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Abstract

The CDF experiment has searched for production of athird generation vector leptoquark (VLQ3)
in the di-tau plus di-jet channel using 322 pb~! of Run Il data. We review the production and
decay theory and describe the VL Q3 model we have used as a benchmark. We study the analysis,
including the data sample, triggers, particle identification, and event selection. We aso discuss
background estimates and systematic uncertainties. We have found no evidence for VLQ3 prod-
ction and have set a95% C.L. upper limit on the pair production cross section ¢ to 344 fb, and
exclude VLQ3 in the mass range mvLqs > 317 GeV/c?, assuming Yang-Mills couplings and
Br(LQ3 — br) = 1. If theoretical uncertainties on the cross section are taken into account, the
results are o < 353 fb and myrqgs > 303 GeV/c?. For a VLQ3 with Minimal couplings, the
upper limit on the cross section iso < 493 fb (0 < 554 fb) and the lower limit on the massis
mvLqs > 251 GeV/c? (myLqs > 235 GeV/c?) for the nominal (1o varied) theoretical expecta
tion.
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Chapter 1

| ntroduction

1.1 Leptoquark Hypothesis

Common to many Standard Model extensions is a symmetry between leptons and quarks. Be-
cause the Standard Model has benefited from the relationship between symmetries and conserved
quantities, it is common for theorists to attempt to connect the quark phenomenology and lep-
ton phenomenology of the Standard Model. Any model which attempts to unify forces via more
fundamental couplings is likely to introduce a coupling between quarks and leptons. If such a
coupling exists, then there must be a gauge boson which isthe carrier of force between them.

The existence of leptoquarks (LQs) is motivated by the striking parallels between the three
generations of quarks and the three generations of leptons. The similarities suggest a possible link
between the two sectors at higher mass scales, likely in the range m > m,,. The phenomenology
of leptoquarks is determined by the fact that they couple to both leptons and quarks, carrying
both alepton quantum number and a baryon quantum number. Figure 1.1 shows the two general
categories of LQ couplings. One LQ decays into quark and lepton, the other LQ decays into quark
and neutorino. Furthermore, LQs are color-triplet bosons, with fractional charge. Leptoquark
theory provides two possible spin structures: scalar (spin = 0) LQs have fixed couplings and
decay isotropically, while vector (spin = 1) LQs have what are called anomalous magnetic dipole
and electric quadrupole moments.

This section discusses the variety of LQs that may exist, and Sections 1.2 and 1.3 detail the
production cross section and decay mechanisms for the 3¢ generation vector Ieptoquarks we are
considering. One of the most compelling motivations for leptoquarks is that they appear in a
consistent way in a wide range of theories, including SU(5) GUT [1], Superstrings, SU(4) Pati-
Salam [2], Compositeness [3], and Technicolor [4]. The Particle Data Group includes a short
review article on leptoquarks [5].

The leptoquark search carried out here assumes a Lagrangian, as formulated by Buchrriiller
et al. [6], which satisfies the SU(3) x SU(2) x U(1) group combination. As donein a CDF Run |
search [7, 8], we accept the following three restrictions: we assume lepton and baryon number
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Figure 1.1: Two classes of leptoquark couplings.

conservation, and couplings that remain within a given generation, so as to agree with the lack of
flavor changing neutral currents; we assume couplings that are chiral, so as to prevent a rate of
7 — ev decaysthat is beyond what is experimentally observed. The resulting possible LQ species
arelisted in Table 1.1 [6].

1.2 Production Cross Section

At the Tevatron, leptoquarks can be produced via two primary processes. The leading order Feyn-
man diagrams on the quark-antiquark annihilation processes are shown in Figure 1.2. The second
process, gluon-gluon fusion, is depicted in Figure 1.3. For LQ masses that have not previously
been excluded, the quark anti-quark annihilation process dominates at the Tevatron.

The effective Lagrangian is given by

L=1§+1%, (1.1)
where
1= 3" (Do) (D) - MEe'ta] (1.2)
scalars
and

L= > [—%G;‘jycgw + M3 ool — ig, [(1 — k) PItLDIGH + Miaagﬁttgjcﬂyﬂgy” .
vectors (13)
In the above Lagrangians, gs is the strong coupling constant, ¢* are the generators of SU(3)c (in
the appropriate representation), Mg and My, are the scalar and vector Leptoquark masses and «
and X arethe anomalous couplings. « and A are assumed to bereal and are related to the anomal ous
magnetic moment, -, and electric quadrupole moment, ¢y, by the following relationship

el THCRUERY (L4)
qV:—Ang (1—K—A) (15)
Vv



Table 1.1: Quantum numbers, decay channels, and couplings for species of scalar and vector
leptoquarks. The subscript on the LQ is the dimensionality of the SU(2) group representation, as
aso given in the fifth column. The third column gives the fermion number, F = 3B+L, where B is
the baryon quantum number and L is the the lepton quantum number. In the last column, L and R
refer to the tau chirality.

LQ Spin 3B+L SUB3)c SU(2)w U(l)y Qgu Channel(s) [coupling(s)]

S 0 -2 3 1 3 —% 7ot l91L.r]l vib gL
SS 0 -2 3 1 s -4 75 [01R)]
2 vit [V2gs1)
Ss 0 —2 3 3 5 -3 7otl—gsl, vib[—gsL)
~3 71 b [—V2g51]
-1 Trt [92r], vLb [92L]
Vo 1 -2 3 2 % A
-3 71 b [921,R]
3 vit [gor]
Vo 1 =2 3 2 —1
-3 Tt [g2r]
—% 7']55 [—th], Z/Lf [th]
R, O 0 3 2 I )
—% TE,Rt [h2L,R]
% VLE [BQL]
Ry, O 0 3 2 L .
—% Tgb [th]
U1 1 O 3 1 % —% TL_,RE [hlL,R]a Z/Lf [hlL]
01 1 0 3 1 g —% ng [iL1R]
3 vrb [V2hsr)]
U3 1 0 3 3 % —% TEE [—th], VLE [th]
—% Tt [v2h3r)]
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Figure 1.2: Leading order Feynman diagrams for leptoquark pair-production by quark anti-quark
annihilation. Diagram (&) dominates, while diagram (b) has two instances of the L Q-quark-lepton
coupling, A, which for the third generation would require top or bottom quarks to be present in the
initial state.

The tensors for the field strength for the gluon and vector leptoquark field are given by

ggu = aMA(; - aAZ + gsfabc-AauAbm (1-6)
gZLI/ = Dsz(DVk? - Dikq)uku (17)

Thislagrangian is model independent modulo anomal ous couplings for the magnetic moment and
the electric quadrapole moment of the Leptoquarks in the color field. Thecaseof Kk = A = 0
corresponds to the assumption that the Vector Leptoquark couples like a Yang-Mills gauge field
and the case k = 1, A = 0 corresponds to the case of Minimal Vector type coupling, following the
particular conventions asin [10].

Previously, no tool existed to accurately simulate the pair-production and decay of 39 gen-
eration vector leptoquarks (VLQ3s). We have implemented the first such generator for vector
leptoquarks, the details of which are documented elsewhere [11]. The new production channel
has been added using the GRACE matrix element generator and the GR@PPA interface. This
yields the pair-production cross section, as well as a set of events that run through the full CDF
simulation software.

The VLQ3 pair production cross section (UVLQ3VL—Q3) isshown in Table 1.2. Figure 1.4 shows
the total pair production cross section, as well as the contributions from quark anti-quark annihi-
lation and gluon-gluon fusion, all for the case where Br(VLQ3 — b7) = 1. Figure 1.5 shows
the impact on total cross section due to the Br(VLQ3 — b7) = 1 requirement. We used the
CTEQSL PDF library and Q* = mg,;, 3. The systematics related to these choices are discussed
in Section 5.1.2.

1.3 Decay

It is common to define the quantity 5 = Br(LQ — /q) to categorize the possible leptoquark decay
channels. The diagram in Figure 1.1(a) corresponds to 5 = 1 while the diagram in Figure 1.1(b)

4
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Figure 1.3: Leading order Feynman diagrams for leptoquark pair-production by gluon-gluon fu-
sion. At the Tevatron, the contribution from the gluon-gluon fusion processiis predicted to be about
ten times smaller than that due to quark anti-quark annihilation.
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Figure 1.4: Pair production cross section asafunction of VLQ3 massfor thetotal (solid red), quark
anti-quark annihilation contribution (dashed blue), and gluon-gluon fusion contribution (dotted
blue). In these cases the the generator uses Yang-Mills couplings and Br(VLQ3 — b7) = 1. The
numbers corresponding to the total are given in Table 1.2.
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Table 1.2: Cross section, in pb, for VLQ3 pair production at the Tevatron using the
GRACE/GR@PPA matrix element generator, for avarious of VLQ3 masses, and assuming Yang-

Mills couplings.

%)

myrgs (GeV/c?) 100 120 140 160 180 200 220

oyvrosvios (Pb) 8984 3245 1321 5855 27.59 13.60 6.928 3.614

mrqs (GeV/c?) 260 280 300 320 340 360 380

oyiosvigs (PP) 1911 1.035 0.562 0.307 0.169 0.093 0.051




corresponds to 3 = 0. In this analysis, we search for VLQ3 — 77b, which has 8 = 1, and is
called thetype U; in Table 1.1.

Because the LQs are pair-produced, the final state contains two taus and two b quarks. The
signature we search for is one tau decaying leptonically to an electron or muon, one tau decaying
hadronically to two jets. This combination of 7°7,7bb or 77,7 bb represents 46% of the possible
77 decay variations.

The choice of this signature is motivated in the following two points. First we have to select
a channel where the decay products can be triggered, and candidate events have to be obtained
with a large ratio of signal over background. The 77,bb final state is well selected with a Lep-
ton+Track trigger (see Section 3.2). On the other hand, each of the vb, vt, and 7t decay modes
(LQ3 pair production leading to potential mixtures of these decay modes) represents significantly
different analyses, likely with more challenging backgrounds. Second, we select the U, type for
its simplicity: with 3 set to 1 (so no contribution from vt), the decay is entirely to the b channel
(with no contribution through 7t). In addition to leptoquarks of the type named U, we are also
potentially sensitive to decays from the vector leptoquarks named V, and Us, as well as the scalar
leptoquarks named S;, S;, Rs, and Ry, as shown in Table 1. This is because they all potentially
share the final state of 7b, and so if we were to see a statistically significant excess in this channel
it could represent the discovery of one or more of these species. Also note that if the true value of
Bisnot 1 (6 # 1), it does not change which decay modes we consider in this analysis, but instead
changes the expected relative branching ratio between 7b and vt in the case of U,. This would
weaken our limits.

1.4 History of Search for Leptoquarks

In February 1997, a sign of a leptoquark signature has been seen at HERA. The H1 [12] and
ZEUS [13] collaborations working on e*p collisions at HERA simultaneously released papers
reporting an excess of neutral-current deep-inelastic scattering events with high (}. Since the
reports, a large number of papers have been published on experimental leptoquark mass lim-
its. H1 found 12 events with @*> > 15,000 GeV? where the Standard Model (SM) predicts
4.71 + 0.76, and ZEUS found 2 events with Q > 35,000 GeV? in comparison to the SM pre-
diction of 0.145 & 0.013 events for that range of (Q?. The probability that these excesses were due
to statistical fluction was 0.5%. Then at the Lepton-Photon conference in 1997, H1 and ZEUS re-
ported more neutral current events as well as charged current events from data taken up to June of
that year [14] [15]. Collectively, they found 22 charged current events with a ¢ > 10,000 GeV?
where the SM predicts 17.7 4 4.3 events. So, any leptoquark theory would have to account for not
only neutral currents, but charged current as well.

What made the excess more interesting was that H1 observed a cluster of the events at a mass
of about 200 GeV/c?. This excess could be explained by the existence of ' generation scalar
leptoquarks, including scalar squarks in supersymmetric theories with R-parity violation (RPV).
But if low mass scal ar |eptoquarks exist, they would be produced at significant rates at app collider.
So, immediately both CDF [16] and D@ [17] conducted searches for Ieptoquarks using Tevatron



Run | data and reported a combined lower limit of Ms > 242 GeV/c®> [18]. For the vector
leptoquark case, even at choice of x and A such that the cross section is minimized [9], the lower
mass bounds were significantly higher than the scalar limit.

The leptoquark searches from Run | at the Tevatron exclude the interpretaion of the excess
events found at HERA as being a result of the production of a leptoquark state with chiral and
family-diagonal coupling to fermions [19]. ZEUS aso observed a cluster in their data, but at a
mass of about 220 GeV/c?. This difference in mass between H1's cluster and ZEUS's cluster was
later ruled out by being the cause of initial state radiation or detector effects [14]. Thus it has
been ruled unlikely that the excess observed at HERA was due to the production and decay of a
single narrow resonance. Since then, the data collected at H1 and ZEUS have doubled, however,
no excess events have been observed.

Continuously, the limits of the leptoquarks are updated by the Tevatron Run II. For the F* and
2nd generation scalar leptoquark states with decay branching fraction 3 = 1, the CDF and D@
experiments obtain the lower limits on the leptoquark mass > 235 GeV/& (15t generation, CDF),
> 256 GeV/c? (1%t generation, D@), > 224 GeV/c? (2" generation, CDF) and > 251 GeV/c?
(224 generation, D) at the 95% C.L. For the 3'4 generation scalar leptoquark, the CDF set alimit
> 129 GeV/c?, which also set alimit of RPV scalar top mass [20].

For the vector leptoquark, the CDF Run | obtained the lower limit on VLQ3 mass [7]. The
lower limits on the VL Q3 mass are following two cases:

e myLqs > 225 GeV/c? for Yang-Mills couplings.
e myLqs > 170 GeV/c? for Minimal couplings.

These limits are latest for 3'4 generation vector leptoquark before this analysis.

1.5 Commentson b-Tagging

Because the final state contains two b quarks, one can consider requiring one or two b-tagged jets
in the event selection. These options have been explored, but with the relatively low efficiency
of b-tagging, the reduction in signal due to requiring even a single loose b-tag would reduce the
sensitivity (the background level is aready low enough that any further reduction in backgrounds
would not make up for the loss of signal efficiency). Loosening other cuts, such as tau 1D, while
adding b-tagging is a possible improvement for afuture version of thisanalysis, but the complexity
of alowing more fake taus, in combination with understanding the b-tagging efficiency and mis-
tag rates on these events, would have added considerable time to the completion of this round of
the analysis.

We have performed a rough quantitative estimate of the impact of requiring at least one b-tag.
The b-tagging efficiency for one "loose” b-tag is ~ 45%, and so the expected fraction of signal
events that would have at least one b-tag is ~ 70%. In the e, and u7;, channels combined, the
signal/background would change from roughly 5.5 to 8.5 after adding the b-tagging regquirement,
while the sensitivity (S/v/S + B) would change from about 1.5 to 1.3. In this estimate we have



accounted for the fact that the majority of the background in the signal region is from ¢t events,
which will pass a b-tagging requirement at a similar rate to that of our 77;,bb signal.
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Chapter 2

Experimental Setup

The Fermilab Tevatron Collider represents the high energy frontier in particle physics. It is cur-
rently the source of the highest energy proton-antiproton (pp) collisions. The collisions occur at
two points on an underground ring, which has a radius of about 1 km. At these collision points
there are two detectors. the Collider Detector at Fermilab (CDF II) and D@. This analysis uses
data collected with the CDF Il Detector.

Between 1997 and 2001, both the accelerator complex and the collider detectors underwent
major upgrades, mainly aimed at increasing the luminosity of the accelerator, and gathering data
samples of 2 fb~! or more. The upgraded machine accelerates 36 bunches of protons and antipro-
tons, whereas the previous version of the accelerator operated with only 6. Consequently, the time
between bunch crossings has been decreased from 3.5 usfor the previous version to 396 nsfor the
current collider.

The new configuration required detector upgrades at CDF Il to ensure a maximum response
time shorter than the time between beam crossings. In the following pages, we describe how the
proton and antiproton beams are produced, accelerated to their final center of mass energy of 1.96
TeV, and collided. We then describe the components used to identify and measure properties of
the particles produced in the callision.

2.1 TheTevatron Collider

To create the world's most powerful particle beams, Fermilab uses a series of accelerators. The
diagram in Figure 2.1 shows the paths taken by protons and antiprotons from initial acceleration
to collision in the Tevatron.

The Cockcroft-Walton [21] pre-accelerator provides the first stage of acceleration. Inside this
device, hydrogen gas is ionized to create H™ ions, which are accelerated to 750 keV of kinetic
energy. Next, the H™ ions enter a linear accelerator (Linac) [22], approximately 500 feet long,
wherethey are accelerated to 400 MeV. The acceleration in the Linac is done by a series of “kicks’
from Radio Frequency (RF) cavities. The oscillating electric field of the RF cavities groups the
ions into bunches.

The 400 MeV H™ ions are then injected into the Booster, a circular synchrotron [22] 74.5 m
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Figure 2.1: Layout of the Fermilab accelerator complex.
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in diameter. A carbon foil strips the electrons from the H™ ions at injection, leaving bare protons.
The intensity of the proton beam is increased by injecting new protons into the same orbit as the
circulating ones. The protons are accelerated from 400 MeV to 8 GeV by a series of “kicks’
applied by RF cavities. Each turn around the Booster, the protons accrue about 500 keV of kinetic
energy.

Protons are extracted from the Booster into the Main Injector [23], which operates at 53
MHz. It has four functions. It accelerates protons from 8 GeV to 150 GeV before injection into
the Tevatron, it produces 120 GeV protons which are used for antiproton production, it receives
antiprotons from the Antiproton Source and accelerates them to 150 GeV for injection into the
Tevatron, and finally, it injects protons and antiprotons into the Tevatron.

The Main Injector replaced the Main Ring accelerator which was situated in the Tevatron tun-
nel. The Injector is capable of containing larger proton currents than its predecessor, which results
in a higher rate of antiproton production. The Main Injector tunnel also houses the Antiproton
Recycler. Not al antiprotons in a given store are used up by the collisions. Recycling the unused
antiprotons and reusing them in the next store significantly reduces the stacking time. The task of
the Antiproton Recycler isto receive antiprotons from a Tevatron store, cool them and re-integrate
them into the stack, so that they can be used in the next store.

To produce antiprotons, 120 GeV protons from the Main Injector are directed into a nickel
target. In the collisions, about 20 antiprotons are produced per one million protons, with a mean
kinetic energy of 8 GeV. The antiprotons are focused by a lithium lens and separated from other
particle species by a pulsed magnet.

Before the antiprotons can be used in the narrow beams needed in the collider, the differences
in kinetic energy between the different particles need to be reduced. Since this process reduces the
spread of the kinetic energy spectrum of the beam, it is referred to as “cooling” the beam. New
batches of antiprotons are initially cooled in the Debuncher synchrotron, collected and further
cooled using stochastic cooling [24] in the 8 GeV Accumulator synchrotron. The principle of
stochastic cooling is to sample a particles motion with a pickup sensor and correct its trajectory
later with akicker magnet. In reality, the pickup sensor samples the average motion of particlesin
the beam and corrects for the average. Integrated over along period of time, thismanifestsitself as
a damping force applied onto individual particles which evens out their kinetic energies. It takes
between 10 and 20 hours to build up a“stack” of antiprotons which is then used in collisions in
the Tevatron. Antiproton availability is the most limiting factor for attaining high luminosities,
assuming there are no technical problems with the accelerator (assuming, for example, perfect
transfer efficiencies between accelerator subsystems) [22, 23].

Roughly once a day, the stacked antiprotons (36 bunches of about 3 x 10° antiprotons per
bunch) are injected back into the Main Injector. They are accelerated to 150 GeV together with
36 bunches of roughly 3 x 10! protons. Both the protons and antiprotons are transferred to the
Tevatron.

The Tevatron isthe last stage of Fermilal’s accelerator chain. It receives 150 GeV protons and
antiprotons from the Main Injector and accelerates them to 980 GeV. The protons and antiprotons
circle the Tevatron in opposite directions. The beams are brought to collision at two “collision

13



parameter Run | Run I

Number of bunches (Ng) 6 36
Bunch length [m] 0.6 0.37
Bunch spacing [ns] 3500 396
Protons/bunch (N,,) 2.3 x 101t 2.7 x 101!
Antiprotons/bunch (V) 5.5 x 1010 3.0 x 10%°
Total antiprotons 3.3 x 101" 1.1 x 102
G* [ cm] 35 35
Interactions/crossing 25 2.3
Integrated luminosity [pb—'] 112 450

Peak luminosity [em™2s7!] 2 x 103 1.2 x 1032

Table 2.1: Accelerator parameters for Run | and Run Il configurations.

points,” BO and DQ. The two collider detectors, the Collider Detector at Fermilab (CDF Il) and
D@, are built around the respective collision points.
The luminosity of collisions can be expressed as.

oo INBNNG (ﬂ>
2n(02 + 0’%) Bx)’

where f is the revolution frequency, Np is the number of bunches, N, ;) isthe number of pro-

tons(antiprotons) per bunch, and o, is the protons(antiprotons) rms beam size at the interaction

point. F'isaform factor which corrects for the bunch shape and depends on the ratio of g, the

bunch length to §*, the beta function, at the interaction point. The beta function is a measure of

the beam width, and it is proportional to the beam’s x and y extent in phase space.

Table 2.1 shows a comparison of Run | and design Run Il [23] accelerator parameters.

2.1)

2.2 The CDF Il Detector

The CDF Il Detector [25] is a substantial upgrade of the original CDF Detector [26]. It is located
at the BO callision point of the Tevatron Collider. The detector is designed to detect and measure
properties of particles emanating from pp collisions. Thedesign isnot geared toward one particul ar
physics measurement, but rather optimized toward extracting a number of different properties
about al particle species created in the pp collision. Such particle detectors are often called multi-
purpose detectors.

A diagram of the CDF Il Detector is shown in Figure 2.2. A quadrant of the detector is cut
out to expose the different subdetectors. The detector subsystems can be grouped as follows. The
innermost system is the integrated tracking system. The tracking system is barrel-shaped and
consists of cylindrical subsystems which are concentric with the beam. It is designed to detect
charged particles, measure their momenta and displacements from the point of collision (primary
interaction vertex). The tracking system is surrounded by the Time-of-Flight system, designed to
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Figure 2.2: The CDF Il Detector with quadrant cut to expose the different subdetectors.

provide particle identification for low-momentum charged particles. Both the tracking and Time
of Flight systems are placed inside a superconducting coil, which generates a 1.4 T solenoidal
magnetic field. The coil is surrounded by calorimetry systems, which measure the energy of
particles that shower when interacting with matter. The calorimetry systems are surrounded by
muon detector systems. When interacting with matter, muons act as“minimally ionizing particles’
- they only deposit small amounts of ionization energy in the material. Therefore, they are able
to penetrate both the tracking and calorimeter systems. The integrated material of the tracking
system, TOF, solenoid and calorimetry systems serves as a particle filter. Particles which penetrate
through all that material are mostly muons, and they are detected by leaving tracks in the muon
detection system, located outside of the calorimeter.

The most important parts of the detector for this analysis are the tracking system and the
trigger, and these will be described in detail in the following sections. The description of the
remaining systems will be brief. More detailed information on these systems can be found in the
Technical Design Reports of the CDF Il Detector [26, 25].

2.3 Coordinate System in CDF

Because of its barrel-like detector shape, the CDF Il Detector uses a cylindrical coordinate system
(r, ¢, z) with the origin at the center of the detector and the z-axis along the nominal direction
of the proton beam. The y-axis points upwards. Since the coordinate system is right-handed,
this also defines the direction of the xz-axis. Particles moving through a homogeneous solenoidal
magnetic field follow helical trgjectories. Reconstructed charged particle trgjectories are referred
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to as “tracks’. The plane perpendicular to the beam is referred to as the “transverse plane”, and
the transverse momentum of the track is referred to as pr. As opposed to ete™ collisions, in pp
collisions not all of the center of mass energy of the pp system is absorbed in the collision. The
colliding partons inside the proton carry only afraction of the kinetic energy of the proton. Asa
result, the center of mass system of the parton collisions is boosted along the beam direction (the
“longitudinal” direction) by an unknown amount, but quantities defined in the transverse plane
are conserved in the collisions. For instance, the sum of all transverse momenta of particlesin a
collisoniszero, > pr = 0.

To uniquely parameterize a helix in three dimensions, five parameters are needed. The CDF
coordinate system chooses three of these parameters to describe a position, and two more to de-
scribe the momentum vector at that position. The three parameters which describe a position
describe the point of closest approach of the helix to the beam line. These parameters are ¢, ¢y,
and z, which are the r, ¢ and z cylindrical coordinates of the point of closest approach of the
helix to the beam. The momentum vector is described by the track curvature (¢) and the angle of
the momentum in the »—z plane (cot #). From the track curvature we can calculate the transverse
momentum. The curvature is signed so that the charge of the particle matches the charge of the
curvature. From cot @, we can calculate p, = pr - cot 6. At any given point of the helix, the track
momentum is a tangent to the helix. This basically means that the angle ¢ implicitly defines the
direction of the transverse momentum vector at the point of closest approach, pr.

The impact parameter (dp) of atrack isanother signed variable; its absolute value corresponds
to the distance of closest approach of the track to the beamline. The sign of 4 is taken to be that
of p x d - 2, where p, d and % are unit vectors in the directions of , dy and Z, respectively. An
aternate variable that describes the angle between the z-axis and the momentum of the particleis
the pseudorapidity n, which is defined as:

n = —Intan (g) . (2.2)
For decaying particles, we often define the displacement Z,,,
ny = CZ T, (23)

where d is the displacement of the decay vertex, and pr is the unit vector in the direction of py.

2.4 Tracking Systems

The detector has a cylindrical tracking system immersed in a1.4 T solenoidal magnetic field for
the measurement of charged-particles momenta. We will describe this system starting from the
devices closest to the beam and moving outwards. The innermost tracking device isasilicon strip
vertex detector, which consists of three subdetectors. A layer of silicon sensors, called Layer 00
(LOO) [27], isinstalled directly onto the beryllium vacuum beam pipe, with the sensors at radii
1.35and 1.62 cm from the beam. The beam pipe is made of beryllium because this metal has the
best mechanical qualities, yet lowest nuclear interaction cross section of all materials.
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The layer of silicon on the beam pipe is followed by five concentric layers of silicon sen-
sors (SVX-II) [28] located at radii between 2.45 and 10.6 cm. The Intermediate Silicon Layers
(ISL) [29] are the outermost silicon subdetector systems, consisting of one layer at a radius of
22 cm in the central region and two layers at radii 20 and 28 cm in the forward regions. Sur-
rounding the silicon detector is the Central Outer Tracker (COT) [30], a 3.1 m-long cylindrical
open-cell drift chamber covering radii from 43.4to 132.3 cm.
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Figure 2.3: The CDF Il tracker layout showing the different subdetector systems.

2.4.1 Silicon Tracking Detectors

Silicon tracking detectors are used to obtain precise position measurements of the path of acharged
particle. A silicon tracking detector is fundamentally a reverse-biased p-n junction. When a
charged particle passes through the detector material, it causes ionization. In the case of a semi-
conductor material, this means that electron-hole pairs will be produced. Electrons drift towards
the anode, and holes drift toward the cathode, where the charge is gathered. The amount of charge
is, to first order, proportional to the path length traversed in the detector material by the charged
particle.

By segmenting the p or n side of the junction into “ strips” and reading out the charge deposition
separately on every strip, we obtain sensitivity to the position of the charged particle. All the
CDF Il silicon tracking detectors are implemented as microstrip detectors. The typical distance
between two strips is about 60 pm. Charge deposition from a single particle passing through the
silicon sensor will be read out on one or more strips. This charge deposition is called a “cluster.”
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property Layer O Layerl Layer2 Layer3 Layer4
number of ¢ strips 256 384 640 768 869
number of z strips 256 576 640 512 869

stereo angle o0 90°  +12*  90° -1
¢ strip pitch [um] 60 62 60 60 65

15.30 23.75 38.34 46.02 58.18
72.43 72.43 72.38 72.43 72.43

active width [ mm

(]
z strip pitch  [pm] 141 1255 60 141 65
]
active length[ mm)]

Table 2.2: Relevant parameters for the layout of the sensors of the SVX-II layers.

There are two types of microstrip detectors. single and double-sided. In single-sided detectors
only one side (p-n junction) is segmented into strips. Double-sided detectors have both sides (p-n
junction and n-n ohmic) segmented into strips. The benefit of double-sided detectors is that while
one (p) side has strips parallel to the z direction, providing r—¢ position measurements, the other
(n) side can have strips at an angle (stereo angle) with respect to the z direction, which will give z
position information.

The innermost layer, L0OO, is made of single-sided silicon sensors which only provide r—¢
measurements. The SVX-Il and ISL are made of double-sided silicon sensors. The ISL detector
provides small angle (1.2°) stereo information. As shown in Table 2.2, the SV X-II layers have
different stereo angles. Two layers have a 1.2° stereo angle and three have a 90° stereo angle.
Four silicon sensors are stacked length-wise into a “ladder” structure which is 29 cm long. The
readout electronics are mounted onto the ends of the ladders. The ladders are organized in an
approximately cylindrical configuration, creating “barrels’. A SV X-II barrel is segmented into 12
wedges, each covering approximately 30° in ¢ with a small overlap at the edges, allowing for
several silicon hits per track. There are three SV X-II barrels, adjacent to each other along the
z-axis, covering the nominal interaction point in the center of the CDF Il Detector. The coverage
of the silicon detector subsystems is shown in Figure 2.4. The silicon tracking system is used in
stand-alone mode to provide an extension of tracking down to 2.8 in pseudorapidity.

2.4.2 Central Outer Tracker

The COT drift chamber provides accurate information in the r—¢ plane for the measurement of
transverse momentum, and substantially less accurate information in the »—z plane for the mea-
surement of the z component of the momentum, p,. The COT contains 96 sense wire layers,

which are radially grouped into eight “superlayers’, asinferred from the end plate section shown
in Figure 2.5. Each superlayer is divided in ¢ into “supercells,” and each supercell has 12 sense
wires and a maximum drift distance that is approximately the same for all superlayers. Therefore,
the number of supercells in a given superlayer scales approximately with the radius of the super-
layer. The entire COT contains 30,240 sense wires. Approximately half the wires run aong the z
direction (“axia”). The other half are strung at asmall angle (+2°) with respect to the z direction
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(“sterea”).

The active volume of the COT begins at aradius of 43.4 c¢cm from the nominal beamline and
extends out to aradius of 132.3 c¢cm. The chamber is310 cm long. Particles originating from the
detector origin and interaction point which have || < 1 passthrough all 8 superlayers of the COT.
Particles which have |n| < 1.3 pass through 4 or more superlayers.

The supercell layout, shown in Figure 2.6 for superlayer 2, consists of awire plane containing
sense and potential (for field shaping) wires and afield (or cathode) sheet on either side. Both the
sense and potential wiresare 40 pm diameter gold plated tungsten. Thefield sheet is6.35 pm thick
Mylar with vapor-deposited gold on both sides. Each field sheet is shared with the neighboring
supercell.

The COT isfilled with an Argon-Ethane gas mixture and |sopropy! alcohol (49.5:49.5:1). The
mixture is chosen to have a constant drift velocity across the cell width. When a charged particle
passes through, the gasisionized. Electrons drift towards the sense wires. The electric field in a
cylindrical system grows exponentially with decreasing radius. As aresult, the electric field very
close to the sense wire is large, resulting in an avalanche discharge when the charge drifts close
to the wire surface. This effect provides a gain of ~ 10*. The maximum electron drift time is
approximately 100 ns. Due to the magnetic field that the COT is immersed in, electrons drift at
a Lorentz angle of ~ 35°. The supercell is tilted by 35° with respect to the radial direction to
compensate for this effect.

Signals on the sense wires are processed by the ASDQ (Amplifier, Shaper, Discriminator with
charge encoding) chip, which provides input protection, amplification, pulse shaping, baseline
restoration, discrimination and charge measurement [31]. The charge measurement is encoded in
the width of the discriminator output pulse, and is used for particle identification by measuring the
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ionization along the trail of the charged particle (dE/dx). The pulse is sent through ~ 11 m of
micro-coaxia cable, viarepeater cardsto Timeto Digital Converter (TDC) boards in the collision
hall. Hit times are later processed by pattern recognition (tracking) software to form helical tracks.
The hit resolution of the COT is about 140 pm. The transverse momentum resolution has been
measured using cosmic ray events to be

ag. _
L = 0.0017 [GeV /c] 7. (2.4)
b

2.4.3 Pattern Recognition Algorithms

Asexplained in the previous sections, charged particles leave small charge depositions as they pass
through the tracking system. By following, or “tracking,” these depositions, pattern recognition
algorithms can reconstruct the charged particle track.

There are several pattern recognition algorithms used to reconstruct tracks in the CDF Il track-
ing system. Most of the tracks are reconstructed using “Outside-In” algorithms which we will
describe here. The name of this group of algorithms suggests that the track is followed from the
outside of the tracking system inwards.

The track is first reconstructed using only COT information. The COT electronics report hit
time and integrated charge for every wire in an event. The hit time corresponds to the time that an
avalanche occurred at a sense wire. The hit time can be interpreted as the drift time of the charge
in the gas, but first it has to be corrected for time of flight. The hit timing resolution is of the order
of afew ns; this roughly corresponds to the average spread in collision times. It is assumed that the
collision times aways happen at the same time in a cycle during a store. An average of collision
times is done for many previous events and this is used as the event collision time. Hit times
corrected for the collision time are interpreted as drift times and used in pattern recognition. To
perform the final track fit, an additional time of flight correction is performed assuming massless
particles.

The helical track, when projected into the two dimensional »—¢ plane, isacircle. Thissim-
plifies pattern recognition, so the first step of pattern recognition in the COT looks for circular
pathsin radial superlayers of the COT. Supercellsin the radial superlayers are searched for sets of
4 or more hits that can be fit to a straight line. These sets are called “segments.” The straight-line
fit for a segment gives sufficient information to extrapolate rough measurements of curvature and
¢o. Once segments are found, there are two approaches to track finding. One approach isto link
together segments for which the measurements of curvature and ¢, are consistent. The other ap-
proach is to improve the curvature and ¢y measurement of a segment reconstructed in superlayer
8 by constraining its circular fit to the beamline, and then adding hits which are consistent with
this path. Once a circular path is found in the »r—¢ plane, segments and hits in the stereo super-
layers are added by their proximity to the circular fit. Thisresults in athree-dimensional track fit.
Typically, if one agorithm fails to reconstruct a track, the other algorithm will not. This results
in a high track reconstruction efficiency (~ 95%) in the COT for tracks which pass through all
8 superlayers (pr > 400 MeV /c). The track reconstruction efficiency mostly depends on how
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many tracks there are to be reconstructed in the event. If there are many tracks present close to
each other, hits from one track can shadow hits from the other track, resulting in efficiency loss.

Once a track is reconstructed in the COT, it is extrapolated into the SV X-II. Based on the
estimated errors on the track parameters, athree-dimensional “road” isformed around the extrap-
olated track. Starting from the outermost layer, and working inwards, silicon clusters found inside
the road are added to the track. As a cluster gets added, the road gets narrowed according to the
knowledge of the updated track parameters. Reducing the width of the road reduces the chance
of adding a wrong hit to the track, and also reduces computation time. In the first pass of this
algorithm, r—¢ clusters are added. In the second pass, clusters with stereo information are added
to the track.

244 Momentum Scale

As the charged particle traverses through the tracker material, it loses energy. For a track that
passes through the entire SV X-Il volume, the amount of energy loss is roughly 9 MeV. The value
is practically independent of the momentum of the particle. In the reconstructed distribution of in-
variant mass of J /1) — utp~ decays, this effect will be more noticeable for low-momentum J /+
decays than for high-momentum decays. Figure 2.7 illustrates this effect. We use the momentum-
dependence of the p™ 11~ invariant mass to calibrate the momentum scale of our detector. The J /v
mass has to be invariant of transverse momentum and match with the world average [5] value if
the momentum scale is correctly calibrated. Our calibration procedure followstwo steps. First, the
momentum dependence of the J /1) massisremoved by correctly accounting for the energy lossin
the tracker material, and then the overall shift of the J/v¢ massisremoved by correcting the value
of the magnetic field used in the conversion of curvature into transverse momentum.
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There are two types of materia in the SVX-II tracker. The silicon sensors are read out and
therefore called active material. Everything elsein the silicon tracker (readout chips, cards, cables,
cooling pipes) is passive material. The energy loss in the active materia of the tracking system is
taken into account by mapping out the material inthe GEANT [32] description of our detector. The
passive material in the detector description is not complete, so some energy 10ss is unaccounted
for by this method. An additional layer of material is added to the detector description, to correct
for the missing material on average. By tuning the amount of missing material, the momentum
dependence of the .J/¢) mass is removed. The remaining discrepancy with respect to the PDG
average is corrected for by scaling the magnetic field. Because of the implementation of this
procedure, we can not use it to measure the J/¢) mass, but the results of the calibration process
(the amount of missing material and the corresponding magnetic field) can be used to correct the
momentum scale in any other measurement. A more detailed description can be found in [33].

2.5 Time-of-Flight Counter

Outside the tracking system, still inside the superconducting magnetic coil, CDF Il has a Time-
of-Flight (TOF) [34] system. The TOF system is designed to distinguish low momentum pions,
kaons and protons by measuring the time it takes these particles to travel from the primary vertex
of the pp collision to the TOF system. The system consists of 216 bars of scintillating material,
roughly 300 cm in length and with a cross section of 4 x 4 cm. The bars are arranged into a
barrel around the COT cylinder. They are surrounded by the superconducting solenoid on the
outside. Particles passing through the scintillating material of the bars deposit energy causing
small flashes of visible light. This light is detected by photomultiplier (PMT) tubes which are
attached at both ends of each bar. The signal from the photomultiplier tube is processed by a
pre-amplifier circuit mounted directly onto the tube. The amplified signal is sent via a twisted
pair to the readout electronics in the collision hall. The readout electronics perform both time and
amplitude digitization of the signal. The TDC information is a digitization of the time when the
signal pulse reaches a fixed discriminator threshold. This time depends on the amplitude of the
pulse, since a large pulse crosses the threshold earlier (time walk). The digitization of the pulse
amplitude is needed to correct for this effect. After correcting for time walk effects, the timing
resolution of the TOF system is currently about 110 ps for particles crossing the bar exactly in
front of one of the photomultiplier tubes. The timing resolution varies with displacement from
the photomultiplier tube. Large pulses give better timing resolution, and light attenuates while
traveling through the scintillator material. Therefore, particles passing through the bar near the
photomultiplier tube have better timing resolution than those which are farther away.

2.6 Calorimeters

Themain effort of the Run Il upgrade of the CDF Il central calorimeter system dealt with upgrading
the electronics to handle the faster bunch crossings. The active detector parts were taken over
from Run | without modification. The plug calorimeter system was completely re-designed and
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system 7 coverage energy resolution (%) thickness

CEM In| < 1.1 13.5/\/Er @ 3 18X,
PEM  1.1<|p <3.5 16/VE & 1 21X,
CHA In| < 0.9 50/ Er @3 4.5)\
WHA 0.7<|n < 1.3 75/VETr @4 4.5\
PHA  1.3<|n <35 80/VE @5 7o

Table 2.3: Pseudorapidity coverage, energy resolution and thickness for the different calorimeter
subdetectors of the CDF Il Detector. The & symbol means that the constant term is added in
quadrature to the resolution. )y signifies interaction lengths and X; radiation lengths.

constructed. This system will be described briefly. A detailed description can be found in the
CDF Il Technical Design Report [26].

The CDF Il calorimeter has a “ projective tower” geometry. This means that it is segmented
inn and ¢ “towers’ that point to the interaction region. The coverage of the calorimetry system
is2min ¢ and |n| < 4.2 in pseudorapidity. The calorimeter system is divided into three regions:
central, plug and forward. Corresponding to these regions, the subsystems will have one of the
letters C and P in their acronym. Each calorimeter tower consists of an electromagnetic shower
counter followed by a hadron calorimeter. This alows for comparison of the electromagnetic and
hadronic energies deposited in each tower, and therefore separation of electrons and photons from
hadrons.

There are two subdetectors for the electromagnetic calorimeter: CEM and PEM. These cor-
respond to the central and plug regions of |n|, respectively. These calorimeters use lead sheets
interspersed with scintillator as the active detector medium. The hadron calorimeters in the central
region are the central (CHA) and the endwall (WHA). The plug region is covered by the PHA
calorimeter. These calorimeters are composed of alternating layers of iron and scintillator. The
pseudorapidity coverage, resolutions and thickness for the different electromagnetic and hadron
calorimeters are given in Table 2.3.

2.7 Muon Systems

Muons are particles which interact with matter only by ionization. For energies relevant to this
experiment, they do not cause showers in the electromagnetic or hadronic calorimeters. As a
result, if a muon is created in the collision and has enough momentum, it will pass through the
calorimeter with minimal interaction with the material inside. Therefore, the calorimeter can be
considered as afilter which retains particles that shower when interacting with matter and muons,
which do not. Muon detection systems are therefore placed radially outside the calorimeters.

The CDF Il Detector has four muon systems. the Central Muon Detector (CMU), the Central
Muon Upgrade Detector (CMP), the Central Muon Extension Detector (CM X), and the Interme-
diate Muon Detector (IMU) [35]. The CMU detector is made of drift cells, and the CMP, CMX
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Figure 2.8: Rate of kaon and pion tracks faking muon signalsin the CDF Il Detector. Roughly 1%
of all pions (left) and 2 — 4% of al kaons (right) will fake a muon signal.

detectors are made of drift cells and scintillation counters, which are used to reject background
based on timing information. Using the timing information from the drift cells of the muon sys-
tems, short tracks (called “stubs’) are reconstructed. Tracks reconstructed in the COT are ex-
trapolated to the muon systems. Based on the projected track trgjectory in the muon system, the
estimated errors on the tracking parameters and the position of the muon stub, a ¢ value of the
track-stub match is computed. To ensure good quality of muons, an upper limit is placed on the
value of x?, the x* of the track-stub match in the ¢ coordinate.

Most of the particles that pass through the calorimeter without showering are muons, but it is
also possible for pions or kaonsto survive the passage. These particles can then fake muon signals
in the muon chambers. Typically, these fake rates are at the percent level, as seen in Figure 2.8 for
the CMU and CMP detectors combined. The Figure 2.8 shows the rate at which charged pions and
kaons fake muon signals in the muon systems. The difference between K and K~ rates comes
from the different cross section for interaction of these two mesons with the calorimeter material.
The different interaction cross section for these two mesons comes from their quark content: in
the K, the strange quark is the antiquark.

2.8 Trigger System

Triggering systems are necessary because it is not physically possible to store information about
every single pp collision. Collisions happen roughly at a rate of 2.5 MHz, and the readout of the
full detector produces an event roughly the size of 250 kB. There is no medium available which
is capable of recording data this quickly, nor would it be practical to analyze all this data later
on. Thetrigger system is a pre-filter, which reduces data rates and volumes to manageable levels,
according to all possible or foreseen physics prescriptions.
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The CDF Il triggering system is designed based on three conditions. The first condition is that
the trigger has to be deadtimeless. This means that the trigger system has to be quick enough to
make a decision for every single event, before the next event occurs. The condition isimposed by
the Tevatron upgrade for Run II, and it isthe time between collisions, 396 ns. The second condition
isthat the data logging system can write about 30-50 events per second to tape, because of limited
resources. In short, the trigger has to be fast enough to analyze every callision, and it has to figure
out which 50 of 2.5 million events it should save in a given second. Thisis achieved by staging
trigger decisions in three levels, as shown in Figure 2.9.

Each level of thetrigger is given acertain amount of time to reach a decision about accepting or
rejecting an event. By increasing the time alowed for triggering at different levels of the trigger,
the complexity of reconstruction tasks can be increased at every level. At the first level of the
trigger, only very rough and quick pattern recognition and filtering algorithms are used. In order
to do thisin time, the Level 1 and Level 2 triggering mechanisms are implemented with custom
electronics. The third level of the trigger is implemented with a PC farm with about 300 CPUs.
Using each CPU as an event buffer allows for nearly one second to be allocated for the trigger
decision. Asaresult, nearly offline quality of event reconstruction is available at the third level of
triggering. The Level 3 rgjection rate is about 10, resulting in 30 events/sec being accepted by the
Level 3 trigger and written to tape.

The delay necessary to make a trigger decision is achieved by storing detector readout infor-
mation in astorage pipeline. At Level 1, for every Tevatron clock cycle, the event is moved up one
dot in the pipeline. By the time it reaches the end of the pipeline, the trigger will have reached a
decision whether to accept or reject this event. If the event is accepted, itsinformation will be sent
to the higher level of the trigger. Otherwise, the event is simply ignored. Since the Level 1 takes
up to about 5 us to reach an accept/reject decision, the front-end electronics is equipped with a
14-event deep buffer to accommodate new events while the Level 1 decision is taken. The accept
rate is less than 50 kHz, much smaller than the total input rate of 2.5 MHz. The rejection factor
after Level 1isabout 150. The Level 2 trigger takes more time and adds more information to take
afurther decision about the event. The Level 2 trigger hardware takes less than 30 us to make the
global decision, and with implementation of a set of 4 event buffers the total accept rate is below
300 Hz.

A set of requirements that an event has to fulfill at Level 1, Level 2 and Level 3 constitutes
atrigger path. Requiring that an event be accepted through a well defined trigger path eliminates
volunteer events. The CDF Il trigger system implements about 100 trigger paths. An event will be
accepted if it passes the requirements of any one of these paths.

In this thesis three trigger paths have been used, which will be described in detail.
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Figure 2.9: Schematic diagram of the CDF global Trigger system.
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Chapter 3

Event Salection

3.1 Search Signature

We search for VLQ3 pair production events with VL Q3 decaying into 7~ + b, when we assume
8 = 1. Therefore the final state contains two taus and two b quarks. The signature we search for
isone tau decaying leptonically to an electron or muon, one tau decaying hadronically to two jets.
This combination of 7.°7,7bb or 77,7 bb represents 46% of the possible 77 decay variations.

For TjT,TbE channel, we use the central electron and Er > 10 GeV and central hadronic
with Ep > 15 GeV, plus two jets from bb. For 7£7,7bb channel, we use the muon detected in
CMU and CMP ( such muons are called CMUP muons) or in CM X detector, with pr > 10 GeV/c
and central hadronic 7 with Er > 15 GeV, plus two jets from bb.

3.2 Data Sample

This analysis uses 322 pb~! of data collected using the Lepton+Track triggers, and in particular
the trigger paths TAU_CEM8_TRACK5, TAU_CMUP8_TRACKS5, and TAU_CMX8 TRACK5. The Level 1
trigger requirements for these paths are a CEM electron with Ep > 8 GeV, a CMUP muon
with a matching XFT track of pr > 8 GeV/¢, or aCMX muon with a matching XFT track of
pr > 8 GeV/c, respectively. For the CEM path, some of the later data includes an additional
requirement at Level 2 of a second XFT track, with pp > 5 GeV/¢, separated from the primary
electron candidate by at least 10 degrees in ¢. The Level 3 trigger requires an electron (muon)
with Er > 8 GeV (pr > 8 GeV/¢), plus atrack of pr > 5 GeV/c with what is called tau-like
isolation, which means there are no pr > 1.5 GeV/c tracks in an annulus of 0.17 < AR =

(An)2 + (A¢)? < 0.52 around the primary track. Detailed requirements of the trigger paths
arelisted in Table 3.1, 3.2and 3.3.
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Table 3.1: Requirements of the TAU_CEM8_TRACKS trigger path used to collect data for this analy-
Sis.

Trigger Requirement
Level 1
L1 CEM8.PT8 Seed Tower £ > 8 GeV in CEM

Ehad/Eem < 0.125if BEp < 16 GeV
3or 4layer XFT track w/pr > 8 GeV/c
pointing to seed.

Level 2

L2 CEM8_PT8 Cluster Ep > 8 GeV in CEM
Shoulder Er > 7.5 GeV
Fhad/Eem < 0.125
4 layer XFT track w/pr > 8 GeV/c
pinting to seed

L2_.CEM8_PT8_CES3 Same asL2_CEM8_PT8
CESE > 3.0 GeV

L2 CEM8_PT8_CES3_. TRK5 DPHI10 SameaslL2 CEM8_PT8.CES3
Second 4 layer XFT track with pr > 5.0 GeV/c
Angle between two tracks > 10°

Level 3
L3_ELE8_TRK5.1SO
Electron Er > 8 GeV (2 =0)
pr > 8 GeV/c
|Az| < 8 cm
XZuip < 20
Isolated Track pr > 5.0 GeV/e
In| < 1.5

No tracks w/pr > 1.5 GeV/c, and |Azp| < 15 cm
in0.175 < AR < 0.524 of “Isolated Track”

Event Level |z0(e) — zo(trk)| < 15 cm
AR(e,trk) > 0.175
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Table 3.2: Requirements of the TAU_CEM8_TRACKS trigger path used to collect data for this analy-
Sis.

Trigger Requirement
Level 1
L1 CMUP6_PT4 CMU stub pr > 6 GeV/c

CMP stub pr > 3 GeV/c
Number of CMP hit layers > 2
4 layer XFT track wipr > 4 GeV/e

Level 2
L2 AUTO_L1. CMUP6_PT4  Auto accept
L2.TRK8.L1.CMUP6_PT4 XFT pyr > 8 GeV/c

Level 3

L3 CMUP8B_TRACK5.1SO

Muon pr > 8 GeV/e
‘A$|CMU < 15.0 cm
‘Am|CMp < 20.0 cm

Isolated Track pr > 5.0 GeV/c

In| < 1.5
No tracks w/pr > 1.5 GeV/c, and |Azp| < 15 cm
in0.175 < AR < 0.524 of “Isolated Track”
Event Level |20(e) — zo(trk)| < 15 cm
AR(e, trk) > 0.175
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Table 3.3: Requirements of the TAU_CMX8_TRACK5 trigger path used to collect data for this analy-

Sis.
Trigger Requirement
Level 1
L1 CMX6._PT8 CMX stub pr > 6 GeV/c

L1.CMX6_PT8.CSX

4 layer XFT track w/py > 8 GeV/c
SameasL1 CMX6_PT8

CSX required
Level 2
L2 AUTO_L1 CMX6_PT8 Auto accept
L2 AUTO_L1 CMX6_PT8 CSX Auto accept
Level 3
L3_.CMX8_TRACK5.1SO
Muon pr > 8 GeV/c
|Ax‘CMX < 30.0 cm
Isolated Track pr > 5.0 GeV/e
In] < 1.5
No tracks w/pr > 1.5 GeV/c, and |Azp| < 15 cm
in0.175 < AR < 0.524 of “Isolated Track”
Event Level |z0(e) — zo(trk)| < 15 cm

AR(e, trk) > 0.175
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3.3 Particleldentification

In this section, we give the requirements placed on the individual particle candidates (for hadronic
taus, electrons, muons, and jets). First, we detail the geometrical and kinematic requirements
that guarantee a well understood detector acceptance for the candidates. Second, we describe
the specifics of additional particle separation and identification (ID) requirements. There are also
requirements on the level of isolation of the candidates. Also, the trigger efficiencies for each
particle type are reported.

Thetotal efficiency isfactorized as follows:

€ = €acc €/ €1 Cevt (31)
where
€acc = €acc() €acc(t) Esep(£,7) > (32
€0 = €gep(t,jet) €ID(¢) Eiso(¢) Etrig(f) » (3.3
€1 = €sep(r,jet) €ID(7) €iso(r) Ctrig(r) - (34)

The electron or muon acceptance term e,y (Sections 3.3.1 and 3.3.1) and the tau acceptance
term e,..(-) (section 3.3.1) contain a set of geometric and kinematic requirements. The separation
term eqep (¢, (Section 3.3.1) is also included in the acceptance portion.

The final term, the event requirement efficiency e, is evaluated after al of the acceptance,
lepton, and tau requirements, and is discussed in Section 3.4.

The lepton efficiency factorsin ¢, apply to the electron or muon candidates. Theterm gep, ¢ jet)
(Section 3.3.2) is calculated with respect to those events passing all of the acceptance requirements.
The lepton 1D efficiency term e ) (Sections 3.3.2 and 3.3.2) is calculated with respect to those
events passing the |epton-to-jet separation requirement. The lepton isolation efficiency term ¢,
(Section 3.3.2) is calculated with respect to those events passing the lepton ID requirements.

Thetau efficiency term e is made up of analogous factors, al of which are evaluated after the
electron/muon requirements have been made. Theterm g+ jet) (Section 3.3.2) is calculated with
respect to those events passing al of the above lepton requirements. The tau ID efficiency term
emn(r) (Section 3.3.2) is calculated with respect to those events passing the tau-to-jet separation
requirement. The tau isolation efficiency term ¢,y (Section 3.3.2) is calculated with respect to
those events passing the tau ID requirements.

The Monte Carlo simulation (MC) that is used for the measurement of the acceptance and ID
requirements, with corrections applied where needed, is performed such that each event contains at
least one leptonically decaying tau and one hadronically decaying tau, but (for technical reasons)
with no constraint on where those taus come from. Therefore, prior to being considered for the
acceptance requirements, the HEPG (Monte Carlo generator-level) information is used to verify
that each event has the proper structure of one LQ decaying to b and the other decaying to 7;,b.
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3.3.1 Geometrical and Kinematic Acceptance

To avoid the effect of mis-identification, prior to the application of the acceptance requirements,
the candidate particles must match a corresponding particle in the HEPG bank. The requirement
usedis/(A0)? + (A¢)? < 0.2, where the angles are between the reconstructed candidate object
and the HEPG object. Mis-identified particles are rare after al of the ID requirements, but to
measure the efficiencies of the acceptance and separation requirements accurately, before the ID
requirements are applied, this HEPG matching is applied.

Electron Acceptance

The acceptance requirements for the electron candidate are given in the following list and the
efficiencies for mpqs = 320 GeV/c? (the acceptance efficiencies depend on the mass of the
leptoquark) are given in Table 3.4. All reconstructed objects of electron type (CdfEmODbject) that
pass these requirements are considered.

e Central (presence of ahit corresponding to the CEM)

E$™ > 10 GeV (corrected energy)

pr > 8 GeV/c

|z0] < 60 cm

Fiducial requirements:

Fiducial in the ShowerMax: |zcgs| < 21.5 cm and 9 < |zcgs| < 230 cm
Fiducial inthe COT: |zcot| < 150 cm at aradius of Rcor = 137 cm

Muon Acceptance

The acceptance requirements for the muon candidate are given in the following list and the effi-
ciencies are given in Table 3.4. All reconstructed objects of muon type (CdfMuon) that pass these
requirements are considered.

e Presence of, and classification based upon, CMUP or CMX bit
e pr > 10 GeV/e

® |z <60 cm

e Fiducial requirements.

Fiducial in the CMUP or CMX
Fiducia inthe COT: |zcor| < 150 cm at aradius of Rcor = 137 cm
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Isolation cone nt

Figure 3.1: A hadronic tau decay wich three charged pions and a neutral pion localized to a
relatively small solid angle. The green coneis able to shrink.

Hadronic Tau Acceptance

The acceptance requirements for the hadronic tau candidate are given in the following list and the
efficiencies are given in Table 3.4. All reconstructed objects of tau type (CdfTau) that pass these
requirements are considered.

In Run II, tau analysis are using a “shrinking cone” to define the localization of the tau. The
rationaleisthat, as tuas become more boosted, their decay daughters should become more collinear
in the lab frame. The cone-size adjusts according to the following formula:

ok = min[0.175, max(5 GeV/E 0.05)] (39)

where £ isthe energy in  GeV of the calorimeter cluster associated with the tau candidate, and
all other units are in radians. The minimal cone size corresponds to 2.9, and applies to tau with
energies above 100 GeV. The shrinking cone is shown in Figure 3.1.

o |nget| < 1.0 (detector )

o EP™ > 15 GeV (corrected energy)
o pitedttk > 6 GeV/c

e Fiducial requirements:

Seed track fiducial in the ShowerMax: 9 < z55d% < 230 cm
Seed track fiducial in the COT: |25 < 150 cm at aradius of Roor =
137 cm
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L epton-Tau Separation

A lepton-tau separation requirement is placed after the above acceptance criteria. The requirement
is given here (throughout this document, the symbol ¢ refers to either an electron or a muon) and
the resulting efficiency isincluded in Table 3.4. For the purpose of this separation requirement, we
use the direction of the visible momentum of the tau candidate (sum of momentum of tracks and
79swithin tau cones).

. AR(Th,g) > 0.7

Scale Factors and Total Acceptance

The total acceptance is the combination of the acceptance of the lepton candidate, the acceptance
of the 73, candidate, and the £ — 7, separation. The totals for the muon channels are corrected by a
scale factor that compensates for differences in the stub finding efficiencies between MC and data.
From reference [37], these scale factors are f&{7;p = 0.941 £ 0.008 and f&{ix = 0.987 £ 0.003,
for the CMUP and CMX, respectively. This factor does not include a correction for potential
differences between MC and data for the |z| < 60 cm reguirement. However efficiencies for
this requirement have been shown to be very similar in MC and data, so this small uncertainty
is negligible compared to others. Also, note that while the above scale factors were derived from
higher p; muons, there should be nothing in the muon reconstruction that is momentum dependent
for pr > 10 GeV/¢, and if we are missing some small effect, the impact will be further reduced
by the fact that only 10 — 15% of leptons from leptoquarks have pr < 20 GeV/c. So, for example,
a2.5% effect would enter as a contribution of 0.3% to the final scale factor. Such an effect would
be small compared to the other systematics that are included (and discussed in the following).

A systematic uncertainty is applied to the total acceptance for each channel. This uncertainty
is obtained by the studies in references [38] and [39]. For the e, channel, an uncertainty of 1.5%
comes from two dominant sources: track reconstruction contributes 1.4% and materia uncertainty
contributes 0.4%. The track reconstruction component includes 0.4% for the electron, 0.4% for
the 1-prong taus, and 3% for the 3-prongs taus, combined in away that accounts for the ratio of 1-
prong and 3-prongs tau decays. The material uncertainty has also been thoroughly studied for the
79 — 771~ cross-section measurement. That study involves using a Monte Carlo sample with
an increased amount of material. For the u7, channel, without the impact of Bremsstrahlung that
exists for the electron channel, the material uncertainty can be reduced. However, the systematic
remains close to 1.5%. The uncertainties on the scale factor determinations (0.008 for £35,p and
0.003 for f&Six) are also included.

Thereis more discussion of the considered acceptance scale factors. The relevant subsections,
which discuss samples used and techniques applied, are titled “Efficiency of |AZ| < 60 c¢cm Cut,”
“Track Reconstruction Efficiency,” “Cut on the Number of Towers in a Tau Cluster,” “Neutral
Pion Reconstruction,” and “ Calorimeter Energy Scale and Resolution”. The last of these contains
adiscussion of the material uncertainty, which has been superseded by anewer study: as discussed
in reference [39], the knowledge of the materia is accurate to better than 10% (found from the rate
of conversions and tridents in Z° — ete™ and W — ev). As mentioned above, the associated
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Table 3.4: Summary of lepton acceptance, hadronic tau acceptance, lepton-tau separation, scale
factors, and the total acceptance for the e7, channel and p7, channels, shown for mpq3 =

320 GeV/c?. The details of the acceptance requirements are given in the text.

€Th HUCMUPTh HUCMXTh
Electron: Efficiency (%)  Muon: Efficiency (%) Efficiency (%)
CdfElectrons 79.6 £0.1 CdfMuon 71.7£0.1 71.7+£0.1
CEM 85.2 £0.1 CMUP/CMX 45.2 + 0.2 21.5+0.2
EP™ > 10 GeV 88.4+0.1
pr > 8 GeV/c 96.2 +0.1 pr > 10 GeV/c 92.5+0.2 89.1+0.3
|z0] < 60 cm 97.0+0.1 |z0] < 60 cm 96.9 +0.1 96.7 + 0.2
Fiducial 82.9+0.2 Fiducia 98.0 £0.1 68.3+0.4
Subtotal 46.3 +£0.2 28.4+0.1 9.1+0.1
Tau:
CdfTau 72.7+0.2 73.3+0.3 72.6 £ 0.5
Mdet| < 1.0 87.5+0.2 87.8 +£0.2 87.5+0.4
EF™ > 15 GeV 98.44+0.1 98.6 £0.1 98.3 £0.2
pieedtrk > 6 GeV/e 98.9 £ 0.1 99.1 £ 0.1 99.1 £0.1
Fiducial 90.4+0.2 90.3+0.2 90.0 + 0.4
Subtotal 56.0 + 0.2 56.7 + 0.3 55.6 £0.5
AR(th,0) > 0.7 96.7 £ 0.1 96.3 +£0.2 97.44+ 0.2
Subtotal 25.1 +0.1 15.5 £ 0.1 4.9+0.1
Scale Factor 1.000 + 0.015 0.941 £+ 0.017 0.987 £+ 0.015
Total Acceptance 25.1+£0.1+£04 146+0.1+0.2 484+0.1+£0.1

contributing scale factor and uncertainty are determined by comparing the default acceptance with
a simulation where the amount of material is changed.

The scale factors and total acceptance efficiencies are shown at the bottom of Table 3.4 for the
case of myqs = 320 GeV/c2.

3.3.2 Efficiencies of Particle Identification and Trigger
Jets

What follows is alist of requirements placed to identify jets used as candidates for those coming
from the b quarks resulting from LQ decays. For this purpose they are simply counted, however,
the kinematic distributions are examined as part of the validation of the analysis, and in the future
these jets might be used as part of a mass reconstruction technique. These jets are also used for
the purpose of correcting missing transverse energy (#r).
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‘ndet‘ <24

EXY > 10 GeV

E$T > 15 GeV
o AR({/7h,jet) > 0.8

Thejet reconstruction in this analysis employs acone cluster algorithm with coneradius AR =
0.4 [41]. We measure the transverse energy By = FEsinf), where ¢ is the polar angle of the
centroid of the cluster towers and calculated using the measured z position of the event vertex.
Total energy E isthe sum of the energy deposited in calorimeter towers within a cone. The jet
energy corrections are up through following 5 steps [42, 43]:

e The n Dependence in Calorimeter Response: Correction to make the calorimeter response
uniformed in n by using the di-jet balancing procedure. This s tested by the ~v+jet samples
in data and Monte Carlo simulation.

e Caorimeter Stability (Time dependence): Correcton for the variation in phototube response
due to aging effecs, therefore the correction is applied only to the data sample.

e Multiple Interaction: It is possible to have more than one interaction per collision due to
high-luminosity collisions at Tevatron. This correction takes into account them. The correc-
ton is deduced from analyzing the minimum bias data as afunction of the number of vertices
in the same beam bunch crossing.

e Absolute Energy Scale: this correction accouts for the calorimeter non-linearity, jet frag-
mentation and underlying event.
L epton-Jet Separation

The lepton-jet separation requirement removes any leptons (which already passed the acceptance
criteria) from further consideration if they aretoo closeto ajet candidate. The criterion is:

e Veto leptons with 0.3 < AR(,jet) < 0.8

Thelower edge of this requirement is used to handle the fact that electron (and tau) candidates
aways have a corresponding jet candidate, in the list of primitive jet objects, that stems from
the same origina object. We do not want to veto electrons based on combinations with these
“shadow” fake jets. The efficiency for the lepton-jet separation requirement is shown in the first
line of Table 3.5 for the case of myq3 = 320 GeV/c?.

Election I dentification

The electron ID requirements are listed, and the efficiencies given, in Table 3.6. The track quality
requirements arefor at least 3 segmentsin the axial and at least 3 segmentsin the stereo superlayers
of the COT, with at least 5 hits per segment.
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Table 3.5: Separation and isolation efficiencies for leptons and taus, evaluated for the case of
mrqs = 320 GeV/c2.

€Th HCMUPTH HCMXTh
Reguirement Efficiency (%) Efficiency (%) Efficiency (%)
Veto 0.3 < AR(,jet) < 0.8 90.3+0.2 88.5+0.3 90.8 + 0.4
Lepton I5/<04 < 2 GeV/e  88.4£0.2 94.9 4 0.2 95.4 +0.3
Veto 0.3 < AR(r,jet) < 0.8 90.3+£0.2 88.5+0.3 90.8 £ 0.4
NA® =0and NI AR =0 823404 82.3 £0.5 83.0 £0.8
Tau I5° < 0.6 GeV/c 96.1 £ 0.2 96.2 £ 0.3 96.2 £ 0.4
Scale Factor 1.00£0.03  1.00£0.03  1.00+0.03

As done in the search for RPV stop [44], we apply a scale factor of £, = 1.00 & 0.01 to
the ID efficiency measured using MC so that it applies to data. This uncertainty takes a weighted
combination of the uncertainties from a study [45] at high pr, with ascale factor of 1.000 4+ 0.005,
and a study [46] at medium pr, with ascale factor of 1.000 + 0.025. First, note that the combined
scale factor is 1.00 since the numbers from the two momentum ranges are 1.000. Furthermore,
the electrons resulting from LQ decays have pr > 20 GeV/c more than 80% of the time, so that
is the fraction used to weight the result taken from the high pr study. The weighting is calculated
asfollows: ¢ = (0.80)0.005 + (0.20)0.025 = 0.009 to account for 80% of electrons with pr >
20 GeV/c and 20% with pr < 20 GeV/c. The 0.009 corresponds to a0.9% uncertainty. We are
dightly conservative in two ways. (1) The electron pp distribution is such that there are actually
more than 80% of electrons with pr > 20 GeV/¢, which is the region with lower uncertainty on
the scale factor, and (2) we use 1.0% instead of 0.9%. So, the quoted €electron ID scale factor is
1.00 4 0.01.

Muon | dentification

The muon ID requirements and efficiencies are given in Table 3.7. The track quality requirements
are the same as used for the electron ID given in Section 3.3.2.

The efficiency measured using MC is scaled so that it applies to data by using scale factors
derived in reference [44], which in turn uses input from reference [37, 47].

L epton I solation

Thelepton isolation, 155/7=0, is defined asasum of the pr of all trackswithin acone of AR = 0.4

around the track of the electron or muon candidate. The criterion to have an isolated lepton is:

o IGO0 <2 Gev/e

The efficiency for the isolation requirement, measured using signal MC, is shown in Table 3.5.
The scale factor for the isolation requirement is 1.00, determined by studying the density of tracks
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Table 3.6: Electron identification requirements and efficiencies, for the case of mq3 =
320 GeV/c?. The details of the track quality requirement are given in the text.

Requirement Efficiency (%)
Track Quality 99.9 + 0.0
Ehad/Eem < 0.055 + 0.00045 « E 98.4+ 0.1
ES™ /pr < 2.0 for ES™ < 50 GeV 90.2 £ 0.2
—3.0 < Q* Azcpg < 1.5 cm 98.9 +0.1
|Azcgs| < 3 cm 99.6 £0.1
X2 cpg < 10 96.4 £ 0.1
Lnr < 0.2 98.4 +0.1
dp < 0.2 cm 99.5 £0.1
Subtotal 82.44+0.3
Scale Factor 1.00 + 0.01
Total 1D Efficiency 82.44+0.34+0.8

Table 3.7: Muon identification requirements and efficiencies, for the case of my,q3 = 320 GeV/ .
The details of the track quality requirement are given in the text.

CMUP muons CMX muons

Requirement Efficiency (%) Efficiency (%)
Track Quality 100.0 £ 0.0 100.0 £ 0.0
Eon <2 GeV and Eypg < 6 GeV 91.6 £0.2 91.5+04

dp < 0.2 cm 99.9+0.0 99.9 +£0.1
(Azomu < 4and Azgmp < 7) OF Azcvx < 6 cm 99.1 +0.1 99.2+0.1
Subtotal 90.7 + 0.3 90.6 £ 0.4
Scale Factor 0.939 4+ 0.030 0.990 + 0.003
Total 1D Efficiency 85.24+03+27 89.7+044+0.3
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Figure 3.2: Density of all reconstructed tracks 2mwd N, /df2 per unit of solid angle plotted as a
function of the angle 6 with respect to the direction of the electron track in a clean sample of
79 — eTe™ events. Only tracks contributing to the calculation of isolation variables are included.

for agiven solid angle (d Ny /df2) in Z° — ete™ decays in data and MC. This distribution can
be seen in Figure 3.2 [39], as a funciton of the angle between the probe direction and the electron
direction. The plot includes only tracks that are used in the isolation calculation. The “flat” region
is due to the underlying event and multiple interactions, while the peak near cosd = 1 is due
to Bremsstrahlung photons that convert and is thus related to the amount of material. In this
plot, the simulation is normalized to data in the “flat” region, and since the peak region (which
also contains the “flat” contribution under it) also agrees, the conclusion is that inaccuracies in the
material modeling have little impact on the measurement of theisolation efficiency. The difference
inisolation efficiencies measured in 20 — e*e~ dataand MC iswithin 1.5%.

We use a scale factor of 1.0, and use the 1.5% as a contribution to the systematic [39]. Thereis
an additional contribution to the systematic uncertainty of about 2% due to the potential difference
in the stability and understanding of the isolation efficiency between LQ3 and 2 decays where the
data-to-M C comparison mentioned above is made. Therefore, the total scale factor and systematic
istaken as 1.00 £ 0.03.

Thereisalink between lepton isolation and the separation between leptons and jets discussed
in Section 3.3.2. The lepton-jet separation requirement, with aveto on 0.3 < AR(/,jet) < 0.8
was in fact in part chosen to provide a cleaner environment for evaluating the efficiency of the
isolation cut in simulation. Figure 3.3 shows the effect [44]. The plot shows the muon isolation
cut efficiency as a function of AR between the muon and the closest jet, for 2 — 777~ (blue)
and PYTHIA RPV stop pair production and decay (green). The jet environment in RPV stop
decays to 7,7,bb is analogous to that of LQ3 decays to 77,bb. The plot shows that the isolation
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Figure 3.3: @ Cumulative efficiency of the lepton track isolation as a function of AR, where
AR is the cut value of minimal separation between jet and a lepton. We compare 2 — putpu~

and RPV stop events after all other 1D cuts applied. This plot shows the track isolation strongly
depends on jet closeness; b) To amplify this effect, we plot the same distribution, but with a
softer jet definition threshold (EF* > 6 GeV, ES" > 10 GeV). This plot shows even better
agreement between track isolation efficienciesin Z° and RPV stop samples for events with applied
jetisolation AR > 0.8.

efficiency isreasonably stable for the chosen region AR > 0.8.

Lepton Trigger Efficiency

The events for this measurement are obtained through the Lepton+Track trigger. The triggering
efficiencies for four different objects must be understood: CEM, CMUP, CMX, and TAU. Each is
measured from a data sample, from the same time period as the sample used for the LQ3 search.

The efficiency for the electron leg (CEM) of the Lepton+Track trigger is measured using a
sample of well-identified conversion candidates from jet and muon data [48, 49]. The efficiencies
for the CMUP and CMX trigger paths of the Lepton+Track trigger are measured using samples
of 20 — ptp~and Y — ptpu~ events [50]. Finaly, the efficiency for the track leg, which is
the seed for the hadronic tau candidate, is measured as a function of several variables used in tau
identification [51, 52]. Furthermore, the referenced measurements include a study that finds that
the track leg efficiency does not depend on the presence (or lack) of alepton candidate.

For the cases of the electron and tau candidates, the parameterized trigger efficiencies are
convoluted event by event with MC to obtain the effective trigger efficiencies. For the muon case,
the efficiency is a constant over the relevant pr range, so we use a single number. The results are
summarized in Table 3.8.
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Table 3.8: Trigger efficiencies (%) for electron (CEM), muon (CMUP and CMX), and tau
(TAU) trigger paths. The effective efficiencies are shown for LQ3LQ3 — 77bb using myqs =
320 GeV/c? MC. For comparison, efficiencies are also shown for 2° — r+7~ and {14, —
77bb using my = 150 GeV/c? MC. In each case, the total efficiency is the combination of
€11 X €12 X erg. Thefirst errors are statistical errors, and the second errors are systematic uncer-
tainties

LQ3LQ3 — 7t7bb 70 -t 51?1 — 7T bb
Trigger Path Efficiency (%) Efficiency (%) Efficiency (%)
CEM électron 97.0+0.1+£1.0 96.0+0.1+£1.0 976+0.2+1.0
CMUP muon 95.9+0.24+1.0 95.8+0.1+1.0 958+0.3+1.0
CMX muon 95.8+ 0.3+ 1.0 94.74+03+1.0 946+0.5+1.0
TAU tau 97.0+0.1+£1.0 95.3+£02+£1.0 9644+034+1.0

Tau-Jet Separation

The tau-jet separation requirement is similar to that imposed for the lepton-jet combination (given
in Section 3.3.2). This requirement removes taus from further consideration if they are too close
to ajet candidate, but excludes those objects in the jet primitive list that are actually the same as
the tau. The criterion is:

o Vetotauswith 0.3 < AR(7,jet) < 0.8

The efficiency for the tau-jet separation requirement is shown in the third line of Table 3.5 for
the case of mq3 = 320 GeV/c?.

Tau | dentification

The tau identification requirements are similar to those used inthe 2 — 717~ measurement [38]
and RPV stop measurement [44]. The tau track isolation is treated separately from identification
in this measurement and is discussed in the next section. The efficiency is measured in LQ3 signal
MC. The tau identification requirements and the corresponding efficiencies are given for the e,
channel and the 7, channel in Table 3.9.

e Seed Track Quality
The seed track quality requirements are for at least 3 segments in the axial and at least 2
segments in the stereo supperlayers of the COT, with at least 5 hits per segment.

° ‘2’6 seed _thrk‘ <5 cm

e [d] 5 < 0.2 cm
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Figure 3.4: Distribution of valuable ¢ for electrons and hadronic taus. Both distributions are
normalized to aunit area

® {= Ernaa/ > pr>0.1
Thisselection iselectron removal cut. Electorns can be reconstructed as hadronic tau objects

if they have a narrow calorimeter cluster and a high pr seed track. To remove electrons we
demand that the tau be consistent with having only pionsin the final state. The distribution
for hadronic taus and electrons is shown in Figure 3.4, which allows substantial suppression
of backgrounds from electrons faking atau [40].

® Myk < 1.8 and Myt 70 <25 GeV/c2
The track mass, m;, isthe invariant mass of the 4-vector

pT—trks = Z pT(i (36)
A@<O¢(—,rk

with the assumption that all tracks correpond to charged pions.
Thevisible massis invariant mass of the 4-vector
+ 0
N S AR S (37)
A<k AB<a, o

We require my 0 < 2.5 GeV/c2. Thisissomewhat higher than the actual 1.777 GeV/&
mass of the tau, however, amore stringent mass limit would be inefficient.

o NS =1,3
Over 99.9% tau decays involve just 1 or 3 charged partices (prongs). We require that the tau

candidate has 1 or 3 charged tracks with the angle ay,..

Z trk =1or3 (3.8)

A®<atrk
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Figure 3.5: Distribution of ¢ for the sample of charged track with pr > 10 GeV/c compared with
Monte Carlo.

The scale factors from the Z° — 777~ studies are applied. The result is 1.00 £ 0.03 [39, 40,
53].

Possible systematic biases to the efficiency of the ¢ cut can be caused by improper simulation
of the hadron calorimeter energy response to charged tracks showering early in the el ectromagnetic
calorimeter. To study these effects, we select a sample of isolated charged pions by filtering jet
events with exactly one 1-prong ta candidate passing all tau identification criteria. We ensure that
these events have to other leptons in order to exclude contamination by electrons from 2 /* —
ete” and ZY/y* — 717~ and also require no additional showers detected in CES to eliminate
photons and neutral pions that may deposit additional energy in the hadron calorimeter. This &
distribution with pr > 10 GeV/c is plotted in Figure 3.5. Using this sample, we compare the
efficiencies of the £ > &, cut for several values of & in the data and Monte Carlo simulation. The
comparison shows a good agreement within the statistical precision of about 2%, which is taken
as an estimate of the systematic uncertainty for this cut.

Efficiencies of the my, and my,, o cuts are compared in data and Monte Carlo using aclean
sample of W — 7v events. Figure 3.6 showns distribution of m,x and my,, 0. Thethe my o
shows disagreement of dataand Monte Carlo for low and mid values of the mass. These effects are
caused by that simulation is generated more 7 than data, and tau energy correction is compensated
for the lost 7°’s, which are not used in caluclation of my,, 0. These cuts are intentionally set to
be ~ 100% efficient, and systematic uncertainty is ~ 0.4%.
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Figure 3.6: Tau track mass my, distribution (left) and tau visible massmy, , o distribution (right)
for clean W — 7v sample with requirement of tau charge to be £1. W — 7v Monte Carlo is
normalized on data minus W — erv Monte Carlo.

Table 3.9: Hadronic tau identification requirements and efficiencies, for the case of m,q3 =

320 GeV/c?. The details of the track quality requirement are given in the text.

€Th HUCMUPTH HUCMXTh
Requirement Efficiency (%) Efficiency (%) Efficiency (%)
Seed Track Quality 99.3 £0.1 99.1 £0.1 99.2 £ 0.2
|2g seed — 2§k < 5 em 98.0 £0.1 97.9+£0.1 98.1 £0.2
|d7 seed| < 0.2 em 97.3 +£0.1 97.0 £0.2 97.3 £ 0.3
€ = Erpaa/ Y. pr > 0.1 95.9 £ 0.2 95.5 £ 0.2 95.9 + 0.4
My < 1.8 and myg 0 < 2.5 GeV/c? 98.8 £ 0.0 98.6 £ 0.0 98.6 £ 0.0
NTsone = 1.3 87.7+0.3 87.6 + 0.4 88.3 £ 0.6
Subtotal 66.1 + 0.4 66.1 £ 0.5 67.5 £ 0.8
Scale Factor 1.00 £ 0.03 1.00 £ 0.03 1.00 4 0.03

Total ID Efficiency

66.1£04+02 66.1£05+02 67.5£08=£0.2
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Figure 3.7: Distribution of hadronic tau n° isolation for signal MC with myqs = 280 GeV/c?
and background for e, channel.

Tau I solation

The tau isolation consists of two parts. First is a set of requirements on the number of additional
candidate tracks near the tau seed track. There must be zero candidate tracks within an annulus,
defined by a3-dimensional angle A©® with respect to the tau seed track, with the inner edge of the
annulus matching the energy-dependent cone that (by definition) surrounds the tau seed track and
the outer edge at 30° from the seed track. Similarly, there must be zero candidate tracks within
therange 10° < AR < 30° with respect to the tau seed track. The second part of the tau isolation
requirement is that the sum of the pr of all ¥ candidates within an annulus (defined using A© as
above) surrounding the tau seed track, must be lessthan 0.6 GeV/c.

The tau isolation criteria are summarized below, and the corresponding efficiencies are re-
ported in Table 3.5.

TAO __
b Ntrk =0

T AR _
.Ntrk =0

o I4P < 0.6 GeV/c " isolation isshown in Figure 3.7.

Tau Trigger Efficiency

Thetau trigger efficiency is discussed in Section 3.3.2 and the results are displayed in Table 3.8.
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Table 3.10: Event requirements and efficiencies, shown for the case of m,q3 = 320 GeV/c?. The
details of the requirements are discussed throughout Section 3.4.

€Th HCMUPTH HCMXTh

Requirement Efficiency (%) Efficiency (%) Efficiency (%)
Opposite sign charge (Qy x Q- = —1) 99.3 +£0.1 99.3 £0.1 99.4 +£0.2
Conversion removal 97.8 £ 0.2 —— ——
Cosmic removal —— 100.0 £ 0.0 100.0 0.0
Z° removal 91.2+0.3 96.1 +£0.3 95.44+0.5
Fr > 10 GeV 99.2 +0.1 99.4 +0.1 99.4+0.2
Hp > 400 GeV 91.5+0.3 91.0+04 90.6 + 0.7
Nijets > 2 97.6 £0.2 97.2+£0.2 97.5+ 0.4
Total Event Efficiency 78.4+0.2 83.94+0.2 83.3+£04

3.4 Event Level Requirements

This section gives the details of the event level requirements that are imposed to separate LQ3
signal from the backgrounds discussed in Section 4.1.

The summary of the efficiencies for al of the event selection requirements is shown in Ta-
ble 3.10 for signa LQ3 MC with mpq3 = 320 GeV/c?, separately for e, pemups, and
1eMx Th Channels.

Opposite Sign

The opposite sign charge requirement is as follows. The lepton candidate charge (¢}) and the
tau candidate charge (;) must have opposite sign (Q; x Q- = —1). The efficiency for this
requirement, evaluated using signal LQ3 MC for the case of mq3 = 320 GeV/c?, is shown in
Table 3.10.

Conversion Removal

For the er;, channel, electron candidates that are consistent with originating from a conversion
process (y — eTe™) are removed from further consideration. The requirements used to identify
possible conversions are one of the standard sets within CDF (see, for example, reference [54]
which uses these same requirements, but a more complex algorithm) and are listed here:

o |A(cotf)| <0.04

o AS;, <0.2 cm

where ¢ is the angle between the two tracks being considered and S, is the distance between
the two track helices where they are closest to each other. The concept for these requirements
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comes from Run | (see for example [55]). The implementation of the conversion veto isin local
code, rather than a shared module. The code uses tracks that pass a basic set of requirements
(CDF tracks, with the additional requirements of at least 2 segments in the axial and at least 2
segments in the stereo supperlayers of the COT, with at least 5 hits per segment), and takes them
in pairs to calculate the two quantities given above to see if they are consistent with coming from
aconversion. The electron candidate in the LQ3 analysis is then vetoed if it appears in the list of
conversion partner tracks. The efficiency for conversion removal is given in Table 3.10.

Cosmics Removal

For the p7;, channel, muon candidates that are consistent with cosmic ray muons are removed
from further consideration. We use a standard method for identifying cosmic ray candidates [56].
Even without the cosmics veto, to enter the final sample a cosmic ray event would have to overlap
with additional activity in the detector and pass all of the other selection requirements. Cosmics
removal is 100% efficient for our signal MC sample (as shown in Table 3.10).

Z9% Removal

Z" removal is imposed to reject events where the lepton candidate, when paired with a second
object (calorimeter object, tau candidate, or track), is consistent with the decay of a 2 boson.
This applies to both the e7, and 7, channels, by veto of both Z° — ete™ and Z° — ptpu~.
The efficiencies for ZY removal for the two channels are shown in Table 3.10, and the criteria for
removal are given here:

Events are removed because of likenessto 20 — e*e™ if asecond CAfEmObject

e has EX™ > 8 GeV,
e has Ehad/Eem < 0.12,
e combines with the electron candidate to satisfy 76 < M (EmObj,e) < 106 GeV/&,

Figure 3.8(a) shows the Z° mass (Drell-Yan mass) reconstructed by al CdfEmObject. Fig-
ure 3.8(b) shows the Z° mass of above conditions before 76 < M (EmObj,e) < 106 GeV/&
selection.

Or they areremoved if atau candidate

e passes ID cuts,

o satisfies Ag(r,e) > 2.9,

e combines with the electron candidate to satisfy 76 < M (1, e) < 106 GeV/&.
Events are removed because of likenessto Z2° — i+~ if asecond track

e matches any muon stub,

e haspr > 10 GeV/e,
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Figure 3.8: The distributions of Z° mass (Drell-Yan mass) reconstructed by (a) all electron
candidates and (b) by electron candidates of Ef*™" > 8 GeV and Ehaq/Eem < 0.12 for
mrqs = 280 GeV/c? and all background processes for the e7, channels.

e has|zf™ — 2| < 5 cm,

e combines with the muon candidate to satisfy 76 < M (trk, 1) < 106 GeV/.

Baseline for Requirement and Jor Corrections

corr

A baseline requirement of Fr°" > 10 GeV is applied, where ™ is the corrected missing
transverse energy. The corrections will be discussed below, but first some motivation for this
requirement.

The baseline Fir requirement reduces backgrounds of categories (mostly 2° — 77~ and
QCD) that appear in the control region but do not appear in the signal region. On the other hand, it
preserves background types (mostly #¢) which appear in both the control region and signal region,
thus enhancing the usefulness of the control region in validation studies. The effect of the %
requirement on the signal Monte Carlo sample with my,q3 = 320 GeV/c? isgiven in Table 3.10,
showing an efficiency of nearly 100%.

The ¥ requirement also eliminates a very specific class of non-control region and non-signal
region events. While they are events that are not modeled by our current Monte Carlo simulation,
they are not a background that appears in the signal or control regions of this analysis. They are
eliminated from consideration by several analysis requirements including the % requirement and
the requirement that the hadronic taus have one or 3-prongs. They aso fail the signal requirements
of high Hp (discussed in Section 3.4) and the presence of two jets. Furthermore, they fall off
quickly with Hr.

Severa corrections are made to the raw Fr of each event. First, in the u7, channel, the
energy carried off by the primary muon candidate is subtracted, but the energy deposition in the
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electromagnetic and hadronic calorimeters that has been associated with the muon candidate is
added back into Fi to keep from double counting that portion of the muon’s total energy. This
correction is summarized by the expression

FEhad + Fem
Py = By oty (12 5 )
where the subscripts = and y refer to the x- and y-components of the relevant variable, and p isthe
magnitude of the muon momentum.
The second correction applies to the e7;, channel and accounts for atransverse energy correc-
tion. It takes the following form:

Brey = Bro, — o5, (77 = 1) (3.10)

where f7 ™" is the same correction factor that is used to correct the transverse energy for use in
the the electron acceptance and I D requirements (in particular £ = Ep f.°°™"). Thiscorrection
only uses the primary electron candidate.

Next is a correction of the Frr due to the transverse energy correction of the jets used in the
analysis

(3.9)

Briy = Fra, — 208 (1) (312
jets
where the sum is over jets that satisfy the requirements given in Section 3.3.2, and f}et “isthe
level 5 jet energy correction factor. In the above sum, we are careful not to include the primitive
jets that corresponds to any well identified electrons in the event.

Finally, thereisacorrection to the /- due to adifference between the default tau reconstruction
algorithm and a newer preferred method. The former uses an B > 1 GeV threshold to choose
cluster towers to include in the tau cluster momentum while the latter, called the expanded tau
cluster momentum, includes neighboring low Epr towers in the cluster momentum to account
for energy leakage into those towers. The correction, which uses only the information from the
primary tau candidate, is given by the following expression:

ET;?; — Erm,y _ (p;y(ViSible) — p;,y (expanded Cluster)) . (312)

H~ Requirement and Optimization

A highly effective event selection requirement for this analysis uses the scalar sum of the relevant
available energies. the electron or muon candidate energy, the tau candidate energy, the missing
energy, and the sum of the energies of the two highest energy jets that pass the jet requirements.
Thisiswritten as

Hy = Br(e,p) + Er(n) + Br™" + Y Er(jets) . (3.13)

Figure 3.9(a) shows the Hy distribution for signal LQ3 MC with mpq3 = 320 GeV/c? and
backgrounds. Both the signal and backgrounds are displayed separately for the e, and iy, chan-
nels, and there is an additional requirement of Ni.;s > 2, asdiscussed in Section 3.4. Figure 3.9(b)
shows the significance S/v/S + B verses Hr. This optimization variable supports the choice of
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Figure 3.9: () Stacked distributions for Hy for signal MC with my,q3 = 320 GeV/c? and back-

grounds, separated for the e, and p.7;, channels. Thereis also arequirement of Nieis > 2. [Note:

if the signal MC histograms do not display as colored hatched regions, please switch OFF the
anti-aliasing feature of your document viewer.] (b) Significance variable S/A/S + B verses Hr.

This prompts the event selection requirement of Hy > 400 GeV.

o Hr > 400 GeV .

Note that the optimal choice of Hp requirement depends upon the LQ3 mass, and lower masses
would prompt a lower choice of the requirement. Our goal has been to extend the mass reach as
high as possible, but we are also careful not to miss an LQ3 between the previous search limit and
our maximum sensitivity.

The safety region (SAFE) has 250 < Hp < 400 GeV, and serves better sensitivity to lower
mass range. Note that the final result uses a simultaneous fit included the safety region.

The use of the Hp requirement is one of the largest differences between this analysis and
the RPV stop [44] analysis, where the variable Y7 was used. The quantity Y7 isthe same as Hy
except that it lacksthe jet energies. The motivation isthat there should be additional discriminating
power provided by the energy carried away by the jets, from these relatively heavy LQ3s. Indeed
the Hr cut has adlightly higher significance (1.23) than the significance (1.12) of the requirement
of Yy > 200 GeV found through a similar optimization procedure.

The efficiency of the Hy requirement on signal MC is shown in Table 3.10. After this require-
ment, the largest surviving background source is tt.

Njets Requirement

Thefinal event selection requirement is on the number of jets. The jet definitions used for counting
the jets are those of Section 3.3.2, and the requirement is

d jets22-

The efficiency is shown in Table 3.10.
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Figure 3.10: Thefull event selection efficiencies for CEM, CMUP, and CMX asafunction of LQ3
mass for an LQ3 with Yang-Mills couplings.

3.5 Efficienciesasa Function of LQ3 Mass

The efficiency of the full event selection depends on LQ3 mass. The dependence is shown in
Figure 3.10 and Figure 3.11. The summary of overal efficiencies is shown in Table 3.11 for
mrq3 = 320 GeV/c2, separately for the e, and p7;, channels. Also, for comparison, Table 3.12
shows the summary of overall efficiencies for an LQ3 with Yang-Mills couplings and n,q3 =
360 GeV/c?, which is near the measured mass limit.

And, The dependence after Hr > 250 GeV (safety and signal regions) is shown in Fig-
ure 3.12.
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Table 3.11: Summary of overall efficiencies, including acceptances, separations, identification,
isolations, trigger, and event level requirements. These apply to an LQ3 with Yang-Mills couplings
and my,q3 = 320 GeV/c2.

E€Th HCMUPTH HCMXTh

Requirement Efficiency (%) Efficiency (%) Efficiency (%)
¢ acceptance 46.3 £0.2 28.4+0.1 9.1+0.1

T, acceptance 56.0 £ 0.2 56.7 +0.3 55.6 + 0.5
{— Ty, SEp. 96.7 + 0.1 96.3 +0.2 97.4+0.2
Subtotal 25.1+0.14+04 146+01+£0.1 4.84+0.1+0.0
{ — jet sep. 90.3+0.24+00 885+0.3+0.0 90.8+0.4+0.0
21D 8244+03+08 852+03+27 89.7+04+0.3
fiso. 88.44+02+27 949+02+28 954+0.3+29
£ trigger 97.0+014+1.0 959+02+1.0 958+0.3+1.0
Th — jet sep. 93.9+024+00 93.9+02+0.0 945+0.4+0.0
Th ID 66.1+04+02 66.1+05+02 67.5+08+0.2
Th iS0. 7914+04+24 7924+05+24 79.8+0.8+24
T trigger 96.9+02+10 970£02+1.0 9764+044+1.0
Subtotal 76+01+39 544+01+48 1.84+0.0+4.0
Event Selection 78.44+ 0.2 83.9+0.2 83.3+0.4
Total 6.0+01+31 45+01+40 1.5+0.0+3.3

Table 3.12: Summary of efficiencies for my,q3 = 360 GeV/c?, which is close to the observed
mass limit. The row (Particle Selection) isthe summary of acceptances, separations, identification,
isolations, and trigger efficiencies. The columns are for e, LoMUP TRy HOMX Th-

€Th HCMUPThH HCMXTh
Requirement Efficiency (%) Efficiency (%) Efficiency (%)
Particle Selection 7.52 £ 0.08 5.17 +£0.07 1.84 +£0.04
Event Selection 81.73+0.19 87.37+£0.25 85.83+0.36
Total 6.14 + 0.07 4.52 + 0.07 1.58 £ 0.04
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Chapter 4

Backgrounds

4.1 Backgrounds

This section describes the contributing backgrounds, how the backgrounds are estimated, and how
the uncertainties are obtained.

Note that only a subset of the background categories contribute in the signal region and in
the control regions, while the remainder contribute only in the control regions. The latter set is
included in this analysis so that the control regions can reliably be used for their intended purpose
of validation.

411 Z°/y* - vtr—,and Z°/v* — ete~or Z°/v* — ptpu~

Both the e7;, and p7;, channels can suffer contamination from the Z°/y* — 77 process if two
additional jets that pass the analysis requirements are present. Note also that one of the taus must
pass as the hadronic tau and one must pass as the leptonic tau. The contribution from this source
is estimated using about 7.6 million events of PY THIA MC (dataset zewk8t).

The e, channel can also have a contribution from Z° /4* — eTe~. It is possible that one
of the electrons fakes a hadronic tau and there are at least two jets in the event that pass the
jet requirements. Also it is possible that one of the electrons is not reconstructed (or does not
combine with the other electron to get eliminated by the Z° veto) and there are at least three jets
in the event, one of which fakes a hadronic tau. The contribution for this source is estimated using
approximately 2.9 million events of PY THIA MC (dataset zewk6d).

Likewise, the 175, channel can have a contribution from Z2°/v* — ptpu~. Again, there are
two possibilities: one of the muons fakes a hadronic tau and there are at least two jetsin that event
that pass the jet requirements, or one of the muons is missed (or does not combine with the other
muon to get eliminated by the Z° veto) and there are at |east three jets in the event, one of which
fakes a hadronic tau. This source is estimated using roughly 3.1 million events of PYTHIA MC
(dataset zewk6m).
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The systematic uncertainties considered for each of the above sources include those due to the
jet energy scale and Fr. The techniques used to evaluate the uncertainties are the same as those
used for the signal and are detailed for that purpose in Section 5.1. The systematic uncertainties
for fake rates are 20% for eectrons faking taus, and 40% for muons faking taus [57, 58].

412 W + jets

Events with W + jets can mimic the LQ3 signature, particularly when W — ev, W — puv, or
W — 7v followed by 7 — ev or 7 — pw. In addition to the resulting lepton, a jet must fake a
hadronic tau, and two additional jets must pass the jet requirements.

The samples used for this study include about 5.4 million events of W — ev PYTHIA MC
(dataset wewkfe), about 3.1 million events of W — pr PYTHIA MC (dataset wewk6m), and
about 8.7 million events of W — 7v PYTHIA MC (dataset wewkot).

The modeling of this background in Monte Carlo simulation is somewhat unreliable in nor-
malization and in distribution among the jet multiplicity bins. We account for this by scaling the
MC to match the datain control regions with enhanced W + jets contributions. A good kinematic
quantity to use for thisis the transverse mass, Mr, of the lepton and Fr:

My = \/QpT(M)Ep(l —cos Ag) for muons and (4.2)

Mrp = \/2E§?)Ep(1 —cos Ag) for electrons, 4.2

where A¢ is the angle between the lepton direction and the /- direction. In theregion with My >
40 GeV, the W + jets contribution dominates for the cases of Njc;s = 0 and Njes = 1, and is
comparable to all other sources combined for N,.;s > 2. Thiswill be explained in Figure 4.7. The
scaling procedure, performed for each jet multiplicity bin (control regions CR0J, CR1J, and CR2J,
see Figure 4.1), uses a ? between the data and the sum of all backgrounds, and minimizes this
to find the W + jets scale factor. Thisisdone for acombined sample of e7, and 7, sincethe scale
factors should be the same for both channels, and there is a benefit to the increased statistics of
the combined sample. The procedure is repeated for My > 60 GeV and the differences between
results obtained using My > 40 GeV and Mr > 60 GeV are used as systematic uncertainties on
this scaling method. The resulting scale factors are shown in Table 4.1.

The statistics of the sample are further enhanced by relaxing some of the 7, identification
requirements and deriving a scale factor in the lower Hy region where there are more events. The
73, identification requirements that are relaxed include: changing the tau isolation from no tracks
with pr > 1 GeV/c to no tracks with pr > 2 GeV/c, dropping the requirement on the number
of tracks in the 10-30 degree annulus, and increasing the track+’ mass cut to 4 GeV/ 2. Also,
we drop the the opposite sign charge requirement. The enhanced statistics lead to a smaller scale
factor, and therefore a smaller statistical uncertainty on this background prediction.

413 WHTW-

The production of W+ W ~ pairs and subsequent decay of one W to 7~ and the other to ev or uv,
plus the existence of additional jets, or other combinations, could in principle be a background to
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Table 4.1: Scale factors to normalize the W + jets background from Monte Carlo simulation to
data. Thefirst uncertainty is statistical, the second is a systematic.

Njets Scale Factor

>2 084+£0.38+0.13
1 0.74 £0.13 £0.11
0 0.58 + 0.06 + 0.09

this search. However, the cross section is small enough that any contribution from this process is
negligible. Thisisfound using roughly 0.4 million events of PY THIA MC (dataset wtoplw). The
diboson processes W Z and Z Z are also negligible.

414 tt

The background from t¢ events contributes primarily in two ways: (1) The event contains two
decays of the typet — Wb, and one W yields a hadronic tau and the other yields a lepton, and
the two b quarks give jets, just asin the LQ3 signal, or (2) there are additional jets in the event
(perhaps from one of the W bosons decaying to quarksinstead), and one of the available jets fakes
an electron, muon, or hadronic tau. There can aso be an electron or muon, from a W decay,
that fakes a hadronic tau. This background is studied using approximately 0.2 million events of
PYTHIA MC (dataset ttop0z), and assuming a ¢t cross section of 6.7 pb.

The systematic uncertainty for the ¢¢ contribution accounts for the fact that it is made up of
two components. The portion that is due to real physics processes is dominated by systematics for
the jet energy scale, Fir, identification, and isolation. The portion that is due to one sort of particle
faking another is dominated by uncertainties in the fake rates, which is approximated with 50%
by several fake rates. jets faking taus (~ 40%), electrons faking taus (~ 20%), muons faking taus
(~ 40%), jets faking electrons (~ 40%) and jets faking muons (~ 40%) [57, 58, 59].

415 QCD

The production of light quarks through QCD processes can mimic the signal by jets faking leptons
and hadronic taus. There must also be additional jets to satisfy the Neis > 2 requirement. For
heavy flavor quarks, the signal candidate muon or electron can come from the semileptonic decay
of ahadron containing the heavy quark, and a semileptonic decay product can also fake a hadronic
tau.

The technique used to estimate the background from QCD follows [38] and uses the amount of
datain anon-signal region where the lepton is non-isolated (2 < I < 10), where QCD dominates,
to project into amore signal-like region where the lepton isisolated (0 < I < 2). The method uses
the ratio (2-0)/(10-2) = 2/8 to perform the scaling, and utilizes the fact that the QCD background
isflat as afunction of isolation. The data sample used for this background estimate is the same as

the one used to look for LQ3 events.
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To further reduce the statistical uncertainty of this background estimate, we obtain a larger
sample, and therefore a smaller scale factor, by relaxing some of the event requirements. In par-
ticular, we change the requirement on the number of tracks from being 1 or 3 to simply being
< 4. We also remove the opposite sign requirement. Together, these reduce the scale factor by
approximately another factor of 4.

416 -~ + jets

Events with a photon and additional jets can fake the signal signature due to photon conversions
that are not removed by the conversion veto. One of the two conversion products could be missed,
or the two could be too close together and appear as a single electron, and could become the
electron candidate. Plus, a jet could fake the hadronic tau, while two other jets could satisfy the
Njets > 2 requirement.

This background is estimated using the same data sample that is used for the LQ3 search.
We use like-sign (LS) data events (to avoid including our signal) to determine the number of
events, Nis data, With well isolated electrons (0 < I < 2). From this we subtract the like-sign
background, NVis b1, USiNg non-isolated events for the QCD estimate and events with well isol ated
electrons for al of the other categories of backgrounds already discussed. The difference, D =
N1S data — IVLS bke IS attributed to the conversions from v 4+ jets. Next, the control regions are
used to count the number, Ny, Of like-sign or opposite-sign (OS) events that pass the conversion
tagger (by reversing the conversion veto). Finaly, the ratio D /N,y iS used as a scale factor
to multiply the number of tagged conversions in each region to estimate the contribution from
~ + jets and to determine the statistical uncertainty. The systematic uncertainties on the fina
event estimates include the uncertainty on the scale factor. The resulting scale factors are shown
in Table 4.2.

4.1.7 Summary of Backgrounds

The samples used to estimate backgrounds are summarized in Table 4.3. The number estimates
are given within Section 5.

4.2 Déefinition of the Signal and Control Regions

Three different control regions are used in the plane of N versus Hr to verify our understanding
of the composition of the backgrounds, and our understanding of distributions for the kinematic
quantities. We have also defined a safety region, and the signal region. This section gives the
specifications of these various regions.

The three control regions are called CR0J, CR1J, and CR2J and their locations in the plane
of Nijets versus Hy are shown in Figure 4.1. The CR stands for control region, and the 0J, 1],
or 2J specifies the number of jets (0, 1, or > 2). Regions CR0J and CR1J include the Hy range
Hp > 80 GeV, whileregion CR2Jisrestricted to 80 < Hy < 250 GeV.
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Table 4.2: ~ + jets is estimated using data for the LQ3 search. We use LS data events (to avoid
including our signal) to determine the number of events Mg qata. From this we subtract the LS
background Nigs ke The difference, D = Nis qata — VLS bk, 1S attributed to the conversions
from v + jets. Next, the contral regions are used to count the number, N, Of LS or OS events
that pass the conversion tagger. Finaly, theratio D/ N, 1S used as a scale factor to multiply the
number of tagged conversions in each region to estimate the contribution from ~ + jets.

Process Number of Events Sign Conversion
Data 97 LS veto
20y — ™ 1.94 LS veto
Z0/v* — ete” 3.94 LS veto
W + jets (W — ev) 30.3 LS veto
W + jets (W — Tv) 9.34 LS veto
tt 0.0624 LS veto
QCD 30.5 LS veto
Total background 76.1 LS veto
D(= NLg data — NLS bkg) 20.9 LS veto
Data 287 OSorlLS tagged
feonv(= D/Neonv) 0.073

Table 4.3: Background processes. Except for the QCD and « + jets which are data-based, all the
other use the PY THIA MC generator. The number of events quoted is after application of a good
run list. The factor multiplying the cross section. It is dueto the ratio of the full mass range to the
limited mass range in which the production was done.

Process Dataset ID release # events crosssection  scale factor
Z0 )y — 17~ zewks8t 533.EWK 7,598,445 1.95 x 255 pb 0.0192
Z0)y* — ete zewkéd 533 EWK 2,879,005 1.95x 255 pb 0.0556
Z0)y* — utu~ zewkém 533 EWK 3,050,971 1.96 x 255 pb 0.0362
W + jets (W — ev) wewkfe 532 EWK 5,366,615 2687 pb 0.161
W +jets(W — pv)  wewkébm 533 EWK 3,114,127 2687 pb 0.237
W + jets (W — 1v) wewk9t 533 EWK 8,709,395 2687 pb 0.485
WHW = wtoplw 5.3.3 373,511 11 pb 0.00950
tt ttopOz 5.3.3 208,335 6.7 pb 0.0104
QCD etlp0d 531 0.25
v + jets etlp0d 531
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Figure 4.1: Definitions of the control regions (CR0J, CR1J, and CR2J), the safety region (SAFE),
and the signal region (SR). Details are given in the text of Section 4.2.

The signal region (SR) is defined as having Niets > 2 and Hr > 400 GeV. This isthe
region for which the analysis has been optimized. The safety region (SAFE) has N > 2 and
250 < Hr < 400 GeV, and serves as a buffer between the signal region and the control region.
The control region below Hr = 250 GeV will not be sensitive to a vector leptoquark heavier than
the existing limit of mrqs > 225 GeV/c?, while the safety region of 250 < Hr < 400 GeV
could have such sensitivity. Therefore, the data in the safety region had not been examined until
the control region studies were completed. Note that the final result uses a simultaneous fit to both
the safety and signal regions.

4.3 Control Region Checks

Figures 4.2- 4.9 show distributions in the control regions defined in Section 4.2. In each case,
the left column of plots are for the en, channel and the right column for the u7, channel. Also,
the first, second, and third rows are for the CR0J, CR1J, and CR2J control regions, respectively.
Theindividual contributions are stacked in the histograms. The legends are self explanatory, with
two exceptions. First, the signal leakage is shown (but not seen) by including the LQ3 signal
MC (mLqs = 280 GeV/c?) in these plots as a white histogram with a red boarder. Only the red
boarder isvisible (at the top of each histogram), since there isno signal contribution in the control
regions. Second, the contribution from W + jets background is divided into two components for
each channel depending upon the decay mode of the W: one where W — ev or W — puv is
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shown as yellow above the gray line and one where W — v is shown as yellow below the gray
line.
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Figure 4.6: Distributions of Fr in the electron channel (left) and muon channel (right) for control
regions CROJ (top row), CR1J (middle row), and CR2J (bottom row).
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Chapter 5

Results and Discussion

5.1 Systematic Uncertainties

This section discusses the systematic uncertainties. Several of these uncertainties are either ob-
tained from reference [44], or derived using similar techniques as used for the systematics of that
anaysis.

The standard uncertainty of 6% is applied to the integrated luminosity [36].

5.1.1 Uncertaintiesin the Event Selection
Parton Distribution Functions

To assign an uncertainty due to the choice of a Parton Distribution Function (PDF), we use a
technique of weighting MC events. We follow the procedure described in [60], and illustrated
in[61].

The considered PDFsare CTEQSL (asthe default), MRST72, MRST75, CTEQ6L, CTEC6L 1,
and 40 varieties of CTEQ6M. Half of the CTEQ6M varieties correspond to a negative variation of
one of 20 eigenvectors and half correspond to apositive variation. The two main advantages of the
MC weighting method are that a single M C sample can be used (as opposed to generating a sample
for each PDF) and the correlations among the relatively similar PDFs are taken into account.

The weights are calculated as the product of the aternative PDF values for the proton partons
and the antiproton partons, divided by the product of the default PDF values (used in the generator)
for the proton partons and the antiproton partons. The ratio, between events that pass all analysis
requirements and all events considered, of these weights, isthen used for the selection uncertainty.
They are combined for the different trial PDFs in a non-trivial way: If the positive and negative
aternative PDFs produce shifts of the ratio that go in the corresponding positive or negative direc-
tions, then each variation isincluded in the corresponding positive or negative uncertainty. If both
the positive and negative aternative PDFs produce shifts of the ratio that go in the same direction,
then the mean of the squared variation is included in that side of the uncertainty but not in the
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Table 5.1: Systematic uncertainties (in %) on full selection due to the choice of PDF, shown for
the er;, and u7p, channels. The prescription for calculating the positive and negative uncertainties
is described in the text, and the two are averaged. The uncertainty due to ¢ is combined in
quadrature with the average to give the total.

ETh 160 GeV/c? 200 GeV/c? 260 GeV/c®> 320 GeV/c? 360 GeV/c?
[%] [%] (%] [%] [%]
Positive 1.5 1.0 0.7 0.4 0.4
Negative 2.6 1.8 1.2 0.7 0.5
Average 2.0 14 0.9 0.6 0.4
Qg 1.2 1.2 0.6 0.7 0.5
Totd 2.4 1.9 1.1 0.9 0.7
L, 160 GeV/2 200 GeV/ 260 GeV/® 320 GeV/c® 360 GeV/c
[%] [%] (%] [%] [%]
Positive 1.6 0.8 0.5 0.6 0.3
Negative 3.1 1.1 0.8 1.0 0.7
Average 2.3 0.9 0.7 0.8 0.5
s 1.3 1.2 0.7 0.7 0.0
Total 2.7 1.5 1.0 1.1 0.5

other. For example, if both the PDFs produce a positive shift of the ratio, then the mean of the
squared variation isincluded only in the positive uncertainty.

The resulting systematic uncertainties are shown in Table 5.1 for a range of LQ3 masses.
The negative and positive uncertainties are averaged and then combined in quadrature with the
uncertainty dueto oy, which is calculated using the ratio of the weights between the MRST72 and
MRST75 PDFs.

There is a dependence on mass for the uncertainty due to PDF choice, and the uncertainties are
smaller than those estimated for the RPV stop analysis[44]. Thisislikely dueto the lower fraction,
at higher LQ3 mass, of the gluon-gluon production component where the different PDF choices
can have more impact, and also due to the larger parton momentum fraction. As an additional
check, we produce asigna MC sample with my,q3 = 100 GeV/c? and find an average uncertainty
due to PDF choice of 4.2%, which extends the range of the mass dependence, and is comparable
to the level of uncertainty estimated for the mass range considered for the RPV stop analysis.

Jet Energy Scale

The jet energy scale systematic is evaluated using a standard procedure whereby the jet energy
scale is shifted up and down by one o and the number of events in the signal region under these
two scenarios is compared to the nominal. The JetUser package allows for such shiftsin the jet
energy scale using routines related to the jet correction calculations. The changes, in percentages,
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due to the +10 and —10 variations are averaged to arrive at the systematic. These results are
summarized in Table 5.2 for arange of LQ3 mass, for both the e7, and 17, channels.

Missing Transver se Energy

There is a small systematic uncertainty due to the imprecise knowledge of #-. In particular, Fir
corrections include corrections for jets and taus. The correction due to jet energy is accounted for
by the systematic discussed above. The systematic due to the taus is estimated by using a simpler
tau cluster momentum calculation rather than the preferred expanded tau cluster momentum used
in the default analysis. The change in the full selection with respect to the default yields the results
shown in Table 5.3 for arange of LQ3 mass, for both the e, and p7;, channels.

Initial State Radiation and Final State Radiation

The systematic uncertainty due to the imperfect modeling of initial state radiation (ISR) and final
state radiation (FSR) is measured by comparing the number of events that enter the signal regionin
the default configuration (with ISR and FSR both at a nominal level) to configurations with more
or less ISR or FSR. This was done for the three mass points my,q3 = 200, 260, and 320 GeV/ 2.

The results of the study are reported in Tables 5.4 and 5.5.

Acceptance, | D, and I solation

Some of the systematic uncertainties due to the acceptance, 1D, and isolation requirements men-
tioned in Section 3.3. They are repeated here for completeness. The uncertainty due to the electron
ID was discussed in Section 3.3.2 and is 1.0%. The systematic for the muon ID comes from the
references given in Section 3.3.2 and is 3.0%. The systematic due to the tau ID is 3.0% as shown
in Section 3.3.2. As mentioned in Section 3.3.2, a systematic of 3.0% is used to cover the uncer-
tainties in the isolation.

Summary of Systematics on the Full Selection

Table 5.4 shows a summary of the systematic uncertainties for the electron channel and Table 5.5
shows the uncertainties for the muon channel. The individual contributions are combined in
quadrature to give the total uncertainties given at the bottom of each table.

5.1.2 Uncertaintiesin the Cross Section
Parton Distribution Functions

The systematic uncertainty on the cross section due to the choice of PDF is estimated with the
Monte Carlo generator for the CTEQ6M PDFs. The positive and negative differences between
the CTEQ6M eigenvectors and the default CTEQ6M are combined in the same way as for the
systematic on the full selection, as discussed in Section 5.1.1. The resulting systematics, for a
range of LQ3 masses, are reported in Table 5.6.
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Table 5.2: Systematic uncertainties (given in %) on full selection due to the jet energy scale.

ETh mLQ3

160 180 200 220 240 260 280
+1o 7.2 9.8 5.1 4.6 3.6 2.4 1.7
—1lo —77 —-54 —-53 —-49 —-44 -32 -26
Average 7.5 5.6 5.2 4.8 4.0 2.8 2.1
eTh mLQ3

300 320 340 360 380 400
+1lo 1.4 1.2 0.9 0.7 0.4 0.4
—lo -23 -14 -11 -11 -0.7 -0.8

Average 1.8 1.3 1.0 0.9 0.5 0.6

HUTh mLQs

160 180 200 220 240 260 280
+1lo 6.9 6.8 4.9 4.2 3.7 2.2 2.2
—1lo —-6.8 —6.8 —57 —47 —-43 -33 -—-25
Average 6.8 6.8 5.3 4.4 4.0 2.7 24
2 mLQs

300 320 340 360 380 400
+1lo 1.5 1.5 1.0 0.7 0.5 0.3
—1lo -21 -14 -12 -09 -0.7 -0.6

Average 1.8 1.4 1.1 0.8 0.6 0.4

Table 5.3: Systematic uncertainties (given in %) on full selection due to the tau correction to the
mi ssing transverse energy.

mLQs
160 180 200 220 240 260 280
e, channd  —0.1 0.1 -0.1 0.0 0.0 -0.1 -0.1
wtp, channel 0.0 0.1 0.1 -0.2 -0.1 0.1 -0.1

mLQs
300 320 340 360 380 400
ety Channd  —0.1 0.0 0.1 -0.1 0.0 0.0
wtp, channel 0.0 -0.1 0.1 0.0 0.1 0.0
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Table 5.4: Summary of systematic uncertainties for the ez, channel, given in %.

mLQs
Source 160 180 200 220 240 260 280 300 320 340 360 380 400
PDF 24 21 19 16 14 11 10 1.0 09 08 07 07 06
ISR 36 36 36 36 36 36 36 36 36 36 36 36 3.6
FSR 3.7 37 37 37 37 37 37 37 37 37 370 3707 3.7
Jet Scale 75 56 51 48 40 28 21 1.8 13 10 09 05 06
Pr 01 01 01 00 00 01 01 01 00 01 01 0.0 0.0
Acceptance 1.7 1.7 1.7 17 1.7 17 17 17 17 1.7 1.7 17 1.7
Lepton ID 1.0 10 10 10 10 1.0 10 10 1.0 10 1.0 1.0 1.0
TauID 30 30 30 30 30 30 30 30 30 30 30 30 30
Isolation 30 30 30 30 30 30 30 30 30 30 30 30 30
Total 105 92 89 86 81 76 74 73 71 71 71 70 7.0
Table 5.5: Summary of systematic uncertainties for the 7, channel, givenin %.
mLQs
Source 160 180 200 220 240 260 280 300 320 340 360 380 400
PDF 27 21 15 13 11 1.0 10 10 11 08 05 05 04
ISR 37 37 37 37 37 37 37 37 37 37 37 37 379
FSR 36 36 36 36 36 36 36 36 36 36 36 36 3.6
Jet Scale 69 68 53 44 40 27 24 1.8 14 11 08 06 04
Pr 00 01 01 02 01 01 01 00 01 01 0.0 01 00
Acceptance 1.0 10 1.0 10 10 10 10 1.0 10 10 1.0 1.0 1.0
LeptoniID 3.0 30 30 30 30 30 30 30 30 30 30 30 3.0
Tau ID 30 30 30 30 30 30 30 30 30 30 30 30 30
Isolation 30 30 30 30 30 30 30 30 30 30 30 3.0 3.0
Tota 104 103 92 87 85 79 78 77 76 75 75 74 74
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Table 5.6: Summary of systematic uncertainties on the cross section, givenin %.

mLQs
Source 160 180 200 220 240 260
PDF
Positive 7.0 7.1 7.5 7.7 7.9 8.4
Negative -109 -111 -11.3 -—-114 -—-11.7 -—-12.0
Q2
Q = 0.5m1q3 43.7 43.6 44.0 44.2 44.8 45.1
Q = 2myqQ3 —-279 —28.2 —28.3 —283 -—28.6 —28.9
Total + 44.1 44.2 44.6 44.9 45.5 45.9
Total — -30.0 -30.3 -30.5 —-30.5 -30.9 -31.3
mLQs
Source 280 300 320 340 360
PDF
Positive 8.8 9.3 9.9 10.4 11.3
Negative —-12.4 -13.0 —-13.6 —-144 —-15.0
Q2
Q = 0.5m1q3 45.5 46.3 46.5 47.3 48.0
Q =2myq3 —-29.1 -29.3 —-29.7 -—-30.0 -304
Total + 46.3 47.2 47.5 48.4 49.3
Total — -31.6 -—-32.1 -—-32.7 -33.3 -33.9

Choice of Q2 Scale

The dominant uncertainty on the LQ3 cross section comes from the choice of the ¢} scale. The
Q? vaue enters the simulation through several mechanisms, including the matrix elements, the
ISR calculations, and the momentum available to the hard process. Here we have opted to follow
the same course asthe CDF Runll 15t and 25 generation leptoquark searches (see for example [62,
63, 64]) and use Q = my,q3 as adefault. For heavier objects such as a vector Ieptoquark, this may
not be the most likely Q?, but we take a self-consistent approach. We include the systematic as
discussed below. Also, our LQ3 Monte Carlo simulation is of leading order, and the cross section
is thus more dependent on @* than it would be for asimulation of higher orders.

The systematic uncertainty is obtained by calculating the cross section, over a range of LQ3
masses, for the two cases. ) = 2my,q3 and Q = 0.5mpq3. The positive (negative) excursion of
the cross section with respect to the default scenario of @ = my,q3 iscombined in quadrature with
the positive (negative) uncertainty due to the PDF choice discussed in Section 5.1.2. The resulting
systematics due to ()%, and the total systematics on the cross section, are reported in Table 5.6.
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Figure 5.1: Distributions of electron Er (left) and muon pr (right) for the safety region.
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Figure 5.2: Distributions of hardronic tau pr in the electron channel (left) and muon channel
(right) for the safety region.

5.2 Safety Region Results

The safety region (Njets > 2 and 250 < Hy < 400 GeV) contains 5 eventsin the e, channel and
3 events in the p73, channel. The systematic uncertainties in safety region are shown in Table 5.7
for Jet Energy Scale and in Table 5.8 for Missing Transverse Energy. The full acceptances are
summarized in Table 5.9 and in Table 5.10.

The kinematic distributions are shown in Figures 5.1- 5.8. The signal and background yields
in the safety region are included in Table 5.12 for the e, channel and in Table 5.13 for the u7,
channel.
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Table 5.7: Systematic uncertainties (given in %) in safety region due to the jet energy scale.

ETh mLQ3

160 180 200 220 240 260 280
+1o -1.8 -39 —-63 =79 -97 83 -84
—lo 1.2 2.3 5.2 7.8 10.5 124 13.9
Average 1.5 3.1 5.7 7.8 10.1 10.3 11.2
€Th mLQs3

300 320 340 360 380 400
+1lo —-12.1 —-12.3 -13.7 —-15.8 —-11.44 -—-12.0
—1lo 14.5 12.1 12.3 18.5 11.4 18.0
Average 13.3 12.2 13.0 17.2 11.4 15.0
WTh mLQ3

160 180 200 220 240 260 280
+1lo -39 —4.5 -3.9 —8.5 —11.6 -9.3 —15.1
—1lo 0.0 2.0 6.7 7.7 8.6 10.7 11.1
Average 2.0 3.2 5.3 8.1 9.9 10.0 13.1
HTh mLQs

300 320 340 360 380 400
+1o -9.1 -—-164 -—-11.5 —11.5 —-9.5 —14.7
—lo 12.9 17.1 15.6 18.0 9.5 16.0
Average 11.0 16.8 13.5 14.5 9.5 15.3

Table 5.8: Systematic uncertainties (given in %) in safety region due to the tau correction to the
mi ssing transverse energy.

mLQs
160 180 200 220 240 260 280
et channel 0.1 -0.3 -0.1 0.3 0.1 04 0.8
urp channe —0.1 —0.1 —-0.3 0.5 0.2 —-0.6 0.0

mLQs
300 320 340 360 380 400
ety channel 0.8 04 -05 -08 =05 0.0
wrp channel —0.5 00 —-08 —-1.0 -1.6 0.0
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Table 5.9: Full acceptance table in SAFE and SR regions for e,

mvLqs (GeV/c?)  SAFE (%) SR (%)
160 2.474+0.05 2.05£0.05
180 247 +0.06 2.85+0.05
200 2.23+0.056 3.61+0.06
220 1.84 £0.04 4.10 +0.06
240 1.49+0.04 4.7540.07
260 1.15+0.03 5.24 +0.07
280 0.83 £0.03 5.63 £0.07
300 0.62 £ 0.02 5.78 £0.07
320 0.46 +0.02 5.96 £+ 0.07
340 0.35+£0.02 6.12+0.08
360 0.24 +0.02 6.18 £0.08
380 0.20 £ 0.01 6.22 £0.08
400 0.14 +£0.01 6.23 £0.08

Table 5.10: Full acceptance table in SAFE and SR regions for u7,

mvLos (GeV/c?)  SAFE(%) SR (%)
160 2.63+0.05 2.28+0.05
180 2.61+0.05 2.97 £ 0.05
200 2.3240.05 3.69 £ 0.06
220 1.9840.04 4.45+0.07
240 1.634+0.04 4.81+0.07
260 1.214+0.03 5.44 +0.07
280 0.93£0.03 5.63£0.07
300 0.68 £0.03  5.80 £ 0.07
320 0.53£0.02  6.05+0.08
340 0.37 £0.02  6.09 £ 0.08
360 0.28 £0.02 6.12 & 0.08
380 0.18 £0.01 6.12 £ 0.08
400 0.134+0.01 5.91 £ 0.07

81



pp—VLQVLQ—(b1)(by)

E 12— —e— Data(L=322pb™)
o [ [] vioviaum=280 cevic’y
g’ = D Zte
g e W o
) —ee
£ r -
uq-J 8 ; D &
8 o [] wries
8 I e
§ o
2 b
AL
L e
2
07\ Lo | i . |
0 20 40 60 80 100 120 140 160

Leading Jet E;, GeV

pp—VLQVLQ—(b1)(by)
a 10 —8— Data(L=322pb™)
o L
Q [ woWam=2s0 cevich
E 3 ; D Zow
s S
5 L - Zspp
S 6L =
8 L D Wejets
1S L
=]
> L
41
2 ——
0 L Ll L J  — l—‘ “l L
0 20 40 60 80 100 120 140 160

Leading Jet E;, GeV
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(right) for the safety region.

pPP—VLQVLQ—(br)(br)
S201
8 C —e— Data(L=322pb™)
o181~ [] vioviaum=280 cevic’y
gz E D Z-tw
g 16 - I oco
S r S
E 14 o 0O«
8 120 [ wries
g s
€10
3 L
z L
8-
6
ar
2 R S—
Fl == | |
b T | Y P
0 20 40 60 80 100 120 140 160

Second Leading Jet E;, GeV

pp—VLQVLQ—(b1)(by)
Sal
8 14 [ —e— Data(L=322pb™)
2 L [ wovame=2s0 cevich
Elz j D Zow
§ [ W
S 10 -
5 O
g 8- [] wies
£ L
S [
b4 61—
a4l
2L
r f |
ok | ‘ ! [
0O 20 40 60 80 100 120 140 160

Second Leading Jet E;, GeV

Figure 5.4: Distributions of the second jet Er in the electron channel (left) and muon channel
(right) for the safety region.

82



PP—sVLQVLQ—(b1)(b1) PP—VLQVLQ—(br)(b1)

N S E
© 10— —e— Data(L=322pb™) ] r —e— Data(L=322pb™)
(R — . O 9
g L D VLQVLQ(m=280 GeV/c”) 8 E D VLQE(NKZBU GeV/CZ)
% I Lo 7 80 -
c 8+ W o c f
g ¢ I g 7t |
s g e
[ - [« > F - Zmyrm
5 6 [ [ wries S 6 E D 3
o e g . [ wees
E L £ °F
z | 3 F
4l 4F
L 3
2 L —e— 2 ;
[ 13
L —b——] | E =l
o — : — ) — ; = -
0O 20 40 60 80 100 120 140 160 0O 20 40 60 80 100 120 140 160
Missing transverse energy, GeV Missing transverse energy, GeV

Figure 5.5: Distributions of Fr in the electron channel (left) and muon channel (right) for the
safety region.

pp—VLQVLQ-(bt)(br) PP—>VLQVLQ—(b1)(b)
§ : —e— Data(L=322pb™) § 6 i —e— Data(L=322pb™)
8 10— [] vioviQem=280 Gevic?) 8 r D VLQVLQ(m=280 Gevic))
g : ) 2w g F D =
7 —h 7 5¢ S
t 85 - s L 1
; L I:‘ & ; : MU
> T ] weies 2 4 [«
S 61— W e S r D Wriets
B [ 8 3 L
E T E Tt
2 = > L
Z 4 z [
L 20
2 j —— 1 e— —— —e—
= e e R Y E L
O0 20 40 60 80 100 120 140 160 180 290 00 20 40 60 80 100 120 140 160 180 290
m.(I,ME;), GeV/c m.(I,ME;), GeV/c
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5.3 Signal Region Results

After all of the analysis requirements, background estimates, and control region checks werefinal-
ized, the signal region was studied. The signal region (Nets > 2 and Hr > 400 GeV) contains 0
eventsin the er;, channel and 0 eventsin the p7;, channel.

5.4 Combined Fit

54.1 Fit Method

As discussed earlier, the signal region has optimal sensitivity to the highest possible mass limit
in the absence of the signal of new physics. However, the existing limit on the leptoguark mass
is rather low compared to the sensitivity of the current analysis. Thus, if leptogquarks exist with a
true mass substantially lower than the high mass region targeted in this analysis, a significant part
of the leptoquark signal will appear in the SAFE region. Therefore, to ensure high sensitivity of
the analysis to lower mass leptoquarks, while still exploring the high mass range, the fit procedure
utilizes both the signal and safety regions, treating them essentially as separate bins.

250 < Hp <400 400 < Hy <
et channel Al A2
uTp, channel Bl B2

Table 5.11: Definition of four regions used in the fitting procedure.

We build the likelihood function as follows: we start with full rates of signal and background
processes, v; in each of the four regionsi = A1, B1, A2, B2 (defined in Table 5.11):

vi =1l +up (5.1

and use Poisson probability to calculate the probability of the true rates being within dy of v;
given the number of observed events N;:

dP = Il Pwi.Nydu, (5.2)

i=A1,B1,A2,B2

where P(v;, N;) isthe Poisson distribution for the expected rate ;. We then perform atransforma-
tion of variables (1;) — (1) (assuming backgrounds are known exactly for now, but including the
uncertainties later). The Jacobian of this transformation is unity. Finally, we replace the signal rate
inregion i with aphysically meaningful cross-section using 2 = ¢;(VLQ3VLQ3)x LxBr(r7 —
717R) X «; (for thetime being, we allow for different experimental cross-sections for each region),
where «; isthe full selection efficiency of signa events for region ¢, and L is the integrated lumi-
nosity. The Jacobian of this transformation is I* [ ] o; (up to a constant). We then include prior
knowledge about the acceptances and the fact that there must be a unique cross-section, regardless
of region, by introducing an additional prior of the form:

d(oa1 —op1)d(caz —op2)d(0p1 — 0A2), (53)
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which reduces the number of integration variables by three.

Then, we take into account that in each region the portion of the backgrounds obtained using
MC scales with the luminosity by breaking each rate into luminosity dependent and luminosity
independent parts: 1/ = v + v (L — Lo)/Lo (L isthe same L asin the signal rate estimation so
that they are integrated together). Next, we take into account the uncertainties in the background
rates by introducing a gaussian prior (the non-physical cases of negative background rates are
explicitly cut off in the final integral).

Lastly, we incorporate a mechanism for correlated systematic uncertainties by replacing the
background rates with:

where z;, is a parameter determining the degree of variation in the ¥ systematic effect (e.g. if

the systematics is taken to be agaussian, 2, = 1 would corresponds to a one sigma deviation) and
S, is ameasure of the systematic effect on the background rate. We perform exactly the same
maodification to the acceptances:

o — o+ Z xkéka?. (5.5

Parameters x;, become additional integration variables in the final likelihood, and we supply their
priorsin the form of exp(—x7 /2).

At this point, the likelihood is constructed and we integrate out the nuisance parameters (all
parameters except the cross-section o). The Likelihood isin fact aprobability density function. We
use 95% C.L. highest posterior density intervals to determine the maximum allowed cross-section
value, which we report as the final limit as a function of Ieptoquark mass. Given that we end up
observing no new physics signal, thisis equivalent to just integrating the likelihood function from
o = 0 to the point where 95% of the full integral is reached.

5.4.2 Fit Results

Thefit givesthe 95% C.L. upper limit on the LQ3 pair production cross section at each mass point
that isprobed. The results are plotted in Figure 5.9. The red and blue curves containing data points
are the experimental results given by the fitter for the cases of Yang-Mills and Minimal couplings,
respectively. The smooth red and blue curves are the corresponding theoretical cross sections as
discussed in Section 1.2. The intersection of the experimental curves and corresponding central
theoretical curves determine the 95% C.L. upper limit LQ3 pair production cross section, and the
95% C.L. lower limit on the LQ3 mass. Likewise, the intersection of the experimental curves and
the —1o theoretical curves give the limits that include the theoretical uncertainty. The results are
guoted in the next section.

Theresultisa95% C.L. upper limit on the VLQ3 pair production cross section of o < 344 fb,
assuming Yang-Mills couplings and Br(LQ3 — b7) = 1, and alower limit on the VL Q3 mass of
mvLqQs > 317 GeV/c?. If theoretical uncertainties on the cross section are applied, the results are
o < 353 fb and myLqs > 303 GeV/c?. For aVLQ3 with Minimal couplings, the upper limit
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Figure 5.9: Pair production cross section as a function of LQ3 mass for experimental results
(curves with data points) and theory predictions (solid curves) for the cases of Yang-Mills cou-
plings (red) and Minimal couplings (blue). The band due to the uncertainty on the theoretical
prediction for the cases of Yang-Mills couplings (brown) and Minimal couplings (gray) are aso
shown, and includes the uncertainty due to the choices of PDF and ¢ scale.

on the cross section iso < 493 fb (o < 554 fb) and the lower limit on the mass is my1,q3 >
251 GeV/c? (mvLqs > 235 GeV/c?) for the nominal (1o varied) theoretical expectation.

These results for both coupling cases areimploved from CDF Run |, which the lower mass|lim-
itsare myrqs > 225 GeV/c? for Yang-Mills couplings and myrqs > 170 GeV/c? for Minimal
couplings.
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Table 5.12: Event estimates for the e7;, channel. The number of events are given for each back-
ground category, the sum of the backgrounds, and for the data. For each number, the statistical
uncertainty is given first, followed by the systematic uncertainty. The regions CR0J, CR1J, CR2J,
SAFE, and SIGNAL are defined in Section 4.2.

CROJ

CR1J

CR2J

Backgrounds:

2% - 11 —em,
7Y — ee

QCD

tt

W(— ev) + jets
W(— 1v) + jets

v + jets

39.861052 + 3.22
545102 £ 1.12
2.831047 £0.32
0.01106" £0.01
53.067715 +9.82
20.687175 4 4.43

0.1875:58 4 0.00

43.027088 + 3.80
6.627005] +£1.47
22.667133 4 5.63
0.3015:08 + 0.07
20.2970°78 + 4.87
14.901137 +£3.73

0.36
1.44%538 £0.29

9.09704 + 1.06
1.22703% 4+ 0.33
15.231 158 +£3.85
0.817009 +£0.22
3.517035 £ 1.72
2.871081 £ 1.99

0.07
0.661 00 = 0.18

Total Background

2.14
122.08751; +11.31

109.23723% £ 9.27  33.3977:30 4 4.80

Data

129

110

36

SAFE

SIGNAL

Backgrounds:

29 s 117 —>em,
79 — ee

QCD

tt

W(— ev) + jets
W(— 1v) + jets

v+ jets

0.671011 £0.15
0.457013 £ 0.10
0.0870 42 £ 0.00
1357015 £0.39
0.607012 4 0.29
0.1410:23 +0.08

0.09
0.007 00 = 0.00

0.04905 & 0.00
0.0010:65 £ 0.00
0.0010:65 £ 0.00
0.1570:57 £0.04
0.071957 +0.03
0.0010-48 £ 0.00

0.09
0.007 00 % 0.00

Total Background

3.287099 +0.52

0.257021 4+ 0.05

Data
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Table 5.13: Event estimates for the 17, channel. The number of events are given for each back-
ground category, the sum of the backgrounds, and for the data. For each number, the statistical
uncertainty is given first, followed by the systematic uncertainty. The regions CR0J, CR1J, CR2],
SAFE, and SIGNAL are defined in Section 4.2.

CROJ

CR1J

CR2J

Backgrounds:

70 — TT — UTh

70 = up 27.0671°15 + 8.45
0.56

QCD 2.307 28 +£0.39

tt 0.0475:05 4 0.00

W(p+v) + jets

W(r +v) + jets

0.87
4203155 £2.91

1.59
56.6011 29 £ 7.98

+1.37
19117137 + 2.71

40.1015:82 £2.22
8.30705¢ +2.74
16.547120 +2.91
0.3215:08 +0.07
21.997715 4+ 4.23

1.28
13.137 ]38 +2.56

8.3415:39 +0.70
2.207037 £ 0.73
11.581122 £2.05
0.6715:08 +0.13
4.361025 £1.74

0.70
3.4470 10 £2.53

Total Background

2.62
147137505 +£12.29

2.51
100.467521 £6.74

30.5871°82 4 3.83

Data
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SIGNAL

Backgrounds:

Z% = 17— um,
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QCD

tt

W+ v) + jets

W(r +v) + jets

0.597019 4 0.06
0.1075:32 + 0.04
0.0070:3% 4 0.00
1247011 £0.29
0.31704% £0.11

0.000:45 £ 0.00

0.0975:05 4 0.03
0.00"5:05 4 0.00
0.00%5:5% 4 0.00
0.15700% 4 0.05
0.0010 08 £ 0.00

0.001945 £ 0.00

Total Background

2.257032 +0.32

0.2470:32 4 0.05

Data
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Chapter 6

Conclusion

We have searched for a third generation vector leptoquark (VLQS3) in the di-tau plus di-jet
channel in proton-antiproton collisions at /s = 1.96 TeV. The data was taken with the Collider
Detector at Fermilab (CDF) in Run Il. We used the data corrected using the Lepton+ Track triggers.
The corresponding integrated luminosity of the data used in this analysis was 322 pb!.

The model being explored is that of third generation vector leptoquark pair production, fol-
lowed by the subsequent decay of each VLQ3 to a b quark and atau lepton (3 = 1). And, This
search explores a vector like Yang-Mills couplings (x = A = 0) as well as minimal couplings
(k =1and X = 0).

In this analysis, we defined the signal region as having Nieis > 2 and H7 > 400 GeV. This
is the region for which the analysis has been optimized. The safety region has N > 2 and
250 < Hp < 400 GeV, and serves as a buffer between the signal region and the control region.
The control region below Hy = 250 GeV will not be sensitive to a vector leptoquark heavier than
the existing limit of mrqs > 225 GeV/c?, while the safety region of 250 < Hr < 400 GeV
could have such sensitivity. Therefore, the data in the safety region had not been examined until
the control region studies were completed. And, the final result uses a simultaneous fit to both the
safety and signal regions.

Inthe safety region (Njeis > 2 and 250 < Hy < 400 GeV), wefound 5 eventsinthe er, chan-
nel and 3 events the 7, channel, while the total background is expected to be 3.28"05% (stat.) +
0.52(syst.) inthe ey, channel and 2.257032 (stat.) 4+ 0.32(syst.) eventsin the y7, channel,

The signal region (Njets > 2 and Hr > 400 GeV) contains O events in the e7, channel
and 0 events in the u7, channel, while the total backgound is expected to be 0.25") 25 (stat.) +
0.05(syst.) in the e7;, channel and 0.2470-22(stat.) 4 0.05(syst.) in the 7, channel. Thus no
significant excess is observed.

We obtained a95% C.L. upper limit on the VLQ3 pair production cross section of o < 344 fb,
and a lower limit on the VLQ3 mass of myrqs > 317 GeV/c?, assuming Yang-Mills couplings
and Br(LQ3 — br) = 1. If 1o theoretical uncertainties on the cross section are included, the
results are o < 353 fb and myLqs > 303 GeV/c®. For a VLQ3 with Minimal couplings,
the upper limit on the cross section is o < 493 fb (o0 < 554 fb) and the lower limit on the
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mass is myLqs > 251 GeV/c? (myLqs > 235 GeV/c?) for the nominal (1o varied) theoretical
expectation.

We have improved the lower limits on the VLQ3 mass at the CDF Run |, where the lower
limits on the VLQ3 mass are myr,q3 > 225 GeV/c? for Yang-Mills couplings and myLQs >
170 GeV/c? for Minimal couplings.
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