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Abstract

We present a search for the single top quark production in the W-
gluon fusion channel and the s-channel W* channel in proton-antiproton
collisions at /s = 1.8 TeV. The integrated luminosity of the data is 106
+ 4.1 pb~!. We extract the number of signal events to be 1.3773 and
the upper limit on the cross section of 13.5 pb at 95 % confidence level
for single top quark production through the W-gluon fusion process. For
single top quark production through s-channel W* process, the estimated
number of signal events is 6.47¢ % and the upper limit on the cross section
is 12.9 pb at 95 % confidence level. For combined single top production
search via the s-channel W* and W-gluon fusion processes, we measure

+4.9

the cross section to be 5.2757%(stat)+1.4(syst) pb and upper limit on the

cross section of 18.6 pb at 95 % confidence level.
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Chapter 1

Introduction

The Standard Model has been successful in explaining and pre-
dicting the experimental results of high energy physics. It consists of
quantum chromodynamics (QCD) for the strong interaction and elec-
troweak theory which is the unified theory of the electromagnetic inter-
action and the weak interaction. Each interaction between quarks and
leptons is mediated by bosons: gluons for strong interaction, photons
for electromagnetic interaction and W and Z bosons for weak interac-
tion. There are leptons and quarks of six types with three generations
as shown in Table 1. The top quark makes a weak isospin doublet of the

third generation with the bottom quark.

1.1 The observation of the top quark

Due to the inferences based on experimental results and theoretical
reasons, the existence of the top quark is predicted and its discovery is

awaited for a long time since the observation of bottom quark. The target
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Table 1.1: Three generations of leptons and quarks

mass range of the top quark search has been raised as the experiments
have set the new lower limit because the Standard Model does not predict
any quark masses. At last the evidence of the top quark production
was reported by the CDF collaboration[1] in 1994. In the next year the
discovery of the top quark was established with more statistics of the data

by both the CDF and DO collaborations|2][3]. The primary productions

of the top quark in 1.8 TeV proton-antiproton collisions are the tf pair
productions through gluon-gluon fusion (gg — tt) and quark-antiquark
annihilation (¢7 — tt) shown in Figure 1.1. The latter process is the
dominant one. As a top quark is very heavy, it decays to a W boson
and a bottom quark before a meson is composed of the top quark. The
final states are separated into the following three modes in accordance
with the number of electrons or muons from W boson decay: Dilepton
mode has [vlvbb in the final state where [ means an electron or a muon.
Lepton+jets mode has lvqgbb in the final state. Multijets mode has
qqqqbb in the final state. ¢f production was observed in all decay modes.

The combined top quark mass of CDF and D@ is extracted to be
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174.1 4+ 5.1 GeV/c? [4]. The measured cross section is 5.5 + 1.8 pb
in DO and 6.5717 pb in CDF with acceptance calculations with the
top quark mass of 173.3 GeV/c? and 175.0 GeV/c? respectively. These
measurements are consistent with the predicted cross section of 5 pb by

theory [5].

1.2 Single top quark production

Standard Model predicts the existence of single top quark produc-
tion trough the following three processes: In W-gluon fusion process a
top quark is generated with ¢-channel W exchange. In s-channel W* pro-
cess a pair of a top quark and an anti-bottom quark is produced through
W*. In tW production a pair of a top quark and a W boson is produced
via gb — tW. The diagrams for these three processes are shown in Figure
1.2.

The top quark is produced through a W-t-b coupling in the single
top quark production. It is different from the ¢ production with strong
coupling. So the observation of the single top quark production is mean-
ingful for probing the charged current weak interaction of the top quark.
Since the cross section of the single top quark production is proportional
to a top quark partial width T'(t — Wb), which is proportional to |V;|?,
the measurement of the cross section of the single top quark production
yields |Vjy| without assuming of the unitarity of the three generations
in Cabibbo-Kobayashi-Maskawa matrix. For a top quark mass of 175
GeV/c?, in 1.8-TeV pp collisions the predicted cross sections of the sin-
gle top production are 1.7 £ 0.3 pb for W-gluon fusion process [6] and
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Systematic sources W | Wy

Scale variation 4% | 10%

Parton distribution 4% | 10%

Top quark mass (£ 5.1 GeV/c?) | 13% | 9%
Total 14% | 17%

Table 1.2: The uncertainty on the theoretical cross section

0.7 £+ 0.1 pb for s-channel W* process [7][8][9] with the calculation of
next-to-leading order. uses the The uncertainty on the cross section is
17% for the W-gluon fusion process and 14% for the s-channel W* pro-
cess which will be incorporated to the measurement of |Vj,|. Table 1.2
lists the uncertainties on the theoretical cross sections. In the table the
uncertainty due to the top quark mass uncertainty of 5.1 GeV/c* from
experiments can be reduced by future measurements and the cross sec-
tion of single top quark production through s-channel W* process will
have still smaller uncertainty than that through W-gluon fusion process.
If the measured cross section could be significantly smaller than the Stan-
dard Model prediction, the |V;| would be small and which indicate the
existence of the fourth generation. If the measured cross section could
have the excess from the prediction, it would suggest the existence of the
non-Standard Model. As the single top quark production cross section
through gb — tW process is about five times smaller than that through
s-channel W* process at Tevatron, it is not a good target to search now.

The final state of the W-gluon fusion processes is a top quark, a

bottom quark and a light quark. Since the bottom quark from the gluon
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splitting in this process is soft, the signal is detected as an event with a
W boson, a b-jet and a light quark jet. The s-channel W* signal has a W
boson and two b-jets. So both processes have a W boson and two high

P jets.
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Figure 1.1: ¢t production processes. q7 — tt and gg — tt.
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W-gluon fusion process

s-channel Wprocess

tW production process
o] t

Figure 1.2: Diagrams for single top quark production processes
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Chapter 2

The experimental apparatus

2.1 Tevatron collider

The Tevatron accelerator provide proton and antiproton colliding
at a center of mass energy of 1.8 TeV. The Tevatron accelerator collider
complex consists of five accelerators as shown in Figure 2.1. Particles are
accelerated to higher energy at each accelerator. The Cockcroft-Walton
accelerator makes negatively charged hydrogen ions and accelerates it to
750 KeV. The 500-feet long Linear accelerator accelerates the H™ ions
from 750 KeV to 400 MeV. Then the ions pass through a carbon foil
which removes the electrons, leaving only the protons. The proton energy
is raised to 8 GeV by the Booster which is a synchrotron of 500 feet in
diameter. And the next stage of the accelerator is the Main Ring which is
a synchrotron of four mile in circumference. The Main Ring accelerates
protons to 150 GeV. To produce antiprotons, protons are first accelerated
to an energy of 120 GeV in Main Ring, extracted, transported to a target

area, and focused on the target. The collisions in the target produce a
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wide range of secondary particles including many antiprotons. These
anti-protons are selected and transported to the Debuncher ring where
they are reduced in size by stochastic cooling. And they are transferred
to the Accumulator ring for storage. When a sufficient number has been
produced, the antiprotons are reinjected into the Main Ring and passed
down into the Tevatron ring where they are accelerated simultaneously
with counterrotating beam of protons to an energy of 900 GeV. The
bunches of protons and antiprotons cross with every 3.5 us.

The luminosity is calculated by the equation:

_ NNy /B

L
4dmefs

(2.1)

where N, and N; is the number of protons and antiprotons in a bunch
respectively, f is a revolution frequency of the bunch, B is the number of
bunches of each type, € is an emittance, and [ is a betatron oscillation
length. The typical values of N, and N, are 1-2 x10" and 4-7 x10'
respectively. The revolution frequency is about 50 kHz. The number of
bunches is six. The emittance is 2.6 x1073 mm - mrad. The betatron

oscillation length is 0.5 m. Typical luminosity is 0.5 x103! cm 2-sec !

for RUN1A and 1.6 x10%" cm2-sec™! for RUN1B.

2.2 The CDF detector

The CDF detector[10] is a general purpose detector designed to
study the physics in pp collisions at the center of mass energy of 1.8 TeV.
Figure 2.3 and Figure 2.4 show a perspective view and a cross-sectional

view of the CDF detector respectively. The detector is separated into
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roughly three categories: the tracking chambers, the calorimeters and
the muon chambers. The chambers are placed in the three regions, cen-
tral, end-plug and forward region and surrounding the collision point of

particles.

2.2.1 Coordinate system

The coordinate system of CDF is defined as shown in Figure 2.2.
Origin of the coordinate system is defined as the collision point of the
CDF detector. Z direction is defined as the momentum direction of the
proton, and x direction is defined as the radial direction of the Tevatron

ring. Pseudo-rapidity 7 is used to show the angle: n = —In(tan g) , which

E+1%)
E-F

at high energy £/ ~ P. Transverse energy and momentum are defined by

is an approximation of Lorentz invariant variable, rapidity % -In(

E; = Esinfl and P, = Psinf, respectively.

2.2.2 Tracking system

The tracking system in the central region consists of three subsys-
tems, a silicon vertex detector(SVX), a vertex drift chamber(VTX) and
a central tracking drift chamber(CTC).

A superconducting solenoid covers the tracking system and generates
a 1.4 T magnetic field along the incident beam direction. It allows precise

momentum determination of charged particles in the central region.
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Superconducting solenoid

The superconducting solenoid magnet coil is 4.8 m long and 1.5
m in radius. The coil is made of 1164 turns of an aluminum-stabilized
NbTi/Cu superconductor. The steel magnet yoke is placed outside the

central calorimeter to return the magnetic field flux.

Silicon vertex detector (SVX)

The silicon vertex detector(SVX) [13] [14][15] is a tracking detector
closest to an interaction point with surrounding the 1.9 cm radius beam
pipe. The SVX is designed to detect the secondary vertices from heavy
flavor decay especially b hadrons of which the mean decay length is about
400 pum. The SVX consists of two barrels aligned end-to-end along the
z axis. The schematic view of one barrel is shown in Figure 2.5. Each
barrel is divided azimuthally into 12 wedges and radially into 4 concentric
layers. Each layer contains 3 rectangular strip detectors with a size of 3
cm X 8.5 cm. The SVX has 46,080 channels which is about one third of
all the channels for the whole CDF detector. The strip lines are running
parallel to the beam line and provide the hit information in r-¢ plane.
The strip pitch is 60 pm for the inner three layers and 55 um for the
fourth layer. The SVX single hit resolution is measured to be 13 um in
r-¢ plane. And the resolution of the impact parameter relative to the
primary vertex is 17 um.

The total coverage of SVX is 51 c¢m in z direction. As the spread of
the pp collisions is 60 ¢m in a standard deviation, the SVX acceptance
is 60 % in pp collisions. The SVX detector was used in RUNIA and
replaced by the SVX’ detector in RUN1B. The SVX’ is very similar to
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the SVX. The SVX’ is an AC-coupled device for reducing noise though
the SVX is a DC-coupled device. The SVX' is also improved to be more

radiation-hard for the higher luminosity.

Vertex drift chamber (VTX)

The vertex drift chamber lies outside the SVX. The VTX consists
of 28 modules of octagonal time projection chamber along the z axis.
The inner 18 modules contain 16 sense wires perpendicular to the radial
direction. The outer 10 modules contain 24 sense wires. It provides
tracking information in r-z plane for each of the eight azimuthal sections
within r < 220 mm and |n| < 3.3. The VTX is primarily used to identify
the z position of the primary vertex, that is, event vertex. The event

vertex in z direction is determined with a resolution of about 1 mm.

Central tracking chamber (CTC)

The central tracking chamber(CTC) is a 1.3 m in a diameter and
3.2 m long cylindrical drift chamber with 84 layers of sense wires arranged
into 9 superlayers. Five of the superlayers, in which the wires are parallel
to the beam line, each is composed of the cells of 12 sense wire layers.
Four of the superlayers, in which the wires are tilted by + 3° to the beam
line to provide tracking information in z axis, each is composed of the
cells of 6 sense wire layers. Each cell is tilted by 45° with respect to the
radial direction. Figure 2.6 shows the transverse view at the endplate of
the CTC.
The momentum resolution with the combination of SVX and CTC

tracking information is given by
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system 7 range Energy resolution
CEM In] < 1.1 13.7%/VEr & 2%
PEM | 1.1<|p| <24 | 22%/VE & 2%
FEM |22<|n <42 | 26%/VE & 2%
CHA In| < 0.9 50% /v Er & 3%
WHA | 0.7 < |n| <13 | 75%/VE ® 4%
PHA |13 < |y <24 | 106%/VE @& 6%
FHA |24< |y <42 | 137%/VE @ 3%

Table 2.1: Summary of CDF calorimeter properties. F; is the transverse

energy and E is the energy given in GeV.

5 Pyp/Pr = /(0.0009P)? + (0.0066)2 (2.2)

where Py is the transverse momentum in GeV/c.

2.2.3 Calorimetry

Particles with Pr greater than 350 MeV /c are able to go out of the
solenoid magnet and be detected by the calorimeters. The calorimeters
are segmented in azimuth and pseudorapidity to form a projective tower
geometry which points back to the nominal interaction point. They are
separated into three regions in 7, the central, plug, and forward. The
calorimeters consist of the electromagnetic and hadronic one. The hadron
calorimeter is placed outside the electromagnetic one in each region. The

calorimeter properties are summarized as listed in Table 2.1.
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Central calorimeter

The central electromagnetic calorimeter (CEM) covers the region of
In| < 1.1. The central hadron calorimeter (CHA) and the endwall hadron
calorimeter (WHA) cover |n| < 0.9 and 0.7 < |n| < 1.3 respectively. The
CEM, CHA and WHA are segmented into 15° in azimuth and 0.1 in 7.
The CEM consists of alternative layers of a 5mm thick plastic scintillator
as a sampling medium and 3mm thick lead absorber. The CEM has 31
layers of scintillator and 30 layers of lead. The CEM has the wedges
segmented into 15° in azimuth. Each wedge is divided into 10 towers
along the z axis. One wedge is notched to allow the access to the coil
and consequently has only 8 towers. Figure 2.7 shows the perspective
view of a central calorimeter wedge. The central electromagnetic shower
counter (CES) is located at the CEM shower maximum to provide the
shower position information in z-¢ view. The CES is a proportional strip
and wire chamber. Cathode strips running in azimuthal direction provide
the z information and anode wires running in z direction provide the ¢
information. The central preradiator detector (CPR) composed of the
proportional chambers is placed between the solenoid and the CEM. The
CPR samples the early development of electromagnetic showers and is
used to distinguish between electrons and hadrons. The CHA consists of
32 layers of a 1cm thick plastic scintillator interleaved with 2.5cm thick
steel. The WHA consists of 15 layers of a 1cm thick plastic scintillator
interleaved with 5cm thick steel. The CHA and WHA have 9 and 6
towers along the z axis segmented into wedge covering 15° in azimuth

respectively.

The energy resolution of the CEM is 13.7%/vEr @& 2% where &
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means adding in quadrature. The energy resolutions of the CHA and

WHA are 50%/+/Er @ 3% and 75%/V'E & 4%, respectively.

Plug and forward calorimeter

The plug electromagnetic calorimeter (PEM) and the plug hadron
calorimeter (PHA) cover 1.1 < |n] < 2.4 and 1.3 < || < 2.4, respectively.
The PEM and PHA are the gas chambers. The PEM consists of 7 x 7
mm? conductive plastic tube arrays interleaved with 2.7mm thick lead
absorber. The energy resolution of the PEM is 22%/v/E ©2%. The PHA
consists of 14 x 8 mm? conductive plastic tube arrays interleaved with
51mm thick steel. The energy resolution of the PHA is 106% /v E @& 6%.
The forward electromagnetic calorimeter (FEM) and the forward hadron
calorimeter (FHA) extend the n coverage up to 4.2 in |n|. The FEM and
FHA consist of the gas chamber interleaved with the absorber which is

lead for the FEM and steel for the FHA. The forward calorimeters are

used only for the calculation of missing transverse energy (7 ).

2.2.4 Muon system

Muon system consists of three muon chambers, the central muon
chamber (CMU), the central muon upgrade (CMP) and the central muon
extension (CMX). All of the detectors consist of four layers of rectangular
drift tubes with single wire.

Figure 2.8 shows the coverage of muon chambers. The CMU and the
CMP cover 84 % and 63 % of solid angle for |n| < 0.6, respectively. And
53 % of solid angle is covered by both detectors. The CMX covers 71 %
of solid angle for 0.6 < |n| < 1.0.

33



Central muon chamber (CMU)

The central muon chamber (CMU) is located directly behind the
CHA and covers |n| < 0.6. Muons with Pp above 1.4 GeV/c can reach
the CMU. The CMU is divided into wedges covering 12.6 ° in azimuth.
Each wedge has three towers and each tower contains four layers of four
drift tubes. The outer two layers have an offset by 2mm to resolve the
left-right ambiguity of track measurement in azimuth with respect to the

two inner layers.

Central muon upgrade (CMP)

The central muon upgrade (CMP) reduces the background of the
hadrons which “punched-through” the CMU. Muons with Pr above 2.5
GeV/c can reach the CMP. The CMP is located behind an additional
steel of 0.6 m. The CMP consists of a four sided box around the CDF

detector.

Central muon extension (CMX)

The central muon extension (CMX) extends the 7 coverage of muon
chamber up to 1.0. The CMX consists of four conical arches as shown in

Figure 2.3.

2.2.5 Triggers

The CDF trigger is formed by a multi-level trigger system to max-

imize the efficiency of the data taking of interesting events.
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The CDF level 1 trigger selects events using the information of calorime-
ter energies and muon chamber hits. The event rate is reduced down to
1 kHz from 280 kHz by the level 1 trigger requirement.

The level 2 trigger uses the information of tracks and clustered en-
ergies. High momentum tracks using CTC hits are reconstructed using
the central fast tracker (CFT) of a hardware processor. The calorimeter
clusters are formed by searching for a seed tower above a certain thresh-
old and adding neighboring towers. The level 2 output rate is 20 — 35
Hz. The level 2 decision takes about 20 ps and incurs a dead time of a
few percent.

The level 3 trigger is a software reconstruction trigger on a farm of
Silicon Graphics processors. All events which pass the level 3 trigger are
written to 8 mm tape. The level 3 output rate is 5-10 Hz. In this thesis
we use the same triggers of a high P, electron or muon and £, as in the

tt events analysis [1][11].
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Figure 2.7: Perspective view of a central calorimeter wedge
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Chapter 3

Event selection

We collected data corresponding to an integrated luminosity of
106.0 & 4.1 pb! with the CDF detector in 1992-1996. In this analy-
sis, we used this full data to select candidates events of single top quark
production. The signals have a high P. lepton, large missing transverse
energy F, and two high E, jets with at least one jet from b hadrons.
Starting with the events which pass the level 3 trigger for high B. elec-
tron or muon and F,, we apply additionally selection criteria for high
Pr electron or muon described in Section 3.1 and Section 3.2 and high
missing transverse energy. We remove the dilepton events to reject back-
ground of Z boson production and tf production as described in Section
3.4. To suppress W+multijet events, we also require that at least one jet

is identified as a jet from b-hadron.

44



3.1 High Pr electron selection

High P, electron must be in the central region (|n| < 1.0) and have

a CTC track pointing to an electromagnetic cluster in CEM. We apply

the following cuts to the electron candidates:

The transverse energy: E, > 20 GeV.

The ratio of the hadronic energy to the electromagnetic energy of

the cluster: HAD/EM < 0.05.

The ratio of the cluster energy to the track momentum: E/P <
1.8.

A comparison of lateral shower profile in the calorimeter with that

measured at test beam: Lshr < 0.2.

The distance between the position of the extrapolated track and
the CES shower position measured in the r - ¢ views: |Az| < 1.5

cm and |[Az] < 3.0 cm.

A x? comparison of the CES shower profile with that measured at

test beam: Y%, < 10.

strip

The distance between the interaction vertex and the reconstructed

track in the z direction: z-vertex match < 5.0 cm.
The z position of the interaction vertex: |z,| < 60 cm.

The ratio of I.,; to Er of the electron cluster, where I_,; is defined as

asum of £;’s in towers within a cone of radius R = \/(Ad>)2 + (An)?
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of 0.4 centered on the electron but excluding the electron cluster

E;.

e [iducial cut on the electron: Fiducial volume for the electron covers

84 % of the solid angle in the region |n| < 1.0.
e Photon conversion removal: If the candidate electron and other
electron pass the following requirements, the candidate is removed.

1) The difference in the cotangent of the polar angle: |Acotf]| <
0.06,

2) The separation of the two tracks at the point of tangency in r-¢
plane: |A(r-¢)| < 0.3 cm, and

3) The radial distance between the conversion point and the origin:

—20 cm < Reonpy < 50 cm
or

1) VTX occupancy < 0.2. The VTX occupancy is defined as the
ratio of the number of VITX hits found to that expected. If fewer
than three hits are expected, the VI'X occupancy is defined to be

one.

Table 3.1 lists the high Pr electron selection criteria.

3.2 High Pr muon selection

High B, muon must have a CTC track matched to a track seg-

ment in the muon chambers and have as much energy deposition in the
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In| <1.0

E. > 20 GeV

HAD/EM < 0.05

E/P <138

Lshr < 0.2

|Az| < 1.5 cm

|Az| < 3.0 cm

Cstrip < 10

z-vertex match < 5.0 cm
|2,] < 60 cm

Isolation I ,;/E; < 0.1
Fiducial cut on the electron

photon conversion removal

Table 3.1: Electron selection

calorimeters as a minimum ionizing particle. We apply the following cuts

to the muon candidates:

e The transverse momentum: P > 20 GeV/c.

Electromagnetic energy: EM < 2 GeV.

Hadronic energy: HAD < 6 GeV.

EM+HAD energy: EM + HAD > 0.1 GeV.

The impact parameter of the reconstructed track to the beam line:

D() < 3 mm.
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e The distance between the interaction vertex and the reconstructed

track in the z direction: z-vertex match < 5.0 cm.
e The 7z position of the interaction vertex: |z,| < 60 cm.

e Matching distance between the extrapolated track and the track
segment in the muon chamber: |z < 2 cm for CMU hit or |ox| <
5 cm for CMP and CMX.

In| <1.0

Pt > 20 GeV/c

EM energy < 2 GeV

HAD energy < 6 GeV

HAD+EM > 0.1 GeV

Dy < 3 mm

z-vertex match < 5 cm

|2,] < 60cm

|0z| < 2 em (CMU),< 5 em (CMP,CMX)
Isolation I /P <0.1

Table 3.2: Muon selection criteria

Table 3.2 lists the high Py muon selection.

3.3 Missing transverse energy (/)

Neutrino is identified by a missing transverse energy (£.) cut.

The Fr is a negative vector sum of transverse energy in all calorimeter
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Er > 10 GeV
E/P < 2.0 (if central)

Isolation I,,/FEr <0.2

Table 3.3: Z — ee second leg selection

Py > 10 GeV
Isolation I, /FEr <0.2

Table 3.4: Z — pu second leg selection

towers in |n| < 3.6. The thresholds of each calorimeter tower energy are
100 MeV for the CEM ,CHA and WHA, 300 MeV for the PEM and 500
MeV for the PHA and FEM, 800 MeV for the FHA. The Fr is corrected
with the muon P, and the Ep of jets. We require that the corrected £,

only with muon F; is greater than 20 GeV.

3.4 Z boson production and dilepton events
removal

We remove the events identified as Z boson production, Z — ee and
Z — pup. One leg of the Z boson decay products is the lepton identified
by the selection described in Section 3.1 or Section 3.2. We require that
the second leg of a Z— ee satisfies the cut in Table 3.3 and the second
leg of a Z — uu satisfies the cut in Table 3.4 and the invariant mass of

ee or uy is between 75 and 105 GeV /¢
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For tt background reduction, we remove the dilepton events, which
have two leptons (e or ) with B > 20 GeV/c, high £, > 25 GeV, and
two jets with E, > 10 GeV [16].

We also reject dilepton events containing an isolated track with B, >
15 GeV/c and a charge sign opposite to that of the primary lepton. The
track isolation requirement is ¥ P, < 2.0 GeV/c in an (1, ¢) cone of radius

of 0.4 around the lepton candidate track.

3.5 Jet identification

Jets are reconstructed as an energy cluster with a cone of radius
of 0.4 in n-¢ space. First we find seed towers which F, is greater than
1 GeV. Preclusters are formed from seed towers which is adjacent each
other and the E, weighted center of the preclusters is calculated. Then
we combine towers which are in a cone of radius of 0.4 in 7-¢ space and
have £, greater than 0.1 GeV. The center of the cluster is recalculated
until the set of the towers in a cluster does not change.

The jet energies may be mismeasured due to the effects, calorimeter
non-linearity, out of cone losses, contributions from the underlying event,
undetected energy carried by muons or neutrinos, curvature of low mo-
mentum charged particles by the CDF magnetic field, reduced calorime-
ter response at boundaries between modules and calorimeter subsystems.
We correct the jet energies by applying the correction factors which de-
pend on the jet F; and 7 to reproduce the average jet E, correctly, not
to reduce the jet fluctuations around this mean F,. We correct the jet

transverse momentum as follows[17][18]:
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PT:(]DT?"anf?"el_M>Xfabs_U+O (31)
where:

e P = araw jet transverse momentum before the correction.

frer = a correction to the 7 response.

M = a correction to the underlying event of the multiple interac-

tions.

favs = an absolute energy scale correction.
e U = a correction to the underlying event.

e O = a correction to the out of cone losses.

Moreover we apply the jet energy correction tuned for the jets from ¢t
decays, which is extracted by comparing the measured jet momentum
and parton momenta before detector simulation on ¢t Monte Carlo[1]
events.

We require exactly two jets with uncorrected Er > 15 GeV and |7)|
< 2.0. Figure 3.1 shows the multiplicity distribution of jets with uncor-
rected Er > 15 GeV and |n| < 2.0 for single top events simulated using
HERWIG Monte Carlo event generator and detector simulation. We will

describe the Monte Carlo simulation in Section 3.7.

3.6 B-tagging

B-tagging is the identification of a jet from a b quark. There are

two b-tagging methods. Secondary vertex tagging (SVX) and soft lepton
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tagging (SLT). We use the SVX method as a primary b-tagging. The
SLT method is used to detect the second b-jet in double b-tagged events
which have two b-tagged jets.

3.6.1 SVX b-tagging algorithm

The SVX b-tagging utilizes the long decay length due to the long
life time of b hadrons. We first form a secondary vertex with three or
more good tracks with two or more SVX hits and B, > 0.5 GeV/c. For
the candidate of secondary vertex, we require JLLL:y > 3.0 and |Ly,| < 2.5
cm. L.y, and oy, are the two dimensional decay length in z-y plane and
its measurement error, respectively, as shown in Figure 3.2. L,, has a
sign which is defined as cosine of the angle between the jet momentum
direction and the direction to the decay point from the collision point.
We require L,, to be positive. If the candidate does not pass the cut,

we form a secondary vertex and with two or more good tracks which has

three or four SVX hits and P, > 1.0 GeV /c apply the same cuts as above.

3.6.2 SLT b-tagging algorithm

The soft lepton tagging (SLT) algorithm searches for leptons pro-
duced in the b quark decays through b6 — [vX or b — ¢ — [vX. These
leptons do not have a high Pr and are called soft leptons. We select the
soft lepton track which has Pr > 2 GeV/c and |n| < 1 and of which
direction is within a cone radius of 0.4 around the axis of the jet and
Lev 9. The detail of the SLT tagging is described in [11] and [19]. If

JLzy

a jet has the soft electron or muon, it is defined as a b-tagged jet.
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3.7 Monte Carlo simulations

To model the signal and background events we use Monte Carlo pro-
grams. HERWIG Monte Carlo program [20][21] is our primary modeling
of the signal events. HERWIG is based on the leading order QCD matrix
elements followed by parton shower evolution. The W-gluon fusion pro-
cess is simulated with the process ¢+b — ¢'+t. We use PYTHIA [22][23]
as an another modeling of the signal events. PYTHIA is also based on
the leading oder QCD matrix elements, but partons are fragmented using
Lund string model instead of parton shower evolution. VECBOS [25] is
a parton-level Monte Carlo program based on tree-level matrix element
calculation. VECBOS is used for a modeling of the W+jets background
events. CLEOMC is used in all Monte Carlo generator for the b-hadron
decays [24]. The CDF detector simulation called QFL’ is performed after

the event generation.

3.8 Signal acceptance for W42 jet events

The signal acceptance is calculated with Monte Carlo samples. We
correct the difference in the efficiency between the Monte Carlo samples
and the data for the lepton identification and b-tagging. The decay of
a W boson from a top quark is forced to er or uv in the simulation.
We apply a data/MC scale factor of 0.94 for the lepton identification
efficiency. This scale factor was estimated from a comparison between
the lepton identification efficiency for Z° — (¢ events in the data and
that for W + > 1 jet events in HERWIG Monte Carlo.

We also apply a data/MC scale factor of 1.0 + 0.1 for the SVX b-

53



tagging efficiency. The number of reconstructed tracks for the data is
smaller than Monte Carlo. We extracted this scale factor by taking
ratio of the b-tagging efficiency with degrading the track reconstruction
efficiency to that without degrading it in the simulation.

The scale factor for the SLT tagging efficiency is 0.95 4+ 0.05. The
signal acceptance and the expected number of events are listed in Table
3.5. The expected number of SVX b-tagged W+2jet signal events is
1.2 + 0.2 for the W-gluon fusion process and 1.8 + 0.3 for the s-channel
W* process. We will describe the method to estimate the uncertainty on
the acceptance in Sections 4.3.2 and 5.4.2. We checked the contribution
from W — 7v events to the W+2jet SVX b-tagged events using Monte
Carlo simulation and found it to be negligible. They are 0.11 events for

the W-gluon fusion process and 0.05 events for the s-channel W* process.

s-channel W* | W-gluon fusion
Ttheory (DD) 0.73 +0.10 1.7+ 0.3
Luminosity (pb~!) 106.0 + 4.1 106.0 + 4.1
W+2jet cut acceptance (%) 34405 3.34+0.6
SVX b-tag efficiency (%) 44.6 + 4.5 29.5 4+ 3.0
SVX b-tagged events expected 1.24+0.2 1.84+0.3
Double b-tag efficiency (%) 11.9+1.3 0.6 +0.06
Double b-tagged events expected | 0.3140.05 0.04 + 0.05

Table 3.5: The expected numbers of events for single-top production

through the s-channel W* and W-gluon fusion processes.
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3.9 Expected background and observed data

Dominant backgrounds in the W + 2jet SVX b-tagged events are
tt, Mistags, Wbb, Wce and We. The expected number of background
events in the CDF W+jets data is reported in the references [11] and
[19]. We estimate the number of ¢t background events with the CDF
tt production cross section of 6.5717 pb [28] and the acceptance using
HERWIG and PYTHIA Monte Carlo. The estimated ¢ background is
5.7 £ 1.3 events.

The mistags occur from the fluctuation of the secondary vertices due
to the errors of the track reconstruction in the light quark jets. The
mistag rate per jet is calculated from the tagging rate with negative
impact parameter L, in the generic jet sample where most jets are light
quark jets. We apply the mistag rate to the data and extract the number
of mistag events to be 6.3 4+ 2.6.

For the Wbb+W e background estimation, we first normalize the
number of events in the simulation to the number of W + 2 jet events
before b-tagging in the CDF data which is 1,527. From the the W +
2 jet events we subtract the non-W background events estimated from
the lepton isolation and Fr as described in detail later in this section.
Then using Monte Carlo simulation, we estimate the b-tagging efficiencies
and the fraction of Wbb and W e production in the W4jets events after
subtracting non-W background. The expected Wbb-+W c¢ background is
9.0£2.5 events. The Wc background is also estimated in the same way as
Wbb+W ¢ background. The expected We background is 4.3+ 1.5 events.
The Zbb and Zcé backgrounds where bb or c¢ comes from gluon splitting

are estimated in the same way as the Wbb and W ce backgrounds.
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We take into account the gg — Zbb background. The expected
Z+heavy flavor background is 0.7 + 0.3 events. The diboson production
backgrounds, WW and W Z, are calculated with the theoretical cross sec-
tions and the acceptance from PYTHIA Monte Carlo simulation. The
cross section from theory is 9.5 + 0.7 pb for WW and 2.6 + 0.4 pb for
W Z [26] [27]. The expected diboson background is 1.4 £ 0.5 events. We
extract the contribution from the non-W production background using
the lepton isolation and F7 . We divide a two-dimensional plane of the

Isolation vs Fr into the following four regions:
e region A: Fr < 15GeV, Isolation < 0.1
e region B: fr < 15GeV, Isolation > 0.2
e region C: fr > 20GeV, Isolation > 0.2
e region D: fr > 20GeV, Isolation < 0.1 (signal region)

Since the Isolation and £, are uncorrelated with each other, the non-W
background in the signal region is extracted from %. We estimate the
non-W background to be 2.3 4+ 1.0 events.

Table 3.6 lists the expected number of background events. We esti-
mate the total background to be 29.8 + 4.7 events in the SVX b-tagged

W + 2jet events and observe 42 events.
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Source

B-tagged events

QCD backgrounds:

Mistags 6.3 + 2.6

Wbb+W ce 9.0+£25

We 43+1.5

Z+heavy flavor 0.7£0.3

Dibosons 1.44+0.5

Non-W 23+1.0 single b-tagged | double b-tagged
Total QCD backgrounds 24445 22.4+4.5 1.6+04
tt background 57+ 1.3 4.7+1.3 1.0 £0.25
W-gluon fusion 1.84+0.3 1.84+0.3 0.04 +0.05
s-channel W* 1.2+0.2 0.94+0.2 0.3 +£0.05
Total expected 32.7+14.7 29.8 £4.7 2.9+ 0.5
Observed 42 36 6

Table 3.6: Expected and observed numbers

events.
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Figure 3.1: Jet multiplicity distribution with uncorrected Er > 15 GeV
and|n| < 2.0.
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Chapter 4

Search for single top quark
production through the

W-gluon fusion process

We start with the sample of W + 2jet events with at least one SVX
b-tagged jet. The W-gluon fusion signal has only one b-jet leading two
jets in the because another bottom quark coming from gluon splitting is
soft. Figure 4.1 shows the P distribution before hadronization for the
HERWIG signal events. We remove double D-tagged events and apply
a reconstructed top mass cut. There is no ambiguity in assigning a jet
to the b-jet from a top quark decay in leading two jets after removing
the double b-tagged events. Finally we perform a likelihood fit of the
distribution of the product of the lepton charge and the untagged jet

pseudorapidity, Qxn.
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4.1 Reconstructed top mass window cut

We reconstruct the top quark mass using the four-momenta of the
lepton (e or i), the v and the b-tagged jet. For the neutrino B, we take the
solution with the smallest absolute value from the W-mass constraint. If
the solution is a complex number, we use its real part. Figures 4.2 show
the reconstructed top mass distributions for the CDF data, HERWIG
Monte Carlo simulation of single top in the W-gluon fusion channel,
HERWIG single top in the W* channel, VECBOS Wb, HERWIG tf and
PYTHIA We. The reconstructed top mass distributions for PYTHIA
WW, PYTHIA WZ and VECBOS Zbb are shown in Figure 4.3.

We check the reconstructed top mass distribution for the events where
the b-jet is correctly assigned to the jet from top quark decay in single
top events. We compare the direction of the jet momentum vector before
the quark fragmentation with the direction of the b-tagged jet used in
top mass reconstruction. If the two directions are close to each other by
less than 0.4 in n — ¢ space, we take the b-jet as a correctly assigned
b-tagged jet. Figures 4.4 (a) and (b) show the reconstructed top mass
distribution for W-gluon fusion single top and s-channel W* single top
events, respectively. Solid histograms show the single b-tagged events
and hatched histograms show the events with the right b-jet assignment.
92% and 49% of the events are correctly assigned in the W-gluon fusion
process and s-channel W* process, respectively.

In Table 4.1 we list the expected number of events and the S/v/B after
the top mass window cut as a function of the mass window. To calculate
the top mass cut efficiency, we use VECBOS for Wbb, Wee and Zbb,
HERWIG for tt, and PYTHIA for We and dibosons (WW W Z). We
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use a VECBOS Wb sample to estimate the background due to mistags,
Wee and non-W. In the table, the QCD label includes all backgrounds
except for the ¢ background. The optimal top mass window is from 145
to 205 GeV/c?. The total acceptance for the signal is 0.85 + 0.24%.

We observe fifteen data events after the top mass window cut, while
we expect a total background of 13.1+£2.1 events and a signal of 1.44+0.3

events.

Expected number of events

Wg | W* | QCD tt | S/VB

no cut 1.8 | 1.2 | 24.0 5.7 0.323
double tag removal | 1.8 | 0.9 | 22.4 4.7 0.334
130-220 1.6 | 0.7 | 15.4 2.9 0.372
135-215 1.6 | 0.7 | 13.8 2.7 0.378
140-200 1.5 ] 0.6 | 12.0 2.4 0.384
145-205 1.4 | 0.6 | 10.2 2.2 0.387
150-200 1.3 105 ] 84 1.9 0.383
155-195 1.1 {04 | 6.7 1.6 0.370
160-190 09 03] 50 1.2 0.340

Table 4.1: Expected number of events and S/ V/B for several top mass
window cuts. The QCD background includes all backgrounds except for
the t¢ background.
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4.2 Likelihood fit of Q X 1 distribution

The pseudorapidity of the light quark jet tends to be positive for
single top quark production and negative for the ¢ production[29]. The
quark in the initial state of the top quark (not ¢) production through the
W-gluon fusion process is a u or d quark in the first generation (Figure
4.5). Since the initial parton density of u or d in the proton (the valence
quarks are wud) is greater than in the antiproton, the light quark from
the proton is more than that from the antiproton in the top production.
Since the momentum transfer between the initial light quark and the final
light quark is not large, the light quark from u or d in the top production
tends to go to proton direction. In the same way, the light quark in
the ¢ production tends to go to the antiproton direction. For using this
asymmetry, we make the distribution of the product of the lepton charge
Q and the untagged jet pseudorapidity 7. Figure 4.6 shows the Qxn
distributions for the CDF data and Monte Carlo simulation. We perform
a binned maximum likelihood fit of this distribution. The likelihood is

defined as follows:

2 _ 2
_1 (Htt’* "t{) 1 (“QCD+W* "QCD4W* )
2 2
€ (&

Aep AQCD+W*
L(puez, MQCD+W*,MW9) = VoA X JIA
tt QCD4W*
e
X H — (4.1)

where:

® |uf, [locp+w+, by = fit parameters representing, respectively, the

numbers of t£, QCD+W* and Wg events in the CDF data.
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® ngcp+w=, Ny = expected numbers of events from QCD+W™* and

tt, respectively (ngcpiw- = 10.9, ng = 2.2).

o Apcpyw+, Ay = uncertainties on the expected numbers of events

from QCD+W* and tt, respectively (Agepiw+ = 2.0 , Ay = 0.6).

® [l = HQeD+w+ - O + g+ Bi + pwg - Vi, Where oy, (; and v; are the
expected fractions of QCD+W?*, tt and Wg events in the i-th bin.

e n,; = observed number of events in the i-th bin of the Qxn distri-

bution.

We use a Wbb Monte Carlo sample to model the QCD background.
The likelihood fit is performed under the background constraint provided
by the Gaussian factors in the likelihood function. The fit result is given
in Table 4.2 and the fitted Qxn distribution is shown in Figure 4.7. The
fitted number of signal events is consistent with theory and also with
7€ero.

Table 4.3 shows the fit result without the background constraints.
The number of W-gluon fusion signal and ## background are forced to be
positive. Since we do not observe any significant single top events through

W-gluon fusion process, we set an upper limit on its cross section.

4.3 Systematic uncertainty

Systematic uncertainties can affect both the acceptance of our
event selection and the shape of the Qxn distribution. So we estimate

both uncertainties.
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input fitted

QCD+W=* 109 &+ 2.0 | 11.0 £ 1.9

it 22£06 | 2.2£06

Wy free 1.3713

Table 4.2: Parameter input and output values for the fit of the Qxn

distribution with background constraints.

fitted
QCD +W* | 15.0 *42,
tt 0.0 75

Wy 0.0 *57

Table 4.3: Parameter input and output values for the fit of the Qxn

distribution without background constraints.

4.3.1 Systematic uncertainty on the shape

We perform pseudo-experiments to estimate the systematic uncer-
tainty on the shape. At first we make standard HERWIG Monte Carlo
simulation to have the Qxn distributions which are called standard tem-
plates. For each source of systematic uncertainty we rerun our top and
background Monte Carlo events after shifting the corresponding param-
eter by one standard deviation (or some reasonable estimate thereof) to
have the Qxn distributions which are called shifted templates. In each
pseudo-experiment we fluctuate the number of background events and

signal events according to a Poisson statistics. If the total number of
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events is equal to fifteen, we take them as the number of events in the
pseudo-experiment. We generate Qxn value of each event according to
the standard Qxn distribution template. We perform a likelihood fit of
the Qxn distribution to a sum of standard signal and background tem-
plates with a fitting parameter of the relative number of signal events «,
i.e. the ratio of the fitted number of signal events to the number pre-
dicted by theory. We make 20,000 pseudo-experiments generated from
the standard signal and background templates. We take a median of a
as Orandard- Next we perform a likelihood fit of the Qxn distribution
to a sum of shifted signal and background templates for each pseudo-
experiments, and take a median of o as gpipeq. We then define the corre-
sponding systematic uncertainty on « as the difference between oiandara
and Qshifted-

We consider the following systematic uncertainties on the shape of

the @ x n distribution:

e Monte Carlo generator

We use the PYTHIA as the different Monte Carlo model. and take
the difference between HERWIG and PYTHIA as the systematic
uncertainty. The relative number of signal events is 1.53 for HER-
WIG and 1.61 for PYTHIA. We take the symmetrized difference,

40.08, as systematic uncertainty.

e Initial state radiation (ISR)

We use PYTHIA to study the effect of gluon radiation, which has
the option to tune on or off the initial state radiation. We take half

the difference between PYTHIA without initial state radiation and
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standard PYTHIA. The relative number of signal events is 1.46
for PYTHIA-noISR and 1.61 for standard PYTHIA, leading to a

systematic uncertainty of +0.08.

Final state radiation (FSR)

We take half the difference between PYTHIA-noISR and PYTHIA-
nolSR where the two jets match the partons within a cone of 0.4
in 7-¢ space. The parton four momenta are those in the generator
level of PYTHIA before hadronization and the detector simulation.
The relative number of signal events is 1.46 for PYTHIA-noISR
and 1.51 for PYTHIA-noISR with parton-jet matching. The corre-

sponding systematic uncertainty is +0.03.

Parton distribution functions (PDF)

We are using parton distribution function MRSD_’ [30] as the stan-
dard in Monte Carlo signal event generation. We take CTEQ4L
[31] as the different parton distribution model and symmetrize the
difference between MRSD_’" and CTEQA4L as the systematic uncer-
tainty. The relative number of signal events is 1.42 for CTEQ4L and

1.53 for MRSD_’, resulting in a systematic uncertainty of +0.11.

Background modeling

Our standard QCD background model is VECBOS Wbb. As alter-
nate model we combine PYTHIA We and VECBOS Whb in the
ratio We:Wbb=3:7. The relative number of signal events is 1.53
for the standard background and 1.52 for the alternate model. We

take the symmetrized difference, +0.01, as systematic uncertainty.
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Figure 4.8 shows the Qxn distributions for HERWIG Monte Carlo
signal events (standard), PYTHIA Monte Carlo with systematic shift,
PYTHIA with no initial state radiation, PYTHIA with no initial state
radiation with parton -jet matching and HERWIG with parton distri-
bution of CTEQA4L. Table 4.4 lists the systematic uncertainties on the
shape. The total uncertainty on the shape is 0.16 in the relative number

of signal events.

Absolute uncertainty on

Systematic the ratio of fitted signal
to theory prediction

Parton distributions + 11 %
Signal generator +8%
Initial state radiation +8%
Final state radiation +3%
Background model +1%
Total + 16 %

Table 4.4: Systematic uncertainties affecting the shape of the @ x n

distribution.

4.3.2 Systematic uncertainty on the acceptance

Table 4.5 shows the systematic uncertainty on the acceptance. we
assigned 10% uncertainty on the trigger and the lepton ID efficiencies

since we use simulations to extract the efficiencies. The uncertainty on
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the b-tagging efficiency also comes from the the difference between Monte
Carlo and data. We shift the jet energy positively and negatively by hand
to evaluate jet energy scale effects. The uncertainty due to the jet energy
scale is less than 1%, essentially because shifts of events between the 1-
jet and 2-jet bins are compensated by shifts of similar size between the
2-jet and 3-jet bins (see Figure 5.6). We take half the difference between
the acceptances with positively and negatively shifted corrections as sys-
tematic uncertainty. For the uncertainties due to signal generator, initial
state radiation, final state radiation and parton distribution, we extract
the acceptances with Monte Carlo sample by shifting the corresponding
parameter and take the difference in the same way as for the uncertainty

on the shape.

Systematic Relative uncertainty
Trigger+lepton ID +10 %
B-tagging +10%
Signal generator +9%
Initial state radiation + 7%
Final state radiation + 7%
Luminosity +4%
Parton distributions +1%
Jet energy scale +1%
Total + 20 %

Table 4.5: Systematic uncertainties affecting the acceptance.
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4.4 Cross section limit

We use the binned likelihood in equation (4.1) to set an upper limit
on the cross section of single top production through the W-gluon fusion
process. We take the same procedure that was used to extract a limit
on tt production cross section from the 1988-1989 data [32]. First, we
calculate the likelihood L(«) of a given relative number of signal events
a by maximizing L(puz, flocp+w+, &) with respect to gz and poepyws.
Next we smear L(a) with a Gaussian to include the effect of systematic

uncertainties:
L(a) = / T L) x Gx;a,0(x)) de | (4.2)
0

where « is the relative number of signal events and G(x;«,0(x)) is a

normalized Gaussian distribution with a mean o and a width o(z):

i=1
A, is the absolute uncertainty on the shape and ¢; is the relative uncer-
tainty on the acceptance of the Qxn distribution from the i-th systematic
source. Table 4.6 shows A; and ;. The sign indicates the direction of the
systematic shift. The 95% C.L. upper limit ay 1, satisfies the following

equation:

T Da)yda = 095 x [ L(a)da (4.4)
J, /

0

Figure 4.9 shows L'(0) as a function of the cross section o (0 = o x 1.7
pb). We extract 13.5 pb as the 95% C.L. upper limit on the cross section.

If the systematic uncertainties are not taken into account, the 95%
C.L. upper limit on the production cross section becomes 12.5 pb (using

L(«) instead of L'(«a)).
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i A; 0;
MC generator 1| +0.08 | —0.09
ISR 2| —0.03 | 40.07
FSR 3| 40.03 | —0.07
Jet energy scale | 4| 0.0 | —0.01
PDF 5| —0.11 | —0.01
Luminosity 6| 0.0 +0.04
B-tagging 71 0.0 |+0.10
Trigger+lepton ID | 8 | 0.0 | +0.10
background 91 —-0.01| 0.0

Table 4.6: The absolute uncertainty on the shape A; and the relative

uncertainty on the acceptance o;
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Figure 4.5: Diagrams for single top quark production through W-gluon

fusion processes with top (not ¢) quark.
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W-gluon fusion process (b), single top events through the s-channel W*
process (c), VECBOS Whb (d), HERWIG ¢t (e) and PYTHIA We ().
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Chapter 5

Search for single top quark
production through the

s-channel W™ process

Signal detection of single top production through s-channel W*
process is more difficult than that through W-gluon fusion process. Re-
constructed top mass is the best distribution to distinguish between the
signal and the background. We reconstruct the top mass from a W bosn
and a jet in the W + 2 jet events with at least one SVX b-tagged jet.
Then we perform a likelihood fit of the top mass distribution to obtain

an upper limit on the cross section.

5.1 Top mass reconstruction

We reconstruct the top mass using the four-momenta of the lepton

(e or u), v and one of the jets. The assignment of b-jets is different
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from the top mass reconstruction in the search for single top production
through W-gluon fusion process. Since a b-jet from a top quark decay
tends to go along the proton direction[33], we define a jet with larger 7
as the b-jet from the top quark. For ¢ events we define a jet with smaller
n as the b-jet from 7 quark. For the neutrino P. we take the solution with
the smallest absolute value from the W-mass constraint. If the solution
is a complex number, we use its real part.

The reconstructed top mass distributions for data and Monte Carlo
are shown in Figures 5.1 and 5.2. Figures 5.3 (a) and (b) show the re-
constructed top mass distribution for single top events through W-gluon
fusion process and s-channel W* process, respectively. Solid histograms
show the events with single b-tagged and hatched histograms show the
events with the right b-jet assignment. 36% and 64% of the events have
correctly assigned b-jet in the W-gluon fusion and s-channel W* single

top events, respectively.

5.2 Cross section limit from predicted and
observed event rates

At first we use Poisson statistics to extract a 95% C.L. upper limit
on the cross section in the s-channel W* process. We observe 42 b-tagged
W+2jet events in the data while we expect 31.54+4.7 background events.
The uncertainty on the W* acceptance is 17%.

The 95% C.L. upper limit on the signal events u is extracted from:

3 (/0°° G(; v, 03) P (2 j)d@(/f Gl u, 00) Pl — j)da)

i=0 j=0
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N oo

= 0.05 x Z/ G (x; py, o) P(x, 1) dx (5.1)
where

e u, 0, = 95% C.L. upper limit on the number of signal events and

its uncertainty (o, = 0.15 X u).

® /iy, 0, = the expected number of background events and its uncer-

tainty, respectively.
e N = the number of observed events(N=42).

o G(x;up, 0p) =a Gaussian probability for variable x with mean

and width op.

e P(x;7) = a Poisson probability for value j with mean x.

From this equation we extract an upper limit of 27.3 events. After
dividing by the W* acceptance (1.52%) and the luminosity (106 pb™!),
we obtain an upper limit of 16.9 pb.

This limit can be improved by applying a top mass window cut. To
optimize the window size, we calculate S /\/E In this calculation we
use VECBOS to model Wb and Zbb backgrounds, HERWIG for tZ, and
PYTHIA for We and dibosons (WW ,WZ). We also assume that the
VECBOS Wbb sample is an adequate model for mistags, Wee and non-
W events.

The optimal top mass window is from 135 to 215 GeV/c?. The effi-
ciency of this cut for W* events is 79%. Twenty five events survive this
cut while total expected background is 19.34+2.7 events. The uncertainty
on the W* acceptance is 15%. From this we extract a 95% C.L. upper
limit of 18.0 events, or 13.9 pb.
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5.3 Likelihood fit of the reconstructed mass

distribution

5.3.1 Binned likelihood fit

We perform a binned maximum likelihood fit using the top mass

distribution. We define the likelihood as follows:

_l(ﬂt{+Wg_”tf+Wg)2 1 (HQCD_"QCD)2
( > e 2 T+ W e ? “QCD
L (i «) = X
+Wg> HQCD> W
V2T, V2T oep
e M
X _ 5.2
) S 52)
2 1

where

® [uiiwg, Hoep, pw+ = fit parameters representing, respectively, the

numbers of ¢t + Wg, QCD and W* events in the data.

® ngep, Nitrwy = expected numbers of events from QCD and tt+Wg

respectively (ngep = 24.0, ngw, = 7.5).

® 0gcp, Owyw, = uncertainties on the expected numbers of events

from QCD and tt + Wy respectively (ogcp = 4.5, 0w, = 1.3).

® [l = [QcD * O + agywyg - Bi + pw + Vi, where «;, (; and v; are the
expected fractions of QCD, tf + W g and W* events that enter bin
i.

e 1, — observed number of events in the ¢-th bin of the reconstructed

top mass distribution.
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We use a Wbb Monte Carlo sample to model the QCD background.
The fit result is given in Table 5.1 and the fitted top mass distribution
is shown in Figure 5.4. The fitted number of signal events is consistent
with the number of events expected from theory. It is also about one
standard deviation away from zero.

Table 5.2 shows the fit result without the background constraints
provided by the Gaussian factors in the likelihood function. The W*
signal is forced to be positive. If we do not force the signal to be positive,
we obtain the results listed in Table 5.3.

Since we do not observe single top production through s-channel W*

process, we will set an upper limit on its cross section.

input output
QCD | 24.0 + 4.5 | 25.7 742

tt+Wg | 75+13 | 7.6+ 1.3
w+ free 6.4703

Table 5.1: Parameter input and output values for the binned likelihood fit

of the reconstructed top mass distribution with background constraints.

5.3.2 Unbinned likelihood fit

We also tried an unbinned likelihood fit to check the likelihood
method. We define the unbinned likelihood as follows:

_ o 2 _ 2
1 HE+WgT "tE+ Wy 1 {*QCD~"QCD
e’ e

( > T+ Wy 2 7QCD
L(puz «) = X
+Wgs HQC D, HwW
V20,5, w, V210 gep
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output
QCD | 33.8 *ll1
tH+Wg | 827197
W 0.0 To5%"

Table 5.2: Parameter output values for the binned likelihood fit of the
reconstructed top mass distribution without background constraints, but

forcing the parameters to be positive.

output

QCD | 35.6 1132
tt+Wg | 10.6 T13:2
W* | —4.2t143

Table 5.3: Parameter output values for the binned likelihood fit of the
reconstructed top mass distribution without background constraints and

without forcing the parameters to be positive.

<TI poenfoen(mi) + turiwgfierwe(mi) + pw furs(my) (5.3)
i HQcD + Hit+wg +

where

® nocp, Nivwg = expected number of events from QCD and tt+ Wy

respectively (nocp = 24.0, ngw, = 7.5).

® 0gcp, 04wy = uncertainty on the expected number of events from

QCD and tt + Wy respectively (ogcp = 4.5, 0w, = 1.3).
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® [lgeD, tuiiwgs Hw+ = fitted numbers of events from QCD, tf + Wy
and W* respectively.

o focp(m;), firwg(mi), fw+(m;) = probability densities for a re-
constructed top mass m; for an event from QCD, ¢t + Wg and W*

respectively.

The fit results are listed in Tables 5.4 (with background constraints)
and 5.5 (without background constraints). The fitted number of events
with this unbinned likelihood fit is very close to the one with the binned
likelihood fit.

input output
QCD | 24.0 £ 4.5 | 254 742
tt+Wg | 7513 | 7.6 £ 1.3

W free 7.0753

Table 5.4: Parameter input and output values for the unbinned likelihood

fit with background constraints.

output
QCD | 329 *1}2

tH+Wg | 917197

W* 0.0 T2

Table 5.5: Parameter output values for the unbinned likelihood fit with-

out background constraints.
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5.4 Systematic uncertainty

5.4.1 Systematic uncertainty on the shape of the

reconstructed mass distribution
We estimate systematic uncertainty on the shape of the recon-
structed mass distribution from 20,000 pseudo-experiments. We have

the following systematic uncertainties on the shape of the reconstructed

mass distribution:

e Monte Carlo generator

The relative number of signal events is 8.07 for HERWIG and 7.36
for PYTHIA. We take the symmetrized difference, +0.71, as sys-
tematic uncertainty.

e Initial state radiation (ISR)

The relative number of signal events is 7.00 for PYTHIA-noISR and
7.36 for standard PYTHIA, leading to a systematic uncertainty of
+0.18.

e Final state radiation (FSR)

The relative number of signal events is 7.00 for PYTHIA-noISR
and 6.62 for PYTHIA-noISR with parton-jet matching. The corre-
sponding systematic uncertainty is +0.19.

e Parton distribution function (PDF)

The relative number of signal events is 7.96 for CTEQ4L and 8.07

for MRSD_’, resulting in a systematic uncertainty of +0.11.
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e Jet energy scale

We take the same method to estimate this systematic uncertainty
as the top mass measurement at CDF[34][35]. The following sys-
tematic uncertainties are calculated with Equation 3.1 in Section

3.5:

— Calorimeter stability = 1 % of P,

Relative correction = 0.2 to 4 % of f,.

Correction to the underlying event of multiple interactions =

100 MeV.

Absolute correction = 2.5 %

Soft gluon radiation = 1.4 %

Splash-out beyond cone of 0.1 = 1 GeV.

We add all systematic uncertainty in quadrature. We shifted the
extracted energy by hand to evaluate jet energy scale effects. The
relative number of signal events is 7.52 for positive shifts and 8.19
for negative shifts. We take half the difference between the two as

systematic uncertainty, i.e. £0.34.

e Background uncertainty

Our standard QCD background model is VECBOS Wbb. As alter-
nate model we combine PYTHIA We and VECBOS Wb in the
ratio We:Wbb=3:7. The relative number of signal events is 8.07
for the standard background and 7.83 for the alternate model. We

take the symmetrized difference, +0.25, as systematic uncertainty.
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Figure 5.5 shows the reconstructed top mass distributions for s-channel
W* signal events generated with standard PYTHIA Monte Carlo, PYTHIA
with no initial state radiation, PYTHIA with no initial state radiation
and parton-jet matching, HERWIG with parton distribution of CTEQ4L,
HERWIG with positively shifted jet energy and with negatively shifted
jet energy. Table 5.6 lists the systematic uncertainties on the shape. The
total uncertainty on the shape is 0.87 in the relative number of signal

events.

CDF preliminary

Absolute uncertainty on

Systematic the ratio of fitted signal
to theory prediction

Signal generator + 71 %
Jet energy scale + 34 %
Background model +25 %
Final state radiation +19%
Initial state radiation + 18 %
Parton distributions + 11 %
Total + 87 %

Table 5.6: Systematic uncertainties affecting the shape of the recon-

structed top mass distribution.
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5.4.2 Systematic uncertainty on the acceptance

Table 5.7 shows the systematic uncertainty on the acceptance. The
uncertainties are estimated in the same way as at the search for single top
production through W-gluon fusion process. Jet energy scale uncertainty
does not change the acceptance so much because it does not change the
jet multiplicity distribution as shown in Figure 5.6. The total systematic

uncertainty on the acceptance is 15%.

CDF preliminary

Systematic Relative uncertainty
Trigger+lepton ID + 10 %
B-tagging +10%
Signal generator +6%
Initial state radiation +6%
Luminosity +4%

Final state radiation +4%
Parton distributions +2%

Jet energy scale <+1%
Total + 17 %

Table 5.7: Systematic uncertainties affecting the acceptance.

5.5 Cross section limit

We use the binned likelihood in equation (5.2) to set an upper

limit on the single top production cross section through the s-channel
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W* process. We calculate the likelihood L(zx) in the same way as the
W-gluon fusion single top search and smear L(z) with a Gaussian to

include the effect of systematic uncertainties:
L'(a) = / L(z) x G(z;a,0(x)) dz , (5.4)
0

where « is the relative number of signal events and G(x;«,0(x)) is a

normalized Gaussian distribution with mean a and width o(x):

o(x) = \IZ(Ai + 26;)?2 (5.5)

1=1

A\; is the absolute uncertainty on the shape and 9; is the relative uncer-
tainty on the acceptance of the reconstructed top mass distribution from
the i-th systematic source. Table 5.8 shows A; and ;. The sign indicate
the direction of the systematic shift. The 95% C.L. upper limit oy 1.

satisfies the following equation:

M a)da = 095 x [ I'(a)da (5.6)
), /

0

Figure 5.7 shows L'(0) as a function of the cross section o (0 = o x 0.73
pb). We extract 12.9 pb as a 95 % C.L. upper limit on the cross section.
Note that this upper limit is better than that obtained from Poisson
statistics (section 5.2) since it makes use of the shape information.

If the systematic uncertainties are not taken into account, the 95%

C.L. upper limit on the production cross section becomes 12.4 pb (using

L(«) instead of L'(«a)).

5.6 Checks of the likelihood method

We checked the likelihood method by running various types of

pseudo-experiments.
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i A; ;i
MC generator 1| -0.71| —0.06
ISR 2| —0.18 | —0.06
FSR 3| —0.19 | +0.04
Jet energy scale | 4| —0.34 | +0.01
PDF 5| —0.10 | 4+0.02
Luminosity 6| 0.0 +0.04
B-tagging 71 0.0 |+0.10
Trigger+lepton ID | 8 | 0.0 | +0.10
Background 9 -0.25| 0.0

Table 5.8: The absolute uncertainty

)
=

the shape A; and the relative

uncertainty on the acceptance o;

5.6.1 Check of the likelihood fit

We generate 20,000 samples consisting of N, background and N;
signal events each, where N, is a Poisson fluctuation of the number of
events given in Table 3.6 and N, is a Poisson fluctuation of the fit result
(6.6 events). We fit each sample using our binned-likelihood method.
Figure 5.8 shows the distribution of the fitted number of signal events
and the corresponding pulls which is the deviation of the fitted number
of signal events from 6.6 events divided by the error of the fit number
of signal events. The mean fitted number of signal events is 6.6, and its

RMS is 6.8. The pulls distribution has a mean of 0.0 and a width of 1.0.
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5.6.2 Check of the upper limit calculations

We generate another 20,000 samples of N, background and Nj sig-
nal events each, where N, is again a Poisson fluctuation of the number
of events given in Table 5.1, but N, is a Poisson fluctuation of the un-
smeared 95% C.L. upper limit on the signal. We fit each sample using
our binned-likelihood method. Figure 5.9 shows the distribution of the
fitted number of signal events. The fitted number of signal events is equal
to or less than 6.6 events in 3.5% of the pseudo-experiments.

All our tests with pseudo-experiments show that our likelihood pro-

cedures behave as expected.
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Figure 5.1: Reconstructed top mass distributions for data (a), single

top through the W-gluon fusion process (b), single top through the W*
process (c), VECBOS Whb (d), HERWIG tf (e), and PYTHIA We (f).
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Figure 5.3: Reconstructed top mass distributions for single top through
the W-gluon fusion process (a) and single top through the W* process
(b). Hatched histograms show the events with the right b-jet assignment.
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Chapter 6

Upper limit on the combined
cross section of single top
quark production via the
s-channel W* and W-gluon

fusion processes

In this section we extract an upper limit on the combined cross
section of the single top quark production via the s-channel W* and the
W-gluon fusion processes. We perform the likelihood fit which is the
combination of the likelihoods for the Qxn distribution used in Chapter
4 and for the reconstructed top mass distribution used in Chapter 5. We
use only double b-tagged events for the fit of the reconstructed top mass
distribution instead of at least one SVX b-tagged events. and use the

remaining single b-tagged events for the Qxn distribution in order to
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have two independent samples.

6.1 Likelihood fit

We define the likelihoods as follows:

L(Mltfa tMiQc o, Uity H2QCD, Ow g, Ow* ) =L (Mltfa H1QCD> Owg, Ow+ ) X

L2(M2tt‘, H2QCD; Ow g, 0W*> (6-1>
2 _ 2
1 (Hurnuz) 1 (“lQCD "1QCD)
2 A7 2 A — : ni4
e 1tt e 1QCD e Hii o, ,u,1
Ly (pe1ez, pt Owg, Ow=) = X XH 6.2)
y M1QCD OWgy OW (0.
V2TA,,; V2T A qep ; n1;!
2 _ 2
_1 (Hztr”m) _1 ("2QCD "2QCD)
( ) e 2\ i e’ £2Q0D H e Hai. :U’gz?i/ )
Lo (ptasi, 2geps Owg, Ow=) = X X 6.3
g w (Y.
V2TA,,; V21 A 6ep ; TNa;!

where:

e [y, L, = the likelihoods for the ) x n distribution and the recon-

structed top mass distribution, respectively.

® (14, L1QCD, Maf, Me@ep = fit parameters representing the numbers
of tt and QCD events in the data. p; and pigeop are parameters
for the fit of the @@ x n distribution on the single b-tagged events.
tor and pogep are parameters for the fit of the reconstructed top
mass distribution. The suffix 1 and 2 in the variables represent the
numbers for the single b-tagged sample and the double b-tagged

sample, respectively.
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® 11QcD, NuE, N2QeD, Mo = expected numbers of events from QCD

and tt_ (leCD = 10.2, N1 = 2.2, N2gcp = 1.6, Nowr = 10)

e Aigcep, Ay = uncertainties on the expected numbers of events
from QCD and tf (AIQC’D = 2.0 y Altf = 06, AZQC’D =04 y
Ath == 03)

® (i1 = [ligeD - 0+ i Bri Fowg - £ Avwg - i+ owe - L Ajw- - 014,
Hoi = H2QCD * O + flogi * Boi + Ty L+ Ao g - Yoi + e - L Agpy= + 094,
where aj;, (3ji, 7 and d;; (j=1 or 2) are the expected fractions of
QCD, tt, Wg and W* events that enter the i-th bin. £ is the in-
tegrated luminosity. Ajpwg, Ayw«, Aowy, Ao+ are the acceptances

for the signals.

® ny;, ny; = observed number of events in the i-th bin of the Qxn

distribution and the reconstructed top mass distribution.

We use the Qxn distributions shown in Figures 4.6 and the recon-
structed top mass distributions shown in Figures 6.1. We have an inde-
pendent free parameter for each signal process, W-gluon fusion process
and s-channel W* process, in this search. We use a Wbb Monte Carlo
sample to model the QCD background. This sample includes 12,893 sin-
gle b-tagged events and 4,169 double b-tagged events. The fit results
are listed in Table 6.1. The fitted Qxn distribution and reconstructed
top mass distribution are shown in Figure 6.2 and Figure 6.3. We ex-
tract the fitted combined cross section oy, + o~ from the point (ow,
,ow+) = (3.0 pb, 7.2 pb) and (0.0 pb, 1.9 pb), which are the a max-

imum and minimum points of ow, + ow-, respectively, in the region
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—log(L) < —1og(Lminimum) + 0.5. The extracted combined cross section

is 5.243% pb.

input output
tigep | 10.2 £2.0 | 10.0 £ 1.9
et 22406 | 22 +0.6
fiagep | 1.6 £ 0.4 | 1.6 4 0.4
M2t 1.0+ 0.3 | 0.9 +£0.2
Owg free 0.0 X5
oW free 5.2 739

Table 6.1: Fit parameter input and output values for the binned likeli-
hood fit.

6.2 Cross section limit

We extract a 95 % C.L. upper limit on the combined cross section

095 which is given by:

// L(O'Wg,O'W*>dOngUW* =0.95 x / / L(O'Wg,O'W*>dOngUW*,
UWg+UW*<095 0 0

The integral region of the left side of the equation lies below the line
Owy + ow+ = 095. Figure 6.4 shows the likelihood L(oyw,, ow+). We
extract the 95 % C.L. upper limit on the combined cross section of 17.1

pb.
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6.3 Systematic uncertainty

6.3.1 The shapes of () x n distribution and top mass

distribution

For each source of systematic uncertainty we simulate the single top
signal events and background events with the corresponding parameter
shifted by one standard deviation (or some reasonable estimate thereof).
For each pseudo-experiment, the number of background events is a Pois-
son fluctuation of the expected number. The number of signal events is
fixed to 0 or a Poisson fluctuation of the 95% C.L. upper limit (= 17.1
pb). Qxn of each event is generated according to the Qxn distribu-
tion for the standard signal and background which are called standard
templates. Then, we fit the Qxn distribution in a pseudo-experiment
with a sum of standard signal and background templates and extract
95% C.L. upper limit on the combined cross section. We perform 200
pseudo-experiments and extract the median of the upper limits with the
standard templates (095). Next by fitting the above pseudo-experiment
Qxn distribution with the shifted template, we extract the median of
the upper limits with the shifted templates (og;). The systematic uncer-

tainty is extracted from the difference between them:

(065 — 09s)

095

We consider the following systematic uncertainties on the shape:

e Monte Carlo generator
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We take the difference between HERWIG and PYTHIA as system-
atic uncertainty. The estimated uncertainty on the cross section
limit is +0.7% for input signal ogngietop = 0 pb and +1.0% for
Tsingletop = 95% C.L. upper limit.

Initial state radiation (ISR)

We take a half the difference between PYTHIA without initial state
radiation and standard PYTHIA. The corresponding systematic
uncertainty on the cross section limit is —0.4% for input signal

Osingletop = 0 pb and —0.8% for ogingietop = 95% C.L. upper limit.

Final state radiation (FSR)

We take a half the difference between PYTHIA-nolSR and PYTHIA-
nolSR where the two jets match the GENP-level partons within a
cone of 0.4. The corresponding systematic uncertainty on the cross
section limit is —0.2% for input signal singietop = 0 pb and —0.2%

for osingietop = 95% C.L. upper limit.

Parton distribution functions (PDF)

We symmetrize the difference between CTEQ4L and MRSD_’ (our
standard choice of PDF is the latter). The corresponding system-
atic uncertainty on the cross section limit is —0.7% for input signal

Osingletop = 0 pb and —1.2% for ogingietop = 95% C.L. upper limit.

Jet energy scale

We shift the energy by hand in the same way as Section 5.4.1. We
take the average of the difference between the positive shift and

the standard and the difference between the negative shift and the
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standard. The corresponding systematic uncertainty on the cross
section limit is 0.4% for input signal ogingetop = 0 pb and 0.4% for

Tsingletop = 95% C.L. upper limit.

e Background modelling

Our standard QCD background model is VECBOS Wbb. As an al-
ternate model we combine PYTHIA We and VECBOS Whb with a
ratio of We:Wbb=3:7. We take the difference between the standard
background and the alternate background. The corresponding sys-
tematic uncertainty on the cross section limit is —0.4% for input
signal ogingietop = 0 pb and —0.2% for ogngietop = 95% C.L. upper
limit.

Table 6.2 lists the systematic uncertainties on the shape.

The shift on the cross The uncertainty
Systematic section upper limit on the cross
Tsingtetop = 0 DD | Tsingletop = 95% | section upper limit
upper limit
Parton distributions —0.7 % -1.2 % 1.2 %
Signal generator +0.7 % +1.0 % 1.0 %
Initial state radiation -0.4 % -0.8 % 0.8 %
Jet energy scale 0.4 % 0.4 % 0.4 %
Background —0.4 % -0.2 % 0.4 %
Final state radiation -0.2 % -0.2 % 0.2 %

Table 6.2: Shift on the cross section limit due to the shape uncertainty
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6.3.2 The acceptance of event selection

To estimate the systematic uncertainty on the cross section limit

due to the acceptance, we modify the likelihood from L to L’

’ eié(AHaCC>2
L - W X Ll X L2

where, A, . is a fit parameter representing the acceptance uncertainty
relative to the acceptance. p; in the equations (6.2) and (6.3) is changed

to

i = pQen it g it (LA - Awg)  ptwg i+ (1+ A - A ) piw -6

Y

where Ay, and Ayy- are the uncertainty on the acceptance for W-gluon
fusion and W* single top, respectively. Ay, and A+ are given for single
b-tagged events and for double b-tagged events separately. The accep-
tance systematic uncertainty is extracted from the difference between
the medians of the upper limits with the standard likelihood function L
and the modified likelihood function L’ in the same way as the shape

systematic uncertainty.

e Monte Carlo generator

We take the difference between HERWIG and PYTHIA. Ay, and
Ay« are —9% and 4% for the likelihood L1, respectively, and 141%
and 11% for the likelihood L,. The uncertainty of 141% is ex-
tracted from the difference between the HERWIG expectation of
0.038 events and the PYTHIA expectation of 0.084 events. The
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uncertainty on the cross section limit is +0.8% for input signal

Osingletop = 0 pb and +0.9% for osingietop = 95% C.L. upper limit.

e Initial state radiation (ISR)

We take a half the difference between PYTHIA without initial state
radiation and standard PYTHIA as the input. Ay, and Ay are
7% and 6% for the L, respectively, and —45% and 7% for the L.
The estimated uncertainty on the cross section limit is +0.5% for
input signal gingietop = 0 pb and +0.6% for ogingierop = 95% C.L.

upper limit.

e Final state radiation (FSR)

We take a half the difference between PYTHIA-noISR and PYTHIA-
nolSR where the two jets match the GENP-level partons within a
cone of 0.4. Ay, and Ay« are —7% and —6% for the L, respec-
tively, and —4% and —1% for the L,. The estimated uncertainty
on the cross section limit is —0.0% for input signal ngietop = 0 pb

and —0.1% for oingietop = 95% C.L. upper limit.

e Parton distribution functions (PDF)

We symmetrize the difference between CTEQ4L and MRSD_’ (our
standard choice of PDF is the latter). Ay, and Ay« are —1% and
—1% for the Ly, respectively, and —13% and 5% for the L,. The
estimated uncertainty on the cross section limit is 0.0% for input
signal Ogingietop = 0 pb and —0.3% for ogingietop = 95% C.L. upper

limit.
e Jet energy scale
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We shifted the energy by hand in the same way as Section 5.4.1.
We take the average of the difference between positive shift and
standard and the difference between negative shift and standard.
Ay, and Ay« are 1% for both single b-tagged and double b-tagged
events. The estimated uncertainty on the cross section limit is 0.0%
for input signal ongietop = 0 pb and 0.1% for ogingietop = 95% C.L.

upper limit.

Trigger and Lepton ID

Ay, and Ay« are 10% for both single b-tagged and double b-tagged
events in the same way as Section 4.3.2. The estimated uncertainty
on the cross section limit is +5.0% for input signal gngietop = 0 pb

and +5.8% for osingietop = 95% C.L. upper limit.

B-tagging

The uncertainty due to b-tagging comes from the uncertainty of the
scale factor 1.0 + 0.1 for SECVTX b-tagging and 0.95 4+ 0.14 for
SLT b-tagging. Aw, and Ay~ are 10% for single b-tagged events
and 11% for double b-tagged events. The estimated uncertainty on
the cross section limit is +5.2% for input signal csingietop = 0 pb

and +6.1% for ogngietop = 95% C.L. upper limit.

Luminosity

The uncertainty due to luminosity is 4% from 106.0 &= 4.1 pb~1.
Aw, and Ay« are 4% for both single b-tagged and double b-tagged
events. The estimated uncertainty on the cross section limit is

+0.8% for input signal ogingietop = 0 pb and +0.7% for Ogingretop =
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95% C.L. upper limit.

Tables 6.3 and 6.4 list the Ay, and Ay in the likelihood L, and
in the likelihood Ls, respectively. Table 6.5 lists the systematic uncer-
tainties on the acceptance for both single b-tagged events and double
b-tagged events.

Since the uncertainties on the shape and acceptance from the same
systematic source correlate with each other by 100 %, we add the two
systematic uncertainties in the same source. Then we add all systematic
uncertainties in a quadrature. The total systematic uncertainty is 8.9%
as listed in Table 6.6. Next we obtain the systematic uncertainty on the
fitted cross section. The systematic uncertainty due to the acceptance
uncertainty is extracted from the shift of the peak position of the like-
lihood L(ow,, ow-) extracted with the data by shifting the acceptance
uncertainty on each single top process listed in Table 6.3 and 6.4. The
uncertainty due to the shape is extracted in the same way as the upper
limit. The total systematic uncertainty on the fitted cross section is 27%.
It results in oW, w- = 5.273% (stat) £ 1.4(syst) pb. The 95 % C.L. up-
per limit on the combined cross section with systematic uncertainty is
defined to be the one shifted positively by one standard deviation from

the limit without systematic uncertainty. We extract it to be 18.6 pb.
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Systematic Relative uncertainty

Awyg Ay
Trigger-+lepton ID 10 % 10 %
Signal generator -9 % 4%
B-tagging 10 % 10 %
Initial state radiation | 7 % 6 %
Final state radiation | —7 % —6 %
Luminosity 4% 4%
Parton distributions | —1 % -1 %
Jet energy scale 1% 1%

Table 6.3: Input of the uncertainty affecting the acceptance in the like-
lihood L, for the single b-tagged events.

Systematic Relative uncertainty
Awyg JANT
Trigger+lepton ID 10 % 10 %
Signal generator 141 % 11 %
B-tagging 11 % 11 %
Initial state radiation | —45 % 7%
Final state radiation | —4 % -1%
Luminosity 4% 4 %
Parton distributions | —13 % 5 %
Jet energy scale 1% 1%

Table 6.4: Input of the uncertainty affecting the acceptance in the like-
lihood L, for the double b-tagged events.

115



The shift on the cross The uncertainty
Systematic section upper limit on the cross
Tsingtetop = 0 DD | Tsingletop = 95% | section upper limit
upper limit
Trigger+lepton ID +5.0 % +5.8 % 5.8 %
B-tagging +5.2 % +6.1 % 6.1 %
Signal generator +0.8 % +0.9 % 0.9 %
Initial state radiation +0.5 % +0.6 % 0.6 %
Luminosity +0.8 % +0.7 % 0.8 %
Final state radiation -0.0 % -0.1 % 0.1 %
Parton distributions 0.0 % -0.3 % 0.3 %
Jet energy scale 0.0 % 0.1 % 0.1 %

Table 6.5: Shift on the cross section limit due to the acceptance
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Systematic shape | acceptance | shape+acc.
Trigger+lepton ID - 5.8 % 5.8 %
B-tagging - 6.1 % 6.1 %
Signal generator 1.0 % 0.9 % 1.9 %
Initial state radiation | 0.8 % 0.6 % 1.4 %
Background 0.4 % - 0.4 %
Luminosity - 0.8 % 0.8 %
Final state radiation | 0.2 % 0.1 % 0.3 %
Parton distributions | 1.2 % 0.3 % 1.5 %
Jet energy scale 0.4 % 0.0 % 0.4 %
Total 8.9 %

Table 6.6: Shift on the cross section
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Figure 6.1: Reconstructed top mass distributions for data (a), single

top in the W-gluon fusion channel (b), single top in the W* channel
(¢), VECBOS Wbb (d), and HERWIG tf (e), after selection of double

b-tagged events.
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Chapter 7

Conclusion

We searched for the single top quark production through the W-
gluon fusion process and the s-channel W* process in proton-antiproton
collisions at /s = 1.8 TeV with an integrated luminosity of 106 + 4.1
pb~L.

We select b-tagged W + 2 jet events by requiring a high P, isolated
electron or muon and a high £, and two jets, at least one of which is
identified as a b-quark jet. We observe 42 b-tagged W + 2 jet events
while we expect a total background of 29.7 + 4.7 events, 1.8 4+ 0.3 signal
events in W-gluon fusion process and 1.2 + 0.2 signal events in s-channel
W* process.

For the search for single top quark production through W-gluon fusion
process, we require the reconstructed top mass to be between 145 and 205
GeV/c? and remove the double b-tagged events for the above b-tagged
W + 2 jet sample and observe fifteen events while we expect a total
background of 13.14+2.1 events and 1.44-0.3 signal events. The likelihood
fit of the Q x 7 distribution for this sample yields 1.3713 signal events.
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The upper limit on the cross section of the single top production in
this channel at the 95 % confidence level is found to be 13.5 pb. For
the search for single top quark production through the s-channel W*
process, we use the b-tagged W+2 jet events and perform a likelihood
fit of the reconstructed top mass distribution. From the fit, we extract
6.477% signal events and an upper limit of 12.9 pb on the production
cross section at 95% confidence level.

We also obtain an upper limit on the combined cross section of single
top quark production via the s-channel W* and W-gluon fusion processes.
We measure a combined cross section of single top production to be
52737 (stat)+1.4(syst) pb and extract an upper limit of 18.6 pb on the

single top production cross section at 95% confidence level.

123



Bibliography

[1] F.Abe et. al Phys. Rev. D 50 2966 (1994).

[2] F.Abe et. al Phys .Rev. Lett. 74 2626(1995).

[3] S.Abachi et. al Phys .Rev. Lett. 74 2632(1995).

[4] The top averaging group, FERMILAB-TM-2084.

[5] Particle Data Group, European Physical Journal C, Vol 3, 343 (1998).
[6] T.Stelzer, Z.Sullivan, S.Willenbrock, Phys. Rev. D 58, 094021 (1998).
[7] M.C.Smith, S.Willenbrock, Phys. Rev. D 54, 6696 (1996).

[8] T.Tait, C.P.Yuan, hep-ph/9710372.

[9] A.Heinson, A.Beyaev and E.Boos Phys .Rev. D 56 3114 (1997).

[10] F.Abe et. al Nucl. Instr. and Meth. A271 387 (1988).

[11] F.Abe et. al Phys. Rev. Lett. 80 2773 (1998).

[12] H. Minemura et. al Nucl. Instr. and Meth. A238 18 (1985).

[13] D.Amidei et. al Nucl. Instr. and Meth. A350 73 (1994).

124



[14] D.Amidei et. al Nucl. Instr. and Meth. A342 251 (1994).

[15] C.Haber et. al Nucl. Instr. and Meth. A289 388 (1990).

[16] M.Kruse Ph.D thesis Purdue university (1996).

[17] F.Abe et. al Phys. Rev. D 45 1448 (1992);

[18] F.Abe et. al Phys. Rev. D 47 4857 (1993).

[19] F.Abe et. al Phys. Rev. Lett. 79 3819 (1997).

[20] G.Marchesini and B.R Webber Nucl. Phys. B301, 461 (1988);

[21] G.Marchesini et. al Comut. Phys. Comm. 67 405 (1992).

[22] T.Sjostarad, Comput. Phys. Comm. 39 347 (1986);

[23] T.Sjostarad and M.Bengtsson Comput. Phys. Comm. 46 43 (1987).

[24] P.Avery, K.Read, G.Trahern, Cornell Internal Note CSN-212, March
25, 1985 (unpublished).

[25] F.A.Berends, W.T.Giele, H.Kuijf and B.Tansk, Nucl. Phys. B357,
32 (1991).

[26] J. Ohnemus, Phys. Rev. D 44, 1403 (1991);
[27] J. Ohnemus, Phys. Rev. D 44, 3477 (1991).
[28] The top group, CDF internal note 5043.

[29] C.P.Yuan, Phys. Rev. D 41, 42 (1990).

125



[30] A.D. Martin, R.G. Roberts and W.J.Stirling, Phys. Lett. B306 145
(1993).

[31] H.L.Lai ef. al., Phys Rev. D 55, 1280 (1997).

[32] F.Abe et al. (CDF Collaboration), Phys. Rev. D 43, 664 (1991).
[33] S.Cortese and R.Petronzio, Phys. Lett. B 253, 494 (1991).

[34] F.Abe et. al Phys .Rev. Lett. 80 2767(1998).

[35] CDF internal note 3983.

126



