+ 1p 15<Mz<75 0.194 96058 (p17)
0.189 95704 (p20)
75 < Mz <130 0.191 101078 (p17)
0.197 103105 (p20)
130 < Mz < 250 0.00172 48481 (p17)
0.00171 46806 (p20)
250 < Mz <1960  0.000184 194791 (p17)
0.000158 182701 (p20)
Z =1t 4+ 2p 15 < My <75 0.0805 104491 (p17)
0.0801 91011 (p20)
75 < Mz <130 0.0946 50154 (p17)
0.104 48476 (p20)
130 < Mz <250  0.000955 48371 (pl7)
0.00103 45591 (p20)
250 < Mz <1960  9.82e-05 370388 (p17)
0.87¢-05 182382 (p20)
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Table 5.22: The cross sections times branching fractions and the initial numbers of

events of the Z — 77 + bb ALPGEN Monte Carlo samples.
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Chapter 6

Event Selection for the

()q — fvqq Analysis

6.1 Analysis Overview

The minimal distinguishing characteristic of down-type vector-like quark production
and decay is a resonance in the lepton-neutrino system (W — fv) in the presence of
at least two jets, one from the associated production of a SM quark and one from the
@ — Wyq decay (see Figure . Preselection cuts designed to choose high-quality

events of this kind are described in Section [6.2

Figure 6.1: Vector-like quark production and decay to Wgq.
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SM W +jets production with leptonic W boson decay dominates the background,
as the final state in these events contains the same objects as the signal. Also con-
tributing to the background are t¢ and single top events with one t — (W — (v)b
decay. Z+jets events can pass the preselection if one decay lepton from the Z boson
is not reconstructed (because, for example, it went into a poorly-instrumented region
of the detector). There are several combinations of decay modes and instrumental
factors which can cause SM diboson (WW, WZ and ZZ) events to mimic the final
state of the signal. Finally, QCD multijet production can satisfy the preselection
criteria if one jet is misidentified as a lepton. All backgrounds except QCD mul-
tijet production are modeled using Monte Carlo simulation; applied corrections for
well-known mismodeling effects in the MC are detailed in Section QCD multijet
production is modeled using data as described in Section [6.4

The preselection cuts described in this chapter are designed to produce a sample
that is signal-poor and suitable for verifying the modeling of the background in the
relevant kinematic region. Additional cuts to further isolate vector-like quark can-
didate events from SM background are detailed in Section [8.1.1) and the resulting

distributions are shown in Section [R.1.3

6.2 Preselection Cuts

Preselection cuts are applied in this analysis to select high quality W — er and
W — uv events both in the data and Monte Carlo.
e All events must satisfy the data quality criteria described in Section [5.1}

e There must be at least one hard scatter (primary) vertex in the event with at
least three associated tracks. This vertex must lie within 60 cm of the detector

center along the beam axis.

e Events must have at least two jets, each having pr > 20 GeV and |nt| < 2.5
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t

where 1% is pseudorapidity defined using detector coordinates. For events

recorded during Run IIb, the jets are required to be vertex-confirmed as de-

scribed in Section [4.4]

o [y +2MJ)Y > 80 GeV. A diagonal cut is applied in the F; — M}¥ plane, as
QCD multijet background tends to have low missing Er and low reconstructed

W transverse mass, defined as M} = \/ 2B rpr,,, (1 — cos[Ad(Hr, lep]). This is

shown in Figure [6.2]

e In the e+jets channel, one tight electron (see Section is selected with pp >
20 GeV in the central calorimeter (|ni| < 1.1). A veto is placed on events

containing any additional electrons with py > 15 GeV.

e In the p+jets channel, one “mediumnseg3” quality muon with tight isolation
(see Section is selected with pr > 20 GeV and || < 2. A veto is placed

on events with any additional mediumnseg3 muon with py > 15 GeV.

e Missing By > 20 GeV. The missing Er (¥;) takes into account the charged

lepton in the event.

P I R RVEN ERN I el
60 80 100 120 l:}40 100

P T L
120 140
m, v

tr

Figure 6.2: Missing Er vs W transverse mass for QCD multijet events (left) and W
boson MC events (right). The black line shows the applied cut.
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6.3 Monte Carlo Corrections

Monte Carlo events which pass the event selection are reweighted for several known
mismodeling effects. Individual events are assigned an overall multiplicative weight
based on the reweightings described below, and this weight is carried through the

analysis.

6.3.1 Luminosity and Primary Vertex Reweighting

All Monte Carlo events are overlaid with randomly triggered data events in order to
simulate the effects of multiple pp interaction in addition to the hard scatter. However,
the instantaneous luminosity profile of these events does not exactly match that of
the data recorded by the physics triggers. In addition, the MC is generated with
primary vertices which are more central along the 2z axis than those recorded in data.
We re-weight the MC to the luminosity and primary vertex z-position distributions

measured in data [57; 58].

6.3.2 W/Zpr Reweighting

ALPGEN, which is used to generate most of the simulated backgrounds, is known to
poorly model the transverse momentum distribution of the vector boson in V +jets
events at low pr (where V' denotes a W or Z boson) due to the dominance of non-
perturbative effects in this region. As the Z boson pr profile is well-measured in data,
the Monte Carlo is reweighted to better match the data in this distribution [59]. The
W boson pr distribution in W +jets events is treated in a similar manner [60]. Z boson
pr reweighting curves for 3 different dilepton mass bins are shown in Figure[6.3] The
reweighting function is dependent on the number of jets in the event, and the relevant

curves for this analysis (the 2-jet inclusive bin) are shown in blue.
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Figure 6.3: The reweighting function value as a function of the dilepton system
pr for events with no jets (red), one jet (green), and two or more jets (blue) in three
dilepton mass bins (15 < My < 40 GeV top left, 40 < My < 200 GeV top right,
200 < My < 250 GeV bottom left).
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6.3.3 Jet n and AR Reweighting

The fixed-order calculation implemented by ALPGEN and its matching to the par-
ton shower also produces known mismodeling effects in the angular distributions of
jets in V+4jets events, and the Monte Carlo is reweighted to better match the dis-
tributions measured in data and with other generators [61]. Specifically, the leading
and sub-leading jet n distributions are rescaled by the functions shown in Figure [6.4]
while the AR(j1, j2) (the AR between the two jets with the highest pr in the event)
is reweighted by the curve shown in Figure [6.5] A 15% systematic uncertainty is
assigned to the V-+jets samples to cover the shape and normalization discrepancies
between data and Monte Carlo. This uncertainty includes effects from vector boson

pr modeling in addition to the jet modeling discussed in this section.

Leading Jet ) Weight

3.5

Second Jet n Weight

Event Weight -J‘AR(iLi@

—
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(3]
-l
-
P

25

15

0.5

Figure 6.4: The reweighting curve applied to W and Z+ jets events as a function
of the jet n value. The green curve shows the full weight integrated over the spatial
separation between the two jets in the event. The red and blue curves show the

contributions from the leading and sub-leading jets, respectively.
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Figure 6.5: The reweighting function value as a function of AR(j1, j2) for p17 (red)

and p20 (blue) reco versions.
6.4 QCD Multijet Modeling and Normalization

Multijet production is a background of particular concern for the single-lepton chan-
nels. Jets can fake electrons via production of narrow, EM-like showers, while non-
isolated muons from jet punch-through or heavy flavor decays can mimic isolated
muons from W boson decays.

The contribution of multijet events is estimated using a Matrix Method [62] ap-
proach in the electron channel (see Section . An anti-isolation method [63] is
used for the muon channel (see Section [6.4.2).

In the following we use “QCD” as a shorthand for multijets.

6.4.1 Multijet background in the electron channel

We define three separate samples in data: Loose, where the selected electron satisfies
the loose criteria, tight, where the selected electron satisfies tight criteria, and orthog-
onal, orth, where the selected electron satisfies loose but not tight (see Section .
Each of these samples comprises signal events (with electrons from real W boson

decays, estimated from all simulated MC events) and QCD events:
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Nloose = 1Vsig + NQCD (61)
Ntight = Egig X Nsig + €Qcp X NQCD (62)
North - NlOose - Ntighta (63)

where e, (egcp) is the efficiency for signal (QCD) events which have passed the
loose selection to also pass the tight selection. These equations can be used to express

the composition of the tight preselection data sample in terms of Ny, and Ny

€QCcD

€ 1-— Esi si
1 : North + [1 - ( 9Cp ) : ( 9)] - N5 (64)
—€QCD

tight?
1- €QCp Esig g

Ntight -

where Nt‘zigght = €5ig X Nyig. The coefficient for N, is applied to all orthogonal events,
and determines the shape and normalization of the QCD multijet contribution to the
tight preselection sample. The coefficient for fogght is applied to all MC passing
the tight selection, to correct for leakage of real W bosons into the orthogonal data

sample.

Derivation of ¢,
Esig i determined from tag-and-probe studies on Z — ee events [30]. The efficiency is
modeled one-dimensionally in bins of electron pr, and the ratio between the efficiency

for tight and loose electrons is fitted with the following function:

. a-p%+b-pr+c if pr <45 GeV (6.5)
" 0.87 if pp > 45 GeV,

where a = —3.22 - 107°, b = 4.04 - 1073 and ¢ = 0.76, and shown in Figure [6.6]

Derivation of gcp
The fake rate is measured in data events with ¥, < 10 GeV. egop is derived from

the ratio of tight to loose samples, where contributions from the signals, i.e. other
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Figure 6.6: £, as a function of electron pr. Dots with error bars represent the
measured relative efficiency for tight and loose electrons, and the black line is the fit

function given by Eq. [6.5]

Standard Model backgrounds, are subtracted:

Datayigny — (Wjets + Zjets + top + Diboson)ign
Datay,ese — (Wjets + Zjets + top + Diboson) pese

eqep(pr) = (6.6)

We make the assumption that egcp depends on the angle between the lepton and
7 in transverse plane A¢(EM ;) and the electron’s 1y (the latter is used for Run

ITa data only). The dependence of egcp on the electron pr is given by:
ocp = e—par(0]-pr+par(l] —|—par[2] —|—pa7"[3] * Dr. (67)

This is shown in Figure [6.7) for Run IIb.

6.4.2 Multijet background in the muon channel

Section describes the calorimeter and tracker isolation requirements used to pre-
select muons coming from real W bosons. To estimate the shape of the multijet
background, we reverse our isolation criteria in data passing all other pre-selection
requirements. To correct the anti-isolated data for real W boson events failing the

isolation criteria, anti-isolated MC samples are subtracted in three distributions: Er,
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Figure 6.7: egcp for the electron channel (p20).

Py, and M. Bin-by-bin weights are then determined in each of the three distribu-
tions:

ged_weight x NPATA —— NyDATA MO (6.8)

anti—iso anti—iso antt—iso*

Reweighting the anti-isolated data events using the average of the Er, p., and M}
weights gives us shapes close to the original NDAT4 — NMC . - shown in Figure [6.8]

To estimate the number of background QCD events, a MINUIT fit to the M}
distribution is performed using isolated MC, letting the V+Jets scale factor (s fqctor)
and QCD normalization float to get a best fit to isolated DATA. In order to remove
a potential bias caused by the sgqcior, the process of finding the Br, p, and MY
weights is repeated after applying the sf4et0r (bootstrapping), and a second MINUIT
fit is performed. To remove any bias introduced by the choice of binning in the
M} distribution, 30 distributions with random binning are generated, and the fit
is performed separately on each of them. The QCD normalization for all data-MC

comparisons is taken from the average of the 30 fits, as is the final applied s ¢qctor,

which is 1.24 for p17 and 1.02 for p20.
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Figure 6.8: W transverse mass (top left), Br(top right) and muon py (bottom) for
the p20 muon channel. The black histogram is anti-isolated data, blue is anti-isolated
MC, green is anti-iso (data - MC), red is reweighted anti-iso data (QCD), and purple
is anti-isolated MC + QCD.

6.5 Comparison of the Data with the Background
Expectation

Once all Monte Carlo corrections have been applied, and the QCD modeling and
normalization has been performed, we can see how well the background expectation
agrees with the observed data at preselection level. Expected and observed urjj and
evjj event counts, along with theoretical signal yields, are shown for Run Ila and
Run IIb in Table [6.1], and for total Run II combined in Table [6.2]

Figures [6.946.18| compare the combined pl7 and p20 data in e+jets and p+jets

events with the background expectations.
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Expected and Observed Yields for p17 and p20 e+jets and p+jets events

79

Source pl7 e+jets | p17 p+jets | p20 e+jets | p20 p+jets
QCD Multijet 4002+24 553+16 8711438 136627
Z+jets 106647 1292+6 2133424 3126423
W +jets 15844447 | 11288437 | 37455+111 | 28497462
top 60741 73542 204944 1073+2
Diboson 374+1 42242 1091+9 847+£7
Background Sum 21894453 | 14291440 | 51440+£120 | 34909+71
Data 21463 14252 51097 35285
Qq — lvqq(M=280 GeV) 49347 387+6 1584+30 1395425
Qq — lvqq(M=320 GeV) 273+4 21043 887+16 760+14
Qq — lrgq(M=360 GeV) |  156+2 12342 511410 44448
Qq — lvqq(M=400 GeV) 91.9+2 66.2+1.3 20347 27346
Qq — lvqqg(M=450 GeV) | 46.3+0.7 35.8+0.5 15344 13743
Qq — lrgg(M=500 GeV) | 24.840.4 | 18.5+0.3 | 79.0+1.9 | 73.1+1.7
Qq — lvgg(M=550 GeV) | 13.0£0.2 | 9.440.1 | 41.841.1 | 37.3+0.9
Qq — lvqqg(M=600 GeV) | 7.1£0.1 5.240.1 22.54+0.6 20.24+0.5
Qq — lvqq(M=650 GeV) 3.6+0.1 2.710.04 11.64+0.3 10.340.2
Qq — lvqqg(M=700 GeV) | 2.0£0.03 1.440.03 6.6+0.1 5.3+0.1

Table 6.1: Estimated background yields and number of observed data events after the

lvjj preselection. Estimated signal yields for down-type vector-like quark production

and decay using the same selection are also shown. The quoted errors are due to

limited statistics.
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Combined Run II Expected and Observed Yields for {+jets events.

Source evjj events | uvjj events | (vjj events
QCD Multijet 12713445 1919431 14632+55
Z+jets 3200425 4417423 7617+34
W +jets 53298+121 | 39785+72 | 930831140
top 2657+4 180843 4465+5
Diboson 1465+9 1270+£7 2735£12
Background Sum 73333+131 | 49199482 | 122533£155
Data 72560 49537 122097
Qq — lvqqg(M=280 GeV) | 2076+31 1782426 3859440
Qq — tvgqg(M=320 GeV) | 1160417 970414 213122
Qq — lvgq(M=360 GeV) 667+10 566+8 1233+13
Qq — lvqq(M=400 GeV) 385+8 339+7 724410
Qq — lvqq(M=450 GeV) 19944 17343 3735
Qq — tvgqg(M=500 GeV) | 1042 91.541.7 19543
Qq — (vgg(M=550 GeV) | 54.8+1.1 | 46.820.9 102+1.4
Qq — lvqqg(M=600 GeV) | 29.7+0.6 25.4+0.5 55.0+0.8
Qq — lvgq(M=650 GeV) 15.34+0.3 12.940.2 28.240.4
Qq — lvqgq(M=700 GeV) 8.6+0.1 6.7+0.1 15.3+0.2

Table 6.2: Estimated background yields and number of observed data events after the
lvjj preselection. Estimated signal yields for down-type vector-like quark production
and decay using the same selection are also shown. The quoted errors are due to

limited statistics.
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Figure 6.9: Comparison of the instantaneous luminosity (top row), z position of the

primary vertex (middle row) and AR(j1,j2) (bottom row). V+jets refers to combined

W+jets and Z+jets. Distributions are shown with linear scale at left, and log scale

at right.
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Preselection Plots For the e-+jets Final State (2)
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Figure 6.10: Comparison of the electron pr (top row), missing Er (middle row) and
M7 (bottom row). Distributions are shown with linear scale at left, and log scale at

right.
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Preselection Plots For the e+jets Final State (3)
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Figure 6.11: Comparison of the Run Ila jet multiplicity (top row), Run IIb vertex-
confirmed jet multiplicity (middle row) and leading jet pr (bottom row). Distributions

are shown with linear scale at left, and log scale at right.
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Preselection Plots For the e+jets Final State (4)
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Figure 6.12: Comparison of the sub-leading jet pr (top row), electron 1 (middle row)
and A¢(e, fr) (bottom row). Distributions are shown with linear scale at left, and
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Preselection Plots For the e+jets Final State (5)
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(M2)2 = (| /p%,, + My, +p1,)* — (Pry + Pr;)®. Shown with linear scale at top,

and log scale at bottom.
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Preselection Plots For the u+jets Final State (1)
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Figure 6.14: Comparison of the instantaneous luminosity (top row), z position of the

primary vertex (middle row) and AR(jy,72) (bottom row). Distributions are shown

with linear scale at left, and log scale at right.
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Preselection Plots For the u+jets Final State (2)
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Figure 6.15: Comparison of the muon pr (top row), missing Er (middle row) and
M7 (bottom row). Distributions are shown with linear scale at left, and log scale at

right.
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Preselection Plots For the u+jets Final State (3)
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Figure 6.16: Comparison of the Run Ila jet multiplicity (top row), Run IIb vertex-
confirmed jet multiplicity (middle row) and leading jet pr (bottom row). Distributions

are shown with linear scale at left, and log scale at right.
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Preselection Plots For the u+jets Final State (4)
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Figure 6.17: Comparison of the sub-leading jet pr (top row), muon 7 (middle row)
and A¢(u, £r) (bottom row). Distributions are shown with linear scale at left, and

log scale at right.
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Preselection Plots For the u+jets Final State (5)
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Figure 6.18: Comparison of the vector-like quark transverse mass,

(M2)2 = (| /p%,, + My, +p1,)* — (Pry + Pr;)®. Shown with linear scale at top,
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Chapter 7

Event Selection for the

(Qq — tlgq Analysis

7.1 Analysis Overview

The minimal distinguishing characteristic of up-type vector-like quark production and
decay is a resonance in the dilepton system (Z — ¢¢) in the presence of at least two
jets, one from the associated production of a SM quark and one from the ) — Zgq
decay (see Figure . Preselection cuts designed to choose high-quality events of this
kind are described in Section [7.2l

Figure 7.1: Vector-like quark production and decay to Zgq.
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As no explicit trigger selection is imposed for the dilepton channels, we must
normalize the background prediction to account for the implicit trigger efficiency in
the data. This procedure is described in Section [7.3] Other Monte Carlo corrections,
similiar to those used in the /+jets analyses, are described in Section [7.4. Finally,
Section describes the methods used to model and normalize the QCD multijet
background in the dilepton analyses.

The preselection cuts listed below produce a sample that is very low in signal and
is used for verifying the background modeling techniques. Additional cuts to further
isolate up-type vector-like quark candidate events from SM background are detailed

in Section [8.2.1, and the resulting distributions are shown in Section [8.2.2]

7.2 Preselection Cuts

Preselection cuts are applied in this analysis to select high quality Z — ee and

Z — pp events both in the data and Monte Carlo.

e All events must satisfy the data quality criteria described in Section [5.1]

e There must be at least one hard scatter (primary) vertex in the event with at
least three associated tracks. This vertex must lie within 60 cm of the detector

center along the beam axis.

e Events must have at least two jets with pr > 20 GeV. No vertex confirmation

requirement is imposed.

e In the ee+jets channel, two top_loose electrons are selected with pr > 20 GeV
in either the CC (|nt] < 1.1) or EC (1.5 < |n%*| < 2.5) region. A veto is

placed on any additional electrons with pr > 15 GeV.

e In the pu+jets channel, two muons are selected with py > 20 GeV and |npd°t| < 2.

The product of the sum of the muons’ track and calorimeter scaled isolations is
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required to be less than 0.03 (see Section [4.3).

e I < 50 GeV. As our final state contains no neutrinos, ¥, in the dilepton
analyses is assumed to arise from poorly-measured jets. The [ is corrected for

the two leptons in the event.

e The invariant mass of the two leptons is required to be consistent with a Z

boson: 70 GeV < My < 110 GeV.

7.3 Corrections for Trigger Effects

The absence of an explicit trigger selection can manifest itself in two ways in our
background prediction. One is in the lepton py distribution at low pr, due to the
turn-on effects of the implicit trigger requirement. However, this effect is negligible
in this analysis, as our preselection cut of lepton pr > 20 GeV removes the affected
region.

The other effect is seen in the overall background normalization, due to the effi-
ciency of the implicit trigger requirement. This efficiency can be measured in data,
given an accurate prediction for the expected number of Z boson events [70]. The
same efficiency is applied to all other Monte Carlo background and signal samples,
since each has a similar or harder lepton pr spectum. It is determined through the

relation

NData

fec= ET]ZVNLO’ (7.1)

where Npu, is the number of events seen in data, £ is the integrated luminosity,
and o) VLO is the next-to-next-to-leading order calculation of the inclusive Z boson
cross section. To determine the normalization in a region free from both non-Z boson

events and any possible signal contamination, the following sample was used:

e Missing Er < 50 GeV to remove tt and diboson backgrounds.
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e 70 < M(Z — tf) < 110 GeV.

o Pr(Z — ) <100 GeV.

e AR((T,07) > 2.0.

e Veto on any additional leptons.

The derived global normalizations applied to pl17 and p20 Monte Carlo back-
grounds are shown in Table [7.I] More details on the normalization process can be
found in Ref. [64]. The results are in broad agreement with previous measurements

at DO [65; [66; 67].

7 Normalization Factors

Reco Version | Final State | Normalization Factor
pl7 Z —ete 0.99 £+ 4%
pl7 Z = ptus 0.91 + 4%
p20 7 —ete” 0.87 + 4%
p20 Z — utp~ 0.73 + 4%

Table 7.1: Global normalization factors (fz) for p17 and p20 for both Z — eTe™ and
Z — putp~ samples. The 4% uncertainty arises from the theoretical uncertainty on

the Z boson production cross section.

7.4 Monte Carlo Reweighting

Background Monte Carlo samples in the dilepton+jets analysis suffer from many of
the same mismodeling issues as the /+jets analysis. We therefore apply instantaneous

luminosity and primary vertex reweighting, vector boson pr reweighting, and jet n

and AR reweighting, as detailed in Sections [6.3.1], [6.3.2, and [6.3.3]
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Additionally, the Z+jets Monte Carlo is reweighted to address ALPGEN’s imper-
fect modeling of jet multiplicity in the final state. Similar to the AR reweighting,
Z+2 or more jet events are made to agree with the number of Z — ¢ data events
with two or more jets [68]. The reweighting factor is determined in a region free from
any possible signal contamination (AR(¢1,¥¢3) > 2.5). Table shows the average
scaling factor applied to the Z+jets MC in each sub-sample.

As stated in Section a 15% systematic uncertainty is associated with these
reweightings which represents the maximum amount by which the Z+ > 2 jets Monte

Carlo must be scaled.

Z+jets Scaling Factors for Z+ > 1 Jet Events

Reco Version | Final State | Dijet Scaling Factor
pl7 Z —ete” 1.02 £ 15%
pl7 Z — putps 1.02 £ 15%
p20 Z —ete” 0.98 + 15%
p20 Z = ptus 1.00 + 15%

Table 7.2: Scaling factor for Z — ({+jets Monte Carlo events in events with two or

more jets.

7.5 Multijet Modeling and Normalization

The QCD multijet background is modeled using an em-like and a muon-in-jet multijet
data sample. In the dielectron channel, objects that pass all electron ID criteria except
the Hma7 > 50 cut (see Section are selected to model a jet faking an electron. In
the dimuon channel, muons that pass all muon ID criteria except the joint isolation
criterion (see Section are selected to model a jet faking a muon. In both channels,
events with two such objects are required, and they must also pass all other event

selection criteria.
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Normalization of this background is performed in the region relatively free from
Z — Ul events described below. A 100% systematic uncertainty is assigned to the
modeling of this background due to the limited statistics of the reversed isolation /
H-matrix sample. While this systematic uncertainty is large the net effect is negligible
after the signal selection cuts are applied as seen in Section [8.2.2]

The following cuts are applied to select events for this sample.

Require the dilepton mass be between 40 and 70 GeV to remove Z — ({ events.

Require missing Er < 25 GeV to remove W+jets and tt.

Require each lepton pr < 40 GeV to remove any remaining Z events.

Require AR(ly,13) > 2.0 to remove any remaining possible signal.

Table [7.3|shows the amount by which the multijet events must be scaled to match
the data in this region. These weights are used to normalize the multijet sample in
the dilepton analysis. More details on the dilepton QCD method can be found in
Ref. [64].

Normalization Factors

Reco Version | Final State | Scaling Factor
pl7 Z —ete” | 1.344+100%
pl7 Z — ptp | 1.544+100%
p20 Z —ete” | 290+ 100%
p20 Z = ptum | 3.20 £ 100%

Table 7.3: QCD multijet scaling factors for both p17 and p20 reco version and both

dielectron and dimuon samples.
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7.6 Comparison of the Data with the Background
Expectation

Once the Monte Carlo distributions are have been reweighted to correct known poor
modelings we are ready to judge the overall level of agreement between data and
the background estimation after preselection. Table [7.4] shows the expected and
observed number of events for pl17 and p20 dielectron and dimuon events passing
the preselection cuts described in Section [7.2] The combined Run II data values are
shown in Table [7.5]

The following Figures ([7.2H7.11]) compare the p17 and p20 data in dielectron and

dimuon events with the background expectations.



CHAPTER 7. EVENT SELECTION FOR THE QQ — 0(QQ ANALYSIS 98

Expected and Observed Yields for p17 and p20 dielectron and dimuon events

Source pl7 ee pl7 pp p20 ee p20 pup

QCD Multijet 20.4+5.0 53.4+7.8 52+73 159422

Z+jets 1167+6 155447 3685+30 | 4064426

W +jets 1.1+0.2 0.14+0.1 3.14+0.6 0.5+0.1

tt 2.04+0.03 2.1£+0.03 8.14+0.2 5.840.1

Diboson 19.5+0.3 23+0.3 66.9£1.1 | 58.040.9

Background Sum 12124£8 1633+10 | 3815+32 | 4287+35
Data 1281 1485 3775 4114

Qq — llgq(M=280 GeV
Qq — lgq(M=320 GeV
Qq — llgq(M=360 GeV

( )| 31.640.6 | 232405 | 117+3.1 | 82.1+24

( )| 16.740.3 | 12.1+0.3 | 60.0+£1.2 | 42.3+0.9

( )| 9.620.2 6.50.1 | 34.0£0.7 | 24.240.6

Qq — llgg(M=400 GeV) | 5.74+0.1 3.620.1 | 20.840.5 | 13.040.4
Qq — llgg(M=450 GeV) | 2.940.05 | 1.7+0.04 | 10.1£0.3 | 6.240.2
Qq — lgg(M=500 GeV) | 1.53+0.03 | 0.82+0.02 | 5.3£0.1 | 3.240.1
Qq — llgg(M=550 GeV) | 0.7940.01 | 0.40+0.01 | 2.940.1 | 1.440.04

Qq — (gq(M=600 GeV) | 0.43+0.01 | 0.2040.005 | 1.540.04 | 0.75+0.02

Qq — lgg(M=650 GeV) | 0.2240.004 | 0.09+0.002 | 0.8040.02 | 0.3240.01

Qq — lgq(M=700 GeV) | 0.1240.002 | 0.0520.001 | 0.4240.01 | 0.17+0.01

Table 7.4: Estimated background yields and number of observed data events passing
preselection cuts. Also shown is the estimated signal yield for up-type vector-like
quark production and decay using the same selection. The quoted errors are due to

limited statistics.
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Combined Run IT Expected and Observed Yields for ¢¢+jets events

Source dielectron events | dimuon events | Combined Run II

QCD Multijet 72.2+13.5 212+24 285£27
Z+jets 48544-0.30 5618427 10473441

W +jets 4.1£0.7 0.5+0.2 4.7+0.7

tt 10.14+0.2 7.940.1 18.04+0.2

Diboson 86.4+1.2 81.0£1.0 167+2
Background Sum 5027433 5920+36 10947+49

Data 5056 5599 10655

Qq — 00gq(M=280 GeV 14843 10642 9254+4

Qq — (0gq(M=320 GeV 76.741.2 54.840.9 13242
Qq — lqg(M=360 GeV 43.6£0.7 30.9+0.5 74.5+0.9
Qq — 0gg(M=400 GeV 26.540.5 16.740.4 43.240.7
Qq — llgq(M=450 GeV 13.0+0.3 7.9+0.2 20.9+0.3
Qq — 0gq(M=500 GeV 6.820.1 4.140.1 10.940.2

Qq — lgg(M=550 GeV 3.7+0.1 1.940.05 5.6+0.1
Qq — llgq(M=600 GeV 1.940.04 0.9640.02 2.940.05
Qq — lgg(M=650 GeV 1.0+0.02 0.4240.01 1.440.02
Qq — lqqg(M=700 GeV 0.54+0.01 0.22+0.01 0.76+0.01

Table 7.5: Estimated background yields and number of observed data events passing

preselection cuts.

Also shown is the estimated signal yield for up-type vector-like

quark production and decay using the same selection. The quoted errors are due to

limited statistics.
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Figure 7.2: Comparison of the instantaneous luminosity (top row), z position of the

primary vertex (middle row) and AR(jy,72) (bottom row). Distributions are shown

with linear scale at left, and log scale at right.
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Preselection Plots for the ee+jets Final State (2)
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Figure 7.3: Comparison of the leading electron pr (top row), sub-leading electron pr
(middle row) and dielectron mass (bottom row). Distributions are shown with linear

scale at left, and log scale at right.
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Figure 7.4: Comparison of the AR(ey,e2) (top row), leading jet pr (middle row) and

sub-leading jet pr (bottom row). Distributions are shown with linear scale at left,

and log scale at right.
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Preselection Plots for the ee+jets Final State (4)
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Figure 7.5: Comparison of the leading electron 7 (top row), sub-leading electron 7
(middle row) and pr of the dilepton system (bottom row). Distributions are shown

with linear scale at left, and log scale at right.
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Preselection Plots for the ee+jets Final State (5)
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Figure 7.6: Comparison of the dielectron + leading jet invariant mass, M.e;,. Shown

with linear scale at top, and log scale at bottom.
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Figure 7.7: Comparison of the instantaneous luminosity (top row), z position of the

primary vertex (middle row) and AR(jy,72) (bottom row). Distributions are shown

with linear scale at left, and log scale at right.
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Preselection Plots for the ppu+jets Final State (2)
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Figure 7.8: Comparison of the leading muon pr (top row), sub-leading muon pr

(middle row) and dimuon mass (bottom row). Distributions are shown with linear

scale at left, and log scale at right.
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Preselection Plots for the pu-+jets Final State (3)
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Figure 7.9: Comparison of the AR(u1, p2) (top row), leading jet pr (middle row) and
sub-leading jet pr (bottom row). Distributions are shown with linear scale at left,

and log scale at right.
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Preselection Plots for the pu+jets Final State (4)
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Figure 7.10: Comparison of the leading muon 7 (top row), sub-leading muon 7 (middle
row) and pr of the dilepton system (bottom row). Distributions are shown with linear

scale at left, and log scale at right.
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Preselection Plots for the pu-+jets Final State (5)
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Figure 7.11: Comparison of the dimuon + leading jet invariant mass, M, Shown

M-

with linear scale at top, and log scale at bottom.
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Chapter 8

Signal Enhancement

The signal-to-background ratio in the preselection sample is very low, as the purpose
of the preselection stage is to verify that the background modeling reproduces the
data. This chapter describes the signal enhancement procedure designed to isolate

events consistent with a vector-like quark. Section (8.2) describes this process for

the single lepton (dilepton) analysis.

8.1 Signal Enhancement for the ()¢ — /vgq Analy-
sis

This section describes the signal enhancement cuts applied to the data and the
background prediction in order to reduce the large SM W -+jets background in the
Qq — lvqq searches. The cuts are designed to select events with kinematic features
characteristic of a massive particle (M > 300 GeV/c? ] decaying to a W boson and a
quark and also to further reduce contamination from poorly-measured QCD events.
These cuts are detailed in Section[8.1.1} An additional selection, targeted at a specific

signature of down-type vector-like quark phenomenology, is described in Section[8.1.2]

Wector-like quark masses below this are excluded by previous experiments.
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The resulting event yields for data and background, as well as relevant distributions

after final event selections, can be found in Section [8.1.3]

8.1.1 Final Selection Cuts

The following cuts were designed to isolate vector-like quark candidate events.

e Lepton pr > 50 GeV.

e Leading jet pr > 100 GeV. The leading jet in the event is assumed to originate
from the heavy vector-like quark decay (see Figs. and |6.16]).

o [y > 40(50) GeV for the uvjj (evjj) channel. The electron analysis has a

larger QCD multijet background at preselection, which is compensated by a

harder F cut (see Figs. and [6.15)).

o A¢(l, By) < 2.0. The W boson from the @ decay is significantly boosted,

therefore the opening angle between the lepton and the neutrino is small (see

Figs. and .

o M} < 150 GeV. The signal contains real W bosons and no other source of real

Br (see Figs. and [6.15)).

® (¢ x n;, > 0. A relationship between the lepton charge and the pseudorapidity
of the sub-leading jet is exploited. This relationship is discussed in further detail

in Section R.1.2

8.1.2 W — fv Charge and Jet n

As mentioned above, the leading jet in the event is assigned to the vector-like quark
decay. The sub-leading jet is therefore assigned to the SM quark produced in asso-
ciation with the vector-like quark at the primary vertex. In signal events, this jet

tends to be produced either forward or backward, rather than in the central region of
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the detector. Furthermore, whether the jet is backwards or forwards in 7 is strongly
correlated with the production of a down-type or anti-down-type heavy quark. Since
this in turn determines the W boson charge from the heavy quark decay, we apply
a cut Q¢ x nj, > 0, where @)y is the charge of the lepton in the event and 7;, is the
eta of the jet in the event with the second-highest p7. This cut is approximately 85%
efficient for the signal at all mass points (see Fig. , while reducing the background,

which is symmetric in that distribution, by roughly a factor of two.

—— M, = 400 GeV
— M, =500 GeV
M, = 600 GeV

TTT‘TTH TTTT‘TTTWTTTT‘TTTT“TTTITTTT

~25
n

Figure 8.1: The distributions of sub-leading jet n for three down-type vector-like

quark masses (solid lines). The result of multiplying by the charge of the lepton in

the event is shown by the dashed curves.

8.1.3 Results of Final Selection

Expected and observed prjj and erjj event counts, along with theoretical signal
yields, after final selection cuts are shown in Table[8.1] Cumulative efficiencies for each
final selection cut relative to the preselection sample are shown in Tables and [8.3]
Figures compare the combined Run II data in the two channels with the
background expectations. Included is the vector-like quark transverse mass, or MIQ ,

defined as
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(MYQ)Q - (\/p%“w + MI%V +ij)2 - (ﬁTW +ﬁTj)27 (81)

where My, = 80.3 GeV/c? is the W boson mass. M is used as the final search

variable in the fvjj analysis.
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Combined Run IT Expected and Observed Yields for /+jets Events After Final

Selection
Source evjj events | urjj events | fvjj events
QCD Multijet 38.0+2.0 9.7£2.0 AT.7£2.8
Z+jets 4.440.5 35.5+1.8 39.9+1.8
W+jets 511.7+10.1 390+6 901+12
top 117.2+1.0 75.64+0.6 193+1
Diboson 21.1+£1.1 17.6+0.8 38.6+1.4
Background Sum 692+10.4 528+7 1220+£12
Data 618 557 1175
Qq — lvqq (M=280 GeV) 380+13 369+12 T48+18
Qq — lvqq (M=320 GeV) 346+9 313+8 659412
Qq — lvqq (M=360 GeV) 26446 20245 46748
Qq — lvqq (M=400 GeV) 182+5 158+5 34047
Qq — lvqq (M=450 GeV) 111+£3 89.1+2.3 20044
Qq — lvqq (M=500 GeV) | 63.4+1.5 53.0£1.3 116+2
Qq — lvqq (M=550 GeV) | 35.540.9 27.6£0.7 63.2+1.1
Qq — lvqq (M=600 GeV) | 20.14+0.5 15.6+0.4 35.7£0.6
Qq — lvgq (M=650 GeV) | 10.8£0.2 8.2+0.2 19.0+0.3
Qq — lvqq (M=700 GeV) 6.1£0.1 4.440.1 10.5+0.1

Table 8.1: Estimated background yields and number of observed data events after final
selection criteria are applied. Estimated signal yields for vector-like quark production
and decay using the same selection are also shown. The quoted errors are due to

limited statistics.
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Final Selection Cut Efficiencies for e+jets Events

Source pr. Dr; Br | AG(C Br) | M7 | Qe X,
QCD Multijet 11.4% | 2.0% | 0.4% 0.4% 0.4% 0.2%
Z+jets 27.6% | 4.6% | 0.3% 0.2% 0.2% 0.1%
W+jets 16.4% | 2.4% | 1.1% 1.0% 1.0% 0.5%
top 38.4% | 14.6% | 8.6% 7.8% 7.7% 3.9%
Diboson 183% | 32% | 1.9% 1.8% 1.8% 0.8%
Background Sum 16.8% | 2.9% | 1.2% 1.1% 1.1% 0.6%
Data 16.0% | 2.6% | 1.2% 1.1% 1.1% 0.5%

56.9% | 41.2% | 23.8% | 23.6% | 23.6% | 17.5%
63.8% | 53.4% | 36.1% | 35.9% | 35.9% | 28.7%
73.3% | 65.9% | 48.5% | 48.3% | 48.3% | 39.6%
Qq — lvqq (M=400 GeV) | 76.4% | 71.6% | 57.1% | 57.0% | 57.0% | 47.6%
Qq — tvqq (M=450 GeV) | 81.9% | 79.0% | 65.8% | 65.8% | 65.8% | 55.9%

Qq — lvqq (M=280 GeV)
( )
( )
( )
( )
Qq — lvqq (M=500 GeV) | 84.8% | 82.3% | 70.9% 70.9% 70.9% | 61.3%
( )
( )
( )
( )

Qq — lvqq (M=320 GeV
Qq — lvqq (M=360 GeV

Qq — tvqq (M=550 GeV) | 88.7% | 86.4% | 76.5% | 76.5% | 76.4% | 65.0%
Qq — tvqq (M=600 GeV) | 88.8% | 87.6% | 79.3% | 79.3% | 79.3% | 67.9%
Qq — tvqq (M=650 GeV) | 91.4% | 90.5% | 82.9% | 82.8% | 82.7% | 71.0%
Qq — lvqq (M=700 GeV) | 91.6% | 90.5% | 84.1% | 84.0% | 83.9% | 71.7%

Table 8.2: Cumulative efficiencies after each final selection cut for background, data

and signal in the erjj channel.
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Final Selection Cut Efficiencies for u+jets Events

Source Pr. Py Br | A6 Br) | M7 | Qe xny
QCD Multijet 171% | 3.0% | 1.9% | 11% | 11% | 0.5%
Z+jets 38.0% | 4.5% | 2.5% 1.6% 1.6% 0.8%
W+jets 29.4% | 3.7% | 2.4% 1.9% 1.9% 1.0%
top 40.1% | 14.8% | 10.9% 8.3% 8.2% 4.2%
Diboson 30.0% | 4.7% | 3.6% 3.1% 3.1% 1.4%
Background Sum 30.1% | 4.2% | 2.7% 2.1% 2.1% 1.1%
Data 29.2% | 3.9% | 2.8% 2.2% 2.2% 1.1%

55.1% | 39.2% | 29.5% 26.2% 26.1% | 19.9%
60.5% | 50.5% | 41.1% 38.0% 37.7% | 30.9%
Qq — lvqqg (M=360 GeV) | 68.7% | 60.3% | 51.4% 47.0% 46.6% | 39.2%
Qq — lvqqg (M=400 GeV) | 75.1% | 69.3% | 61.5% 55.7% 55.0% | 46.8%

Qq — lvqq (M=280 GeV)
( )
( )
( )
Qq — tvgq (M=450 GeV) | 78.1% | 73.4% | 66.6% | 60.3% | 59.7% | 51.2%
( )
( )
( )
( )
( )

Qq — lvqq (M=320 GeV

Qq — tvqq (M=500 GeV) | 81.5% | 78.7% | 73.6% | 67.9% | 66.9% | 58.1%
Qq — lvqq (M=550 GeV) | 84.5% | 82.0% | 77.5% | 70.0% | 68.7% | 58.9%
Qq — tvqq (M=600 GeV) | 86.3% | 83.9% | 79.2% | 71.4% | 70.0% | 61.3%
Qq — lvqq (M=650 GeV) | 88.2% | 86.5% | 82.7% | 74.1% | 72.9% | 63.5%
Qq — lvgq (M=700 GeV) | 88.9% | 87.2% | 83.7% | 76.0% | 74.4% | 64.6%

Table 8.3: Cumulative efficiencies after each final selection cut for background, data

and signal in the pvjj channel.
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Final Selection Plots for the e+jets Final State (1)
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Figure 8.2: Comparison of the electron pr (top row), missing Er (middle row) and
leading jet pr (bottom row) after final selection cuts. Distributions are shown with

linear scale at left, and log scale at right.
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Final Selection Plots for the e+jets Final State (2)
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Figure 8.3: Comparison of the dijet mass (top row), W transverse mass (middle
row) and vector-like quark transverse mass (bottom row) after final selection cuts.

Distributions are shown with linear scale at left, and log scale at right.
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Final Selection Plots for the p+jets Final State (1)
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Figure 8.4: Comparison of the muon pr (top row), missing Er (middle row) and
leading jet pr (bottom row) after final selection cuts. Distributions are shown with

linear scale at left, and log scale at right.
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Final Selection Plots for the p+jets Final State (2)
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Figure 8.5: Comparison of the dijet mass (top row), W transverse mass (middle
row) and vector-like quark transverse mass (bottom row) after final selection cuts.

Distributions are shown with linear scale at left, and log scale at right.
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Figure 8.6: The reconstructed vector-like quark transverse mass (MS) for the Run II

evjj and prjj combined samples after final selection criteria have been applied. The

plot is shown in linear scale (top plot) and log scale (bottom plot).
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8.2 Signal Enhancement for the (g — ({qq Analysis

This section describes the signal enhancement cuts applied to the data and back-
ground prediction in order to reduce the large SM Z+jets background in the Qq — (4qq
search. The cuts are designed to select events with kinematic features characteristic
of a massive particle decaying to a Z boson and a jet, producing both decay objects
at large transverse momentum. These cuts are detailed in Section [8.2.1] The result-
ing event yields for data and background, as well as relevant distributions after final

event selections, can be found in Section [8.2.2]

8.2.1 Final Selection Cuts

The following cuts were designed to isolate vector-like quark candidate events.

e Leading jet pr > 100 GeV. The leading jet in the event is assumed to originate
from the @ decay (see Figs. and .

e / — U pr > 100 GeV. The reconstructed dilepton system is required to have

large transverse momentum.

e AR((,0) < 2.0. The Z boson from the @) decay is significantly boosted, therefore
the opening angle between two leptons is small (see Figs. [7.4] and [7.9)).

8.2.2 Results of Final Selection

Expected and observed ppjj and eejj event counts, along with theoretical signal
yields, after final selection cuts are shown in Table 8.4 Cumulative efficiencies for
each final selection cut are shown in Tables and 8.6l Figures [8.78.11] compare
the combined Run II data in the two channels with the background expectations.
Included is the full dilepton + leading jet invariant mass, My, , used as the final

search variable in the £/ analysis.
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Combined Run IT Expected and Observed Yields for ¢/+jets Events After Final

Selection.
Source eejj events | ppjj events | 55 events
QCD Multijet 0+0 0+0 010
Z+jets 144+4 118+3 26245
W4jets 0.3+0.2 0.02+0.01 0.34+0.2
top 0.4£0.03 0.2£0.02 0.6£0.04
Diboson 4.940.3 3.440.2 8.3+0.3
Background Sum 15044 12243 271+£5
Data 147 138 285

59.542.0 | 37.0£1.4 | 96.542.5
48.3+1.0 | 30.1£0.7 | 78.4%1.2
33.840.6 | 21.6£0.5 | 55.3+0.8
Qq — lgq(M=400 GeV) | 22.740.5 | 13.3£0.3 | 36.0+0.6
Qq — lqq(M=450 GeV) | 12.040.3 6.62-0.2 18.6+0.3

Qq — llgq(M=280 GeV)
( )
( )
( )
( )
Qq — tlgq(M=500 GeV) | 6.5%0.1 3.640.1 | 10.140.2
( )
( )
( )
( )

Qq — llgq(M=320 GeV
Qq — llgq(M=360 GeV

Qq — lgg(M=550 GeV) | 3.6+0.1 1.74£0.04 | 5.320.1

Qq — (lgg(M=600 GeV) | 1.940.04 | 0.90£0.02 | 2.840.05

Qq — (qq(M=650 GeV) | 1.04£0.02 | 0.40£0.01 | 1.4-0.02
Qq — (qq(M=700 GeV) | 0.54£0.01 | 0.2120.01 | 0.7520.01

Table 8.4: Estimated background yields and number of observed data events after
final selection criteria are applied. Estimated signal yields for up-type vector-like
quark production and decay using the same selection are also shown. The quoted

errors are due to limited statistics.
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Final Selection Cut Efficiencies for ee+jets Events

Source P pr, | AR(eq,e2)
QCD Multijet 0.0% | 0.0% 0.0%
Z+jets 6.6% | 3.1% |  3.0%
W tjets 15.7% | 84% |  6.2%
top 20.0% | 3.9% 3.7%
Diboson 8.6% | 5.9% 5.7%
Background Sum 6.6% | 3.1% 3.0%
Data 6.1% | 3.1% 2.9%

69.0% | 41.0% |  40.1%
798% | 63.7% |  63.0%
Qq — llgq (M=360 GeV) | 87.5% | 782% | 77.5%
Qq — (lqq (M=400 GeV) | 91.3% | 86.1% | 85.7%

Qq — llgq (M=280 GeV)
( )
( )
( )
Qq — llqq (M=450 GeV) | 95.7% | 92.3% 92.5%
( )
( )
( )
( )
( )

Qq — llgqg (M=320 GeV

Qq — Clqq (M=500 GeV) | 97.2% | 95.9% | 95.8%
Qq — tlgg (M=550 GeV) | 98.1% | 97.4% |  97.4%
Qq — tlgg (M=600 GeV) | 99.0% | 98.8% | 98.7%
Qq — (lqq (M=650 GeV) | 99.6% | 99.5% | 99.5%
Qq — Clgg (M=700 GeV) | 99.6% | 99.6% |  99.6%

Table 8.5: Cumulative efficiencies after each final selection cut for background, data

and signal in the eejj channel.
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Final Selection Cut Efficiencies for puu+jets Events

Source v, | e | ARG )
QCD Multijet 0.0% | 0.0% |  0.0%
Z+jets 6.0% | 2.2% 2.1%
W +jets 6.7% | 43% |  4.3%
top 19.2% | 2.7% 2.6%
Diboson 7.4% | 4.3% 4.2%
Background Sum 5.8% | 2.2% 2.1%
Data 5.9% | 2.5% 2.5%

( ) | 66.5% | 35.9% |  35.1%
( ) | 77.6% | 56.1% |  55.3%
( ) | 85.0% | 70.6% | 70.2%
( ) | 89.6% | 80.6% |  80.1%
( )| 91.3% | 84.9% |  84.4%
Qq — tlgq (M=500 GeV) | 93.9% | 89.3% | 89.1%
( ) | 95.6% | 93.5% |  93.4%
( ) | 96.6% | 94.0% |  94.0%
( )| 97.4% | 95.7% | 95.7%
( )| 97.7% | 96.2% |  96.1%

Table 8.6: Cumulative efficiencies after each final selection cut for background, data

and signal in the ppjj channel.
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Final Selection Plots for the ee+jets Final State (1)
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Figure 8.7: Comparison of the leading electron pr (top row), sub-leading electron

pr (middle row) and leading jet pr (bottom row) after final selection cuts. Distribu-

tions are shown with linear scale at left, and log scale at right.
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Final Selection Plots for the ee+jets Final State (2)
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Figure 8.8: Comparison of the dielectron mass (top row), AR(e, e) (middle row) and

M..;, (bottom row) after final selection cuts. Distributions are shown with linear

scale at left, and log scale at right.
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Final Selection Plots for the ppu+jets Final State (1)
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Figure 8.9: Comparison of the leading muon pr (top row), sub-leading muon pr (mid-
dle row) and leading jet pr (bottom row) after final selection cuts. Distributions are

shown with linear scale at left, and log scale at right.
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Final Selection Plots for the ppu+jets Final State (2)
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Figure 8.10: Comparison of the dimuon mass (top row), AR(u, 1) (middle row) and
M

uujr (bottom row) after final selection cuts. Distributions are shown with linear

scale at left, and log scale at right.
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Run IT M (¢¢7,) Mass Distribution
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Figure 8.11: The reconstructed dilepton + leading jet mass (M, ) for the Run II
eejj and ppjj combined samples after final selection criteria have been applied. The

plot is shown in linear scale (top plot) and log scale (bottom plot).



CHAPTER 9. RESULTS 131

Chapter 9

Results

No significant excess over the predicted background is observed in the data (see Ta-
ble [9.1)), therefore upper limits on vector-like quark production cross sections are
calculated. Treatment of systematic uncertainties in the background and signal mod-

eling is described in Section [9.1] and final results are shown in Section [9.3]

Source lvjj events | £0jj events
QCD Multijet 47.7+4.7 < 0.1
Z+jets 39.9+7.4 262+45
W+jets 901+159 0.34+0.2
top 244193 0.57+0.06
Diboson 38.6+3.8 8.3+0.7
Background Sum | 1220+161 271+45
Data 1175 285

Table 9.1: Predicted number of background events with total uncertainties (including

systematic uncertainties) and observed number of data events after final selection.
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9.1 Systematic Uncertainties

Two types of systematic uncertainties are considered. Normalization uncertainties
that affect the predicted number of events for each background and signal process,
and shape uncertainties that affect the shapes of the final variable distributions: M:,Q
in the single lepton analysis, and Myy;,) in the dilepton analysis. All systematic
uncertainties are treated as uncorrelated. The following systematic uncertainties are

used in both the single lepton and dilepton analyses:

e V+jets modeling: (15%) determined conservatively by turning on/off the vari-
ous V+jets reweightings described in Section [6.3]

e Production cross sections: on W/Z-+jets (6%) [46], ttbar (10%) [49], diboson
(6%) [53] production processes.

The following systematic uncertainties were applied to the single lepton analysis:

e Integrated Luminosity (6.1%) as suggested by the luminosity group [69].

e Muon ID efficiencies (3% per muon) as suggested in the muon ID certification

notes [33] and [34].

e High-pr muon modeling: We smear the muon pr such that it reproduces the
tail of the distribution in data, and propagate this smearing as a systematic

uncertainty on the muon pr determination.

e Electron ID efficiencies (3% per electron) as suggested in the electron ID certi-

fication notes [31] and [32].
e QCD multijet normalization: e-jets channel (6.5%), u+jets channel (30%)[63)].

e Trigger efficiency (1% in the electron channel, 4% in the muon channel). Signal
trigger efficiency is over 99% in the electron channel. A conservative estimate

is used for the muon channel.
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e Jet Energy Resolution: (1 —5%) A shape uncertainty determined by shifting
the jet energy resolution in MC simulation by £10, resulting in changes to the

shapes of the predicted background and signal M:,Q distributions.

e Jet Energy Scale: (1 —5%) A shape uncertainty determined by shifting the jet

energy scale in MC simulation by +10o.

e Jet ID efficiencies: (1 —5) A shape uncertainty determined by shifting the jet

identification efficiency in MC simulation by +1o.

e Jet vertex confirmation: (1—5) A shape uncertainty determined by shifting the

jet vertex confirmation efficiency in MC simulation by +1o.
The following systematic uncertainties were applied to the dilepton analysis:

e Global MC background normalization (5%)[70)].

e QCD normalization (100%) a conservative estimate based on the limited statis-

tics of the reverse isolation sample.

e Jet Energy Resolution: (3%) Determined by shifting the jet energy resolution
by +10 in the signal Monte Carlo.

e Jet Energy Scale: (3%) Determined by shifting the MC jet energy scale by £1o
in the signal Monte Carlo.

e Jet ID efficiencies: (2%) Determined by shifting the MC jet ID efficiency by
+10 in the signal Monte Carlo.

9.2 Limit Setting Procedure

As no significant excess over the background expectation is observed in either the

Wgq or Zq channel, limits are set independently on production cross-sections for
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vector-like quarks decaying to Wq and Zq final states. We employ a modified fre-
quentist method, which uses a negative log likelihood ratio (NLLR) of the signal-plus-
background (TEST) hypothesis to the background-only (NULL) hypothesis [71]. The
NLLR can be expressed in terms of the expected background b, expected signal s and

observed data d as:

Z —dIn(1+2)) (9.1)

where the sum is over all bins of a given distribution. For the single lepton (1¥¢) chan-
nel, the vector-like quark transverse mass Mj(”? is used. For the dilepton (Zq) channel,
the vector-like quark mass Mjy;, is used. A large number of pseudo-experiments is
generated, smearing the expected number of background and signal events in each bin
of the final variable by a Gaussian distribution whose width is determined by the to-
tal systematic and statistical uncertainty. The NLLR distributions generated by the
pseudo-experiments are used to find C'L;, the probability for the NULL hypothesis
to produce an outcome more background-like than the data, and C'L,,,, the prob-
ability for the TEST hypothesis to yield a more background-like outcome than the
data. CLy is defined as C'Ls.,,/C Ly, and the 95% confidence level cross section limit

is calculated by finding the theoretical signal cross section for which C'L, < 0.05 [72].

9.3 Calculated Limits

Expected and observed upper cross-section limits versus vector-like quark mass are
presented below. The expected limit is the limit that would have been obtained had
the observed data exactly matched the background prediction. Figures and
show the limits for vector-like quarks decaying to Zq and W q final states, respectively.
Figure shows the combined limit, assuming degeneracy of up- and down-type
vector-like quarks. The log-likelihood ratios of each limit calculation as a function of

mass are shown in Figures[9.2] [9.4] and [9.6]
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Figure 9.1: Exclusion curve from the ()¢ — frqq analysis. Vector-like quark masses
for which the predicted cross section is in excess of the observed cross section limit
are excluded, implying a lower limit of 693 GeV/c? on the vector-like quark mass for

a coupling k4p = 1 in this channel.
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Figure 9.2: Log-likelihood ratio for the signal + background (LLRg) and background-
only (LLRp) hypotheses, and for the observed data (LLRogs), for the Q@ — Wyq

exclusion curve.
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Figure 9.3: Exclusion curve from the ()¢ — ¢{qq analysis. For a coupling i, =1, a

vector-like quark mass below 449 GeV/c? is excluded in this channel.
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Figure 9.4: Log-likelihood ratios for the signal + background (LLRg) and background-
only (LLRgp) hypotheses, and for the observed data (LLRogs), for the Q@ — Zg

exclusion curve.
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Figure 9.5: Combined exclusion curve. For degenerate )y and (Qp with a coupling

Rqo = 1, masses below 685 GeV/c? are excluded.
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Figure 9.6: Log-likelihood ratio for the combined exclusion curve.
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9.4 Conclusions

Using data corresponding to 5.4 fb™ 1 from pp collisions at /s = 1.96 TeV, recorded by
the DO Detector at the Fermilab Tevatron, we have performed a search for theoretical
vector-like quarks. With a combination of four channels (evjj, uvjj, eejj and puujj),
we have set the first limits on single vector-like quark production at the Tevatron.
Assuming 100% branching ratios for Qp — Wq and Qy — Zgq, and a SM quark —
vector-like quark mixing paramater < equal to one, we exclude a down-type vector-
like quark of mass less than 693 GeV/c?, and an up-type quark of mass less than 449
GeV/c? at 95% C.L. Under the same assumptions, we place a combined upper limit

of 685 GeV/c? of vector-like quark mass.
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