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ABSTRACT

This thesis presents a search for top quark production through the
process pp — tt + X — ItI~vwbb 4+ X, where [ is either e or u. Using a
sample of 19.3 pb™! of pp collisions at /s = 1.8 TeV taken at the Tevatron
by the Collider Detector at Fermilab during the 1992 — 1993 collider run, we
observe 2 events in the signal region, and calculate an expected background
of 0.35 £ 0.21 events. The probability for this background to fluctuate to 2 or

more events is 6.2%.
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Chapter 1

INTRODUCTION

1.1 Why Look for Top?

The known fundamental particles and their interactions, excluding
gravity, are described remarkably well by a theory that has come to be known
as the Standard Model [1, 2, 3]. Interactions in the Standard Model arise from
three gauge symmetries: SU(3)cotor X SU(2)r x U(1)y, where I represents weak
isospin and Y represents weak hypercharge. The first of these, SU(3)cotor, pro-
duces the strong force (QCD), while the latter two, SU(2); x U(1)y, combine
to produce the weak and electromagnetic forces. The three vector fields asso-
ciated with the SU(2); symmetry couple to doublets of left-handed fermions,
but not to right-handed fermions. To accommodate this, fermions are grouped
into left-handed doublets (I = 1/2) and right-handed singlets (I = 0). The
pairings for the Standard Model quarks and leptons are shown in figure 1.1.
There are three generations of quarks and three generatibns of leptons. The
single vector field associated with the U(1)y symmetry couples to both left-
and right-handed fermions, albeit with different strengths in each of the two

1



Figure 1.1: The three generations of leptons and quarks in the Standard Model.

|Particle| T | I Y | @ |
Ver 1/2 1/2 -1 0
e |1/2|-1/2| -1 | -1

€Rr 0 0 -2 -1

wp | 1/2|-1/2| 1/3 | 2/3
dp | 1/2|-1/2| 1/3 | -1/3

uR o o | 4/3 | 2/3

| dr 0| o |-2/3|-1/3

Table 1.1: Quantum numbers for the first genération of fermions in the Stan-
dard Model. I is the weak isospin, Y is the weak hypercharge, and @ is the
electric charge, which may be computed from @ = I3 + Y/2.

cases. Table 1.1 gives these quantum numbers for the first generation of quarks
and leptons. The three SU(2); vector fields and the single U(1)y vector field
acquire masses through the Higgs mechanism [4], and mix to form the three
massive flelds of the weak interaction (W*, W™, Z°), and the massless field

(photon) of the electromagnetic interaction. The electric charge of a fermion



can be computed from its weak isospin and weak hypercharge, @ = I3 + Y/2,

and these values also appear in Table 1.1.

The discovery of the bottom quark at Fermilab [5] and the subse-
quent measurements of its properties [6] firmly establish it as the lower com-
ponent of a quark iso-doublet. The top quark is required to complete the
iso-doublet. Furthermore, the top quark is required to fill out the third gen-
eration of fermions so that so-called triangle diagrams [3, 7] do not destroy
the renormalizability of the Standard Model. These triangle diagrams are a
potential problem for the Standard Model, because theories containing both
axial and vector couplings of fields to fermions are in general not renormal-
izable due to anomalies from graphs such as the one in Figure 1.2.- These
triangle anomalies are proportional to the electric charge of the fermion run-
ning around the loop. When the sum over all fermions is performed, the net
anomaly is proportional to the sum of the electric charges of all the fermions
in the theory. Looking at just the first generation in the Standard Model, we
see that this sum is Qit = Qv + Q. + 3Q. + 3Q4 = 0, where the factor of
three has been inserted because quarks come in three colors. Extending this
to the case of three generations, we see that the top quark is needed to keep

the theory renormalizable.

1.2 Perspective

This thesis presents a search for the top quark in 19.3 pb™? of data
recorded by the CDF detector at the Fermilab Tevatron during 1992 and
1993 [10]. At the time when this analysis was begun, the top quark had not yet

been observed. The lower bound on the top quark mass was m,, > 91 GeV/c?,



set by the CDF collaboration using 4.1 pb™! of data from an earlier collider
run in 1988 — 1989 [8].

During the time between the start of this analysis and the present,
there have been several new results published. The D0 collaboration published
a lower limit of m, > 131 GeV/c? from 15 pb~! of data taken during the
1992 — 1993 collider run at Fermilab [9]. From the same collider run, the CDF
collaboration published two papers gifzing evidence supporting the existence
of the top quark, with m, = 174 +£ 17 GeV/c? [10]. The analysis described
in this thesis was presented in those publications. A new collider run began in
1994 and is expected to continue through the end of 1995. Both the CDF and
DO collaborations have announced unambiguous observation of the top quark
in their increased data samples [11, 12]. It must be noted here that data from
the current collider run are not included in this thesis: only the 19.3 pb™! of
data recorded in 1992 — 1993 are used. Moreover, the reader should keep in

mind that this analysis was performed before the top quark had been observed.

1.3 How to Search for Top

At the Tevatron, the dominant source of top quarks is from ¢ pair
production. According to the Standard Model, the top quark decays to a W+
boson and a b quark, with the charge-conjugate mode for the top antiquark.
If the top quark mass is heavier than the sum of the W and b masses, then the
W boson will be on its mass shell. Thus, a ¢ pair will decay to two real W
bosons and a bb quark-antiquark pair. Several different final states are possible,
depending on how the W bosons decay. Figure 1.3 diagrams the decay of a ¢t
pair, and Table 1.2 shows the branching ratios to each of the final states. The

largest branching ratio is for the case when both W bosons decay hadronically.



Figure 1.2: A Feynman graph that produces a triangle anomaly.

Figure 1.3: Tree-level diagram for ¢f production and decay.

The backgrounds to this mode from QCD multijet production are quite large,
making it difficult to observe ¢ production in this channel. The next largest
branching ratios occur when one W boson decays leptonically and the other
decays to hadrons, leading to a final state with four jets. Frequently referred
to as the lepton + jets channel, this mode has a large background from W +
multijet production. The background can be greatly reduced by requiring the



| Final State | Branching Ratio |

qqqqbb 36/81
evqgbb 12/81
uvqghb 12/81
rvqghb 12/81
evevbb 1/81
evuvbd 2/81
evTubb 2/81
pvpuvbb 1/81
pvTvbb 2/81
TvTvbh 1/81

Table 1.2: Branching ratios to ¢ final states.

presence of b quarks in the event. This has been done by the CDF and DO
collaborations by looking for the semi-leptonic decay of the b quarks, and by
the CDF collaboration by looking for secondary vertices consistent with the b

lifetime [11, 12].

As the name suggests, in the dilepton decay channel both W bosons
decay leptonically, yielding a final state with two oppositely charged leptons,
two neutrinos, and two b quarks. As can be seen from Table 1.2, these decay

modes have the smallest branching ratios.

The analysis presented here is a search for ¢ events in the dilepton
decay channel. The backgrounds in this channel are lower than in the other
channels, compensating for the decreased statistics due to the small branching
ratio. Because 7 identification is somewhat more difficult than e or y identifi-
cation, we consider only the cases where the charged leptons are electrons or
muons. Consequently, the final states we are interested in contain two charged

leptons (e or ), two neutrinos, and two b quarks. Because the W boson mass



is approximately 80 GeV/c? [42], its decay products will be quite energetic,
typically possessing momenta of 40 GeV/c.

The CDF detector is capable of identifying electrons and muons. The
b quarks will appear as hadron jets. The neutrinos are not directly observed.
Instead, we infer their existence from an imbalance in the transverse compo-
nents of momentum for the entire event. In this analysis, we look for events
with two energetic electrons or muons, two hadron jets from the b quarks, and
a momentum imbalance signalling the presence of neutrinos.

There are several i decay modes which may produce final states with
two electrons or muons. We are primarily concerned with the case where the
leptons come directly from the decay of a W (W — ev, W — uv). We may
also detect leptons from the decay of a W into a tau, followed by the leptonic
decay of the tau, or from the semi-leptonic decay of a b quark, or from the
decay b — cX, followed by the semi-leptonic decay of the ¢ quark. Leptons
from these sources tend to be less energetic than those from the direct decay of
W bosons, but they may still satisfy the selection criteria. When we calculate
the acceptance for this analysis, the contribution from these events is included.
For a heavy top, e.g. 140 GeV/c® < my,p < 200 GeV/c?, approximately 85%
of the acceptance is from events where both W’s decay to electrons or muons,
approximately 11% is from events where one of the leptons comes from the
decay of a tau, and the remaining 4% have a lepton from the semi-leptonic

decay of a b or ¢ quark.



Chapter 2

DESCRIPTION OF
DETECTOR

2.1 Overview

The CDF detector has azimuthal and forward-backward symmetry.
We choose coordinates so that the z-axis points along the proton beam direc-
tion with z = 0 for the nominal interaction point, and the azimuthal angle ¢
1s measured from the plane of the Tevatron. We frequently use the variables
8, which is the polar angle from the z-axis, and 7, which is the pseudorapidity,
defined as 7 = In(cot(#/2)). Figure 2.1 shows a cut-away view of the detector.
The portions of the detector relevant for this analysis are the calorimeters,
tracking systems, the central muon systems, and the beam-beam counters.
Here we will give a brief description of these systems. A more detailed ac-

count of the CDF detector may be found in Reference [13].

9
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Figure 2.1: A cut-away side view of one half of the CDF detector.
2.2 Tracking Systems

There are three tracking systems which are important for this analy-
sis. In order of increasing radial distance from the beam pipe, these systems are
the Silicon Vertex Detector (SVX) [14], the Vertex Drift Chamber (VTX) [15],
and the Central Tracking Chamber (CTC) [16].

The SVX is a four layer silicon microstrip detector which surrounds

the beam pipe for a total length of 51 cm, with an inner radius of 3.0 cm and

an outer radius of 7.9 cm, centered on the nominal interaction point. The
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strips are oriented axially and are spaced at 60 ym in the inner three layers,
and 55 pm in the outer layer. Each layer provides a position measurement
for charged particles with a resolution of 13 um in the plane transverse to the
beam. This allows a measurement of the impact parameter with a resolution
of 17 um for high momentum charged particles. The lifetimes of hadrons
containing b quarks are on the order of 7 = 1 ps, or ¢r =~ 300 ym. The SVX is
thus capable of identifying secondary vertices from b decay. The efficiency of
finding a secondary vertex in a b jet which passes through the SVX (|| < 1.0)
is approximately 30% [10].

The VTX consists of a series of time projection chambers surrounding
the SVX and beamline in the region || < 3.25 and having an outer radius of
22 cm. The VTX finds charged particle tracks in the » — z plane, and is used
to measure the z-coordinate of the pp interaction with a resolution of 1 mm.

The CTC is a large drift chamber with inner radius 0.3 m, outer ra-
dius 1.3 m, and length 3.2 m. There are 84 concentric layers of sense wires.
These 84 layers are grouped into 9 superlayers. The wires in 5 of the su-
perlayers run axially, and provide measurements of the position of charged
particles in the » — ¢ plane. These 5 superlayers are referred to as axial su-
perlayers. The wires in the other 4 superlayers are tilted +3° with respect
to the z axis. These 4 tilted superlayers are referred to as stereo superlay-
ers. The spatial resolution of individual CTC hits is approximately 200 ym.
Combined with the information from the axial superlayers, hits in the stereo
superlayers provide z information for tracks, with a resolution of 6 mm in
the z coordinate. The CTC sits inside of a 1.4 T magnetic field produced by
a superconducting solenoidal magnet and provides momentum measurements
for charged particles. An algorithm is run to fit tracks to the CTC hits. This
algorithm is 99.7% =+ 0.2% efficient at finding tracks for electrons in W events
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with |p| < 1.1 [30]. The resolution of the momentum measurement in units
of GeV/c is given by opp = 0.002 x pr?, where pr refers to the transverse
components of the momentum in GeV/¢, pr = Pxsinf, where 6 is the open-
ing angle between the charged particle track and the proton beam direction.
Adding the constraint that the track originates from the proton beamline ef-
fectively increases the lever arm, and improves the momentum resolution to

opp = 0.001 x pr.

2.3 Calorimeters

There are three distinct regions of calorimeter coverage in the CDF
detector. These are the central, plug, and forward regions. All three of these
regions lie outside the solenoid and tracking systems, and all three contain
electromagnetic and hadronic calorimeters arranged in a projective tower ge-
ometry, with the towers pointing back to the nominal interaction point. The
electromagnetic calorimeters are closer to the interaction point, and use a lead
absorber. The hadronic calorimeters lie behind the electromagnetic calorime-
ters, and use an iron absorber.

The central calorimeter consists of two barrel-shaped halves which
meet at the plane z = 0. Each half contains 24 wedges, each of which covers 15°
in ¢ and 0 < || < 1.1. The Central Electromagnetic Calorimeter (CEM) [17]
consists of 10 towers in each wedge, so that each tower is approximately 15° in
¢ and 0.1 in 5. Each CEM tower contains alternating layers of lead absorber
and plastic scintillator, and has a thickness of 18 radiation lengths. Plastic
light guides bring the light from the scintillator to two photomultiplier tubes
for each CEM tower. The Central Electron Strip (CES) [17] chambers are
proportional chambers located within the CEM at a depth of six radiation
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lengths, which is near the shower maximum. The CES chambers measure the
shower profile in both the transverse (r — ¢) and longitudinal (z) views. Each
wedge contains two strip chambers which meet at |p| ~ 0.6.

The Central Hadronic Calorimeter (CHA) and the Wall Hadronic
Calorimeter (WHA) [18] towers lie behind the CEM towers, and together they
cover the range |7| < 1.3. Each CHA and WHA tower consists of alternating
layers of iron absorber and plastic scintillator, again with light guides to bring
the light from the scintillator to photomultiplier tubes. Both the CHA and
WHA are 4.5 interaction lengths thick.

The Plug Electromagnetic Calorimeter (PEM) [19],
Hadronic Calorimeter (PHA) [20], the Forward Electromagnetic Calorimeter
(FEM) [21], and the Forward Hadronic Calorimeter (FHA) [22] all use alter-

the Plug

nating layers of gas proportional tubes and lead or iron absorber. Cathode
pads of size 5° in ¢ and 0.1 in 7 collect charge from the tubes. Table 2.1 gives

the n coverage, energy resolution, and thickness of the different calorimeter

systems.
System Coverage Segmentation Thickness Energy Resolution
(6n x 6¢) ( GeV)

CEM In| < 1.1 0.1 x15° | 18 Xo, 0.3 A, | 0.135 x /E/(1 GeV)
CHA/WHA Inl < 1.3 0.1 x 15° 4.5 Aqps 0.80 x +/E/(1 GeV)
PEM |11<|g|<24| 01x5 |19 Xo, 1.0 Aw, | 0.28 x /E/(1 GeV)
PHA 13<|nj<24 0.1 x 5° 5.7 Aabs 1.30 x /E/(1 GeV)
FEM |22<p]<42| 01x5 |25 X, 0.8 Aw, | 0.25 x 1/E/(1 GeV)
FHA |23<|g/<42| 0.1x5° 7.7 Aabs 1.41 x +/E/(1 GeV)

Table 2.1: Properties of the CDF calorimeters.
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2.4 Muon Chambers

The Central Muon System (CMU) [23] consists of four layers of drift
chambers behind each of the 48 central calorimeter wedges. These chambers
detect charged particles emerging from the CHA. Behind the CMU chambers
is 0.6 m of additional steel shielding. The Central Muon Upgrade System
(CMP) [24] consists of four layers of drift chambers outside of this shielding.
Both the CMU and CMP extend out to |p| < 0.6, but neither offers 100%
coverage over this range. Of the solid angle with |n| < 0.6, 53% is covered by
both the CMU and CMP chambers, 31% is covered only by CMU chambers,
10% is covered only by CMP chambers, and 6% is not covered by either CMU
or CMP chambers.

The Central Muon Extension System (CMX) [25] again consists of
four layers of drift chambers and detects charged particles which penetrate
through the hadron calorimeters. The segmentation follows that of the central
calorimeter wedges; each chamber is 15° in ¢. The CMX provides muon de-
tection for the range 0.6 < || < 1.0. The CMX covers 71% of the solid angle
with 0.6 < |n| < 1.0.

2.5 Beam-Beam Counters

Close to the beam pipe and just before the inner faces of the FEM lie
the Beam-Beam Counters (BBC) [26]. The BBC system consists of 32 plastic
scintillator paddles, 16 each on either side of the interaction region. The BBC
system detects charged particles over the range 3.2 < || < 5.9. Minimum
ionizing particles have typical pulse heights of 300 mV. Discriminators are set

to fire at 30 mV. The presence of at least one paddle above threshold on either
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side of the interaction region is used to signal the occurrence of a scatter,

pp — X.

2.6 Trigger and Data Acquisition

When the Tevatron is operating in colliding mode, there are 6 bunches
of protons circulating clockwise (viewed from above) in the ring. These 6
bunches are evenly spaced around the ring, so that there are 60° between
neighboring bunches. At the same time, there are 6 bunches of antiprotons
circulating counter-clockwise around the ring. A proton bunch and an an-
tiproton bunch pass through each other every 3.5 us at the center of the CDF
detector. Thus, there is a potential pp interaction in the CDF detector every
3.5 us. We employ a three-level trigger system [27, 28] to reduce this 280 kHz
rate of potential events to approximately 5 Hz, the maximum rate at which we
can write events to tape for storage. The Level 1 and Level 2 trigger decisions
are made in hardware by custom-built electronics. The Level 3 trigger decision
is made in software by a farm of Silicon Graphics ;omputers running Fortran
programs.

The Level 1 and Level 2 trigger decisions must be made more quickly
than the detector electronics can be read out. A subset of the full event infor-
mation is tapped off and carried on dedicated cables directly to the hardware
trigger. The hardware trigger implements a coarser calorimeter segmentation
than that available offline. In the central region, a trigger cell consists of two
adjacent calorimeter towers, so that a trigger cell is 0.2 in # by 15° in ¢. Analog
signals carry the information from the calorimeter to the trigger, and the trig-
ger cell energies are obtained by summing the energies of the two constituent

calorimeter towers. The trigger segments each of the 48 CMU muon chambers
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into 3 sections, each 5° wide in ¢. Signals from the muon system to the trig-
ger inform the trigger which of the 5° sections contain hits. This is the full
extent of the ¢ information on the muon chamber hits available to the hard-
ware trigger, and there is no 7 information available. Signals from the Central
Tracking Chamber (CTC) supply the Central Fast Tracker (CFT) [29] with
the information it needs to perform a two-dimensional (r — ¢) track search for
the hardware trigger. Signals from the Beam-Beam Counters (BBC) inform
the trigger which of the 32 scintillator paddles are above threshold.

The Level 1 trigger executes each time p and 7 bunches meet in the
detector, returning its decision early enough that the detector can be instructed
to keep or to clear the event in time for the next p-p crossing, so that the Level
1 trigger incurs no deadtime. Because of settling times and cable delays, only
about 400 ns of the 3.5 us between crossings is available for the Level 1 trigger
to make its decision. Complicated algorithms therefore cannot be run. The
Level 1 trigger only asks whether there is at least one trigger cell with energy
above a threshold, if there were hits in a muon chamber, and which of the
BBC paddles were above threshold. The track information from the CFT is
not available to the Level 1 trigger. At typical instantaneous luminosities of
5-10%° cm?/s, the Level 1 trigger provides a rejection factor of approximately
100, accepting events at a rate of approximately 2 kHz, compared with the
280 kHz bunch crossing rate.

The Level 2 trigger runs each time the Level 1 trigger accepts an
event. The Level 2 trigger takes approximately 20 ps to execute, and the
detector is instructed to keep the event it contains and ignore subsequent
crossings until the Level 2 trigger has made its decision. For the calorimetry-
based triggers (e.g., electron and jet triggers), the Level 2 trigger runs an

algorithm to build clusters out of individual trigger cells. These clusters are
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then checked against a list of criteria. For the electron triggers, the cluster
may be required to have a low ratio of hadronic to electromagnetic energy,
and may also be required to have a CFT track pointing towards it in the r — ¢
plane. The muon triggers require a CFT track matched (again, in ¢) to muon
chamber hits. The Level 2 trigger provides a rejection factor of approximately
100, accepting events at a rate of approximately 20 Hz.

When the Level 2 trigger accepts an event, the detector electronics
are fully read out into computer memory and passed along for examination
by the Level 3 trigger. The Level 3 trigger runs the same reconstruction algo-
rithms that are used for offline analyses, but before the run-by-run calibration
constants have been entered into the database. The Level 3 trigger is quite
flexible, and capable of implementing a large number of sophisticated event
selection routines. Some of these routines are designed to accept events for
high priority analyses (e.g., the top quark search, W and Z physics), and
events which satisfy them are written directly from computer memory to disk.
The data sample comprised of these high priority events is referred to as the
“express stream.” The bulk of the events accepted by the Level 3 trigger do
not fall into this category. These events are written from computer memory
to tape.

Once the database has been loaded with the appropriate calibration
constants, the express stream events are again run through the reconstruction
algorithms and then written to tape. Copies of the tapes are distributed to the
members of the CDF collaboration. The express stream dataset is contained
on 194 8 mm video cassette tapes. Data samples which are small enough to
remain on disk are stripped from the tapes of the express stream sample. One
of these smaller data samples is the dilepton sample. The dilepton sample is

described in Chapter 4 and is the data sample used for this analysis.



Chapter 3

LEPTON AND JET
IDENTIFICATION

3.1 Overview

This chapter describes the reconstruction algorithms used to identify
electrons, muons, jets, and neutrinos. Both the triggering and offline selection

requirements are addressed.

3.2 Electrons

In this analysis, we are concerned with electrons only in the central
(In] < 1.1) region of the detector. We expect the electron to deposit most of its
energy in one or two Central Electromagnetic Calorimeter (CEM) towers, with
very little energy deposited in the hadron calorimeter towers behind them. We
expect the electron to leave a track in the Central Tracking Chamber (CTC),
pointing at the CEM shower.

19
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3.2.1 Electron Fiducial Requirements

To minimize energy mismeasurements, we reject electron candidates
where the shower position measured by the Central Electromagnetic Strip
(CES) chambers is near a wedge boundary. The shower position is required
to be at least 9 cm from the z = 0 plane where the two halves of the central
calorimeters meet, and at least 3.2 cm from the ¢ boundaries of the wedge.
Scintillator coverage extends to within 1.1 cm of the ¢ boundaries, and the CES
chambers extend to within 1.7 cm of the ¢ boundaries. Showers are allowed to
extend across tower boundaries in 7, provided that wedge boundaries are not
crossed. There is an algorithm (described below) which attempts to merge the
information from towers adjacent in 7 into a single electron candidate cluster.
Recall that there are 10 CEM towers per wedge. We refer to these as Tower 0
through Tower 9, with Tower 0 having the lowest ||, and Tower 9 the highest.
We require that of the towers in a cluster, the tower with the most energy is
not Tower 9. Finally, the region of the CEM with 5 > 0.8 and 75° < ¢ < 90°
is not instrumented, as this region provides access for the cryogenics to the
solenoid. In terms of CEM towers, this region includes part of Tower 7, all of
Tower 8, and all of Tower 9 for that wedge. We refer to this uninstrumented
region as the chimney, and exclude it from the allowed fiducial volume.

Figures 3.1 and 3.2 show the distributions of ¢ and 7 for electrons in
the data. The chimney is clearly visible near 0.8 < < 1.0, 75° < ¢ < 90°.
The other obvious hole in this plot, near 255° < ¢ < 270°, —0.3 < 5 < 0.0, is
due to problems with the CES chambers, and is technically part of the allowed
fiducial region. This hole is accounted for when finding the efficiency of the
electron identification requirements. In addition to these holes, there are some

light areas in the plots. In particular, the region with 345° < ¢ < 360° and
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Figure 3.1: A plot of ¢ vs n for central electrons which satisfy the fiducial
requirements. This plot was made from the position measured by the CES
chambers. The boundary between the two CES modules in each calorimeter
wedge and the gaps between wedges are visible.
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Figure 3.2: The distributions of a) n and b) ¢ for central electrons which satisfy
the fiducial requirements. This plot was made from the position measured by
the CES chambers.
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0.0 < 7 < 0.3 and the region with 165° < ¢ < 180° and —0.3 < < 0.0 are
less densely populated than are other regions. In both of these cases, problems
with the CES chambers cause the lightness in the plots. Again, we account for
this inefficiency when computing the efficiencies of the electron identification

requirements.

3.2.2 Electron Identification Variables

The first step in reconstructing electrons is to group together indi-
vidual calorimeter towers to form a single electron candidate. The clustering
algorithm begins by choosing a single CEM tower as a potential seed tower.
The seed tower must have at least 3 GeV of Er deposited in it, where Er,
the transverse energy, is defined by Er = E xsind, and 0 is the opening angle
between the electron direction and the proton beam direction. The seed tower
will usually be the highest energy tower in the cluster. The CEM seed tower
and the Central Hadronic Calorimeter (CHA) or Wall Hadronic Calorimeter
(WHA) tower behind it are included in the cluster. The two neighbors in 7 to
the CEM seed tower are added to the cluster, unless the seed tower was Tower
0 or Tower 9, in which case only one neighbor is added. The CHA (or WHA)
tower that 1s grouped into the same trigger cell as the hadronic tower behind
the seed tower is also added to the cluster. The ratio of the total hadronic
energy in the cluster to the total electromagnetic energy in the cluster is com-
puted. If this ratio is greater than 12.5%, the cluster is rejected. If the ratio
is less than that value, the cluster is kept as a potential electron candidate.

The transverse energy, E5™, of the electron candidate is found by
summing the Er from the three (or two) CEM towers in the cluster. Another

ratio of hadronic energy to electromagnetic energy is computed, this time using
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the CHA (or WHA) towers behind all the CEM towers in the cluster. We use
the symbol E*/E*™ for this ratio.

We look for CTC tracks which point at the calorimeter cluster.
Matches are made between the extrapolated track position and the shower
position as measured by the CES. These strip-track matches are made in both
the r — ¢ view, Az, and z view, Az. The ratio of the calorimeter energy
to the track momentum, Ef™ /pr'™*, is computed. Bremsstrahlung radiation
may cause this ratio to be significantly different from unity. The CTC track
measures the momentum of the electron after it has radiated. The radiated
photons will normally enter the same CEM tower as the electron, so the CEM
energy measurement corresponds to the electron’s energy before it has radi-
ated.

We fit the CES shower profile in the z view to the expected shower
profile for electrons. The quantity x3,,, gives the x? of the fit between the
observed shower shape and the nominal shower shape determined from test
beam electrons. We also compare the sharing of energy between CEM towers to
the expected lateral sharing for electrons, and define another x?-like variable,
L4 to measure this agreement. More specifically,

EW

Lag, =0.14- E\/

0. 142 E -+ O'EClp

where the sum is over the CEM towers adjacent to the seed tower, E? is
the energy observed in the tower, E;*F is the energy expected in the tower,
determined from test beam electrons, ogser is the uncertainty in the expected
energy, and 0.14 - /E is the resolution of the energy measurement. Figure 3.3

shows the distributions for the electron identification variables.
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Figure 3.3: Distributions of the variables used for electron identification. The
distributions shown are for isolated electrons in Z events. a) The Ef™ spec-
trum, measured by the CEM calorimeter, in GeV; b) the pr spectrum, mea-
sured in the Central Tracking Chamber, in GeV/c; ¢) the energy/momentum
ratio, Ef™ /pr'™*; d) the ratio of hadronic to electromagnetic calorimeter en-
ergies, E*d/E*™; e) the lateral sharing variable L,,; f) the shower profile
variable x2, .: g) the CTC track to CES shower position match in the r — ¢
view, Az, measured in cm; h) the CTC track to CES shower position match
in the z coordinate, Az, measured in cm.
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3.2.3 Electron Triggers

The Level 1 central electron trigger requires a hit in at least one of
the Beamn Beam Counter (BBC) paddles on each side of the interaction region.
Further, it requires that at least one CEM trigger cell contains E; > 6 GeV.
Averaged over the entire data sample, this trigger is estimated to be 99.2+0.1%
efficient [30] for electrons with Er > 10 GeV in an allowed fiducial region,

using events that pass the Level 1 and Level 2 muon triggers.

The Level 2 central electron trigger makes use of both calorimetry and
tracking information. CEM trigger cells with at Er > 9 GeV become trigger
cluster seeds. Neighboring CEM trigger cells with Ex > 7 GeV are added to
the trigger cluster. The hadronic trigger cells behind the CEM trigger cells
are also added to the cluster. The Level 2 central electron trigger requires
that the ratio of hadronic-to-electromagnetic energy of the trigger cluster be
less than 12.5%. Additionally, the trigger requires that there is a track with
pr > 9.2 GeV/c found by the Central Fast Tracker (CFT). The efficiency of
this triéger, averaged over the entire data sample, is measured to be 91.5+0.3%
for electrons which satisfy the fiducial requirements from W decay, by using
W events that satisfy independent triggers [30]. The CFT track requirement

contributes most of the inefficiency.

The Level 3 central electron trigger requires a electron candidate
cluster with Ef™ > 18 GeV, a CTC track with py > 13 GeV/c, Lar < .2,
Xmp < 10, |Az| < 3 cm, and |Az| < 10 cm. The average efficiency of
this trigger is measured to be 98.2 + 0.1% efficient [30] for W electrons in
an allowed fiducial region by using W events which come in on independent
triggers. Events with an electron satisfying the requirements of this Level

3 trigger are written to disk and become part of the express stream. The
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combined trigger efficiency for central electrons from W decay is estimated to

be 89.2 + 0.3% [30].

3.3 Muons

We expect muons to produce tracks in the CTC. Muons with pr >
20 GeV/c are expected to deposit energies of approximately 400 MeV and 2
GeV in the electromagnetic and hadronic calorimeters, respectively. All other
charged particles are expected to be absorbed by the central calorimeters, and
to deposit all of their energy therein. If, after exiting the calorimeters, the
muon strikes a muon chamber in either the Central Muon System (CMU),
the Central Muon Upgrade System (CMP), or the Central Muon Extension
System (CMX), we expect to see hits in each of the four layers of drift tubes in
that muon chamber. These hits should lie on a straight line. The signature for
a muon is thus a track in the CTC, small but non-zero energy deposited in the
calorimeter towers which the track is projected to hit, and hits in the muon
chambers towards which the track points if there is muon chamber coverage
there. Muon candidates backed by hits in a muon chamber are referred to as
CMUO muon candidates. Muon candidates without muon chamber hits are
referred to as CMIO muon candidates. For CMIO muon candidates, cuts are
placed on the extrapolated track position in the calorimeters to ensure that

the charged particle passed through an active region of the calorimeters.

3.3.1 Muon Fiducial Requirements

For both CMUOQO and CMIO muon candidates, we impose quality cuts
on the CTC track. Specifically, we require that the track has hits in at least 6
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superlayers. Of these 6 superlayers, at least 3 must be axial superlayers, and
at least 2 must be stereo superlayers. This requirement rejects tracks at high
In| which exit through the end wall of the CTC before crossing the minimum
number of superlayers.

We require CMUO muon candidates to have hits in either the CMU,
CMP, or CMX muon chambers. For CMIO candidates, we ask that the track
points at a well-instrumented region of the calorimeters. We require that the
track strikes the calorimeter at |g| < 1.2. The boundary region between the
CEM and PEM calorimeters, defined as 1.06 < || < 1.12, is also excluded. In
the central region, we extrapolate the track to the inner radius of the CEM.
We require the extrapolated track position is at least 9 ¢cm from the 2z = 0
boundary where the two halves of the central calorimeters meet, and also that
the track position is at least 2.5 cm from the nearest ¢ boundary. Finally, we
require that the the CTC track does not strike the chimney. Figures 3.4 and 3.5
show the ¢ and 7 distributions for muons with CMU and CMP muon chamber
hits. Figures 3.6 and 3.7 show the ¢ and % distributions for muons with CMX
muon chamber hits. Note that for all these figures, ¢ and n are computed
from the muon chamber hits. The muon chambers utilize a charge-division
technique to measure the z coordinate of the hits. The CMX chambers do not
measure the z coordinate very accurately, with the result that it is sometimes
found to be outside of the muon chamber boundary. This explains why there

are values of |n| greater than 1.2 in Figures 3.6 and 3.7.

3.3.2 Muon Identification Variables

The muon momentum is taken to be the py of the track. A better

measurement of the muon pq is obtained if the track is refit with the constraint
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that it passes through the beam line. The impact parameter, dg, of the un-
constrained track is measured. This is the distance of closest approach of the
track to the proton beam line. Also, the distance in the z direction from the
point of closest approach to the nearest vertex found by the Vertex Tracking
Chamber (VTX), Az"~tt  is measured. Figure 3.8 shows the distributions
of the quantities for muons in Z events.

We propagate the track through the calorimeters and to the muon
chambers. A sum of the energies in all the calorimeter towers through which
the track is projected to pass is made. Separate sums are made for electromag-
netic energy, E°™, and hadronic energy, E*?, For CMUO muons, the particle
trajectory is extrapolated out to the muon chambers, and the distance in the
r — ¢ view between the extrapolated track position and the position of the hits
in the muon chamber, is measured. This distance is used as a criterion when
determining the quality of the match between the track and muon chamber
hits. The distributions for these quantities are shown in Figure 3.8 for muons

in Z events.

3.3.3 Muon Triggers

The Level 1 muon trigger requires hits in the a Central Muon System
(CMU) muon chamber. As described in Chapter 2, the hardware trigger di-
vides each CMU muon chamber into 3 5° sections. If the 5° section containing
the hits is backed by a Central Muon Upgrade System (CMP) chamber, then
hits are also required in that CMP chamber. There are 72 5° sections on each
side of the plane 2z = 0, and 51 of these 72 are backed by CMP chambers.
Using a sample of Z — uu events, this trigger is measured to be 95.9 + 1.5%
efficient [31].
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of the track and the nearest vertex found by the Vertex Tracking Chamber
(VTX), Az'-#t; d) the energy deposited by the muon in the electromag-
netic calorimeter, E*™; e) the energy deposited by the muon in the hadronic
calorimeter, E*4; f) the distance in cm between the extrapolated track po-
sition and the CMU chamber hits in the » — ¢ view; g) the distance in cm
between the extrapolated track position and the CMP chamber hits in the
r — ¢ view; h) the distance in ¢m between the extrapolated track position and
the CMX chamber hits in the » — ¢ view.
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The Level 2 muon trigger requires a 9.2 GeV/c CFT track in addition
to the muon chamber hits required by the Level 1 trigger. The efficiency of the
Level 2 muon trigger is determined by the Central Fast Tracker (CFT) tracking
efficiency. Using a sample of W — ev events, this efficiency is measured to
be 92.3 + 0.9% efficient [31]. As a check, the Level 2 muon trigger efficiency
has also been measured from a sample of Z — uu events and is found to be
92.1 £ 2.0% [31], in good agreement with the number from W — ev events.

The Level 3 muon trigger requires a track with pr > 18 GeV/c,
Ehbd < 6 GeV, and a 5 cm or better match between the track and the CMU
chamber hits. This trigger is measured to be 98.6 + 1.1% efficient [31] using a
Z — up sample. Events which contain a muon satisfying the requirements of
this Level 3 trigger are written to disk and become part of the express stream.

The combined trigger efficiency for muons is the product of these numbers, or

87.3 + 1.9% [31].

3.4 Jets

Because of color confinement, we do not see individual quarks or
gluons produced in the Pp collisions. Rather, these partons hadronize and
appear as spré.ys of particles in the detector. These sprays are usually referred
to as “jets,” and are spread out over several calorimeter towers. As an estimate
of the original parton energy, we sum together the energies in the calorimeter

towers within R < 0.4 of the largest-energy calorimeter tower in the jet, where

R = \/ (An)? + (A¢)? and ¢ is in radians. Of course, this only accounts for

the fraction of the jet energy which was deposited in an active region of the
calorimetry and inside the cone described by R < 0.4. In order to get a more

accurate estimate of the initial parton energy, we scale up the observed energy
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by a correction factor, typically about 1.4. This correction factor depends on
the observed jet energy and on its location in the calorimeters, and is found by
balancing jet energies in QCD multijet events [32]. Aside from the uncertainty
in the energy scale calibration, the uncertainty in the jet energy measurement,
in GeV, is approximately 100%+/E. In addition, we assign a 10% uncertainty
to the jet energy scale [10].

If the initial parton is a b quark, the ratio of observed jet energy to
parton energy will be different than if the initial parton were a light quark or
gluon, and correction factors for b quark jets have also been calculated [10].
The energy resolution for b quark jets corrected in this manner is 20% x
- E. Figure 3.9 shows Er spectra of jets in the data, before corrections, after
the generic jet corrections, and after the b quark corrections. These b quark
corrections are not used in the event selection requirements of this analysis.
However, when giving the characteristics of events which satisfy the event

selection criteria, jets may be corrected as if they were b quark jets.

3.5 Neutrinos

We do not directly observe neutrinos in the detector. Instead, we rely
on momentum conservation and look for an imbalance in the components of
momentum transverse to the beamn. The vector Er is defined to be the opposite
of the vector sum of the transverse components of the momenta of all the
observed particles in an event. If this vector sum is significantly different from
zero, we attribute the imbalance to the presence of one or more neutrinos. We
use beam-constrained muon momenta when computing the vector sum. Also,
jets with uncorrected transverse energy, Er™", above 10 GeV and |p| < 2.4

are corrected using the generic jet correction, and these corrected energies are
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used when calculating the Er vector. The uncertainty in the K7 vector is
given by the uncertainties in the momenta of all the observed particles in the

event.



Chapter 4

EVENT SELECTION

4.1 The Data Sample

The final states we are searching for contain two leptons (e or u),
large Er, and at least two jets. The first step in looking for these events is
to create a data sample in which to search for them. The cuts on this sample
must be loose enough to keep the events we are l(;oking for, but tight enough

that the number of events in the sample is not too unwieldy.

To make the most basic data sample used in this analysis, known
as the dilepton sample, we sift through the approximately 1.7 million express
stream events looking for events which contain two lepton (e or u) candidates.
Events must have one lepton passing a primary set of requirements and an-
other passing a secondary set of requirements in order to be included in the
dilepton sample. Table 4.1 lists the lepton identification cuts used for the
dilepton sample. The pr cut on the leptons is 15 GeV /¢, and the lepton iden-
tification requirements on the secondary lepton are quite loose. In addition to

the cuts listed in Table 4.1, muon candidates with hits in the Central Muon

39
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System (CMU) muon chambers but without hits in the Central Muon Upgrade
System (CMP) muon chambers are required to satisfy a position matching cut
between the hits in the CMU muon chamber and the extrapolated track po-
sition. The cut value is 10 cm in the » — ¢ view. No position matching cuts
are placed on hits in the CMP muon chambers or Central Muon Extension
System (CMX) muon chambers. Events where both leptons are muons must
have muon chamber hits left by at least one of the muons in order to be in-
cluded in the dilepton sample. It should be noted that events where one of the
two leptons is an electron in the plug calorimeter are also accepted into the
dilepton sample. These electrons in the plug calorimeter are not used in this
analysis, and their selection criteria are not described here. Out of the events
written to the express stream, 87046 events make it into the dilepton sample.

This is the sample that serves as the starting point for this analysis.

Primary e - Secondary €
Ef™ > 15 GeV Ef™ > 15 GeV
pri™t > 10 GeV/c pri™t > 10 GeV/c
Ehed | pem < 0.055 4 0.045 x E£™ /100
Xitrip < 15
Primary u Secondary u
priet > 15 GeV/e pri™t > 15 GeV/e
E™ <2 GeV
Ehad < 6 GeV

Table 4.1: Selection criteria for the dilepton data sample.
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4.2 Geometrical and Kinematical Accep-

tance

As mentioned in Chapter 1, there are sources of electrons and muons
in ¢ other than direct W decay. These additional sources include leptonic
7 decay, and semi-leptonic decay of b and ¢ quarks. Figure 4.1 shows the
pr spectra for leptons from each of these sources in ¢t Monte Carlo events,
generated with the ISAJET Monte Carlo program [39] at a top mass, My, of
160 GeV/c? [47]. The lepton pr spectra depend on the top mass, especially for
those leptons from b and ¢ decay. In this analysis, we look for events with two
leptons (e or u), each of which must have at least 20 GeV/c of pr. This pr cut
is motivated by the desire to have good efficiency for the electrons and muons
from W decay, while reducing the expected backgrounds from, for instance,
Pp — bb events. The pr cut at 20 GeV/c rejects many of the leptons from non-
W sources in the tZ Monte Carlo, but keeps most of the leptons from the direct
decay of the W (see Figure 4.1), and is necessary to keep the backgrounds
from bb events small. Table 4.2 shows the fraction of ¢ Monte Carlo events
which have two or more 20 GeV/c leptons (e or u), for several values of myp.
The numbers for pr cuts at 15 and 25 GeV/c are also shown. Note that the
fraction of tf final states where both W’s decay leptonically (to e or to u) is
4/81 = 0.049. The fiducial requirements for electrons and muons have been
discussed in Chapter 3. To find the efficiency of the fiducial cuts, we take #£
Monte Carlo events generated with the ISAJET program, and simulate the
response of the CDF detector with the QFL detector simulation program (33].
Figure 4.2a shows the n— ¢ distribution of 20 GeV/c electrons and muons in tt

Monte Carlo events, generated using my,, = 160 GeV/c?. Figure 4.2b shows



42

Mop( GeV/c?) TAPT pr > 15 GeV/c | Apy pr > 20 GeV/c | App pr > 25 GeV/c
100 .051 £ .001 .038 + .001 .027 £ .001
120 .068 + .001 .046 £+ .001 .031 £.001
140 .086 + .001 .057 £ .001 .039 + .001
160 .102 £+ .001 .068 £ .001 .046 + .001
180 .118 £ .001 .081 + .001 .056 £ .001
200 .133 +.001 .092 + .001 .064 £ .001

Table 4.2: Fraction of ¢ Monte Carlo events with two leptons (e or u) with
pr above a threshold.

the distribution after the fiducial cuts have been applied. Table 4.3 shows the
combined efficiency of the pr and fiducial cuts. The numbers in this table are
the fraction of ¢t Monte Carlo events which have two or more leptons (e or
u) passing the pr and fiducial requirements after the QFL detector simulation
program has been run. Losses to due inefficiencies of the lepton reconstruction

algorithms have been included in this table.

Mip( GeV/c?) | Ageom-pr
100 .016 £+ .001
120 021 4+.001
140 .026 £ .001
160 .032 4+ .001
180 .037 £+ .001
200 .043 + .001

Table 4.3: Fraction of ¢ Monte Carlo events with two 20 GeV/c electrons or
muons in the fiducial region accepted by this analysis, versus my,.
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Figure 4.1: The pr spectra for electrons and muons in ¢ Monte Carlo events,
generated with my,, = 160 GeV/c?: a) leptons from W decay; b) leptons from
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c decay. All four plots are from the same sample of 10,000 events.
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4.3 Lepton Identification Requirements

The lepton identification variables are described in Chapter 3. Here
we list the cuts we make on these quantities in order to select dilepton events.
For electrons, we define two sets of lepton identification cuts, which we label
“tight” and “loose.” For muons, we use the same set of cuts for both CMUOQO
and CMIO muons.

For the ee mode, we require one electron candidate passing the tight
electron identification cuts, and another electron candidate passing the loqse
electron identification cuts. For the ex mode, the electron candidate must pass
the tight electron identification cuts, and the muon candidate must pass the
muon identification cuts. For the upu mode, both muon candidates must pass
the muon identification criteria, and at least one of the muon candidates must
have hits in both the Central Muon System (CMU) chambers and Central
Muon Upgrade System (CMP) chambers. This requirement is made to ensure
that at least one of the two muon candidates in the event is capable of satisfying

the Level 1 and Level 2 trigger requirements.

4.3.1 Electron Cuts

Table 4.4 lists the lepton identification requirements for tight and
loose electrons. In both cases, we require at least 20 GeV of Er deposited in
the Central Electromagnetic Calorimeter (CEM) and a track with pr above
10 GeV/c. We run an algorithm [40] to identify electrons from photon conver-
sions (y — e*e”), and reject the potential conversion electrons. Further cuts
include a cut on the ratio of hadronic to electromagnetic energy deposition in
the calorimeters, E*?/E*™; a cut on the ratio of the transverse energy de-

posited in the CEM to the track transverse momentum, E5™/pr*™°; matching
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between the extrapolated track position and the centroid of the electromag-
netic shower in the CEM as measured by the Central Strip Chambers (CES)
in both the r — ¢ and z directions, Az and Az, respectively; a cut on the shape
of the shower profile, again as measured by the CES, xfm,; and a cut on the
sharing of energy between neighboring CEM towers, L,;,. These quantities

are described in more detail in Chapter 3.

Tight Central Electron Cuts | Loose Central Electron Cuts

Ef™ > 20 GeV EF > 20 GeV

prict > 10 GeV/c pri™t > 10 GeV/c

Etsd/Eem < 0.05 Ehesd JEem™ < 0.055 + 0.045 x E£™/100
E;,m/thmch <2 E%m/thmck < 4

Az < 1.5 cm Az < 1.5 cm

Az <3.0cm Az < 3.0 cm

Lar < 0.2 Lar <0.2

Xiirip < 15

Table 4.4: Selection criteria for tight and loose electrons.

4.3.2 Muon Cuts

Muons will generally leave only about 400 MeV of energy in the elec-
tromagnetic calorimeter and about 2 GeV of energy in the hadronic calorime-
ter, whereas other charged particles will deposit all of their energy in the
calorimeters. We require that the electromagnetic, E°®, and hadronic, E**4,
energy depositions are consistent with the expectations for muons. Cosmic
ray muons passing through the CDF detector may satisfy these calorimetry
requirements. In order to reject cosmic ray muons, we require that the track
has an impact parameter, dy, of less than 3 mm. Additionally, we require that

the distance in 2z, Az"~'* between this point of closest approach to the pro-
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ton beam line and the nearest vertex found in the Vertex Tracking Chamber
(VTX) is less than 5 cm. These cuts are made before the beam constraint
is applied to the track. As a further safeguard against cosmic rays, we re-
ject muon candidates which are back-to-back within 0.1 in 7 and 1.5° in ¢ of
another muon candidate.

For CMUO muon candidates, we place cuts on the distance between
the position of the hits in the muon chamber and the direction of the track. For
CMIO muon candidates, we impose more stringent fiducial requirements (see
Chapter 3) to guarantee that they strike an active region of the calorimetry.
The matching cuts for CMUO muons are cuts on the distance in the » — ¢
plane between the position of the hits in the muon chamber and the position
of the track extrapolated out to the muon chamber. The cut values are 10 cm
for hits in the CMU chambers, 20 cm for hits in the CMP chambers, and 20

((Or” ed

cm for hits in the CMX chambers. These matching requirements are
together, so that a CMUQ muon candidate with both CMU and CMP hits
present need only pass the matching cuts to one of the two in order to satisfy
the muon identification requirements as a whole. Table 4.6 shows that these
matching requirements are nearly 100% efficient.

A more detailed discussion of the muon identification variables is

given in Chapter 3. Table 4.5 lists the muon identification requirements.

4.3.3 Efficiencies

The efficiencies of the electron and muon identification cuts listed
above are affected by the presence of other particles near the lepton. Because
of this, the lepton identification efficiencies depend on the source of the leptons.

Leptons from b decay, for instance, will be accompanied by nearby hadronic
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Muon Identification Cuts
pri™* > 20 GeV/c
E*™ <2 GeV
E*d < 6 GeV
E*™ 4 E*d 5 0.1 GeV
do < 3 mm
Azt < 5 em
position match if CMUQO muon
calorimeter fiducial cut if CMIO muon

Table 4.5: Selection criteria for muons.

Muon System | Efficiency of Matching Cuts
Present Data Monte Carlo
CMU 1.000 £ 0.029 | 1.000 £ 0.022
CMP 1.000 +0.056 | 1.000 + 0.024
CMU and CMP || 1.000 £0.011 | 1.000 £ 0.007
CMX 0.992 4+ 0.019 | 1.000 + 0.010

Table 4.6: Efficiency[41] of the muon position matching cuts for muons from
Z — ptpu~ decays in data and in ISAJET+QFL Monte Carlo.

particles which may cause the lepton to fail some of the identification cuts,
whereas leptons from Z decay will generally be more isolated and therefore
more likely to pass the identification cuts. To estimate the lepton identification
efficiencies in tf events, we use the ISAJET program to generate tf events, and
then simulate the detector response with the QFL [33] detector simulation
program. As a check that QFL models the detector response correctly, we use
ISAJET and QFL to generate and simulate Z — ee and Z — pup events, and
~ compare the lepton identification efficiencies in the Z Monte Carlo to those
found from Z events in the data. Table 4.7 gives the efficiencies of the electron

identification cuts for Z — ee events in the data and in the ISAJET+QFL
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Monte Carlo. These efficiencies are for electrons with E§™ > 20 GeV which
pass the fiducial requirements. Table 4.8 gives the efficiencies of the muon
identification cuts for Z — pu events in the data and in the ISAJET+QFL
Monte Carlo. These efficiencies are for muons with pr™* > 20 GeV/c and

which pass the fiducial requirements.

= chioht e - eloose €
Cut Data Monte Carlo Data Monte Carlo
prirecE 9774+ .006 | .988 £ .003 | .977 4+ .006 | .988 4+ .003

Ehed/pem | 971 4 .007 | .8514.009 (| .995+ .004 | .946 + .006
Eg jprtrsct || 936 4+ .009 | 957 +.005 | .976 +.006 | .985 + .003

Az 921 +.010 | .9654.005 |{ .921 +.010 | .965 £ .005

Az 964 +.007 | .992 4+ .003 || .964 & .007 | .992 £ .003

Lok 980 £ .006 | .980 4.004 || .980 & .006 | .980 + .004

not conversion || .957 4+ .008 | .977 4 .004 | .957 +.008 | .977 + .004
XCorip 964 £ .007 | .990 + .003

all cuts 807+ .014 | 765+ .011 || .856 + .012 | .869 + .009

Table 4.7: Efficiency of electron identification requirements from Z — ete”
decays in data and in ISAJET+QFL Monte Carlo.

The QFL efficiencies in Z events agree fairly well with the efficiencies
measured from data, but it will be noted that the agreement is not perfect.
When we use ISAJET+QFL ¢ Monte Carlo events to extract the lepton iden-
tification efficiencies in ¢Z events, we scale the Monte Carlo efficiencies by the
ratio of efficiencies in Z events in data and Monte Carlo. These scale factors
are 1.055 and 0.985 for tight and loose electrons, respectively. For CMUO
muons, the correction factor is 0.956, and for CMIO muons, the correction
factor is 0.934. For CMUO muons which are capable of satisfying the Level 1

and Level 2 triggers, the correction factor is 0.953. Table 4.9 lists the efficien-
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etﬂgger CMUO

Cut Data Monte Carlo
Em 0.969 4+ 0.020 | 0.996 + 0.009
Ehad 0.982 +£0.018 | 0.988 £0.011
Ee™ 4 Ehed 1.000 + 0.011 | 1.000 £ 0.007
do 0.994 + 0.014 | 1.000 + 0.007

Azttt 0.994 + 0.014 | 1.000 % 0.007
position match | 1.000 & 0.011 | 1.000 + 0.007
all cuts 0.939 £0.025 | 0.985 £ 0.012

cCMUO
Cut Data Monte Carlo
E™ 0.968 +0.012 | 0.995 + 0.005
Ehad 0.984 +0.009 | 0.984 + 0.007
E®™ 4 Ehed 0.992 + 0.008 | 1.000 + 0.003
do 0.997 £+ 0.006 | 1.000 £ 0.003

Azttt 0.992 4+ 0.008 | 1.000 + 0.003
position match || 0.997 £+ 0.006 | 1.000 + 0.003
all cuts 0.936 +0.015 | 0.979 4 0.007

ZCMI0 _
Cut Data Monte Carlo
E« 0.955 4+ 0.035 | 0.984 +0.016
Ehad 0.955 +0.035 | 0.989 £+ 0.014
Eem 4 Ehad 1.000 £ 0.021 | 1.000 4+ 0.010
do 1.000 + 0.021 | 1.000 4+ 0.010

Azrt-tk 1.000 £0.021 | 1.000 £+ 0.010
all cuts 0.909 + 0.042 | 0.973 +0.018

Table 4.8: Efficiency[41] of muon identification requirements from Z — p*u~
decays in data and in ISAJET+QFL Monte Carlo. The efficiency of the muon
identification cuts for muons which are capable of firing the Level 1 and Level
2 muon triggers (i.e., muons with hits in both the CMU and CMP muon
chambers) are given by €799 CMUO  The efficiency of the muon identification
cuts for all muons which leave hits in a muon chamber is given by e€€MU?, and
the efficiency of the muon identification cuts for muons which do not leave hits
in a muon chamber is given by €M1,
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cies of the lepton identification cuts (after corrections) for leptons from various

sources in tf Monte Carlo events with my,, = 160 GeV/c?. Table 4.10 gives

the fraction of all ¢Z events which have two leptons passing the pr, fiducial,

and lepton identification requirements of this analysis.

Source of Electron or Muon
w T b c
etioht € 0.73 £0.01 [ 0.74 £ 0.03 | 0.09 & 0.01 | 0.04 & 0.02
ghoose ¢ 0.81 +0.01 | 0.80 £0.03 | 0.13 £0.01 | 0.07 & 0.02
girigger CMUO | 0 91 4+ (.01 | 0.85 £ 0.03 | 0.20 £ 0.02 | 0.03 & 0.02
EMUO 0.91 +0.01 | 0.86 £0.02 | 0.19 +0.01 | 0.03 & 0.01
e“MI0 10.904+0.01 | 0.84+0.05 0.19+0.03 0.1040.04

Table 4.9: Efficiency of lepton identification requirements for leptons in tZ
Monte Carlo events, generated with my,, = 160 GeV/c?. These numbers have
been scaled by the ratio of efficiencies measured in data and in Monte Carlo

Z events.
Meop( GeV/c?) ee ep T pup Total
100 .0022 £+ .0001 | .0056 + .0002 | .0024 £ .0002 || .0102 £ .0003
120 .0023 £+ .0002 | .0060 + .0002 | .0031 £ .0002 || .0115 £ .0003
140 ‘ .0027 + .0002 | .0071 £ .0003 | .0032 £ .0002 || .0129 £ .0004
160 .0029 + .0002 | .0072 + .0003 | .0038 £+ .0002 || .0139 = .0004
180 .0029 4 .0002 | .0074 4+ .0003 @ .0040 = .0002 || .0143 & .0004
200 .0032 £ .0002 | .0073 £ .0003 | .0038 + .0002 | .0144 + .0004

Table 4.10: Fraction of ¢ Monte Carlo events with two 20 GeV/c leptons
passing the lepton identification requirements and fiducial requirements.




52

4.4 Isolation Cuts

The lepton identification cuts are designed to distinguish electrons
and muons from hadrons. Because hadrons are so readily produced in the
pp collisions we are studying, in the data there will be hadrons that satisfy
the lepton identification requirements. We can reduce the number of hadrons
faking leptons by asking that the lepton candidates are well-separated from
other particles in the event. The quantity which measures how well-separated
a particle is from its neighbors is is referred to as isolation. Because hadrons
are generally produced in jets, they are usually not very isolated. We expect
the directions of the leptons from W decay in tf events to be only weakly
correlated with each other and with the directions of the b jets, and so these

leptons will usually have a much higher degree of isolation than do hadrons.

We employ two types of isolation cuts in this analysis. Firstly, all
CMIO muons are required to be isolated in the calorimeter. That is, the sum
of the Er in the calorimeter towers near the calorimeter towers through which
the muon passed must be less than 5 GeV. The calorimeter towers which
contain the muon are not included in the sum, but all other towers within

AR < 0.4, where AR = \/ (An)? + (A¢)?, are included. Secondly, we require

that at least one of the two charged leptons in the event passes a tracking
isolation cut. The tracking isolation cut is a cut on the sum of the transverse
momenta (pr) of all tracks within a cone of radius AR < 0.25 of the lepton
track. The lepton track itself is not included in the sum, and we require that
the sum be less than 3 GeV/c. Table 4.11 gives the efficiencies of the isolation
cuts for events which pass the pr, fiducial, and lepton identification cuts, for

several values of my,p.
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Meop( GeV/c?) ee ep P
100 0.991 £ 0.012 | 0.962 £ 0.010 | 0.970 £ 0.014
120 0.991 £ 0.012 | 0.953 £ 0.010 | 0.937 £ 0.016
140 0.984 +0.012 | 0.952 £ 0.009 | 0.946 £ 0.015
160 0.986 + 0.011 | 0.942 4+ 0.010 | 0.917 £ 0.016
180 1.000 £ 0.007 { 0.950 &+ 0.009 | 0.932 4+ 0.014
| 200 0.990 £ 0.009 | 0.925 + 0.011 | 0.912 + 0.016

Table 4.11: Fraction of ¢t Monte Carlo events passing the pr, fiducial, and
lepton identification requirements which pass the isolation cuts[41].

4.5 Event Topology Cuts

4.5.1 Z Rejection

In the ee and pp channels, we expect a large number of events from
Z decay. Figure 4.3 shows the invariant mass distributions for dielectron and
dimuon data events passing the pr, fiducial, lepton identification, and isolation
cuts listed above, along with the dilepton invariant mass in ¢t Monte Carlo for
My = 160 GeV/c?. For this analysis, we reject ee and up events where the
invariant mass of the leptons is between 75 and 105 GeV/c?. Table 4.12 gives
the efficiency of the Z removal cut for tf events which pass the pr, fiducial,

lepton identification and isolation cuts.

4.5.2 FEr Cuts

We expect the signal events to contain two neutrinos, leading to
an observed imbalance of iransverse energy in the detector. To cut down
on the number of background events we expect, we require events to have

Er > 25 GeV, where Er is the magnitude of the Er vector. As mentioned in
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Myop( GeV/c?) ee Wi
100 0.761 £0.033 | 0.754 +0.030
120 0.786 £+ 0.031 | 0.748 £ 0.026
140 0.750 £0.030 | 0.764 £ 0.026
160 0.726 +0.030 | 0.757 £+ 0.024
180 0.747 +0.029 | 0.755 + 0.023
200 0.734 £ 0.028 | 0.802 + 0.022

Table 4.12: Fraction of t Monte Carlo events passing the pr, fiducial, lepton
identification, and isolation requirements which survive the Z removal cuts.

Chapter 3, beam-constrained momenta are used for the muon pr, and jets with
Er™ > 10 GeV and || < 2.4 are corrected using the generic jet corrections
when computing the Er vector. The b quark jet corrections are not used for
calculating E7.

There are still potential backgrounds which contain two leptons and
large Er, including Z — 77 where both 7’s decay leptonically, and production
of ete™ and ptpu~ pairs in association with jets. In the first of these cases,
the leptonic decay of each tau produces two neufi'inos, which may result in a
large value of Er. The Er vector in these events frequently points near the
direction (in @) of one of the 7’s, and consequently near the direction (in ¢)
of the e or u into which the 7 decayed.

Jet energy mismeasurement in events containing e*e™ or u*u~ pairs
may result in large values of Fr. When this happens, it is usually the case
that the jet energy is underestimated, and the Er vector will point into or
near the mismeasured jet,

In order to reduce the backgrounds from the processes described
above, we ask that the angle in ¢ between the Fr vector and the nearest

lepton or jet, Admin, is greater than 20° for events where the magnitude of
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Figure 4.3: The lepton-lepton invariant mass spectra: a) dielectron events
in the data; b) dimuon events in the data; c) dielectron events in t Monte
Carlo with my,p = 160 GeV/c?; and d) dimuon events in tf Monte Carlo with
My = 160 GeV/c?. In all cases, only events where the leptons satisfy the pr,
fiducial, lepton identification, and isolation cuts are shown.
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the Er vector is less than 50 GeV. Only jets with Erx™ > 10 GeV and
7| < 2.4 are considered in the calculation of this angle. Figure 4.4 shows the
distribution in the Er — A@min plane for t Monte Carlo events generated with
Mo = 160 GeV/c?. Table 4.13 shows the efficiency of this cut for ¢ Monte
Carlo events which pass the pr, fiducial, lepton identification, isolation, and

Z removal cuts.

Meop( GeV/c?) ee ey pp
100 0.786 + 0.038 | 0.777 £ 0.019 | 0.791 + 0.033
120 0.733 + 0.038 | 0.741 £ 0.020 | 0.765 + 0.030
140 0.810 £0.033 | 0.749 +0.018 | 0.774 + 0.029
160 0.754 £ 0.034 | 0.747 £ 0.018 | 0.775 £ 0.027
180 0.783 +0.033 | 0.786 + 0.017 | 0.786 + 0.026
200 0.788 & 0.031 | 0.762 + 0.018 | 0.815 & 0.025 |

Table 4.13: Combined efficiency of the Fr magnitude and direction cuts for ¢
Monte Carlo events which pass the pr, fiducial, lepton identification, isolation,
and Z removal cuts.

4.5.3 Jet Cuts

For my,, > 100 GeV/c?, we expect the b quarks in the final states
of it events to show up as jets in the detector. Requiring two jets will reduce
all the major backgrounds, but should keep much of the signal. Figure 4.5
shows the Er™Y spectra of the highest Er™" and second highest Er™" jets
with |n| < 2.4 in ¢ events, for mi,, = 120 GeV/c? and my,, = 180 GeV/c2
The spectra are quite different for the two top masses; the larger the top mass,
the more py the b quarks receive. In this analysis, we require two jets with
Er™Y > 10 GeV and |n] < 2.4. The efficiency of the two-jet cut for events
which pass all the previously listed cuts is shown in Table 4.14. Note that
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vector. Only events which pass the pr, fiducial, lepton identification, isolation,
and Z removal cuts are shown.
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the efficiency is a strong function of the top mass, and falls off rapidly for
Mep < 120 GeV/c2.

—

Mep( GeV/c?) ee eu Lt
100 0.432 £ 0.049 | 0.429 £ 0.026 | 0.419 4 0.043
120 0.721 +0.045 | 0.690 £+ 0.024 | 0.715 £ 0.037
140 0.830 £ 0.036 | 0.813 £0.019 | 0.867 4 0.029
160 0.873 £0.033 | 0.895 & 0.015 | 0.907 £ 0.023
180 0.889 £ 0.030 | 0.922 +0.013 | 0.913 £ 0.022
200 0.927 &+ 0.025 | 0.957 +0.011 | 0.924 + 0.021

Table 4.14: Efficiencies for t£ Monte Carlo events to pass the two-jet require-
ment. These efficiencies are for events which pass the lepton pr, fiducial,
identification, isolation, Z removal, and Er (magnitude and direction) cuts.

4.5.4 Opposite Sign Cut

The final requirement in this search is that the two charged leptons
have opposite sign of electric charge (i.e., e*e™, u*u~, or e*u¥). This require-
ment reduces background from W + jets production, where a hadronic jet is
misidentified as an electron or muon, while keeping all of the tf signal events
where both charged leptons come from the decay of a W, as the two W’s in
these events have opposite sign of electric charge. The efficiency of this cut,
after all the other cuts have been applied is given in table 4.15. Table 4.16
gives the efficiency of the opposite sign cut after all other cuts except the two-
jet cut have been applied. It can be seen from these tables that the opposite
sign requirement is very efficient, but that it is more efficient at lower values of
yop than at higher values. The reason for this behavior is that the fraction of
tf dilepton events where one of the leptons comes from the decay of a b quark

increases slightly with ms,. Only half of the events with one lepton from W
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Figure 4.5: The Ex™" spectra of jets with |n| < 2.4 in tf Monte Carlo events:
a) leading jet in myp, = 120 GeV/c?* Monte Carlo; b) next-to-leading jet in
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Carlo; d) next-to-leading jet in m,p = 180 GeV/c? Monte Carlo. Er™Y is the
uncorrected calorimeter Ex. Only events which pass the lepton pr, fiducial,
identification, isolation, Z removal, and Fr and Adnmin cuts are shown.
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decay and the other from b or ¢ decay will pass the opposite sign cut, and so
the cut is less efficient at higher my,,. Of course, it is still 1060% efficient for
events where both leptons come from W decay, regardless of the value of m,p.
The differences in the efficiencies of this cut for dielectron and dimuon events
are not large compared to the statistical uncertainties, but may indicate that
the contribution from b decay is slightly higher in the dimuon channel than in

the dielectron channel (see Appendix B).

Meop( GeV/c?) ee el L
100 1.000 4 0.034 | 0.989 &+ 0.015 | 1.000 X 0.028
120 1.000 £ 0.020 | 0.959 £ 0.015 | 0.962 3 0.025
140 0.945 + 0.028 | 0.949 £ 0.013 | 0.929 £ 0.026
160 0.908 £ 0.033 | 0.952 +0.012 | 0.932 £ 0.022
180 0.944 £0.026 | 0.949 £ 0.012 | 0.896 3 0.025
200 0.952 £+ 0.023 | 0.927 £ 0.014 | 0.931 &+ 0.021

Table 4.15: Efficiency[41] of the opposite-sign cut for ¢ Monte Carlo events
after all other cuts have been applied.

Mop( GeV/c?) ee ep Bl ]
100 1.000 £0.015 | 0.995 &+ 0.006 | 1.000 £ 0.012
120 1.000 £ 0.014 | 0.965 + 0.011 | 0.968 + 0.019
140 0.954 1+ 0.024 | 0.950 - 0.012 | 0.933 4 0.023
160 0.913 £0.029 | 0.953 £+ 0.011 | 0.938 £ 0.020
180 0.951 £0.023 | 0.953 - 0.011 | 0.901 £ 0.023 |
200 0.949 4 0.022 | 0.930 +0.013 | 0.928 + 0.020 |

Table 4.16: Efficiency[41] of the opposite-sign cut for ¢t/ Monte Carlo events
after all other cuts except the two-jet cut have been applied.
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Table 4.17 shows the overall efficiency after all cuts have been applied,

and after folding in the trigger efficiencies found in Chapter 3. Table 4.18 gives

the overall efficiency when all cuts except the two-jet cut are applied, again

with the trigger efficiencies presented in Chapter 3 included..

Meop( GeV/c?) ee ep Pt Total
100 .0006 £ .0001 | .0017 £ .0001 | .0005 =+ .0001 || .0027 =+ .0002
120 .0010 £ .0001 | .0026 + .0002 | .0010 £ .0001 | .0046 + .0002
140 .0012 + .0001 | .0036 + .0002 | .0013 £ .0001 || .0061 + .0002
160 .0012 £ .0001 | .0040 + .0002 | .0016 & .0001 |f .0068 =+ .0003
180 .0014 £ .0001 | .0045 £ .0002 | .0016 &+ .0001 || .0076 + .0003
200 .0016 + .0001 | .0043 + .0002 | .0018 £ .0001 || .0076 + .0003

Table 4.17: Fractions of i events which pass all the cuts of this analysis. The
trigger efficiencies have been taken into account in the calculation of these
numbers. The uncertainties are statistical only.

st

mp{ GeV/c?) ee ep L Total |
100 .0013 £+ .0001 | .0038 £ .0002 | .0013 £+ .0001 || .0064 £ .0002
120 .0013 £+ .0001 | .0038 £ .0002 | .0015 £ .0001 || .0066 + .0002
140 .0015 £ .0001 | .0044 £ .0002 | .0015 £ .0001 {{ .0074 + .0003
160 .0014 + .0001 | .0045 + .0002 | .0017 £ .0001 {| .0076 + .0003
180 .0016 + .0001 { .0049 £ .0002 | .0018 + .0001 |l .0083 &+ .0003
200 .0017 + .0001 | .0044 + .0002 | .0019 + .0001

.0081 £+ .0003

Table 4.18: Fractions of f events remaining after all cuts except for the two-jet
cut have been applied. The trigger efficiencies have been taken into account
in the calculation of these numbers. The uncertainties are statistical only.
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4.7 Systematics

The uncertainties in the efficiencies given in the previous sections
reflect the statistical uncertainty only. Potential sources of systematic uncer-
tainty include the modeling of gluon radiation by the ISAJET Monte Carlo
program, the simulation of the detector response by the QFL program, the
set of structure functions used to generate the ¢t Monte Carlo samples, and
the 10% uncertainty in the jet energy scale. In this section, we summarize the
results of the studies of these systematics. These studies are described more
fully in Reference [50].

We use the ISAJET Monte Carlo program to calculate the geomet-
rical and kinematical acceptance. The acceptance depends on the choice of
structure functions and the modeling of initial state radiation by ISAJET.
The structure function uncertainty is estimated to be 2%. An estimate of the
uncertainty due to the modeling of initial state radiation is found by compar-
ing the acceptances to those obtained when gluon radiation is not permitted
in the Monte Carlo generator. The combined systematic uncertainty in the

acceptance is estimated to be 3%.

The number of Monte Carlo events which pass the lepton identifi-
cation and isolation requirements depends on the modeling of initial state
radiation by ISAJET and on simulation of the detector response by QFL. The
uncertainties due to the radiation modeling are again found by removing gluon
radiation in ISAJET, and are estimated to be 2% for the lepton identification
cuts, and 1% for the isolation cuts. The uncertainties due to the simulation
of the detector response are found by comparing to results obtained from an
independent detector simulation program, and are estimated to be 5% for the

lepton identification requirements and 1% for the isolation requirements. Re-
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call that for leptons from Z boson decay, the differences in lepton identification
efficiencies between data and Monte Carlo were approximately 5%. We take
the total systematic uncertainty in the efficiency of the lepton identification
requirement to be 6%, and the total systematic uncertainty in the efficiency
of the isolation requirement to be 2%.

The calculation of Fr depends on the measurement of the jet energies.
We assign a 10% uncertainty to the jet energy scale. We vary the scale by
+10% to estimate the systematic uncertainty this introduces in the Er cuts
and find it to be 2%.

The systematic uncertainty in the efficiency of the two-jet cut con-
tains contributions from both the jet energy scale uncertainty and the modeling
of gluon radiation by ISAJET. The systematic uncertainty in the efficiency of
the two-jet cut depends on the top quark mass, and decreases with increasing
M. Table 4.19 shows our estimates of the systematic uncertainties in the
two-jet cut, found by varying the jet energy scale by +10% and by removing
gluon radiation in ISAJET. Table 4.19 also shows the total systematic uncer-
tainty in the overall efficiency, which is the sum in quadrature of the individual

systematic uncertainties.

Mop | GEV/2) 100 120 140 160 180 200
Two-jet cut (gluon radiation) 36 12 6 3 3 3

Tow-jet cut (energy scale) 5 4 2 1 1 1
All other cuts 8 8 8 8 8 8
Total 38 15 10 9 9 9

Table 4.19: Systematic uncertainty of the overall efficiency after all cuts have
been applied, for several values of my,. Also shown are the systematic un-
certainties of the two-jet cut, and of all cuts except for the two-jet cut. All
numbers refer to fractional uncertainties, expressed in percent.
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We take the combined uncertainty in the overall efficiency to be the
sum in quadrature of the statistical and systematic uncertainties. Table 4.20
shows the overall efficiency and the combined uncertainty for several values of
Mop, both for the case where the two-jet requirement is imposed, and for the

case where the two-jet requirement is not imposed.

Meop ( GeV/c?) All cuts All cuts except two-jet cut
100 .0027 + .0010 .0064 + .0005
120 .0046 + .0007 .0066 + .0006
140 .0061 £ .0006 .0075 £ .0007
160 .0068 + .0007 .0076 £+ .0007
180 .0076 + .0007 .0083 + .0007
200 .0076 + .0007 .0081 + .0007

Table 4.20: Overall detection efficiency for #Z events. These numbers are the
fractions of all ¢£ events which will satisfy the cuts of this analysis, and are the
sumn of the ee, ey, and pu channels. The efficiency is also shown for the case
where the two-jet cut is relaxed. The uncertainties include both statistical and
systematic contributions.

4.8 Results

We look through the dilepton data sample for events passing the
cuts described in this chapter. Of the 87046 events in the sample, we find
992 which pass the pr, fiducial, and lepton identification requirements. This
number drops to 964 events after the isolation cuts are imposed. These 964
events are mostly Z — Il events. Only 4 of the 964 are ey events. After
applying the Z removal cut, we are left with 101 events: 50 ee, 47 uu, and 4
ep. The ee and pup events are mostly from Drell-Yan production of lepton pairs.

Requiring Er > 25 GeV eliminates all of the ee and uu events, leaving only
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2 ey events. Both of these events pass all the remaining cuts (Er direction,
two-jets, and opposite sign of electric charge). Table 4.21 shows the number
of events surviving as successive cuts are applied in 19.3 pb~! of data. The

two events which pass all the cuts will be described in more detail in Chapter
6.

Cut ee | eu | up || Total
pr, Fiducial, Lepton ID || 532 | 10 | 450 || 992
Isolation 525 | 4 | 435 | 964
Invariant Mass 50 | 4 | 47 101
Er magnitude 0 2 0 2
Er direction 0 2 0 2
Two jets 0 | 2 0 2
Opposite Sign 0 2] 0 2

Table 4.21: The number of events surviving as successive cuts are applied in
the data. The sample represents an integrated luminosity of 19.3 pb~*.



Chapter 5

BACKGROUNDS

5.1 W Pair Production

The largest background to this search is from the pair production
of W bosons, followed by the leptonic decay of each- W. This yields a final
state which has two isolated oppositely-charged leptons and two neutrinos,
and which is very much like the £ events for which we are searching. The
primary difference between the final states in ¢ and W pair events is that the
former contain two b quarks, while the latter generally do not. The W pairs
may be produced in association with two or more jets, in which case these
events may fall into the signal region of this analysis.

In order to estimate the background from this process, we use the
ISAJET Monte Carlo program to generate 50,000 pp — W+W ™ events, and
the QFL detector simulation program to model the detector response. Of the
50,000 events, 509 pass the fiducial, pr, and lepton identification cuts. Recall
that the branching ratio for each W to decay to e or 1 is 2/9 (1/9 each for e and
L), so that the fraction of W pair events where both W’s decay to electrons or
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muons is approximately 5%. Table 5.1 shows the numbers of events surviving
as the remaining cuts are successively applied. We find that 305 events pass
all the cuts before the two-jet cut, and 44 events survive all the cuts, including
the two-jet cut. From these numbers, we can calculate the fraction of W pair

events lying in our signal region.

A next-to-leading-order (NLO) calculation [34] predicts the cross-
section for the process pp — W+W~ to be 9.5 pb, while the cross-section
returned from ISAJET is 6.0 pb. To predict the total number of W pair
events in 19.3 pb~!, we use the NLO result and assign a 30% uncertainty. The
integrated luminosity of the Monte Carlo sample is thus 5300 pb~!, about a
" factor of 270 higher than the data sample.

Using the NLO cross-section and the probability for a given W pair
event to fall in the signal region found from the Monte Carlo, we estimate a
background of 1.1 + 0.3 events without the two-jet cut, and 0.16 £ 0.05 events
with all cuts, including the two-jet cut in 19.3 pb™! of data.

Cuts (cumulative) || ee | ex | pu || Total
pr-Fid-ID 99 | 269 | 141 || 509
Isolation 99 | 265 | 139 || 503

Z Mass 76 | 265 @ 99 | 440
Er 56 | 177 72 || 305
Opposite Sign 56 | 177 | 72 || 305
Two-Jet 8 | 26 10 44

Table 5.1: Numbers of events from ISAJET W pair Monte Carlo surviving
successive cuts, out of 50,000 generated events, corresponding to an integrated
luminosity of approximately 5300 pb ~!.
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5.2 Heavy Flavor

The process Bp — bb or ¢ may produce events with two leptons if the
b or ¢ quarks decay semi-leptonically. If the heavy flavor quarks are produced
in association with jets, these events may satisfy all the criteria of this analysis.
In order to estimate the background from heavy flavor production, we use two
independent Monte Carlo samples [43]. In addition to increasing the statistics
available for this study, the use of two Monte Carlo samples allows us to
check the results obtained from each against the other. Both samples use the
ISAJET Monte Carlo program to generate the event, both use the CLEO [35]
Monte Carlo program to decay the b quarks, and both use the QFL detector

simulation program to simulate the detector response.

The first Monte Carlo sample contains events with at least one b
quark with pr > 25 GeV/c, and which contain at least two leptons (e or y)
passing pr cuts explained below. ISAJET reports an integrated luminosity of
67.5 pb~! for this sample. For the first 16.3 pb~! of this sample, we require
one lepton with pr > 14 GeV/c and another with pr > 5 GeV/c. For the
remaining 51.2 pb~!, we require that both leptons have pr > 10 GeV/c. The
first 16.3 pb~! of this sample is needed to get the relative normalization be-
tween the Monte Carlo and the data. The lepton requirements were changed
for the remaining 51.2 pb™! in order to decrease the computing time needed
to generate the sample.

The second sample contains events with at least two heavy flavor
quarks (b, ¢, or t) each with pr > 12 GeV/¢, and two leptons each with
pr > 5 GeV/c. According to ISAJET, the integrated luminosity of this sample
is 37.5 pb~!. The value of m,, was set to 500 GeV/c? when generating the

second sample, and the theoretical ¢f cross-section for the process pp — tf is
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small enough at this top mass that there are no ¢f events in the Monte Carlo
sample. After we require two 5 GeV/c leptons, approximately 7% of the events

are ct, the rest are bb.

We do not rely on the cross-sections claimed by ISAJET for the
estimate of the background. Instead, we normalize the Monte Carlo samples
to the data by counting the numbers of ey events in the data and Monte Carlo.
Specifically, we look for ey events where one of the leptons has pr > 18 GeV/c
and the other has pr > 7 GeV/c. Table 5.2 lists the lepton identification
cuts used to create this sample. We expect heavy flavor production to be the
dominant source of events in this sample in the data, and therefore this will
be a convenient control sample to which to normalize the Monte Carlo. Muon
candidates are required to pass the matching requirements for hits in both the
Central Muon System (CMU) and the Central Muon Upgrade system (CMP)
chambers, The electron identification requirements are also somewhat more

stringent than those used in the top search [44].

When counting the number of events in the normalization sample in
the first Monte Carlo sample, we use only the first 16.3 pb~!, as the lepton pr
requirements on thé remaining 51.2 pb~? already cut too hard on the second
lepton. We estimate that both Monte Carlo samples lose 5% of the normal-
ization events because of the pr requirements on the heavy quarks. In the
first sample, the pr > 25 GeV/c requirement for at least one b quark keeps
approximately 95% of the leptons with pr > 18 GeV/c, while in the second
sample, the pr > 12 GeV/c requirement for at least two b, c, or ¢ quarks keeps
approximately 95% of the leptons with pr > 7 GeV/c. As discussed in Chap-
ter 3, the trigger efficiencies are approximately 92% for central electrons, and

approximately 87% for muons with both CMU and CMP chamber hits. For
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this background study, we use a rough value of 90% + 5% trigger efficiency for
the normalization events in the data.

With these numbers, we can calculate equivalent luminosities, L.guiv,
for the two Monte Carlo samples by equating the cross-sections for normal-
ization samples in the data and Monte Carlo samples. Table 5.3 shows the
numbers of normalization events found in the two Monte Carlo samples and in
the data, as well as Lquiv, which has been scaled up by (67.5 pb=1/16.3 pb™?)
for the first Monte Carlo sample to represent the entire sample. Note that less
than 1% of the events in the normalization sample of the second Monte Carlo
sample are from c€ production, so it should be safe to use the first Monte Carlo

sample, which ignored the ¢€ contribution.

18 GeV/c Central Electron Cuts 7 GeV/c Central Electron Cuts

Ef™ > 18 GeV
priet > 13 GeV/c
Ehad [Eem < (.05
E;'m/mtmcb < 2

Ef™ > T GeV
priee > 3.5 GeV/ec
Ehad [Eem < 0,05
E;‘m/prtmcb < 9

Az < 1.5 cm Az < 1.5.cm
Az<3.0cm Az <3.0cm
Lagr <02 Lag, <0.2
Xaerip < 10 Xierip < 15

18 GeV/c Muon Cuts

7 GeV/c Muon Cuts

pri™* > 18 GeV/c
E™ <2 GeV

Ehd < 6 GeV

E°™ + Ehd 5 0.1 GeV
do < 3 mm

Azttt <« 5 cm

CMU and CMP matches

priT* > 7 GeV/c

E™ <2 GeV

Ehd < 6 GeV

Ee™ 4 Ehad 5 0.1 GeV
do < 3 mm

Az < 5 cm

CMU and CMP mitches

Table 5.2: Selection criteria for electrons and muons used to normalize the bb

Monte Carlo samples.
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Data | Monte Carlo 1 | Monte Carlo 2
Noporm 45 34 125
Leguiv Pb7! | 19.3 57+ 13 514+9

Table 5.3: Numbers of events in the normalization samples, Nyorm, in the data
and in the two Monte Carlo samples. For the data, Lequiv is the integrated
luminosity of the 1992-1993 run, 19.3 pb~!. For the first Monte Carlo sam-
ple, Leguiv has been scaled up by the ratio (67.5 pb™'/16.3 pb™') so that it

represents the entire sample.

Knowing the relative normalizations of the two Monte Carlo samples
to the data, it would seem a straightforward matter to count the number of
events in the signal region, and to use that number to estimate the expected
background from heavy flavor production. There are no events in either Monte
Carlo sarxfple which lie in the signal region of this analysis. This allows us to
set upper limits (at 68% CL) of 0.37 events and 0.42 events from the first
and second samples, respectively. When the results from the two samples are
combined, the upper limit drops to 0.20 events. Ideally, we would like to have
larger Monte Carlo samples to look at, but it took several months of computer
time to generate each of the two samples we are using, and larger samples are
just not available.

In an effort to set a better upper limit on the expected background,
we use the Monte Carlo samples to predict the number of heavy flavor events
which pass all of the analysis cuts except for the £y (magnitude and direction)
and two-jet cuts, and then multiply this number by a rejection factor for the
Ex cuts, also obtained from the Monte Carlo. Table 5.4 shows the numbers of
events in the Monte Carlo samples which pass the fiducial, lepton identifica-
tion, isolation, Z removal, and opposite sign requirements detailed in Chapter

4. That is, they pass the full set of cuts except that the Er (magnitude and
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direction) and two-jet cuts have been removed. Also shown in Table 5.4 are
the numbers of Monte Carlo events which pass all the analysis cuts except for
the Br and two-jet cuts, but where the leptons have the same sign of electric
charge. Using these numbers, we can predict the number of heavy flavor events
in the data. These predictions appear in Table 5.5. The pr requirements on
heavy quarks for the two Monte Carlo samples are essentially 100% efficient
for events where both leptons have pr > 15 GeV/c, and the trigger efficiency
is also very nearly 100% for these events, so we need not correct for these
effects as we did before with the normalization sample. The fraction of events
in the second Monte Carlo sample with two leptons each with pr > 15 GeV/c
which are from ¢€ production is less than 1%, leading us to conclude again
that the ¢€ contribution is negligible and that it is appropriate to use both

Monte Carlo samples {o estimate the heavy flavor background.

We use the Monte Carlo samples to estimate a rejection factor for the
Er cuts. The rejection factor is found from events with the lepton pr thresh-
olds lowered to 15 GeV/c and which pass the ﬁduciai, lepton identification,
isolation, Z removal, and opposite sign requirements. That is, we use the 35
events found in the first Monte Carlo sample when the lepton pr threshold is
15 GeV/c, and the 50 events found in the second Monte Carlo sample. None
of these events in either Monte Carlo sample passes the E7 cuts, allowing us
to set upper limits (68% CL) of 0.031 from the first sample, 0.022 from the
second sample, and 0.013 when the samples are combined. We can multiply
these Er cut rejection factors by the appropriate numbers in Table 5.5 to set
upper limits on the heavy flavor background. Table 5.6 gives the estimated

background due to hea'}y flavor production, before the two-jet cut is applied.



Lepton pr Threshold || Monte Carlo 1 | Monte Carlo 2 || Combined
20 GeV/c 3 4 7
15 GeV/c 35 50 85
20 GeV/c 2 2 1
15 GeV/c 11 7 18

T4

Table 5.4: Numbers of events found in the two Monte Carlo samples with the
Er and two-jet cuts removed. The upper two rows are events in which the
leptons have opposite sign of electric charge. The lower two rows are events

in which the leptons have the same sign of electric charge.

Lepton pr Threshold || Monte Carlo 1 Monte Carlo 2 | Combined
15 GeV/c, Opp Sign 11.8+3.3 19.0 +4.2 15.2 £ 2.7
20 GeV/c, Opp Sign 1.0+0.6 1.5+0.8 1.3£0.5
15 GeV/c, Same Sign 3.7+1.4 27+1.1 32+09
20 GeV/c, Same Sign |  0.7+0.5 0.8 +0.6 0.7+04

Table 5.5: Expected numbers of heavy flavor events in 19.3 pb~! of data, for
lepton pr thresholds of 15 and 20 GeV/c, after all cuts have been applied
except for the Er and two-jet cuts. The upper two rows are events in which
the leptons have opposite sign of electric charge. The lower two rows are events
in which the leptons have the same sign of electric charge.

5.3 71171

Drell-Yan [46] production of 77~ pairs can lead to final states with
two leptons and Br. If both sides decay leptonically (7 — £€v7), the final state
will contain two charged leptons of opposite sign, and four neutrinos which
may provide Er. If the 7 pairs are produced in association with jets, these
events may well satisfy the selection criteria of this analysis. We can express

the expected background from this process, N7, as

T — =, o 2 _rr T
N = Lo(pp—7"7") BR €pT.-Fid-ID-Is0-0S Stopology
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Lepton pr Threshold | Monte Carlo 1 | Monte Carlo 2 | Combined |

15 GeV/c 0.00F 37 0.00%22 0.007 20
20 GeV/c 0.00+33 0.00%:93 0.00+32

Table 5.6: Expected background from heavy flavor production in 19.3 pb~! of
data, for lepton pr thresholds of 15 and 20 GeV/c, after all cuts have been
applied except for the two-jet cut.

where is the integrated luminosity, o(pp — 7777) is the 777~ production
cross-section, BR is the branching ratio for a single 7 to decay leptonically,
€pr-Fid.ID-Iso-0s 18 the combined efficiency of the fiducial, pr, lepton identifica-
tion, isolation, and opposite sign cuts, and €;,,,,, is the combined efficiency
of the mass, Br magnitude and direction, and two-jet requirements.

The expected background from this process depends strongly on the
jet activity in the events. In order to correctly model the jet production in
Drell-Yan events, we turn to the data rather than trust the predictions of a
Monte Carlo program. To do this, we start with the ete™ events in the data
which pass the fiducial, pr, electron identification and isolation cuts described
in Chapter 4. As can be seen from Figure 4.3, approximately 90% of these
e*e” pairs come from the decay of the Z boson. The remaining 10% lie in the
mass continuum away from the Z pole.

For each of these ete™ events, we replace each electron with a 7
with the same momentum [45]. Each 7 is decayed by ISAJET, and the decay
products are simulated by QFL. The 7’s are forced to decay leptonically. The
output of this simulation is merged back into the original event, in place of
the original electrons. We define €;7,,,,, to be the number of these simulated
events passing all the cuts of the analysis, divided by the number of simulated

events passing just the fiducial, pr, lepton identification, isolation, and oppo-



76

site sign cuts. That is, €]7,,,,, is the efficiency of the mass, Er magnitude and
direction, and two-jet cuts for 777~ which satisfy all the other requirements.
In order to boost statistics, we use each ete™ parent event 50 times, resulting
in 50 different, albeit correlated, daughter events. We use 525 e*e~ parent
events, and after decaying and simulating them 50 times each, we find 1535
events passing the fiducial, pr, lepton identification, isolation, and opposite
sign requirements. Of these 1535, 18 pass the topology cuts. The 18 events
are from only 3 parent events. One parent event contributes 15 daughters pass-
ing the topology cuts, the second contributes 2 daughters passing the topology
cuts, and the third contributes 1 daughter passing the topology cuts. We take
the uncertainty in the 18 events to be 15 @ 2 @& 1 = 15.2 events, and so we
find €7 10gy = -012 £ .011, Before the two-jet cut is applied, there are 30 of
the simulation events surviving, yielding an efficiency of .020 £ .010 without

the two-jet cut.

It should be noted that the 525 dielectron parent events used in this
study may not all be from Drell Yan production of e*e” pairs. There may in
fact be some events from the process t¢ — et e~ v, 7.bb in the 525 events. These
525 events are used to determine the rejection factor of the event topology cuts,
and the presence of tf events may lead to an underestimate of this rejection
factor, as the event topology cuts were designed to keep it events. This in turn
may lead to an overestimate of the background from Drell-Yan production of
7~ pairs. However, we find no dielectron events and only 2 events total (both
eu) in the data which satisfy the selection criteria of this analysis. Assuming
that the two observed signal events are from t¢ production, and using the
efficiency of the Z removal cuts for ¢t dilepton events, we estimate 0.1 ¢ events
in the dielectron channel which fail the Z removal cut but pass all the other

cuts. This is certainly a negligible number when compared to the 525 dielectron
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events that we use, but it is perhaps more appropriate to compare it to the
number of parent events that produce daughters which pass the topology cuts.
As mentioned in the previous paragraph, the 18 events passing the topology
cuts are from only 3 parents, with one of the parents producing 15 of the 18
events. If this event is really a tf event, then we have overestimated the 77~
background considerably. Again, we note that we expect only 0.1 #f events in
this background sample, and we use all 18 events passing the topology cuts to
estimate the background, with the awareness that we may be overestimating
it.

We use the ISAJET Monte Carlo program to calculate
€pp-FidID.Iso-0s) Since this number is fairly insensitive to the associated jet
activity. We generate 100,000 Drell-Yan 7*7~ events in the mass window
(50 GeV/c?, 500 GeV/c?), and force the 7’s to decay leptonically. We ex-
pect this mass window to be quite safe in that it keeps essentially all of the
t+7~ events whose daughter leptons pass the pr cuts. Of the 100,000 Monte
Carlo events, we find 248 ee, 339 uu, and 699 eu events passing the fiducial,
pr, lepton identification, isolation, and opposite sign cuts, and so we take
€pp-Fid.ID-Is0.08 = 0.0129 = 0.0004.

The integrated luminosity of the run is £ = 19.3 + 0.7pb~1 [10].
We take the branching ratio for a single 7 to decay leptonically to be BR =
(.357 £ .003), so BR? = .127 + .002 [36].

To find the production cross-section, we start with the published
value of o(Pp — Z — e*te™) = 0.209 + 0.021 nb [37]. Assuming lepton univer-
sality and ignoring the electron and tau mass difference, the cross section for
the process o(pp — Z — 777~ ) will be the same. This published value of the
cross-section must be modified to take into account three effects. First, the

full matrix element for this Drell-Yan process will include contributions from
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the Z and from the photon. This means that the cross section will include a
Z? term, a Z+v interference term, and a 7? term. The published cross-section
is for just the Z? piece, and so needs to be corrected for the interference and
photon contributions. Second, when we found €7 rig.1p.1s0.05, We limited the
mass range to (50 GeV/c?, 500 GeV/c?). While this was safe because it kept
all the events which might pass the cuts, we need to use a production cross-
section for just that mass range when calculating the expected background.
Third, the published o(pp — Z — e*e™) cross-section is normalized to a differ-
ent total cross-section o(Pp — X) than was used to determine the integrated
luminosity, and must be scaled up by a factor of 1.11. Taking all three of
these corrections into account, we arrive at a value of 0.246 £ 0.025 nb for the
process o(pp — 7H77).

Multiplying all the terms together gives us an expected background
of 0.151 £ 0.079 events without the two-jet cut, and N™™ = 0.090 + 0.076
events after all cuts have been applied. Table 5.7 shows the expected number
of background events from Drell-Yan production of tau pairs, before and after

the two-jet cut is applied, and broken down into ee, uy, and eu cases separately.

e— ™

Cuts ee i e Total

Before two-jet i| 0.029 £+ 0.015 | 0.040 £ 0.021 | 0.082 £ 0.043 | 0.151 + 0.079
All cuts 0.017 + 0.015 | 0.024 £ 0.020 | 0.049 £ 0.042 || 0.090 £ 0.076

Table 5.7: Expected number of background events from Drell-Yan production
of 77~ pairs. Numbers are given for the expected background after all cuts
have been applied, and also for the expected background after all cuts have
been applied except for the two-jet cut.
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5.4 Hadron Misidentification

Hadronic particles can sometimes look very much like leptons in the
CDF detector. This can happen, say, if a charged hadron punches through
the calorimeters without interacting significantly before reaching the muon
chambers. In this case, we would see a CTC track pointing towards hits in a
muon chamber, with very little energy deposited in the calorimeters. This is
how we would expect a real muon to appear in the detector. Charged pions
and kaons may decay to muons before reaching the calorimeters, and so may
be misidentified as muons from the primary interaction. Charged hadrons
showering very early in the calorimeters leave most of their energy in the
CEM calorimeter. This may happen through the charge exchange process
(e.g, 7t +n = 7%+ por v~ +p — 7%+ n), and the photons from the »°
decay deposit all their energy in the CEM calorimeter. In this case, we would
see a charged track pointing towards a predominantly electromagnetic cluster,
and we might misidentify the hadron as an electron. Charged hadrons which
have 7%s nearby will produce tracks which point at electromagnetic energy,

and may be misidentified as electrons.

Because the probability of misidentifying a hadron as a lepton is
small (= 107*), we can neglect the potential background from the case where
two hadrons in the same event fake leptons, and concentrate on the case where
there is one real lepton in the event, plus a hadron which fakes a second lepton.
We expect the only non-negligible source of such events to be W events where
there are jets produced along with the W, and where the W decays leptonically.

In order to estimate the background from misidentified hadrons in
W — {v events, we note that we expect the charge of the faked lepton to

be uncorrelated with the charge of the W, and so we should see on average,
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as many same-sign events as opposite-sign events. We then look through the
data for same-sign events which pass all the other cuts except for the two-jet
cut. We find no same-sign events. This allows us to set a limit (68% CL) of
1.1 events from hadron misidentification before the two-jet cut is applied.

We calculate a rejection factor for the two-jet cut by looking at the jet
multiplicities in W events. Specifically, we select W — ev events which pass
the Er magnitude and direction cuts of the analysis, after the jets in the event
have been corrected. We consider jets which have corrected pr > 20 GeV/c
and |n| < 1.2 to be candidates for faking leptons. There are 840 such jets in
the W events. We then ask how many of these jets are in events containing
at least two other jets with uncorrected pr > 10 GeV/c and || < 2.4, and
we find 118 such jets. This gives us a rejection factor for the two-jet cut of
118/840 or 0.140 £ 0.014. After applying this rejection factor to the number
of fake events before the two-jet cut, we find an upper limit (68% CL) on the
expected background due to hadron misidentification of 0.15 events.

As a check of this result, we have estimated the probabilities that a
hadron jet gets misidentified as a lepton by looking at a sample of jet data.
When these fake rate probabilities are multiplied by the appropriate numbers
of jets present in W events, we find an expected number of background events
due to fakes of 0.06 = 0.04 events, in good agreement with the upper limit of

0.15 events presented above,

5.5 Drell-Yan Production of Lepton Pairs

Drell-Yan production of dielectron and dimuon events can result in
events which pass all the cuts of this analysis. In order for this to happen,

there must be at least two jets produced along with the ee or uu pair, and the
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leptons and jets must be mismeasured in such a way that the event as a whole
passes the Er magnitude and direction requirements. Of course, dielectron and
dimuon events where the dilepton invariant mass is between 75 GeV/c? and
105 GeV/c? are rejected as possible Z events, so only events in the continuum
outside the the Z mass window contribute to the background.

This background depends strongly on the jet activity in the Drell-
Yan events, and on the detector response. Rather than rely on Monte-Carlo
estimates of these quantities, we use the Z — ee, up data to find rejection
factors for the two-jet and Er cuts, and apply these rejection factors to the
number of dielectron and dimuon events which lie outside the Z mass window.
Table 5.8 shows the numbers of dielectron and dimuon events surviving the Er
and two-jet cuts. There are a total of 863 events inside the Z mass window.
Only 1 of these events passes the combined Fr and two-jet cuts. There are 97
events outside of the Z mass window. Simple multiplication of these numbers
yields an expected background of 0.11 & 0.11 events. There are 2 Z events
which pass all cuts except for the two-jet cut. This yields an expectation of
0.22 £ 0.16 Drell-Yan events passing all the cuts" except for the the-jet cut.
Higher mass Drell-Yan events contain, on average, more jet activity than do
lower mass events. We correct for this effect by using a boson + 2 jet matrix
element calculation [38]. We find that the events below the Z mass window
are 71% as likely to pass the two-jet cut as are events inside the Z mass
window, and events above the Z mass window are 1.34 times as likely to pass
the two-jet cut as the events inside the Z mass window. Weighting the events
outside of the Z mass window by their appropriate correction factors results
in an overall correction of .89, and so the expected Drell-Yan background is
.10 £ .10 events.

It should be noted here that the single Z event which passes all the
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[ Cuts || My <75]75< My <105 105 < My |
ee
No E7 or two-jet 38 475 12
Er only 0 1 0
Two-jet only 2 21 1
Er and two-jet 0 0 0
BH
No Er or two-jet 31 388 16
Er only 0 1 0
Two-jet only 3 18 1
| Er and two-jet 0 1 0
, ” S
No Er or two-jet 69 863 28
Er only 0 2 0
Two-jet only 5 39 2
Er and two-jet 0 1 0

Table 5.8: Numbers of dielectron and dimuon events passing the Er (magni-
tude and direction) cuts and the two-jet cuts. These numbers are for events
which pass the pr, fiducial, lepton identification, isolation, and opposite-sign
cuts. All masses are in GeV/c?

cuts is quite possibly a tf event. This event (run 43170, event 198920) contains
two muons, two jets, and large Er which does not point near either the muons
or jets. One of the jets has an identified secondary vertex, which suggests
that this jet contains a b quark. If this really is a tf event, then we have
probably overestimated the Drell-Yan background. Using the fact there are
only 2 events in the data which pass all the selection criteria of this analysis,
we estimate 0.2 ¢ events which fail the Z removal cut but which pass all the
other cuts. There is an 18% chance that 0.2 events expected fluctuates up to

1 or more events observed, so we certainly cannot rule out the chance that the
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Cuts (cumulative) ee B Total
Before two-jet A0+ .07 | .10£.07 || .20+ .10
All cuts .05+.05 | .05+.05| .10 £.10

Table 5.9: Expected number of background events from Drell-Yan production
of lepton pairs, shown for all cuts except the two-jet cut, and after all cuts
have been applied. ‘

event in question is from ¢ production. We keep this event when calculating
this background, with the knowledge that we may be making an overestimate.

Table 5.9 shows the expected numbers of background events from
Drell-Yan dielectron and dimuon production with and without the two-jet

cut.

5.6 Summary

Table 5.10 summarizes the estimates of the backgrounds. We see the
expectation for the total background is 1.5 4 1.2 events before the two-jet cut,
and 0.35 £ 0.21 events after all cuts.
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| Source | Background before two-jet cugT Background after all cuts |
ee
WW 0.21  0.06 0.03 £ 0.01
bb 0.00+3:83 0.0013:33
T 0.03 & 0.02 0.02 + 0.02
Fakes 0.0 0.0019:25
Drell-Yan 0.10 +0.07 0.05 + 0.05
Total 03411 0.10 £ 0.16
pts
WW 0.26 % 0.08 0.04 £ 0.01
bb 0.00+3:33 0.0013%
T 0.04 + 0.02 0.02 + 0.02
Fakes 0.013:3 0.00%035
Drell-Yan 0.10 + 0.07 0.05 +0.05
Total 0.40 £ 1.1 0.11  0.16
e
WW 0.65 £ 0.19 0.10 + 0.03
b5 0.0013:53 0.00+9%3
T 0.08 + 0.04 0.05 + 0.04
Fakes 0.0131 0.00%5:30
Total 073+ 1.1 0.15  0.16
ee+ pp + ep
WW 1.1£03 0.16 £ 0.05
bb 0.03:%2 0.0019:53
T 0.2 +0.1 0.09 + 0.08
Fakes 0.0732 0.075:3
Drell-Yan 0.240.2 0.10 + 0.10
Grand Total 15 +1.2 0.35 £ 0.21

Table 5.10: Expected numbers of background events from various sources.



Chapter 6

RESULTS

6.1 Description of the Signal Events

As can be seen from Table 4.21, the data contain two events surviving
the pr, fiducial, lepton identification, isolation, Z removal, and F7 magnitude
cuts. Both of these events contain an electron and a muon, and both pass all
the remaining cuts: Er direction, two-jet, and opposite sign of electric charge .

requirements.

6.1.1 The DPF Event

The first of the two signal events is usually referred to as the DPF
event, due to the fact that it was recorded in late October of 1992, just before
the Division of Particles and Fields (DPF') conference at Fermilab that year. It
is event number 127085 of run 41540. The event contains an electron, a muon,
and three jets. Two of the jets satisfy the E1™" and 7 requirements of the
two-jet cut. Table 6.1 summarizes the information for this event. Figures 6.1

and 6.2 show the tracking and calorimeter displays for this event.
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The muon in this event is very close to the boundary in ¢ between
two central calorimeter wedges. Because of scattering, we do not know the
exact path the muon took on its way out to the CMP chamber. When we
propagate the CTC track out through the calorimeters, taking into account
the magnetic fields therein, we find that the most likely case has the muon
passing through the the CEM at a distance of about 0.2 cm from the edge
of the active region. The track would not pass through the active region of
the CHA and would also miss the CMU chambers. We see no CMU chamber
hits for the muon. There are hits in three of the four layers of the CMP muon
chamber. These hits are very well matched (0.09 cm) to the extrapolated track
position. One may use the muon chamber hits to estimate the angle through
which the muon passed through the chamber. The agreement between this
angle and the angle of the extrapolated track is poor, but within the large
tail of the distribution measured in W — uv events. Note that this is not a
quantity that we use for muon identification in this analysis, due to its low
efficiency. The energies deposited in the CEM and CHA towers nearest the
projected path of the muon are 1.3 GeV and 1.6 "GeV, respectively.

We have run the JETVTX [10] vertexing algorithm to search for sec-
ondary vertices in this event. We find that Jet 1 in Table 6.1 has a secondary
vertex at a distance of 0.047 £ 0.004 cm from the beam line, indicating that it
is most likely a b quark jet. The JETVTX algorithm is expected to be approx-
imately 22% 1 6% efficient at finding at least one secondary vertex in tf events
with three or more observed jets for m,, > 120 GeV/c? [10]. The probability

of finding a secondary vertex in non-heavy flavor jets is approximately 1% [10].
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Run 41540 Eyt 127085 DDAT:DPF_710.DST 290CT92 3:32:20 3-APR-95
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Figure 6.1: The CTC event display for the DPF event. This is a view looking
down the beamline. The muon track is at ¢ = 14°, and the electron track is at
¢ = 32°. Also visible are two large jets at ¢ = 352° and ¢ = 215°. The central
calorimeter energy depositions are shown, with the darker shading indicating
the electromagnetic energy, and the lighter shading indicating the hadronic
energy. Further out in radius are the hits in the CMU, CMX, and CMP
chambers.
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Run 41540 Evt 1270895 DDAT:DPF_710.DST

290CT92 3:33:20 3-APR-95
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Figure 6.2: The calorimeter event display for the DPF event. The darker
shading represents energy in the electromagnetic calorimeters, and the lighter

shading represents energy in the hadronic calorimeters.
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Object pr ( GeV/c) pr ( GeV/c) n ¢
before jet corrections | after jet corrections
e 22.0 0.84 | 32°
ut 47.5 0.17 | 14°
Jet 1 107.9 131 0.11 | 352°
Jet 2 44.3 61 —0.54 | 215°
Jet 3 18.0 26 —-2.94 | 112°
Er 136 179° |

Table 6.1: Properties of the DPF event. The energy corrections for Jet 1
and Jet 2 have been done assuming that they are b quark jets. The energy
correction for Jet 3 has been done assuming that it is a light quark or gluon
jet.

6.1.2 The CEMX Event

The second of the two signal events is sometimes called the CEMX
event because it contains a central electron and a muon with hits in the CMX
chambers. It is event number 38382 of run 47122. In addition to the electron
and muon, there are three jets in the event. Two of these jets satisfy the Eo™"
and 7 requirements of the two-jet cut. Table 6.2 summarizes the information
for this event. Figures 6.3 and 6.4 show the tracking and calorimetry displays.
Two of the jets pass through the SVX. We use the JETVTX algorithm to
search for secondary vertices in these jets. No secondary vertices are found in

this event.

6.2 Conclusions

We observe 2 events in the signal region, with an expected back-

ground of 0.35 £ 0.21 events. The probability for this background to fluctuate
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Run 47122 Event38382 DDAT: CEMX 710.DST 4MAY93 16:37:24 3-APR-95
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Figure 6.3: The CTC event display for the CEMX event. This is a view
looking down the beamline. The muon track is at ¢ = 4°, and the electron
track is at ¢ = 25°. The central jet is also visible at ¢ = 85°. The central
calorimeter energy depositions are shown, with the darker shading indicating
the electromagnetic energy, and the lighter shading indicating the hadronic
energy. Further out in radius are the hits in the CMU, CMX, and CMP
chambers.
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Figure 6.4: The calorimeter event display for the CEMX event. The darker
shading represents energy in the electromagnetic calorimeters, and the lighter

shading represents energy in the hadronic calorimeters.
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to 2 or more events is 6.2%. Thus, we cannot rule out with certainty that

Object or ( GeV/c) pr ( GeV/c) ) é
before jet corrections | after jet corrections
et 50.6 093 | 25°
B 37.3 -0.74 | 4°
Jet 1 67.0 85 0.64 | 218°
Jet 2 10.7 26 1.34 | 344°
Jet 3 13.6 18 -3.31 | 344°
Er 60 149°

Table 6.2: Properties of the CEMX event. The energy corrections for Jet 1
and Jet 2 have been done assuming that they are b quark jets. The energy
correction for Jet 3 has been done assuming that it is a light quark or gluon
jet.

the 2 observed events are caused by an upward fluctuation of the background.
Nevertheless, the most natural explanation for the observed excess of events
over the expected background is to attribute them to ¢f pair production. The
observed secondary vertex in the DPF event adds credibility to this hypothesis,
as does the fact that no additional are seen when the two-jet, Er direction, and
opposite sign of electric charge cuts are relaxed. More recent results from the
CDF [11] and DO [12] collaborations confirm the existence of the top quark,
with masses of 176 £ 8 £ 10 GeV/c? and 199717 £ 22 GeV/c?, respectively.
We conclude that this analysis has provided some of the earliest evidence for
tf pair production.

We can extract a cross-section for the process pp — tf at /s = 1.8
TeV. Since the total detection efficiency for ¢ events depends on the value
of My, so does the cross-section we calculate. We perform a background
subtraction, divide by the total detection efficiencies listed in Table 4.20 and
divide by an integrated luminosity of 19.3 £ 0.7 pb™? to find the #Z production
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Miop( GeV/c?) o,z (pb)
100 31.7 F5is +124
120 18.6 T337 £3.0
140 14.0 1325 + 1.7
160 12.6 12%% +1.4
180 11.2 3% £1.2
200 11.2 1% +1.2

Table 6.3: The measured tf production cross-section for several values of m4p.
The first set of uncertainties includes the uncertainty in the number of expected
background events and is calculated using from the Poisson formula. The
second set of uncertainties includes the uncertainty in the efficiency as well as
the uncertainty in the integrated luminosity.

cross-section for several values of m.,. These cross-sections are shown in
Table 6.3. The first set of uncertainties in this table take into account the
Poisson distribution of the number of expected events as well as the uncertainty
in the background estimation. The second set of uncertainties includes the
uncertainty in the total detection efficiency and the 3.6% uncertainty in the
integrated luminosity [10].

The theoretical ¢ production cross-section depends strongly on the
mass of the top quark. A next-to-leading-order calculation [48] predicts the
production cross-section at the Tevatron to be approximately 100 pb for
Mip = 100 GeV/c?, with the cross-section falling smoothly as m,,, increases.
For my,p, ~ 200 GeV/c?, the predicted cross-section is approximately 2 pb.
Figure 6.5 shows the theoretical ¢f production cross-section [48] overlaid with
the cross-section measurement provided by this analysis. Because of the large
statistical uncertainty, the cross-section we measure is consistent with all values

of the top quark mass within the range 100 GeV/c? < myp < 200 GeV/c2
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Figure 6.5: Comparison of the theoretical ¢f production cross-section and the
tt production cross-section measured in this analysis. The solid and dashed
curves are the central value and the 1o bounds of the theoretical tf cross-
section from Reference [48]. The crosses indicate the ¢ production cross-
section measurement provided by this analysis, shown for several values of

Miop.



Appendix A

OTHER INTERESTING
DILEPTON EVENTS

The data contain two events satisfying the selection criteria of this
analysis. These two events are described in Chapter 6. There are in addition
several events with two leptons which lie near, but not in, the signal region
of this analysis, and which may be of interest because they contain jets with
identified secondary vertices [49]. This appendix will catalogue some of the

characteristics of four of these events.

A.1 Event 38366 of Run 42446

This event contains a u* 4~ pair and 3 jets. Tab:e A.1 lists some of the
characteristics of the objects in this event. The g~ track is matched to hits in
both the CMU and CMP muon chambers, and the 4t track is matched to CMX
muon chamber hits. The muons satisfy the pr, fiducial, lepton identification
and 1solation requirements of this analysis. This event fails the Z removal cut,

as the invariant mass of the utu~ pair is 92.6 GeV/c?. This event also fails
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the Er cuts, as can be seen in Table A.l. The JETVTX algorithm finds a
secondary vertex in Jet 1 of that table. This secondary vertex is a distance of
0.908 + 0.069 cm from the beamline. Jet 2 and Jet 3 are very close to each
other. When the jet clustering algorithm is run using a cone size of R = 0.7,

these two jets are reconstructed as a single jet.

Object | pr ( GeV/c) | pr ( GeV/c) | pr ( GeV/c) ] ¢
before jet generic jet b jet
corrections | corrections | corrections
u” 20.8 —0.36 | 300.0°
put 67.7 +0.98 | 123.7°
Jet 1 37.5 60.9 60.7 +1.13 | 192.2°
Jet 2 21.3 32.7 38.6 ~0.75 | 348.3°
Jet 3 21.4 32.0 38.0 —0.54 | 316.4°
Er 34.4 359.2°

Table A.1: Properties of event number 38366 of run 42446. Er has been
computed using the generic (light quark or gluon) jet corrections for all jets.

A.2 Event 198920 of Run 43170

This is the single event which satisfies all of the requirements of this
analysis except for the Z removal cut, and which figures heavily in the estima-
tion of the background due to Drell-Yan production of lepton pairs, described
in Chapter 5. This event contains a u*u~ pair and 2 jets. Table A.2 lists
some of the characteristics of the objects in this event. Both muon tracks
are matched to hits in both the CMU and CMP muon chambers. The in-
variant mass of the uytu~ pair is 101.7 GeV/c?. Figure 4.3 shows the mass
distributions of ee and upu events. Recall that the Z removal cut rejects ee

and pp events where the invariant mass of the two leptons is between 75 and
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105 GeV/c®. The JETVTX algorithm finds a secondary vertex in Jet 1 in
Table A.2. The secondary vertex is a distance of 0.402 £ 0.007 cm from the

beamline.
Object | pr ( GeV/e) | pr ( GeV/e) [ pr (GeV/e)| 7 ¢
before jet generic jet b jet
corrections | corrections | corrections
uo 71.6 +0.16 | 17.0°
ut 37.2 +0.38 | 220.3°
Jet 1 78.9 103.6 97.3 +0.37 | 119.3°
Jet 2 64.3 85.6 81.4 | +0.19 | 238.0°
Er | 58.7 | 344.0°

Table A.2: Properties of event number 198920 of run 43170. Er has been
computed using the generic (light quark or gluon) jet corrections for all jets.

A.3 Event 104393 of Run 45047

This event contains an electron candidate, a muon, and 2 jets. Ta-
ble A.3 lists some of the characteristics of the objects in this event. The
muon track is matched to hits in both the CMU and CMP muon chambers.
The electron candidate satisfies the loose set of electron identification require-
ments, but does not satisfy the tight set of electron identification require-
ments. These requirements are listed in Table 4.4. Specifically, the electron
fails the E**d /E*™ and X3irip T€quirements. This electron candidate has values
of EM4/E*™ = 6.0% and x2,, = 20.7 for these quantities, while the cuts
are set at 5.0% and 15.0, respectively. Figure 3.3 shows the distributions of
these variables for electrons in Z events. It can be seen that the E*sd/E*™

and x2,;, values for the electron candidate in this event are far into the tails



98

of the distributions. This event satisfies all of the other selection criteria of
this analysis. The JETVTX algorithm finds a secondary vertex in Jet 1 of
Table A.3. The secondary vertex is a distance of 0.669 + 0.019 c¢m from the
beamline. The track of the electron candidate also has a large impact parame-
ter. The electron candidate leaves hits in each of the four SVX layers, and has
an impact parameter of 0.041 £ 0.002 cm from the beamline. This invites the
interpretation of this object as an electron from the decay 7 — evv. Of course
this is merely speculation, as it is far from certain whether this candidate is

an electron at all.

Object | pr ( GeV/c) | pr ( GeV/c) | pr (GeV/e)| 7n ¢
before jet generic jet b jet
corrections | corrections | corrections
o 39.1 —0.36 | 116.6°
et 23.6 +0.43 | 252.6°
Jet 1 44.0 72.0 69.8 -1.20 | 117.7°
Jet 2 22.5 34.2 39.8 +0.91 | 117.7°
Er 129.1 310.5°

Table A.3: Properties of event number 104393 of run 45047. Er has been
computed using the generic (light quark or gluon) jet corrections for all jets.

A.4 Event 314567 of Run 46870

This event contains an ete™ pair and 4 jets. Table A.4 lists some
of the characteristics of the objects in this event. The electrons satisfy the
pr, fiducial, lepton identification and isolation requirements of this analysis.
This event fails the Z removal cut, as the invariant mass of the ete™ pair is

92.2 GeV/c?. This event also fails the Fr cuts, as can be seen in Table A.4.
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The JETVTX algorithm finds a secondary vertex in Jet 1 of that table. This

secondary vertex is a distance of 0.999 + 0.029 cm from the beamline.

Object | pr ( GeV/c) | pr ( GeV/e) | pr (GeV/e) | 7 é
before jet generic jet b jet
corrections | corrections | corrections
e” 64.0 +0.45 | 146.1°
et 73.0 —0.41 | 207.2°
Jet 1 159.2 198.3 184.4 +0.42 | 352.3°
Jet 2 42.8 55.1 56.0 —1.65 | 178.4°
Jet 3 349 52.9 54.4 +1.32 | 29.4°
Jet 4 17.0 28.4 35.1 —0.98 | 166.3°
Er 37.7 182.3°

Table A.4: Properties of event number 314567 of run 46870. Er has been
computed using the generic (light quark or gluon) jet corrections for all jets.



Appendix B

ACCEPTANCE RELATIVE
TO THE DILEPTON
BRANCHING RATIO OF
4/81

This analysis focuses on identifying the leptons from the decay of the
W bosons in t events. These W decays are not the only source of leptons
in tf events. The acceptances and efficiencies described in Chapter 4 include
contributions from all sources of leptons. In this appendix, we take a closer
look at the events where both W bosons decay leptonically (to e or to u),
and look at the acceptance relative to the branching ratio for these events,
4/81 =~ 4.9% (see Table 1.2).

For this study, the ISAJET program was used to generate a t¢ Monte
Carlo sample of 100,000 events, with my,, = 175 GeV/c?. Table B.1 shows

the numbers of these events which have two leptons (e or p) from W decay,
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each with pr > 20 GeV/c, and the numbers of these events where both leptons
have || < 1. We see that approximately 42% of the events where both W
bosons decay leptonically (e or u) satisfy these requirements.

The detector response was then simulated with the QFL program.
Table B.2 shows the numbers of the Monte Carlo events surviving as successive
cuts are applied. It must be noted that the £1umbers appearing in Table B.2
have not been adjusted for the different lepton identification efficiencies in QFL
and data, nor have they been adjusted for trigger efficiency effects. Table B.3

shows the overall efficiencies after correcting for these effects.

Cut ee | up | eu Total
(Relative to BR = 4/81)
pr > 20 GeV/c 850 | 908 | 1729 70.6%
pr > 20 GeV/c and |n| < 1 || 497 | 534 | 1041 42.0%

Table B.1: The numbers of events in a sample of 100,000 Monte Carlo events
generated with my,, = 175 GeV/c?, in which two leptons from W boson decay
satisfy pr > 20 GeV/c and |p| < 1 requirements. In this table, pr and 7
refer to quantities at the generator level, before the detector response has
been simulated. The right-most column gives the acceptance relative to the
branching ratio for both W bosons to decay leptonically (e or u).
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Cut ee | up | ep Total

(Relative to BR = 4/81)
pr, fiducial 306 | 359 | 887 31.4%
Lepton ID and isolation || 203 | 327 | 556 22.0%
Z removal 154 | 237 | 556 19.2%
Er 125 | 175 | 428 14.7%
Two-jet 119 | 162 | 392 13.6%
Opposite Sign 119 | 162 | 392 13.6%

Table B.2: The numbers of events in a sample of 100,000 Monte Carlo events
generated with my,, = 175 GeV/c?, in which two leptons from W boson decay
satisfy the requirements described in Chapter 4, as the cuts are successively
applied. The right-most column gives the acceptance relative to the branching
ratio for both W bosons to decay leptonically (e or u).

Source ee i ey Total
(Relative to BR = 4/81)

Leptons from W 120.2 | 135.1 | 363.7 12.5%

Leptons from all sources || 138.5 | 163.9 | 441.8 15.1%

Table B.3: The numbers of ¢f events in a Monte Carlo sample of 100,000 events
generated with me,p = 175 GeV/c? which satisfy all the selection criteria of
this analysis. These numbers have been corrected for trigger efficiency and the
difference between QFL and data efficiencies. Numbers are given for events
where both leptons come from W boson decay, and for events where all leptons
are accepted. The right-most column gives the acceptance relative to the
branching ratio for both W bosons to decay leptonically (e or u).



Appendix C

STUDY OF » QUARK JETS

We expect the final states of the tZ events we are searching for to
contain two b quarks. One of the selection criteria of this analysis is the two-
jet cut, which requires events to contain at least two jets, each with E;x™" >
10 GeV and |5| < 2.4. In the future, one may attempt to estimate the top mass
from the signal events of this search by employing some type of kinematical
reconstruction technique. It is also possible that future studies will require
the identification of a displaced secondary vertex in one of the jets. In both
of these cases, we would like to know how often the observed jets come from

b quarks.

To answer this question, we turn to the Monte Carlo sample described
in Appendix B. This sample consists of 100,000 events generated with the
ISAJET Monte Carlo program, using a top quark mass of 175 GeV/c?. After
simulating the detector response with the QFL detector simulation program,
we find a total of 813 events which pass all the selection criteria of this analysis,
including the two-jet cut. Of these 813 events, we find that 804 have at least
one b quark jet with E;™* > 10 GeV and |5| < 2.4, and 656 have two b
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quark jets satisfying those requirements. Further, we find that in 474 of the
813 events, the two jets with the largest Er are b quark jets. Table C.1
summarizes these results. It should be noted that these numbers depend fairly
strongly on the value of my,, as does the efficiency of the two-jet cut. We
have chosen my,p, = 175 GeV/c? for this study because it is near the value of
174 £ 17 GeV/c? reported by the CDF collaboration [11].

Probability of observing at least one b jet 98.9%

Probability of observing two b jets 80.7%
Probability that the two leading

observed jets are both b jets 58.3%

Table C.1: Probabilities of observing b quark jets. These numbers are relative
to the number of events which satisfy all the selection criteria of this analysis,
including the two-jet requirement. These numbers are found from a Monte
Carlo sample which was generated with my,, = 175 GeV/c?. Only jets with
E7™" > 10 GeV and |n| < 2.4 are considered in this study.
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