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Abstract

We present the results of top quark mass study based on three \non-conventional"
methods : Neural Networks method, method of four vectors and the method of
invariant mass using t�t!W+bW��b! (e=�)� (e=�)� decay in p�p collisions at

p
s =

1:8 TeV. The analysis assumes Standard Model coupling and branching ratios and is
based on an integrated luminosuty of 108:3� 5:7 pb�1 accumulated by D� detector
during the Fermilab Tevatron Collider Run I (1992-96). These methods would be
quite useful in the determination of the top quark mass for D� Run II where high
statistics would be available. Using neural network analysis, the top quark mass
obtained is mt = 177:9 GeV. The systematical uncertainty in mt comes out to be
2.17 GeV and statistical uncertainty in the measurement of mt is about 56 - 59 GeV.
In D� Run II because of the introduction of a central magnetic �eld, a signi�cant
improvement in the muon momentum measurement is anticipated. Taking this fact
into an account, the uncertainty reduces to � 40 - 42 GeV. Number of top events
from e� channel are expected to be about ten times more than the number in Run I
which will further reduce the present uncertainty approximately to 6.3 - 6.5 GeV. By
using the method of four vectors, systematic uncertainty is 1.52 GeV and statistical
uncertainty is � 45 - 49 GeV for three e� events which would reduce to � 7.5 -
8.9 GeV in D� Run II and will lead to the precision in the top quark mass. Using
the method of e� invariant mass, the expected systematic error will translate by a
factor of 5.

In addition to the study of the top quark mass, we participated in the R and D
work for the fabrication of the Pixel Scintillation Counters which was undertaken
by our group at Chandigarh. Five prototype pixel counters were fabricated which
were to be used in the forward muon detector in the muon system of D� upgrade
for Run II. The counters have been checked, tested and their performance was found
to be extremely satisfactory.
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Chapter 1

Introduction

1.1 What is the World Made of?

Answer to this will be very di�erent depending on whom we ask this question.
To a biologist, the world is made of living organisms. To a chemist, the world is
made of molecules formed from atoms and the answer of the physicist will probably
start by talking about atoms, and then proceed to talk about the protons, neutrons
and electrons that make up an atom. However, for particle physicists, there is no
ambiguity in this question. They want to know what are the fundamental, indivisible
building blocks from which all the matter in this universe is made of? What are the
basic interactions that glue these building blocks together to make the matter we see
around us? We have a fairly consistent picture or model of the world at this most
fundamental level that explains all of our experimental results to date regarding this
question.

All the matter we see around us is made of atoms. In fact, atoms are not
fundamental building blocks. Rutherford's famous experiment of scattering alpha
particles from atomic targets was the �rst dramatic demonstration of scattering
techniques in nuclear physics. He was able to show from the angular distribution
of the scattered particles that atoms have small massive nuclei at their centers.
Further studies established that these nuclei are made of protons and neutrons.
Then electron scattering experiments at much higher energies showed that protons
and neutrons themselves contain small hard constituents; the quarks. Higher energies
opened the way to deeper understanding.

High Energy Physics (HEP), more commonly referred to as Particle Physics, is
the study of what everything is made of. Its aim is to understand the workings of the
universe at the most fundamental level i.e. one desires to identify those constituents
of matter which may not be subdivided any further and to describe completely all
of the interactions between them. The apparatus needed to reach, the time needed
to design, construct and execute an experiment has also grown with time. So,
too, has the number of people that must collaborate in order for such an e�ort to
succeed. That is the reason why big collaborations are involved in the research at
high energies.
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Now, the question is why do we need High Energy? The very �rst reason is due
to the wave characteristics of light. In order to see something, we shine light on it.
The space resolution that can be achieved in studying the scattering of one particle
from another is limited by the wavelength � of their relative motion; � = 2�=k
where k is their relative momentum. However, when we want to see something that
is smaller than the wavelength of light, we will have a very tough time seeing it.
Because to probe small distances requires large k which implies high energy in the
center-of-mass frame of reference. Luckily, we can use other particles to see with,
such as electrons. They too have wave properties, but their wavelengths decrease
as their momenta increase. So, the faster a probing particle is going, the less its
wavelength is, and with better resolution we can see. A second reason, we need
high energy particles is because we are interested in creating new particles i.e. new
particle production. A heavy particle of mass m can be materialized only if there
is enough spare energy (E = mc2) available in the center-of-mass frame and using
high energy particles one achieves the goal.

1.2 Standard Model

Particle physics is the study of the fundamental constituents of matter and their
interactions. However, which particles are regarded as fundamental has changed
with time as physicists knowledge has improved. Modern theory - called the Stan-
dard Model (SM) has been extremely successful so far [1]. It attempts to explain
all the phenomena of particle physics in terms of properties and interactions of a
small number of particles of three distinct types. The �rst two are called leptons
and quarks and are spin 1=2 fermion, the third is a set of spin 1 bosons called gauge
bosons which act as `force carriers' in the theory. Therefore, one can say that the SM
of particle physics is a description of nature at very small distance scales, typically
scales smaller than that of an atomic nucleus (10�15 m). In the SM, these particles
are all assumed to be elementary i.e. they are treated as point particles, without
internal structure or excited states. Both the quarks and leptons are grouped into
three generations of two particles each. The corresponding particles in each gen-
eration have similar properties, except for their masses, which increase with each
successive generation. All normal matter (protons, neutrons and electrons) is com-
posed of particles from the �rst generation. Particles in higher generations can be
produced in high energy interactions, but they are unstable and ultimately decay
into �rst generation particles or photons.

Each generation of leptons consists of one charged particle and an associated
uncharged particle. Experimentally, masses of the neutrinos are constrained to
be quite small, the SM assumes that they are zero. The charged leptons interact
electromagnetically, but the neutrinos are a�ected only by the weak interaction.

Leptons :

 
�e
e�

!  
��
��

!  
��
��

!
(1.1)
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The quarks are similarly grouped in doublets. Quarks have fractional charge
i.e. either 1/3 or 2/3 of the charge of an electron. They are a�ected by the strong
force which binds quarks together inside the nuclei.

Quarks :

 
u
d

!  
c
s

!  
t
b

!
(1.2)

The physical world is governed by four fundamental forces : strong force, elec-
tromagnetic force, weak force and gravitational force.

Electromagnetic forces provide the attraction between electrons and nuclei that
build atoms and molecules; they control chemistry and the physics of materials.
Weak forces lie behind processes like �-decay which allows protons to transmute
into neutrons and vice-versa; they are vital for the synthesis of heavy elements in
the early universe and in stellar cores and for the fusion power cycles in stars. Strong
forces or nuclear forces act only at very short distances; they bind quarks together to
make nucleons (protons and neutrons) and bind nucleons together to make nuclei.
Gravitational forces are by far the weakest and are mediated by `graviton'; they
are important for large bodies but negligible for nuclear and subnuclear particles
compared to other forces. HEP is concerned with the �rst three of these because
gravity is too much weaker than the other three and it has no in
uence on subatomic
processes and hence can be excluded.

Force Gauge Boson Symbol Charge Spin Mass (GeV)

Strong gluon g 0 1 0
Electromagnetic photon 
 0 1 0

Weak W boson W �1 1 80.4
Z boson Z 0 1 91.2

Table 1.1: Fundamental forces and gauge bosons.

The forces between matter units (leptons + quarks) are transmitted by speci�c
�elds or particles. The electromagnetic force is transmitted by photons, the strong
force by massless spin 1 gluons and the weak force by massive W and Z bosons.
These forces are all described by gauge theories and the transmitting particles are
called gauge bosons. Charged leptons participate in both electromagnetic and weak
interactions, whereas neutral leptons only interact weakly. Quarks interact via all
three interactions. The weak and electromagnetic interactions of both quarks and
leptons are described by the Electroweak Theory, which is the generalization of
Quantum Electrodynamics (QED). QED is mediated by photon, which couples to
particles which have electric charge. The strong interaction of quarks is described
by Quantum Chromodynamics (QCD) and is mediated by gluons.

The weak and electromagnetic interactions are successfully uni�ed in the elec-
troweak theory based on the gauge group SU(2)L � U(1)Y . In this theory, local
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Symbol Name Mass (MeV) Charge (e)

Quarks u up � 5 2/3
(spin = 1/2) d down � 10 -1/3

s strange � 200 -1/3
c charm � 1500 2/3
b bottom � 4500 -1/3
t top � 175� 200 GeV 2/3

Leptons e electron 0.511 -1
(spin = 1/2) �e electron neutrino < 3 eV 0

� muon 105.7 -1
�� muon neutrino < 0:19 0
� tau 1776.9 -1
�� tau neutrino < 18:2 0

Gauge bosons 
 photon 0 0
(spin = 1) W W 80.4 GeV 1

Z Z 91.2 GeV 0
g gluon 0 0

Higgs H Higgs ? ?

Table 1.2: Fundamental particles of the Standard Model.

gauge invariance is spontaneously broken by the Higgs mechanism. This causes the
intermediate bosons (W� and Z0) of the weak interaction to acquire masses, while
leaving the photon massless. The theory of the strong interaction, QCD, is based
on the exact local gauge symmetry SU(3) which results in the conservation of color
(the strong charge). A distinctive property of QCD is the tendency of the coupling
strength to decrease at short distances, this is known as asymptotic freedom. This
behavior explains why quarks behave as free particles within hadrons but can not
be liberated.

The remaining ingredient of the SM is the Higgs boson. The standard method of
introducing a new interaction into models like the SM requires that the associated
gauge bosons be massless. This is a problem for the case of the weak force, since
the W� and Z0 bosons must be quite massive in order to explain the observed low
energy behavior. The Higgs mechanism is a way around this problem. It introduces
a new scalar particle which interacts with the W and Z in exactly the right way so
that they acquire masses. The quarks and leptons can also acquire masses through
this mechanism. If this description is correct, the Higgs should appear. But it has
not been discovered yet.

Within the SM, the top mass, the Higgs mass and the ratio of the W and
Z masses are interrelated as shown in Figure 1.1. Although the dependence on
the Higgs mass is weak (logarithmic), it is apparent that a suÆciently accurate
measurement of the top mass can constrain the allowable range of Higgs masses.
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Figure 1.1: The SM relation between top mass and W mass for di�erent values of
the Higgs mass. The LEP Z mass of 91.187 GeV/c2 is used. The shaded band
indicates a W mass of mW = 80:22� 0:26GeV=c2
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1.2.1 Color and Color Con�nement

The quark model is very successful, but without assigning a new degree of freedom
to quarks this model would contradict the Pauli principle. The Pauli principle states
that the wavefunctions of any quantum state must be antisymmetric under the
interchange of any two identical spin 1=2 fermions. The spectrum of light baryons
requires that the combined space and spin wavefunction be symmetric under the
interchange of any two quarks with the same 
avor, which is in con
ict with the
Pauli principle. This contradiction between quark model and Pauli principle can be
resolved by assuming an additional degree of freedom for quarks. The wavefunction
for this new attribute, which is called color, is antisymmetric, which is consistent
with the Pauli principle and the space and spin wavefunction remains symmetric,
which explains the spectrum of light baryons.

According to the color idea, each quark is supposed to have one of these possible
colors : red, blue or green. Antiquarks are antired (cyan), antigreen (magenta)
or antiblue (yellow). The cross-section for producing a quark pair of any 
avor is
proportional to the number of colors. Color is an additive quantum number like
electric charge, whose values are opposite in sign for particles and antiparticles.

Because of color, the strong forces transmitted by gluons di�er signi�cantly from
the electromagnetic forces transmitted by photons. According to the color con�ne-
ment hypothesis, the allowed combinations of quarks and antiquarks are q�q and qqq.
Since the electric charge of the quarks is a multiple of 1=3, free hadrons can not
have fractional electric charges. Color con�nement is analogous to allowing only
neutral atoms to exist yet forbidding ionization. The interaction between quarks is
weaker at short distances so quarks can be treated as free particles and perturbative
methods apply. On the other hand, at large distances the interaction strength grows
making the ionization energy in�nite concluding isolated quarks and gluons can not
exist.

1.3 Aim of the Thesis

One of the main goals of any experiment which probes previously unexplored
regimes of energy is to search for the particles too massive to have been produced
at any previous experiment. Such a particle was in fact discovered at Tevatron
in 1995 by the D� and CDF collaborations and is the most massive fundamental
particle yet known : the top quark. The aim of this thesis is to determine the mass
of this particle using di�erent \non-conventional" methods especially using Neural
Networks. We have also tried to determine the top quark mass using method of four
vectors and the method of e� invariant mass.

The top quark mass is one of the most important parameter of the SM, as
together with the mass ofW boson (mW ) it constraints on the mass of the SM Higgs
boson. Therefore, it is very important to get any improvement in the precision of
the top quark mass measurements. The Higgs boson, the W boson and the top
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quark contribute via radiative corrections to observables already measured at LEP
and SLC so that the measured observables together with the measured values of the
W and the top mass restrict the allowed mass range of the Higgs boson. Recent
experimental constraints on the Higgs boson mass are consistent with the SM [2].
In the future, when the W boson mass should be measured to an accuracy of 40
MeV, a precision of about 1 GeV in the top quark mass would yield a prediction in
the Higgs boson mass of ÆmH=mH � 40%. We have been motivated to use di�erent
methods to determine the top quark mass which are relatively simple.

For the analysis, HEP data collected at FNAL (Fermi National Accelerator Labo-
ratory) with D� detector at center-of-mass energy (

p
s) 1.8 TeV for Run I (1992-96)

has been used. In the collision, beams of protons and antiprotons are counter-
rotating in a four-mile ring of magnets located at the FNAL in Batavia, Illinois.
The accelerator is designed such that these collisions occur at two points, each of
which is surrounded by a massive apparatus designed to measure the results of the
collisions. One of these, the D� detector, provided the data used in this analysis.

The D� detector is upgraded to center-of-mass energy of 2.0 TeV in Run II. As
a result, the Run II data would be quite large; about 100 times the Run I data. To
exploit the full use of high statistics, the main task is to reduce systematic errors
so that we can bene�t from the reduced statistical errors. We need to explore
di�erent methods to cross-check the results and also use di�erent methods which
may yield smaller systematic errors by using as many as decay modes as possible.
The present study is a step towards this goal by studying one of the channel via
which top quark can decay. The decay t�t! bW+ �bW� ! l�l�, in the special case
of e� channel, where one of the leptons is electron (e) and the other muon (�), has
been explored for the determination of the top quark mass in our analysis. We have
made a study of top quark mass using/developing three di�erent methods namely
neural networks method, method of four vectors and the method of e� invariant
mass. These methods will be useful for analyses of D� Run II data as well as for
LHC (

p
s = 14 TeV) where high statistics will be available.

1.4 Outline of the Thesis

The broad structure of the thesis is as follows. The current Chapter 1 gives the
brief description of high energy physics and a short overview of the SM. Chapter
2 gives the brief account of top quark physics including its decay and production
and how the existence of the top quark is essential for the integrity and simplicity
of the SM. Chapters 3 and 4 brie
y explain the accelerator and the detector respec-
tively, used in the experiment. The Panjab University HEP group was involved in
the fabrication of pixel scintillation counters for D� upgrade. Chapter 5 deals with
the fabrication of pixel scintillation counters. This chapter provides the complete
description of the steps involved in the scintillators fabrication, the cosmic ray setup
used to measure the eÆciency of the counters and the �ber testing for the muon
scintillator for the collection of light, at Panjab University and the brief account on
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D� upgrade. Chapter 6 explains D� trigger system and the Monte Carlo simula-
tions to model the signal and backgrounds. Chapter 7 describes how the data are
processed to provide information about the particles that were produced in the col-
lision. In Chapter 8 we discuss the eÆciencies, acceptances for Monte Carlo (both
signal and backgrounds). In this chapter, details of the techniques : neural net-
works method and method of four vectors, used in our analyses for the top quark
mass determination are given. The results based on these methods and the third
method (using e� invariant mass) are presented in Chapter 9. Chapter 10 gives the
conclusions of the study.
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Chapter 2

Top Quark

The top quark was discovered at the Tevatron in 1995 by the D� and CDF
collaborations [3, 4]. Top quark mass is one of the most important parameter of the
SM. It is the heaviest elementary particle with a mass close to the electroweak scale
which suggests that the top quark may play a role in the breaking of electroweak
symmetry and therefore in the origin of fermion masses [5]. Prior to the discovery
of the top quark, there were good theoretical reasons for its existence. This chapter
provides the outline of the top quark physics including the theoretical evidences for
the top quark existence, production and decay modes.

2.1 Why the Top Quark should Exist?

2.1.1 Anomalies

The leptons in the electroweak theory were shown to possess \anomalies" (the
triangle anomalies) which threatened renormalizability. An anomaly is the failure
of a classical symmetry to survive the process of quantization and renormalization
and this problem arises from the interaction of three gauge bosons via a closed loop
of fermions. An example of the fermion loop which gives rise to chiral anomalies in
the SM is shown in Figure 2.1. The contribution of the diagram for each fermion
is ncg

f
aQ

2
f , where f is a fermion, Qf is the fermion charge and gfa is the fermion

axial coupling of the weak neutral current to Z0 and nc = 3 for quarks. The
renormalizability of the SM requires the cancellation of the triangle anomalies. It
turns out that the fermion contributions within each generation cancel if the electric
charges of all left-handed fermions sum to zero i.e.

X
Qf = �1 + 3� [(2=3) + (�1=3)] = 0 (2.1)

The factor 3 is the number of color charges for each quark 
avor. For this to work
for the third generation, the top quark with Q = 2=3 must exist. Therefore, without
the top quark the minimal SM would have anomalies.
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Figure 2.1: An example of the fermion diagram.

2.1.2 B0 �
�B0 mixing

Weak interactions do not conserve quark 
avors and therefore B0 and �B0 mesons
can mix. The observed rate of this mixing is proportional to jVtdj2 (CKM1 matrix
element for the t and d quark coupling). This implies that a massive top quark is
needed in the loops so that the b quark can decay indirectly via an intermediate
state containing a virtual t quark and the d quark. This indicates that the b quark
has a weak isospin partner i.e. top quark with weak isospin I3 = +1

2
.

2.1.3 b decays (b! l+l�)

In the SM, the b quark decays occur through quark mixing [5] and the allowed
vertices are b ! cW+ and b ! uW�. These are proportional to the CKM matrix
elements Vcb and Vub. This means that the b has to be in a doublet, allowing the
top to exist. If the b quark is assumed to be an SU(2) singlet, then it will have no
charged current interaction and can not decay viaW emission. Since, experimentally
it is known to decay then it must do so by mixing with the lighter quarks (s and
d). This leads to the quantitative predictions BR(b ! l+l�X) > 0:013. However,
experiments have shown that BR(b ! l+l�X) < 0:0012. This establishes that b is
not an SU(2) singlet and another particle must accompany the b quark which is the
top quark (t).

2.1.4 AFB in e
+
e
�
! b�b

The production of b�b pairs in e+e� collisions can be either mediated by a photon
(
) or a Z boson as shown in Figure 2.2. The contributions of the photon (
)
exchange to the angular distribution to the b about the plane perpendicular to the
beam in the center-of-mass frame is symmetric and the contribution of the Z should
be asymmetric if the b is in an SU(2)L doublet.

1Cabibbo-Kobayashi-Maskawa
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Figure 2.2: Feynman diagrams for e+e� ! b�b via 
 and Z exchange.

It can be shown that forward-backward asymmetry for this process is :

AFB � (T3L � T3R)(T3L + T3R + 2=3 cos2�W ) (2.2)

where asymmetry, AFB = �F��B
�F+�B

, T is the generator of SU(2) symmetry and �F and
�B are the forward and backward cross-sections. The amount of this asymmetry in
the production is dependent on the third component of the weak isospin of the left-
handed b quark (Ib3L) as the coupling of b to the Z is proportional to Ib3L+

1
3
sin2�W ,

where Ib3L = 0 if the b quark is singlet and �1=2 if the b has its doublet partner
i.e. top (t) quark. Therefore, the left handed b quark is in a doublet and there has
to exist a heavier quark to be its partner which is a t quark.

2.2 Top Quark Mass

The top quark acquires its mass via the Yukawa coupling gt = 23=4G
1=2
F mt to

a Higgs boson after spontaneous symmetry breaking. However, its value can not
be predicted by the SM since particle masses are free parameters which have to
be determined experimentally. In order to obtain �nite predictions from higher
order terms in perturbation theory, a renormalization scheme must be applied. It
is often convenient in these procedures to treat the masses of quarks and leptons as
running parameters, whose values depend on the momentum scale of the calculation.
The quantity relevant to experiments, is the physical mass given by the pole in the
quark propagator, and it is this mass which is measured in our analysis. The relation
between the two de�nitions of the top quark mass in the commonly used modi�ed
minimal substraction (MS) scheme is given in below [6, 7],

mPole
t

mMS
t (mPole

t )
= 1 +

4

3

 
�s(m

Pole
t )

�

!
+ 10:91

 
�s(m

Pole
t )

�

!2

(2.3)

This ratio is � 1:06 if mPole
t = 170 GeV.
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2.3 Top Quark Production

The top quark is the heaviest elementary particle yet discovered. Its mass, of the
same order as the electroweak scale (� v=

p
2), is about twice that of the W and

Z bosons and about 40 times larger than its isospin partner, the b quark. Because
of its large mass, it can only be produced in the collisions of the particles where a
suÆciently high center-of-mass energy (

p
s) can be achieved. The p�p accelerator,

Tevatron, at Fermilab (
p
s = 1.8 TeV) has been the only facility in the world where

the top quarks have been produced. At the energies involved, the composite nature
of these particles is evident, and one speaks of the actual collisions as being between
their constituents (either quarks or gluons). Hence, the energy available in any
given collision will only be some fraction of the p�p system center-of-mass energy,
since the interacting constituents (or partons) carry only a fraction of the proton or
antiproton energy.

In p�p collisions, there are two mechanisms for the top quark production : the
pair-production of the top quarks via strong interaction (t�t production) and single
top production via electroweak interaction.

2.3.1 t�t Production

The most likely means of producing top quarks is through the color interaction
and since this interaction conserves quark 
avor quantum numbers, the top quarks
must be produced in t�t pairs. At Tevatron, the dominant mechanisms for top pro-
duction are expected to be the pair production processes q�q ! t�t and g�g ! t�t [8].
The leading order diagrams for top quark production are shown in the Figure 2.3.
There are two major production channels, the q�q annihilation (q�q ! t�t) and gluon
fusion channels (gg ! t�t). Since, it is more likely for a signi�cant fraction of the
proton and antiproton momenta to be carried by one of its constituent quarks than
by gluons, the q�q annihilation channel dominates the production rate, and the de-
gree of this dominance increases as a function of the top quark mass. The (q�q ! t�t)
diagram dominates, contributing 90% of the total rate because top mass is almost
20% of the Tevatron beam energy and it is mostly quark which can be found with
such a high fraction of the p or �p momenta. There are also q�q diagrams with 
� or
Z� propagators which could result in t�t �nal states. However, these are electroweak
processes and the cross-sections are much smaller.

2.3.2 Single Top Quark Production

Single top quark production can occur through s, t or u-channel electroweak
processes. Figures 2.4 and 2.5 correspond to the single top production [9, 10]. The
dominant processes at

p
s=1.8 TeV are s-channel production of tb �nal state via o�

mass-shell W � exchange and production of tqb �nal state via W -gluon fusion. Al-
though the single top production cross-section is one-third that of the t�t production
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Figure 2.3: Feynman diagrams for lowest order t�t production.

cross-section, the detection eÆciencies for single top quark events are lower and the
signal is much more diÆcult to separate from the background. At this time there is
no direct measurement of single top production cross-section.

q b

q t

W *

Figure 2.4: Feynman diagram for s-channel single top quark production.

2.4 Top Quark Decay

Weak interaction is the only interaction which does not conserve quark type or

avor and hence this is the only route open for top quark decay in the SM. Under
SU(2), the fermion transforms as doublets. The upper and lower members of any
doublet can couple to a W boson, while a Z boson may only couple a particle to
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Figure 2.5: Feynman diagrams for single top quark production via W -gluon fusion.

itself. The decay width of top �t will be diÆcult to measure but its theoretical
accuracy lies within 1%. Within the SM, the top with mt > MW +mb will always
decay into a W and a b [11]. The fraction of top quarks decaying into b quarks

Bb =
�(t! bW )

�(t! qW )
(2.4)

has been measured by CDF to Bb = 0:99� 0:29 [12].

Within the three generation SM, this ratio can be expressed by the CKM matrix
elements as

Bb � jVtbj2
jVtbj2 + jVtsj2 + jVtdj2 (2.5)

where the denominator equals exactly 1.0 due to unitarity of the CKM matrix.
Measurements in combination with the CKM unitarity yield 0:9990 < jVtbj < 0:9993
[?] i.e. the top quark decays almost exclusively (about 99:83%) into a b quark and a
W boson. In an extended SM with a fourth generation of quarks the three generation
unitarity does no longer hold and the denominator of Eqn. 2.5 can be smaller than
1.0. Measurements from D� constrain a fourth generation b0 quark to have a mass
greater than (mt � mW ). Thus the top quark decay into b0 would be suppressed
and the original expression of Eqn. 2.5 is still valid. Measurements in combination
with a four generation CKM matrix yield the weak constraint 0:05 < jVtbj < 0:9993.
Therefore, the direct measurement of jVtbj is useful to search for physics beyond the
SM.

2.5 t�t Event Topology

Taking the two incoming partons from protons as longitudinal axis the pro-
duced t�t pair is balanced in p? i.e. their momentum vectors are back to back in the
plane transverse to the longitudinal axis. Since the partons can have a primordial
transverse momentum and initial state radiation can provide additional p?, the lon-
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gitudinal axis does not necessarily coincide with the z-axis of the lab system. As
already explained the top quark decays almost exclusively into a b quark and a W
boson. While the W boson decays into a fermion antifermion pair of a weak isospin
doublet, the relatively long living b quark builds a hadronic bound state before it
decays. Taking into account the three di�erent lepton generations, about 33% of all
W bosons decay leptonically. The remaining 67% of W bosons decay into a quark
antiquark pair, predominantly of the �rst two quark generations. Here about 11%
of all t�t events decay dileptonically. The remaining fraction of t�t events decay to
about 44% fully hadronically and semileptonically respectively. The fractions of all
t�t decay modes are summarized in Table 2.1.

t�t! (W+b)(W��b) W ! e�e W ! ��� W ! ��� W ! q�q
(1/9) (1/9) (1/9) (2/3)

W ! e�e(1=9) 1/81 1/81 1/81 2/27
W ! ��� (1/9) 1/81 1/81 1/81 2/27
W ! ��� (1/9) 1/81 1/81 1/81 2/27
W ! q�q (2/3) 2/27 2/27 2/27 4/9

Table 2.1: Possible decay modes and their branching fractions fromWs for a t�t pair.

The W boson can further decay either leptonically or hadronically. Depending
upon both of the Ws decay, the t�t event can be of three types. When both the Ws
decay hadronically, the channel is called all-jets channel. In this channel, the �nal
state consists of six or more jets (2 from the b decay and 4 from theW decays). There
may also be additional jets from the initial or �nal state radiation. The branching
ratio (BR) of this channel is about 44%, the largest amongst all the channels. But
the disadvantage of this channel is, it su�ers from the large background from QCD
multijet events. In the second case, oneW boson decays leptonically into e�e, ��� or
��� and the other hadronically (into a quark-antiquark pair). This channel is called
semileptonic or lepton + jets channel. The BR for this channel is about 3 times the
BR for ee, e�, �� i.e. 14:8%. The large BR implies a larger cross-section, but the W
+ jets process is a large enough background to make this channel a more challenging
topology. In the third case, both the Ws decay leptonically giving ee, ��, �� , e�,
e� or �� . This channel is called dilepton channel. Events in which the leptons are
of the same type have a branching fraction of 1:25% and the events in which the
leptons are of di�erent type have a branching fraction of about 2:5%. These are the
cleanest channels i.e. they have very small backgrounds. Since in the present work
we have made study in t�t ! W+bW�b ! e�e���+jets or simply t�t ! e� channel
(e� channel), therefore this channel is described in the following section.
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2.6 e� Channel

When both theWs decay leptonically, one going into an electron (e) and neutrino
(�e) and the other to a muon (�) and neutrino (��). In this thesis, we will call it
to be an e� channel. The Figure 2.6 shows the schematic diagram for the t�t !
W+bW�b! e�+jets channel.
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Figure 2.6: Schematic diagram of the t�t! e�X decay.

2.6.1 Signal

An e� dilepton candidate consists of an event in which one of the W bosons
decays to e�e and the other to ���. The e� channel is having twice the BR of the ee
and �� channels while being free from much of the background from Z decay. The
main features which characterize an e� event are :

� One large transverse energy electron (Ee
T ) from W ! e�e decay.

� One large transverse momentum muon (p�T ) from W ! ��� decay.

� Substantial missing transverse energy E/T from two neutrinos.

� � 2 jets from the fragmentation of the two b quarks (and initial/�nal state
radiation).

The direct branching fraction for (t�t ! b�bW+W� ! e�e��� + jets) is 2:47%.
This is increased by an additional 0:96% when the contributions from t�t! l� ! e�
decays are included (where l can be e, � or �). However, the detection and recon-
struction eÆciencies for the � events are somewhat smaller because the transverse
energy (momentum) spectrum for the e(�) from a � decays is softer than those from
the direct W decay and the presence of additional neutrinos leads to decrease in the
total missing transverse energy E/T

cal
.
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2.6.2 Backgrounds

The background processes to the e� channel can be divided into two main cate-
gories : physical and instrumental. These are discussed below.

Physical Backgrounds

These are the results of processes which lead to �nal state containing an electron
and a muon with E/T

cal
and jets. These can mimic the signatures of top quark decay

into e� channel. The most signi�cant of these are :

� Z + jets Production
The inclusive production of a Z boson with associated jets can be a source
of background t�t ! e� events. Here the Z boson decays into �+�� and taus
further decay to give e and �. The jets in these events are typically produced
through radiative processes and have smaller transverse energies than those
from the b jets in the top events. The production cross-section of Z ! �� ! e�
is � 12 pb [14, 15] which is signi�cantly larger than the t�t! e� cross-section.
While the kinematics and topology can be used to suppress these events, they
still provide signi�cant background.

� Drell-Yan �+�� Pair Production
The Drell-Yan production of �+�� pairs is also a source of background. As with
the Z ! �+�� decay case, the �+�� ! e� decay can mimic the signatures of
a top quark event. The jets here are also produced through radiative processes
and have smaller transverse energies. Further suppression can be achieved by
using the transverse energy spectra of the e(�), which is even softer than that
from Z ! �+�� ! e�. The cross-section for this process is � 6 pb [16].

� WW Pair Production
The WW pairs are produced at the Tevatron Drell-Yan process. The �nal
e� state comes from the decays of the two W bosons. There is also a small
contribution from the W ! ��� decay with a sequential � ! e(�)��� decay.
The production cross-section for p�p ! W+W� at the Tevatron is � 10 pb.
The branching fractions of WW ! e� (including � decays) is 3:43% so that
the production cross-section for the e� �nal state is about 0.34 pb. Also, like
other Drell-Yan processes, the jets in these events are produced by radiative
processes and the ET spectra are softer. However, in terms of lepton �nal state,
the transverse energy spectra of leptons are identical to those of t�t events.

Instrumental Backgrounds

There are some backgrounds which come from the instrumental e�ects in the
detector and arise from the misidenti�cation of jets as electrons. These can be
conveniently separated into two categories depending on the source of the muon in
the events.
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� W + jets Production
The production of W + jets events is one of the main sources of instrumental
background. The measured production cross-section for p�p!WX ! ��X is
� 2.42 nb. If one of the associated jets is misidenti�ed as an electron then the
�nal state can mimic the t�t! e�X signature.

� b�b and c�c Production (QCD multi-jet processes)
This background is related to the production of QCD jets (mainly b�b and c�c).
The heavy quark (b or c) can have a semileptonic decay to a muon and may
transfer most of its energy to the muon, leaving little energy to hadronize.
Such jets can easily be missed in reconstruction. If one of the other jets
in the event is misidenti�ed as an electron, then the �nal state would be one
electron (misidenti�ed jet), one muon (from b or c decay) and suÆcient missing
transverse energy. Despite heavy suppression from kinematical and topological
constraints, this background can still be a source of signi�cant problem because
of the large b�b and c�c cross-sections.

2.7 Role of the Top Quark Mass

One of the most interesting top measurements will be the precise determination
of the top quark mass which allows in particular the improvement of the accuracy
of supersymmetric exclusion limits. The measurement of the helicity states of the
W boson from the top quark decay within the percent level will allow to search for
deviations of the SM. The measurement of the t�t spin correlation constitutes the
direct check of the top quark spin 1=2 and thus a fundamental test of the quark
spin and the QCD predictions for its production. For more details refer to [17].
Precise determination of the top quark mass will be the test of QCD predictions for
its production. In addition, the top quark mass can provide information about the
Higgs sector.

The W mass is also related to the Fermi Constant GF , which is the e�ective
weak coupling strength at low energy

mW =
1

2

g1

(
p
2GF )

1

2

(2.6)

In the SU(2) � U(1) model, g1 is also related to the �ne structure constant �,
yielding :

mW =
1

2

 
��p
2GF

! 1

2 1

sin�W
(2.7)

mZ =
A

sin�W cos�W
(2.8)

All of the above holds exactly at lowest order in the SM. However, higher order
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e�ects (or radiative corrections) cause slight modi�cations to the above equations.
Since, mW is known less precisely than mZ , �, GF and sin2�W , it is convenient to
absorb the contributions of these higher order e�ects into the equation for mW :

mW =
A

sin�W
p
1��R

(2.9)

where �R is the radiative correction. The radiative corrections to the W mass enter
due to fermion and Higgs boson loops in the W propagator. The sizes of the correc-
tions depend on the masses of the particles in the loops. The contributions from the
fermion loops are proportional to m2

f=m
2
W , and hence the top quark provides the

dominant term. Therefore, if one measures both mt and mW very precisely, above
equation provides a constraint on the allowed Higgs boson mass mH .

Unfortunately, the Higgs Loop contribution to �R is proportional to ln(mH

mW
)

i.e. one needs to measure mW and mt very precisely in order to narrow down the
allowed range for mH . Figure 1.1 shows the variation of mW as a function of mt

for various Higgs masses [18]. The width of the curves is due to uncertainty in the
measurement of other SM parameters.

2.8 Top Quark Mass Measurements

The top quark mass measurements in D� and CDF for each di�erent channel
are shown in Figure 2.7. The errors mentioned include both statistical as well as
systematical error.
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Figure 2.7: Summary graph of D� and CDF top quark mass results.
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Chapter 3

Tevatron

In our study, we have analyzed the data which was collected using the D� detector
at the Tevatron p�p collider located at Fermi National Accelerator Laboratory during
(1992-1996). The Fermilab Tevatron collides protons and antiprotons at a center-of-
mass energy (

p
s) of 1.8 TeV. Until the LHC at CERN, where

p
s = 14 TeV is built,

this is the largest center-of-mass energy available. The Tevatron is among the more
recent machines in a long line of accelerators which have contributed tremendously
to the development of particle physics [19, 20].

The production of top quark pairs requires a large center-of-mass energy and
therefore a colliding beam experiment is necessary and the detection of top quark
pairs requires a detector capable of identifying and measuring the energies of elec-
trons, muons, jets and neutrinos. The preference of proton beams over electron
beams for this purpose comes from consideration of the synchrotron radiation emit-
ted by an accelerating charged particle. The energy dissipated by synchrotron radi-
ation decreases as the fourth power of the mass of the accelerated particle and hence
it is far easier to accelerate proton beams to the needed energy. The drawback is
that protons themselves are complex objects comprised of quarks and gluons, which
complicates the analysis of the collisions and results in only some fraction of the
total proton energy being delivered to any particular collision.

One way of implementing a colliding beam experiment is to collide beam of a
particles with beams of its antiparticles. As the antiparticle shares all the charac-
teristics of the particle but has opposite electric charge, the two beams will circulate
in opposite directions in the same ring of magnets. Because of this, there is no need
to reconstruct a separate accelerating apparatus for each beam.

3.1 Principles of Operation

The Tevatron is a complex device and actually a total of seven acceleration
devices are used to produce the colliding proton and antiproton beams as shown in
Figure 3.1. The Tevatron has a long circumference of 3.7 miles which reduces the
energy loss due to radiation. The Tevatron consists of the following di�erent parts
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as brie
y explained below (details can be found in [21, 22]) :

� Cockroft-Walton Accelerator
The beam's birth place, a Cockroft-Walton electrostatic accelerator is the
preaccelerator. The process begins with a pressurized bottle of hydrogen gas.
Hydrogen gas is used as a source of protons. The proton beam initially starts
with 18 keV H� ions, which are accelerated to 750 keV by a Cockroft-Walton
electrostatic generator. The Fermilab preaccelerator operates in a pulsed mode
with a frequency of 15 Hz.

� Linac
The H� ions from Cockroft-Walton generator are injected into the Linac. It is
150 m long. This device induces an oscillating electric �eld between a series of
electrodes thus raising the energy of the ions to 200 MeV. At this stage, the
H� ions are passed through a carbon foil which strips the two electrons from
the ion to create a beam of protons H+.

� Booster-Synchrotron Ring
The protons are then steered into the Booster Synchrotron Ring (151 m di-
ameter). It is a cyclic machine which con�nes the protons to a closed orbit
using bending magnets. On each pass around the ring, the particle's energy
is increased by acceleration in a synchronized radio-frequency (RF) cavity. As
the momentum increases, the magnetic �eld in the bending magnets must be
increased if the particles are to remain in the ring (since p = qB�; p is the
particle momenta, q is the particle charge, B is the magnetic �eld and � is the
radius of curvature). Thus for a given ring the maximum particle energy is
limited by the maximum strength of the magnets and on exiting the booster
the protons have an energy of 8 GeV. As the energy of the protons increases
in this ring, the magnetic �eld is increased accordingly to keep the protons in
the ring.

� Main Ring (MR)
MR is a 400 GeV proton synchrotron with a radius of 1000 m. This ring is
composed of about 1000 conventional (Cu - coiled) magnets. MR is employed
to further accelerate protons upto 120 GeV and proton beam strikes a nickel
target to produce antiprotons. The protons circulate around the 3.7 miles long
MR in bunches containing 2�1012 protons each. Six bunches circulate around
the MR simultaneously. The bunch crossing time � for any part on the ring is

� � Circumference

cNbunch
= 3:5 �s (3.1)

� The Target Hall in which 2 � 107 antiprotons are produced by extracting
proton bunches onto a nickle/copper target. Then a magnetic lens is used
to form and inject the antiprotons into the debuncher in which a coherent
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beam is formed. This process is known as \stochastic cooling" process and it
reduces the transverse movement of the antiprotons. This process continues
until about 4� 1011 antiprotons are stored. The antiprotons are then injected
into the MR where they are accelerated to 150 GeV and then transferred to the
Tevatron ring. In the Tevatron, antiprotons circulate in the opposite direction
to the protons. Both protons and antiprotons are accelerated to acquire an
energy of 900 GeV before they collide at D� i.e. the center-of-mass energy of
p�p collisions is 1.8 TeV. At present, the center-of-mass energy of p�p collisions
in D� upgrade for Run II is 2.0 TeV .

The instantaneous luminosity is given by

Lins =
NpN�p

�S
� 5� 1030 sec�1cm�2 = 0:5 nb�1=sec (3.2)

where Np and N�p are the number of protons and antiprotons per bunch respectively
and S is the geometrical area of the interaction. The integrated luminosity, L is
de�ned as

L =
Z
Linstdt (3.3)

The cross-section � for a process is given by

� =
N

L (3.4)

where N is the number of events produced by the process.
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Figure 3.1: Schematic diagram of Tevatron collider at Fermilab.
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Chapter 4

D� Detector

The �nal state from p�p interaction may contain electrons, muons, jets and neu-
trinos. The D� detector is designed to identify and measure the energy of all these
particles. The D� detector is a multipurpose detector with almost 4� coverage at
one of the collision point of the Fermilab Tevatron p�p collider. With an emphasis
on precision measurements of leptons, photons and jets, D� is designed principally
to study high pT physics and high mass states. This includes the topics like : the
search for the top quark (primarily in the leptonic and semileptonic decay modes),
precision mass (and width) studies in the electroweak sector with the stress on a
precise determination of the W=Z mass ratio, measurements of the WW
 coupling,
searches for non-standard top and Higgs particle with W width studies, high pT
QCD physics as well as searches for new phenomena beyond the Standard Model.

4.1 Overview of D�

The physics which is to be emphasized determines the ideal detector. An ideal
detector consists of three main di�erent parts. Tracking system, which records the
hits encountered because of the passing particles in 3-dimensions. The calorimeter
records the energy of the particles which are coming out of the tracking detector. A
calorimeter would be so thick that it will absorb all the incident particles energies,
basically stopping all the known particles coming out except muons and neutrinos. A
muon system to detect muons. Neutrinos are chargeless weakly interacting particles
and not detected directly, but are accounted for the imbalance left in the total
detected momentum transverse to the beam.

The D� detector as stated above is a multipurpose detector specially designed to
provide good electron and muon resolution, superior electromagnetic and hadronic
energy resolution through highly segmented calorimetry and full solid angle coverage.
The basic components of the D� detector are :

� Central Detector

� Calorimetry
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� Muon Detector

A cutaway isometric view of the detector is shown below in Figure 4.1.

D0 Detector

Figure 4.1: Cutaway view of the D� detector.
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The central detector is designed to trace the trajectory of charged particles
(tracking). This tracking system is designed to be the closest to the point of in-
teraction to thereby minimize multiple scattering and identify secondary vertices.
The central detector is surrounded by the calorimeter. The calorimeter is designed
to measure the energy of particles and should be thick enough to stop particles,
except neutrinos and muons which escape, and measure the deposited energy. Since
the energy deposited by a lepton in matter is inversely proportional to the mass of
the particle, muons escape the calorimeter with little energy deposition. A tracking
system should contain as little material as possible to minimize the probability of
inelastic interaction before particles reach the calorimeter. Muons are detected by a
3-layer proportional drift chamber surrounding the calorimeter. Neutrinos interact
only weakly and can not be stopped by the calorimeter. Neutrinos are identi�ed by
balancing the energy 
ow transverse to the beam.

The D� detector weighs 5500 tons and the absence of a central magnetic �eld
makes it possible for the detector to �t in a compact volume of (13m high, 11m wide,
17m long) [23]. The D� detector is not designed for tracking and identi�cation of
individual particles within jets. A better jet energy measurement is achieved by
the calorimeter because of the absence of a central magnetic �eld. A magnetic �eld
would de
ect the charged particle out of the jets.

4.1.1 D� Coordinate System

D� uses a right-handed coordinate system with the +ve z-axis along the beam
in the direction of the protons and the y-axis points up as shown in Figure 4.2.
The angular variables are de�ned so that � = �=2 is parallel to the +ve y-axis and
� = 0 is coincident with the +ve z-axis. The azimuthal angle (�) is measured w.r.t.
the +x direction, and the polar angle (�) is measured w.r.t. the +z direction. The
transverse momentum (momentum vector projected on the xy plane) ~pT , for these
particles is small, so momentum conservation can be applied in the transverse plane.
pT is de�ned as :

pT � j~pT j = psin� (4.1)

This is particularly used due to the fact that in a p�p collisions, the total secondary
momentum along the beam of the colliding partons are not known since the sec-
ondary particles may escape down the beam pipe. However, their transverse mo-
menta are very small compared to their momenta along the beam i.e. plane per-
pendicular to the beam axis. So, one can apply momentum conservation in the
transverse plane. The transverse energy is de�ned as a vector whose direction is the
direction of ~pT in the transverse plane. If treated as a vector, the direction of ET

should be taken to be the same as the ~pT . The magnitude of ET is given as :

ET = Esin� (4.2)
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Figure 4.2: D� coordinate system.

Pseudorapidity (�) is frequently used instead of �. It is de�ned as

� = �ln(tan�
2
) (4.3)

which is an approximation of the rapidity (y) de�ned as

y =
1

2
ln(

E + pz
E � pz

) (4.4)

in the high energy limit thatm=E � 1, where m(=
p
E2 � p2) is the invariant mass,

the variable � approaches the true rapidity (y) of the particle i.e. y � �.

Rapidity is useful quantity because it is invariant under longitudinal Lorentz
boosts. Also, in many processes the di�erential cross-sections are constant in rapid-
ity. For example, in minimum bias events the quantity dN=d� � constant.

It is often convenient to express polar angles in the detector rest frame denoted
�det which is computed w.r.t. x = y = z = 0. In practice, the interaction point is
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characterized by a Gaussian distribution centered at z = 0 with �z � 30 cm, so that
� and �det may di�er slightly for a given particle.

4.2 Central Detector

The purpose of the central detector (CD) is to reconstruct the 3-dimensional
trajectory of each charged particle passing through. The length of the CD is 270 cm
and its radius is 78 cm. It provides charged particle tracking in the region j�j < 3:2
with good spatial resolution of individual particles and a good determination of the
ionization (dE=dx). Tracking in the CD is important because,

� Using the tracking information, we can determine whether an electromagnetic
shower in the calorimeter is produced by an electron, a photon or �0.

� The precise measurement of the location of the interaction vertex (collision
point) is done using the CD tracking information. The precise vertex mea-
surements can be used for the calorimeter, position measurements. The CD
system of the D� detector has no magnetic �eld so momentum information is
not available at this stage.

� By measuring dE=dx for a track, one can decide if a track is caused by photon
conversion, 
 ! e+e�.

The CD consists of four sub-detectors as shown in Figure 4.3. These four sub-
detectors, ordered from inside to outside, are :

� The vertex drift chamber (VTX) surrounding the beryllium beam pipe.

� The transition radiation detector (TRD) surrounding the VTX.

� The central drift chamber (CDC) surrounding the TRD.

� The forward drift chambers (FDC) at each end of the central detectors.

4.2.1 Basics of Drift Chamber Operation

A charged particle can interact in several di�erent ways with a medium through
which it is passing. At present, tracking detectors only utilize the Coulomb interac-
tion with atoms and nuclei in a medium. Coulomb interactions can be further sub-
divided into three principle classes : interaction with electrons in individual atoms
(ionization), interaction with the nucleus and collective e�ects such as Cerenkov
radiation. The working principle of the drift chambers is based on the fact that
energetic charged particles cause ionization along their path as they pass through
a gas. When a charged particle passes through a gas, it will interact with nearby
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Figure 4.3: Side view of the D� tracking system.

atomic electrons, creating electron/ion pairs along its path. The number of elec-
tron/ion pairs created depends on the energy of the particle and the type of the gas.
An electric �eld is used to collect the liberated electrons and cause them to drift
through the gas towards the positive electrode (sense wire). The drifting electron
causes further ionization along the way to the positive electrode. As the acceler-
ated electron gets closer to the anode it experiences a stronger electric �eld causing
electron to accelerate faster and gain enough energy to cause further ionization.
This phenomenon in which the number of the electrons increases exponentially is
called the avalanche e�ect. This e�ect gives rise to a measurable current which is
proportional to the original number of ions created. The ratio of the �nal number
of electrons collected by the anode to the initial number deposited is called the gas
gain. The gas gain is of the order of (104� 106) for a typical drift chamber. The ve-
locity of a drift electron is a known quantity determined by the strength of the �eld
and the density, pressure and temperature of the gas. The fact that the velocity of
the electron is known along its path to the anode enables us to measure the position
of the source particle knowing the drift time. In order to obtain a linear relationship
between the electric �eld and the velocity of the electron, it is necessary to have an
electric �eld which is constant over a large volume. The large electric �eld needed to
drift electrons far away from the anode is generated by a very thin wire (20�100 �m
in diameter). Additional electrodes, known as �eld-shaping electrodes are used to
make the electric �eld more uniform.
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4.2.2 Vertex Drift Chamber

The vertex drift chamber (VTX) is the innermost drift chamber used for vertex
position measurement. It consists of four carbon �ber cylinder surrounding three
concentric layers. The innermost layer has a length of 97 cm and the next two layers
are still longer by about 10 cm, with the outermost being about 117 cm in length.
The VTX extends from r = 3:7 cm to r = 16:2 cm radially. The length of the
innermost layer is 97 cm and each successive layer is about 10 cm longer. The gas
used for the operation of the VTX is a CO2-ethane mixture maintained at 1 atm
with a small admixture of H2O. Figure 4.4 shows an end view of the VTX chamber.
The VTX chamber is a jet chamber. In a jet chamber sense wires are strung in

Figure 4.4: End view of one quadrant of the D� VTX chamber.

planes parallel to the path of the particles from the interaction vertex. The inner
layer is divided into 16, while the two outer layers into 32 cells each. Each layer
is rotated in � w.r.t. the adjacent layer to eliminate dead regions and left-right
ambiguities. The drift time measurements only yield the distance electrons have
drifted, since the drift can be from either left or right, the position of any single

31



hit is ambiguous. Each cell contains 8 sense wires, which are staggered out of the
(r � �) plane by 100 �m to lessen left-right ambiguities. The (r; �) position of the
track is determined from the drift time. The z-position is determined using charge
division in which the sense wire is read out at both ends.

4.2.3 Transition Radiation Detector

The transition radiation detector (TRD) is located in the space between the VTX
and the CDC. It is used to provide additional electron identi�cation availability
(independent of the calorimeter). The working principle of the TRD is based on
the fact that the charged particles radiate photons in the forward direction as they
traverse the boundary between the two media with di�erent dielectric constants.
The radiation intensity is proportional to 
 � 1p

1�v2=c2
= E=mc2 and concentrated

in a cone with a half angle proportional to 1=
. For highly relativistic charged
particles (
 > 103), the radiation is in the X-ray frequency range. Using these
characteristics, TRD discriminates particles with di�erent masses which have similar
energies. In order to obtain a reasonable signal, the charged particle has to traverse
a large number of boundaries. The D� transition radiation detector is utilized to
discriminate electrons from heavier particles. Electrons are the only particles at the
Tevatron likely to cause detectable transition radiation. The TRD has three layers,
each layer containing 393 sublayers of 18 �m polypropylene foils with a mean spacing
of 150 �m. The gaps between the foils are �lled with dry nitrogen. Each radiation is
surrounded by a xenon �lled drift chamber to detect the transition X-ray radiation.
The TRD provides a factor of 10 rejection against pions with a high eÆciency of
90% for isolated electrons. For further information on TRD refer to [23, 24].

4.2.4 Central Drift Chamber

The central drift chamber (CDC) is the outermost sub-detector of the CD. It is
in between the TRD and the central calorimeter and it is used to detect tracks at
large angles. The pseudorapidity range of j�j � 1:2 is covered by CDC. The CDC
consists of four layers which extend radially from r = 49:5 cm to r = 74:5 cm and
184 cm long. Figure 4.5 shows the end-view of a position of the CDC. Each layer of
the CDC is divided into 32 identical sectors which are arranged in a cylindrical ring.
Within each module, there are 7 equally spaced tungsten sense wires of diameter
30 �m, staggered 200 �m relative to each other to resolve left-right ambiguities.
The CDC has a jet geometry similar to the vertex chamber. The (r; �) position of a
hit is determined using the drift time and the z-position is measured by comparing
the arrival times of the avalanche induced pulse at both ends of the inductive delay
lines placed in the module walls in the sense wire plane.
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Figure 4.5: End view of three CDC modules.

4.2.5 Forward Drift Chambers

The forward drift chambers (FDCs), covering 1:2 � j�j � 3:1, are located at both
ends of the CDC. This translates to a � range of � 5o � 34o. There are two sets of
chambers, one located at each end of the CDC. Each set of FDC consists of three
layers of chambers, two � layers sandwiching � layer (Figure 4.6). The � layer is
divided into 36 azimuthal drift cells, each containing 16 sense wires strung radially.
The two � layers consist of 4 separate quadrants, each containing 6 rectangular
drift cells. The sense wires in each cell are oriented parallel to the z-axis. In each
rectangular drift cell there is a delay line similar to that of CDC to measure the
position along the length of the cell. However, there is no delay line in the � layer.
The outer � chambers are rotated by 45o w.r.t. each other.

4.3 Calorimeter

The calorimeter is the centerpiece of D� detector. Because of the absence of
a central magnetic �eld at the D� experiment, the calorimeter is the only source
of precise energy measurements for most of the particles. Furthermore, it provides
much of the information necessary for the identi�cation of electrons, photons, jets
and muons and plays an essential role in the determination of the missing energy
(E/T ). A more detailed discussion can be found elsewhere [20, 25].

4.3.1 Basics of the Calorimeter Operation

Analogous to the well known laboratory device for measuring heat, a calorime-
ter is a device that measures the total energy deposited by a particle or cluster of
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Figure 4.6: One of the two sets of the FDCs.

particles. A calorimeter is a block of matter of suÆcient thickness which intercepts
the primary particle and causes it to interact and deposit all of its energy in the
subsequent cascade or shower of increasingly lower energy particles. In calorimetery,
one measures the energy deposited by a particle, by stopping it in an absorber. As
a high energy electron (Ee � 10 MeV) passes through a dense material, it interacts
electromagnetically with atomic nuclei in the material and emits energetic photon
(Bremsstrahlung). A high energy photon, in turn, produces electron-positron pairs.
The photons and electron-positron pairs created through Bremsstrahlung or pair
production produce more electrons, positrons and photons undergoing the same
processes. Therefore, an energetic photon or electron passing through dense media
can produce a shower of electrons, positrons and photons known as an electromag-
netic shower. As the shower develops, it loses energy mostly due to ionization until
it does not have enough energy to go through showering processes. The rate of
energy loss in a material is constant and depends only on the type of the material.
The rate is expressed is

(dE=dx)

E
= � 1

X0
or E = E0e

�x=X0 (4.5)
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where X0 is called the radiation length.
Hadrons, on the other hand, lose energy by colliding inelastically with atomic

nuclei. The hadrons produced by these collisions can cause more inelastic collisions
to produce a hadronic shower. The hadronic shower continues to develop until it
loses its energy due to ionization and inelastic collisions. The rate of energy loss
for hadronic shower is the same as in Eqn. 4.5 with X0 replaced by the nuclear ab-
sorption length �. For uranium, � � 10:5 cm, whereas X0 � 3:2 mm. So, hadronic
showers are generally both longitudinally and transversely larger than electromag-
netic showers.

In order to measure the energy of the low energy particles produced through
showering, layers of an ionization sensitive material can be inserted in the dense
particle absorber. Since, this active medium only sees a fraction of the energy lost
by the incident particle, this type of calorimeter is called a sampling calorimeter.
The fraction of the energy detected is known as the sampling fraction.

The response of the calorimeter to electromagnetic and hadronic showers is di�er-
ent. Since neutrinos and muons produced by K and � decays escape the calorimeter
and the nuclei break-up energy is not measured, the calorimeter response to hadronic
showers is smaller. This di�erence in calorimeter response to electromagnetic and
hadronic showers is quanti�ed by measuring the ratio of the response to electron and
pions, known as the e=� ratio. Hadronic showers can have electromagnetic compo-
nents through � and � decays to photons. The fraction of hadrons which cause
electromagnetic showers may change from shower to shower. In order to have an
energy resolution independent of this, it is desirable to have e=� = 1. A calorimeter
with e=� � 1 is called a compensating calorimeter.

4.3.2 Calorimeter Con�guration

The D� calorimeter is a sampling calorimeter. In the D� calorimeter, uranium
is used as the absorber material and liquid argon (LAr) as the sampling medium.
Some of the important parameters for uranium are :

Density 18:95 g=cm3

Radiation Length (X0) 6:00 g=cm2

Nuclear Interaction Length (�) 1:99 g=cm2

Moli�ere Radius (�M) � 1:1 cm

where (�M ) � X0=�c and �c � 580
Z
(MeV) is the critical energy. LAr is chosen

as the sampling medium since it allows uniform gain over the entire calorimeter, is
relatively simple to calibrate, allows 
exibility in the segmentation of the calorimeter
into readout cells and is not susceptible to radiation damage. The calorimeter is
divided into a central calorimeter (CC), covering j�j < 1:2 and two end calorimeters
(EC) with an approximation coverage of 1:1 < j�j < 4:5. Since the sampling material
used in the calorimeter is LAr, the calorimeter has to be kept cold. Therefore, both
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CC and EC are placed inside cryostats. Figure 4.7 shows the isometric view of the
D� calorimeter.

1m

D0 LIQUID ARGON CALORIMETER

CENTRAL 
CALORIMETER

END CALORIMETER

Outer Hadronic
(Coarse)

Middle Hadronic
(Fine & Coarse)

Inner Hadronic
(Fine & Coarse)

Electromagnetic

Coarse Hadronic 

Fine Hadronic 

Electromagnetic

Figure 4.7: Isometric view of the D� calorimeter.

Central Calorimeter

The central calorimeter (CC) consists of three concentric cylindrical shells 226
cm in length with a radial coverage of 75 cm< r <222 cm. The inner layer contains
32 electromagnetic (EM) modules for electromagnetic shower measurement. The
middle layer contains 16 �ne hadronic (FH) modules, measuring hadronic showers.
The outer layer consists of 16 coarse hadronic (CH) modules, to reduce the leakage
out of the calorimeter to the muon system. In order to reduce the energy loss in
cracks, the EM, FH and CH module boundaries are arranged so that there are no
cracks, pointing at the interaction point. The typical coverage of a readout cell is
0:1�0:1 in (���) space. The cells in the third layer of the electromagnetic modules
are smaller (0:05� 0:05) and the cells in pseudorapidity beyond 3.2 are larger.

End Calorimeter

There are two end calorimeters (ECs), one located at the north : the North End
Calorimeter (ECN) and the other at the south : the South End Calorimeter (ECS),
ends of the central tracking system.
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4.3.3 Calorimeter Performance

The calorimeter energy resolution is given by

�
�

E

�2
= C2 +

S2

E
+
N2

E2
; (4.6)

where C, S and N are constants re
ecting the error due to calibration gain, statisti-
cal 
uctuation and noise respectively. The measured values for these constants are :
For electrons

C = 0:003� 0:002; S = 0:157� 0:005 (GeV)1=2; N � 0:140 GeV; (4.7)

For pions

C = 0:032� 0:004; S = 0:41� 0:04 (GeV)1=2; N � 1:28 GeV; (4.8)

The e=� ratio ranges from 1.04 at 150 GeV to 1.11 at 10 GeV and the resolution
for position measurements is about 0.8-1.2 min.

4.4 Muon System

In order for a particle to pass through the material in the calorimeter, it must (i)
have lifetime suÆcient to travel several meters before decaying, (ii) not participate
in the strong interaction (and thereby cause a hadronic shower), and (iii) be unlikely
to lose substantial energy due to bremsstrahlung (thereby initiating an electromag-
netic shower). The only charged particle known to have these properties is the
muon, and therefore, detectors are constructed outside of the calorimeter expressly
for muon detection. Since, muons deposit little of their energy in the calorime-
ter, a spectrometer must be used to measure their momenta. This is formed by
layers of proportional drift tubes (PDTs) surrounding a magnetized iron toroid.
Measurement of the particle direction before and after traversing the toroid allows
determination of its momentum and the presence of the additional material outside
the calorimeter makes it extremely unlikely that any particles other than muons will
reach the outer layers of drift tubes.

The muon system consists of 5 separate solid iron toroidal magnets, with three
layers of proportional drift tube chambers (PDTs) surrounding these toroids for
measuring the track coordinates. The purpose of this system is the determination
of the muon trajectories and the momenta, which is done by measuring the muon's
trajectory before and after it passes through the magnetized iron toroid. The 5
magnets are : a magnet in the central region called CF (Central Fe) covering j�j �
1:0, two magnets in the end regions called EF (End Fe) covering 1:0 < j�j � 2:5
and the two magnets in the Small Angle Muon System (SAMUS) covering 2:5 <
j�j � 3:5. The CF and the two EFs together are known as the Wide Angle Muon
System (WAMUS). Both the WAMUS and SAMUS chambers are deployed in three
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layers. The inner and the two outer layers are referred to as A, B and C layers
respectively. Layer A is before the iron toroids and the B and C layers are after the
magnets. The air gap between the B and C layers varies from 1 to 3 m. Associated
with these magnets are several layers of proportional drift tube chambers (see Figure
4.8). There are some gaps (missing PDT layers) underneath the detector to provide
support elements for the calorimeter and give access to the detector.

The muon system is quite thick as shown in Figure 4.9. The variation of the
detector thickness, in terms of nuclear interaction lengths, as a function of polar
angle clearly indicates the amount of material present before a muon enters the
muon toroids. This helps in reducing the hadronic punchthrough background and
provides us with a clean muon identi�cation environment. This allows muons to be
identi�ed in the middle of hadron jets with much greater purity than electron can
be. The muons should have at least a minimum energy of 3.5 GeV to reach the muon
system in the central region i.e. at � = 0. This minimum energy becomes about 5
GeV at larger � as the muon has to go through more material in the calorimeter.
For detailed discussion of the muon system refer to [26, 27, 28]. For the parameters
details of all the basic components of D� detector refer to [29].

Figure 4.8: Elevation view of the D� detector showing the muon system.
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Figure 4.9: Detector thickness (in interaction length) as a function of polar angle.

4.5 Detector Operation

Proton and antiproton beams are typically kept circulating the Tevatron for
about 20 hrs, during which the detector is active and recording data. As the beams
circulate, they gradually dissipate, resulting in lower luminosity at the collision
point. This change in running conditions means that a set of prescale factors which
is optimized for the beginning of a store will be unable to �ll the available bandwidth
near the end of the store. In order to maintain optimal throughout, data taking is
periodically paused to allow the downloading of a set of prescale factors optimized
for the current luminosity.

The time in which a given prescale set is in place and the detector is running
continuously is referred to as a run. For events which pass Level 2 trigger (Sec.
6.1) are numbered sequentially within each run meaning that an event is labeled
uniquely by its run and event number.
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Chapter 5

Fabrication of Pixel Scintillation

Counters

During my research work, besides studying the di�erent \non-conventional" meth-
ods to determine the top quark mass, I have contributed in the fabrication of pixel
scintillation counters along with the group at Panjab University (PU). Our group
and Delhi University group were assigned to build about 120 Pixel Scintillation
Counters. These counters were supposed to be used in forward muon detectors in
the muon system. This chapter provides a brief description of D� upgrade, the
steps involved in the fabrication of pixel scintillation counters and their testing at
PU.

5.1 D� Upgrade

The D� detector has proved to be an excellent instrument to check the consis-
tency of the Standard Model. Its �nely segmented calorimeter and large angular
coverage for electron and muon identi�cation and measurement have enabled a wide
range of physics studies.

The goal of D� upgrade is to exploit fully the physics potential of the Tevatron
Collider in the high luminosity Main Injector environment. An integrated luminosity
of 2 fb�1 accumulated at upto 2� 1032 cm�2s�1 is accompanied by a reduction in a
bunch spacing. This factor of 10 increase in integrated luminosity over previous run
will provide an opportunity for signi�cant improvement sweeping the wide range of
physics studied at the D� experiment. The upgrade will signi�cantly enhance the
capabilities of the detector :

� b-quark decays will be tagged using displaced vertices in the silicon tracker.

� Muon identi�cation and triggering will be enhanced, especially at low pT .

� Electron identi�cation and triggering will be improved using preshower detec-
tors and magnetic central tracking and electron charge will be determined.

41



With an integrated luminosity of 2 fb�1, the detector will be capable of :

� Precise studies of large statistics samples of the top quark including single-top
production.

� Precision electroweak measurements including the mass of the W and sin2�
for light quarks and studies of multi-boson production.

� Measurements of QCD processes with large statistics in new regions of phase
space and with new probes (W=Z=
 + jets) as pioneered by D� in Run I.

� A well-focused B-physics program including CP violation in the B ! J= K0
s

system, Bs mixing, heavy quark spectroscopy and rare decays.

� Powerful searches for physics beyond the Standard Model.

Capability to identify and trigger on muons is one of the key features necessary
to exploit these possibilities. The upgraded D� muon system features full coverage
for j�j < 2. The physics motivation for going to the higher luminosities are the
studies of low cross-sections, high pT processes, such as top and W=Z, and search
for new phenomena. In order to maximize the acceptances for muons from these
processes, suÆcient detector coverage is required.

The three layers of the muon system are designated as A, B and C. Layer A is
closest to the interaction region, and the toroid magnet is located between the layers
A and B. For j�j � 1, the WAMUS PDTs have been retained but the electronics,
from the front-ends of the Movable Counting House (MCH), have been replaced. The
primary reason for this change is the aging of the WAMUS PDTs. The chambers
su�er from a radiation induced buildup of material on the anode wires derived from
the cathode pad polyresin material. Studies of the aging of the forward WAMUS
chambers have already revealed that those chambers are not going to survive in Run
II. A new design for the forward muon system has been developed which is called
forward angle muon system (FAMUS).

The layout of the forward muon system (1:0 < j�j < 2:0) as shown in Figure 5.1
includes three layers of scintillation counters for triggering on events with muons on
both sides of the detector. Forward muon system consists of the following major
parts :

� 3 layers of mini drift tubes (MDTs) for muon track reconstruction.

� 3 layers of scintillation counters for triggering on events with muons.

� Shielding around the beam pipe from calorimeter to the acceleration tunnel
to reduce trigger rates, fake tracks reconstruction and aging of detectors.
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Figure 5.1: Side view of the D� upgrade detector with major upgrade detector
system indicated.
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As already mentioned, there will be 3 layers (A, B and C) of scintillation counters
on each side of the detector, A - closest to interaction region, then B, and C is the
most distant from the detector center. Three layers of forward muon scintillation
counters (FMSC A, B, C layers) are arranged in a projective (r � �) geometry for
uniform coverage in � and � with 4� = 0:1 and 4� = 4:5o segmentation. The
� segmentation of 4:5o matches track candidates from �ber tracker trigger (CFT)
sectors. The � segmentation of the �rst nine rows of counters is 0.12 and for the last
three it is 0.07. The selected segmentation was optimized to keep total number of
counters per octant (1/8 plane) at 96, cover the FAMUS � region, match with the
MDT sensitive area and minimize counters sizes at small �. Each plane of counters
is divided into 8 octants with 96 counters per octant in order to reduce the size of
the mechanical units during production and testing; the C plane size is 12�12 m2.
Each octant is assembled and tested separately. Each plane of counters is mounted
in the D� detector with the support at the top of the frame and is movable along
beam line in order to get access to MDT planes.

The segmentation (4� = 0:1, 4� = 4:5o) has been optimized w.r.t. multiple
scattering, the �ber tracker trigger azimuthal segmentation, the minimummuon mo-
mentum, background trigger rates, and the number of channels. Such a design leads
to substantially di�erent sizes of trapezoidal counters, varying from 10� 15 cm2 to
60 � 106 cm2. Advantage of scintillation trigger counters is their ability to count
substantially less background hits than other types of detectors. Reduction in the
gate width from 10 ns to 20 ns reduces the number of the background hits per plane
by 10 times, keeping 100% eÆciency of muon detection. The minimum ionizing par-
ticle (mip) energy deposition in 12.7 mm scintillator is 2.5 MeV. Setting a detection
threshold at 0.5 MeV will reduce the counting rate due to neutrons by a factor of
3. The minimum pixel size is dictated by the requirement of triggering eÆciently
on muons down to pT = 3 GeV, where the typical multiple scattering angle is about
3o. On the other hand, �ne granularity is needed in order to keep the combinatoric
backgrounds under control. Since the combinatoric rejection varies as n3 for 3 layers
of n scintillator pixels in coincidence with the CFT trigger, a factor of two coarser
granularity would give almost an order of magnitude increase in accidental triggers.
Each plane consists of two overlapped sub-planes in order to remove any dead zones
between the counters.

The total number of FMSC counters in the system is 4608. These are grouped
into octants matching the MDT arrays. There are about 96 counters per octant.
The forward angle muon trigger design (Figure 5.2) is optimized to provide good
time resolution and uniformity of response for better background rejection and high
eÆciency of muon detection. The selected design of a typical counter is as shown
in Figure 5.3 for counters with size 216 � 338 mm2 [30]. It consists of 12.7 mm
thick Bicron 404 A scintillator plate cut to trapezoidal shape with two Kumarin 30
WLS bars for light collection. The bars are 4.2 mm thick and 12.7 mm wide. These
were installed along two sides of the counters and bent at 45o to collect light on the
phototube.
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Our PU group and Delhi University group were assigned to build about 120
special counters with �bers around the scintillator. The design is as shown in Figure
5.4 (a). The main idea of this design is that the � 1=6th of total light in scintillator
plate goes to each of the six side inside internal re
ecting ones : the smaller is the
side, the higher is the brightness of light to this side. Fibers are oriented to collect
light to the small sides of the plate. Therefore, 4 out of 6 sides are covered using
only 12 �bers for 12 mm thick scintillator (� 4=6th of total light goes to these �bers).
Both ends of the �bers are glued to a lucid tube. This assembly is diamond cut and
placed at the PMT photocathode. The length of the �ber is equal to the perimeter
of the scintillator. This design is good for counters that are not very large. The
advantages of this design are :

� Higher eÆciency of light collection using smaller number of �bers.

� It is not necessary to cut, polish and mirror the ends of �bers opposite to the
PMT.

� A smaller diameter PMT may be used.

� It is easy to place PMT on the top scintillator, the small number of �bers
makes �ber assembly more 
exible.

Results show that a scintillator of size 465 � 325 � 12:7 mm3 gives 54 photo-
electrons on the center of with a non uniformity of �3:5% with �t = 1:0 ns as
shown in Figure 5.4 (b). The Figure 5.4 (b) shows the light yield on the center of
the counter versus the number of �bers for two di�erent size counters. There is a
saturation e�ect for this dependence. It is clear from the �gure that a counter of
size 465 � 325 � 12:7 mm3 gives 54 photoelectrons and good enough timing with
�t = 1:48 ns. The uniformity of light yield for counters with size 200�200�3:3 mm3

is shown in the Figure 5.5. Measurements using a scintillator plate with unpolished
but machined sides were performed for some light collection methods. The less ex-
pensive unpolished variant is not worse (even better) than the polished one in the
yield of photoelectrons and uniformity for the studied methods. For D� upgrade
please refer to [31]
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Figure 5.2: The forward angle muon trigger design.
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Figure 5.3: Design of the scintillation counter.

47



Figure 5.4: (a) Design with �bers around the counter perimeter. (b) Number of pho-
toelectrons vs. number of �bers for design with �bers around the counters perimeter.
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Figure 5.5: Uniformity of light response for counters using WLS �bers. Measure-
ments used the radioactive source Ru106.
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5.2 Pixel Scintillation Counters

We fabricated 5 prototype pixel scintillation counters at PU Chandigarh. The
�nal drawing for the scintillator is similar to as shown in Figure 5.4 (a) except that
the PMT is placed width wise. The �nal drawings of the fabricated scintillators are
given in Appendix A (A Drawings). The steps involved in the fabrication are as :

1. The scintillation counters have been fabricated using Bicron 404A scintillator1.
The Bicron 404A scintillator was chosen because of its low cost and good per-
formance. It is approximately a factor of two less expensive than comparable
scintillators. This scintillation has a relatively short attenuation length, but
this is not a problem because the light collected within a short distance by
wavelength shifting �bers (WLS �bers), Bicron BCF91A WLS �bers2.

2. The scintillator is cut into the given size. For holding of 12 WLS �bers around
the scintillator, special grooves on the four corners of the scintillator have been
made to avoid breaking of �bers at the corners. These grooves are made on
both sides of the scintillator so that in each groove 6 �bers could be inserted.
The scintillator was machined with 1 mm wide and 6 mm deep wide round
grooves on one side. The grooves are rounded to a radius of 39.5 mm and 44.5
mm respectively. There are total of 8 grooves. The machining was done using
computer controlled CNC machine at Central Tool Room Ludhiana (CTRL).

3. Since 12 WLS �bers are used for the collection of light, a special plastic cookie
is designed to make a bunch of 24 �bers (12� 2) �bers. 24 �bers are inserted
into this cookie and these �bers are held in place with Bicron 600 optical
epoxy3. The �bers are rough cut with a saw and then the ends of cookies and
the �bers are diamond polished. A special type of coupling was designed to
couple cookie to the tube for passing on the collected light to the PMT. This
coupling is �xed on the top cover with the help of a clamp of diameter 42.0
mm. A special cookie cover is designed to cover the cookie and make it light
tight.

4. The counters are then wrapped with a tyvek sheet (a plastic insulating mate-
rial) with a hole cut for the �bers and cookies. It is used because it improves
the counter response by about 10% which results in the better collection of
light. This is further covered with a black tydler paper to avoid any interfer-
ence of external light.

5. In order to provide the support for the counter, a special aluminium channel
frame has been designed, fabricated and placed over the aluminium sheets

1Type BC404A scintillator, Bicron Corporation 12345 Kinsman Rd, Newbury, OH 44065-967.
2Type BCF91A wavelengthshifter �ber, Bicron Corporation, 12345 Kinsman Rd, Newbury, OH

44065-9677.
3BC-600 Optical Epoxy, Bicron Corporation, 12345 Kinsman Rd, Newbury, OH 44065-9677.
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around the edges and bolted together. Special notches (total 8 notches) have
been made on each cover which are ultimately used for holding of the alu-
minium channel around the counter.

6. The counters have metal clamps attached at the center for additional support.

7. To �x this cookie cover on to the top cover, rectangular spacer was designed.
For the compensation of clamp used for holding of cookie, cylindrical spacers
of diameter 10.0 mm and height 11.5 mm are used.

8. For the collection of light, Green extended phototube 115M from MELZ have
been used. These tubes were procured along with the voltage divider (RC
network) and a metallic light tight housing, which is coupled to the cookie
with the help of coupling already described. The clamp of diameter 48.0 mm
and cylindrical spacer arrangement was used to hold the PMT housing on the
top cover.

9. Two thick aluminium sheets were made to cover the top and bottom surface
of the scintillator.

The dimensions of the �nal counter as well as the material to be used were
�nalized at Fermilab and passed on to us for the �nal fabrication of these counters.
The total set of drawings were designed and developed in the department during the
tenure of my work and got approved from Fermilab, USA before �nal fabrication
was carried out in the department. The drawings Figures A.1 - A.14 having the
complete design of the scintillator counters are given in Appendix A. The pixel
counter assembly was designed and developed at the PU, Chandigarh. A total
of 5 pixel counters were fabricated. Mechanical fabrication work was done at the
department as well as in the Central Tool Room Ludhiana (CTRL). For scintillation
counters refer to [32].
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5.3 Cosmic Ray Setup

To measure the eÆciency of the counters, the counters were put to Cosmic Ray
muons for testing on data acquisition setup (DAQ). The block diagram of Cosmic
Ray setup at Panjab University, is shown in Figure 5.6.

Cosmic rays are produced in the collision of extra terrestrial particles with nuclei
in the earth's upper atmosphere. These are very high energy particles, mainly
protons, from outer space. When they enter earth's atmosphere they interact with
the nuclei of the atmospheric gas molecules. One of the products of these reactions
is a particle called muon. Muons are formed from the decay of pions, which are
created in the upper atmosphere. The muons being more penetrating, manage to
reach the surface of the earth without being absorbed. A muon is roughly 200 times
heavier than an electron. Since muon is so heavy it is unstable and decays into an
electron and two neutrinos : precisely, a muon type neutrino and an electron type
antineutrino.

�� ! e� + �e + ��� : (5.1)

In DAQ, we have two master/standard paddles in which we have used EMI
tubes numbered 66263 and 66268. These standard paddles are made up of plastic
scintillator material which have been cut in rectangular shapes. The paddle is
wrapped in a special tyvek paper to re
ect back the light and further these are
wrapped with black paper to avoid any interference from external light. In these,
instead of �bers, the scintillator light is conducted to the PM via a light guide (or a
light pipe). The light guide is made up of optical quality perspex and works on the
principle of internal re
ection i.e. light entering from one end is \guided" along the
pipe by internally re
ecting it back and forth between the interior walls. A round
cookie of the size of the PMT has been used to pass the collected light signal on to
the tube. This cookie is joined to perspex material with the help of glue.

The EMI Photomultiplier tubes (PMTs) in standard paddles have been fed with
HV +1600 V. From these standard paddles, the pulse signals are fed to discrimi-
nator. Pulse signals are brief surges of current or voltage in which information is
contained in one or more of its characteristics e.g. its polarity, amplitude, shape
etc. This mode of coding is natural in nuclear and particle physics as most of the
modern particle detectors are pulse devices. The amplitude or the pulse height is
the height of the pulse as measured from its maximum value to the instantaneous
baseline below the peak whereas the voltage or current level to which the pulse
decays is called the baseline of the signal.

The discriminator is a device which responds only to input signals with a pulse
height greater than a certain threshold value. The value of the threshold has been
adjusted with the help of a screw on the front panel. An adjustment of the width of
the logic signal is done via similar controls. The discriminator also blocks out low
amplitude noise pulses from PMTs or other detectors. Good pulses, which should
in principle be large enough to trigger the discriminator, are then transformed into
logic pulses for further processing.
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Figure 5.6: Cosmic ray test setup at Panjab University.
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The logic or digital signal may only take on discrete number of states i.e. the
information is of quantized nature. Although the logic signal carries less information
than the analog signal, from a technical point of view it is more reliable since the
exact amplitude or form of the signal need not be perfectly preserved. Indeed,
distortion or noise, which are always present in any circuit will easily alter the
information in an analog signal but would have much less e�ect on the determination
of what state a logic signal is in. If the pulse height of the input signal is greater
than a given threshold, the discriminator responds by issuing a standard logic signal;
if not, no response is made. Figure 5.7 below shows the discrimination operation
i.e. only signals whose amplitude is greater than the �xed threshold trigger an output
signal which is a logic (digital) signal.

Figure 5.7: Discriminator operation : only signals whose amplitude is greater than
the �xed threshold trigger an output signal.
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The noise is in the range 15-25 mV in the PMTs which we have used. This noise
(or distortion) in our circuit setup can result from number of reasons. But the most
important sources causing the 
uctuation are the presence of

i) dark currents.

ii) statistical noise-in-signal e�ects.

The dark current is the small current which 
ows even when a PMT is not
illuminated. It arises from several sources :

i) Thermionic emission from the cathode and dynodes : It is the principal com-
ponent.

ii) Leakage currents : Leakage currents going through the electrode supports and
the pins at the base also contribute a large component to the dark current. By
lowering the breakdown voltage, leakage current through the pins is reduced.

iii) Radioactive contamination : Radioactive materials in the glass housing or
support materials can also cause electron emission from the photocathode or
dynodes. The radiation from these contaminants can either directly strike the
electrodes or cause 
uorescence in the glass housing itself. In each case, a
small current results.

iv) Ionization phenomena : Residual gases left or formed in the PM also cause a
detectable current. These gas atoms can be ionized by the electrons and since
they are of the opposite charge, will accelerate back towards the cathode or
dynodes where they can release further electrons. This results in afterpulses
occurring in a time equal to the time needed for the ions to transit the tube.

v) Light phenomena : Under high current, the afterpulses may also be caused by
electrode glow i.e. light emitted by the last few dynodes which travels to the
photocathode.

Statistical noise is a direct result of the statistical nature of the photoemission
and secondary emission processes. For a constant intensity of light, the number of
photoelectrons emitted as well as the number of secondary electrons emitted will

uctuate with time. The current at the anode will thus 
uctuate. Statistical 
uc-
tuations in a PMT have two origins : photocathode and electron multiplier system.
The �rst source arises from the statistical nature of the photoelectric e�ect and the
second source arises not only from the statistical nature of secondary emission, but
from di�erences in electron transit times, non-uniformities in the secondary emission
factor over the dynodes.

We have set the threshold value to be �30 mV (because signal is negative) and
pulse width to be 40 ns. The adjustment of threshold at this value rejects the noise
and as a result we get a clear output signal in the form of logic signal. These logic
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signals are then fed on to the discriminator. Discriminator used by us is capable
of handling 8-16 input signals independently. Each input has independent output
so that we get independent logic output signal. These signals are then fed to logic
unit where signals sum up and give us one signal output i.e. 2-Fold (2F) output.
This 2F output is formed only when signal i.e. muon signal is accepted by both the
paddles which become gate to ADC. Each fabricated pixel scintillation counter has
been tested by placing it in between the two master paddles. The counters have
been tested using phototubes 115M from MELZ (Moscow, Russia) which is fed with
a negative voltage. The signal from the test counter goes to fan-in fan-out. Fan-outs
are active circuits which allow the distributions of one signal to several parts of an
electronic system by dividing the input signal into several identical signals of the
same height and shape. Whereas, the fan-in accepts several input signals and deliv-
ers the algebraic sum at the output. These are particularly useful for summing the
outputs of several detectors or the signals from a large detector with many PMTs.
These modules may be bipolar i.e. accepting signals of both polarities or the single
polarity. The counter signal directly goes to the input of the ADC; a device which
converts the information contained in an analog signal to an equivalent digital form.
ADC is the fundamental link between analog and the digital electronics. ADC gives
the data-way to computer automated measurement and control standard (CAMAC)
which is further fed onto the computer by CAMAC controller and interface. Along
with 2F output, the signal from test counter passing through discriminator is fed
to logic unit where it sums up and we get single 3F output. This is formed only if
the signal passed through two master paddles is also passed through test counter.
In the data acquisition setup, we have a scaler; a unit which counts the number of
pulses fed into its input and presents this information on a visual display. Their
contents may be read by a computer or fed into a separate display unit. We have
used four inputs of the scaler for the whole setup.

Channel 0 : Counts of Paddle 1
Channel 1 : Counts of Paddle 2
Channel 2 : Counts of 2-Fold (2F)
Channel 3 : Counts of 3-Fold (3F)

This scaler is helpful in knowing about the eÆciency (ratio of counts taken by
3F to counts taken by 2F) for the counters. We have used a software program
(PUDAQ) which gives the direct display of counts counted by scaler. Using this
DAQ setup the pixel counters have been tested for their eÆciencies. These counters
were found to be extremely satisfactory. For the description of various components
of DAQ refer to [33].

Results

� The optimum voltage for about 10 PMTs have been determined. PMTs num-
bered 18971 (2200 V), 3427 (2200 V), 17118 (2150 V) and 6200 (2250 V) are
eÆcient ones. The values in the parentheses indicate the optimum voltage
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for the respective PMT. Table 5.1 shows the eÆciency for PMT no. 18971
at di�erent voltages for time duration of 5 mins. Optimum voltage for PMT
18971 is 2200 V. At 2300 V eÆciency is more but at this value noise in the
pulse is too high. At each voltage counts have been counted for all the four
channels i.e. Channel 0, 1, 2 and 3.

� The eÆciencies of the pixel scintillation counters fabricated at PU are as shown
in Table 5.2.
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5.4 Fiber Testing for the Muon Scintillator

For the collection of light in scintillators, wavelength shifting �bers (WLS �bers)
have been used. Using WLS �bers, one can concentrate the light from the scintillator
to the smaller cross-section of �bers and to smaller photocathode area. We were
involved in the job to test the light output from these �bers with one end �xed near
a photodiode and the other end being treated with various re
ecting materials. The
�bers have been tested with the far ends being sputtered with A1, diamond cut,
diamond cut with A1 mylar type or �ne razor cut and checked for light output.
Each �ber before being used was tested with Computer Controlled Fiber Scanner
Machine here at PU. Each and every batch of �ber used in the scintillation counter
has been tested by our group and the best ones were used for the counter.

The block diagram of Computer Controlled Fiber Scanner machine which has
been used to check the attenuation in the WLS �ber and clear �ber is shown in
Figure 5.8. It shows the basic components of this machine. The Stepper Motor
(SM) drives the pulley. In �ber scanning machine, two pulleys of 124 mm diameter
and having 28 teeth were chosen to drive a timing belt of the width 20 mm and 14
mm pitch. The teeth of the pulley match with the teeth of belt. One pulley is used
as driver and the other is driven. The driver pulley is driven by SM. The pulleys
are mounted vertically on metal brackets and �ne ball bearings are used for smooth
movement. These two pulleys have belt around them and on the belt UV source
holder is clamped. The movement of pulley drives the belt and the lamp moves
as the belt moves. Motor wires are connected to driver and control circuit (motor
driver card) and also to 12V/5Amp Power Supply unit. A UV lamp is used as input
light source (pencil shape) to �ber to study the �ber's attenuation length and light
emission across the spliced region of WLS �ber and clear �ber. UV lamp procured
from M/S Oriel Instruments is mounted on the lamp holder. The lamp is further
linked to the special power supply provided by the same �rm. Two tube rods of
length 2.2 m and 3=400 diameter are being used as guide to help the light source to
slide. Two L-shaped brackets are used to hold the tubes at a height of 170 cm and
the distance between the two is kept 60 mm. The source holder is made in such a
way that it slides on the tubes. So the UV source mounted on the source holder
moves along the length of the belt. The light source moves continuously across the
length of the �ber by the SM driven mechanical system.
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Figure 5.8: Block diagram of �ber scanner machine at Panjab University.
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The output light from the �ber falls directly on the photodiodes and further the
output is registered on the computer. The whole assembly is in a light tight black
box so that there is no interference of external light. Finally, we get the output
signal voltage as a function of distance of the source from �ber end from which the
attenuation has been checked. Each end of the �ber was epoxied with one inch long
ferrule whose face was machined accurately to obtain smooth face perpendicular to
the �ber axis. One ferrule was coupled to the photodiode with the optical grease.
The intensity pattern is represented by the sum of two exponentials of the form

I(x) = A1� exp(�x=�1) + A2� exp(�x=�2); (5.2)

where A1, A2, �1 and �2 are the �tted parameters [34].
The far end of the �ber with the ferrule was coupled to various re
ecting materials

for analysis. The best results for maximum light output were with sputtered �bers
at the far end, having 25% more light output than �ne razor cut �bers. The light
output of diamond cut �bers with A1 mylar type at the far end was the second best
choice. For the �nal counters, we have used the diamond cut �bers with anodized
aluminium strip at the end. One metallic platform was made to hold 16 �bers at
time and was mounted on the machine at a height, so that the distance between the
UV source and �ber is kept close and constant. A special mechanical arrangement
was made to hold the motor which was mounted with gears of ratio 1:4 which drives
the pulley. Nylon gears were used which helped in absorbing the vibrations due to
SM. These gears do not require any oil. These brackets were mounted on an iron
channel and the whole assembly was installed in a light tight box.

Results

� The �tted intensity pattern for one of the �ber is as shown in Figure 5.9. It
shows that the intensity pattern is represented by the sum of two exponentials
as given in Eqn. 5.2. The �bers tested at PU have also been tested on �ber
scanner machine at Tata Institute of Fundamental Research (TIFR) and the
comparison is shown in Figure 5.10. It shows that the PU �ber testing results
are comparable to TIFR �ber testing results.
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Figure 5.9: Fitted intensity pattern for one of the tested �ber. Fitting has been
done by the sum of two exponentials as given in Eqn. 5.2.
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Figure 5.10: Comparison of one of the �ber tested at PU, Chandigarh and TIFR,
Mumbai.
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Chapter 6

Triggering and Monte Carlo

Simulations

In our analyses for determining the top quark mass by alternate methods, we
have used the data taken by D� detector in three separate runs (Run Ia, Run Ib
and Run Ic), collectively called Run I (1992-1996) of D� detector. Before we can use
this data for our analyses, it undergoes many steps like triggering. In this chapter
we brie
y explain one of the major system of the D� detector : trigger system.
It reduces the number of unwanted events with the help of another system called
data acquisition (DAQ) system. This chapter also explains the Monte Carlo (MC)
simulations which are the techniques used to model the signal and backgrounds for
optimizing the selection cuts.

6.1 Trigger System

During data taking in Run I, at a luminosity of 5�1030 cm�2s�1, the proton and
antiproton beams cross each other at the rate of 290 kHz and at the operating lumi-
nosity of the Tevatron, nearly all of these crossings produce at least one p�p collision.
Since it is not feasible to record all of the interactions, a �ltering system, known
as the trigger system has been implemented to select events relevant to the physics
analyses at D�. The D� trigger system is composed of three hardware stages (Level
�, Level 1 and Level 1.5) and one software stage (Level 2).

Level �

The Level � (L�) is a scintillator based trigger designed for fast vertex posi-
tion measurement and to indicate the occurrence of inelastic collisions. The L� trig-
ger consists of two hodoscopes mounted on the front surface of the EC cryostats.
The hodoscopes contain two sets of scintillation counters arranged in planes per-
pendicular to the beam and rotated 90o w.r.t. each other. Since inelastic collisions
cause a signi�cant activity in the forward regions, the coincidence of the signals from
two scintillator arrays is attributed to inelastic collisions. Moreover, the interaction
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vertex is determined with a resolution of �15 cm, by comparing the arrival times of
the signals from two scintillator arrays. The hodoscopes give a partial coverage for
1:9 < j�j < 4:3 and 2:2 < j�j < 3:9 for an almost complete coverage.

In addition to its role as primary trigger, the L� system also serves as the lumi-
nosity monitor for the experiment. The instantaneous luminosity is approximately
given by measuring the rate RL� of L� trigger.

Linst =
RL�

�L�
(6.1)

where �L� is the world average p�p inelastic cross-section, corrected for the L� ac-
ceptances and eÆciencies measured from MC and data. This stage is typically used
as an input to L1, but L� is not required to �re before an event can proceed to the
next stage.

Level 1 and Level 1.5

The Level 1 (L1) \Trigger Framework" processes digital signal from L�, the
calorimeter, the muon system, the TRD and timing signals from the accelerator
and the host computer. The L1 trigger decides within 3:5 �s (bunch crossing time)
whether an event should be kept or not. These pieces of information are stored
in a 32-bit logical trigger word. Each of these bits is a logical combination of 256
programmable AND-OR input terms. Events with at least one non-zero trigger bit
are accepted (the e� analysis requires an OR of three of these trigger bits). When a
prescale N is assigned to a trigger, the trigger bit is �red every once in N-times that
events satisfy the trigger condition. Others such as the muon trigger require several
bunch crossing times to complete and are referred to as Level 1.5 (L1.5) triggers.
The rate of successful L1 triggers is about 200 Hz.

The L1.5 improves energy resolution by examining the energy in towers neigh-
boring the L1 calorimeter EM tower. Additionally, energy sums are computed from
adjacent hadronic towers, and the ratio EEM=E is used for further background re-
jection. The rate is further reduced to 100 Hz using L1.5 trigger.

Level 2

Once an event passes L1, it is transferred to Level 2 (L2) system. L2 is
a software trigger system which uses the digitized information from an event to
perform a fast reconstruction, allowing the application of more sophisticated criteria
to the event decision. L2 trigger system consists of a farm of 50 parallel VAX nodes
connected to the detector electronics and triggered by a set of 8, 32-bit high speed
(40 MB/s) data cables. At this level a set of algorithm is implemented to look
electromagnetic jets, hadronic jets, missing transverse energy and muons etc. As a
result 128 software �lters are built out of these algorithms for the speci�c physics
analyses. Any event passing L2 must satisfy the requirements of at least one of these
�lters. The output event rate for the full trigger system is about 1-2 Hz.
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The de�nitions of L1 and L2 triggers are given below in Table 6.1 for e� events.

Name Run Level 1 Level 2 used by

ele-jet Ia 1 EM tower, ET > 10 GeV, j�j < 2:6 1 e, ET > 15 GeV j�j < 2:5 ee; e�; e�
2 jet towers, ET > 5 GeV 2 jets (4R = 0:3), ET > 10 GeV, j�j < 2:5 e +jets

MRBS E/T
cal > 10 GeV e+jets/�

ele-jet-high Ib,Ic 1 EM tower, ET > 12 GeV, j�j < 2:6 1 e, ET > 15 GeV j�j < 2:5 ee; e�; e�
2 jet towers, ET > 5 GeV, j�j < 2:0 2 jets (4R = 0:3), ET > 10 GeV, j�j < 2:5 e +jets

ML E/T
cal > 14 GeV e+jets/�

ele-jet-higha Ic 1 EM tower, ET > 12 GeV, j�j < 2:6 1 e, ET > 17 GeV j�j < 2:5 ee; e�; e�
2 jet towers, ET > 5 GeV, j�j < 2:0 2 jets (4R = 0:3), ET > 10 GeV, j�j < 2:5 e +jets/�

1 EX tower, ET > 15 GeV E/T
cal > 14 GeV

ML
Ia 1 EM tower, ET > 7 GeV 1 e, ET > 7 GeV e�

1 �, j�j < 2:4 1 �, pT > 5 GeV, j�j < 2:4
MRBS

mu-ele Ib 1 EM tower, ET > 7 GeV 1 e, ET > 7 GeV, j�j < 2:5 e�
1 �, j�j < 2:4 1 �, pT > 8 GeV, j�j < 2:4

GC
mu-ele-high Ic 1 EM tower, ET > 10 GeV, j�j < 2:5 1 e, ET > 10 GeV, j�j < 2:5 e�

1 �, j�j < 2:4 1 �, pT > 8 GeV, j�j < 1:7
GC

Ia 1 �, j�j < 2:4 1 �, pT > 8 GeV, j�j < 1:7 e�; ��
1 jet tower, ET > 5 GeV 1 jet (4R = 0:7), ET > 15 GeV �+jets

GB �+jets/�
mu-jet-high Ib 1 �, pT > 7 GeV, j�j < 1:7 1 �, pT > 10 GeV, j�j < 1:7, scint e�; ��

1 jet tower, ET > 5 GeV, j�j < 2:0 1 jet (4R = 0:7), ET > 15 GeV, j�j < 2:5 �+jets
GC �+jets/�

mu-jet-cal Ib 1 �, pT > 7 GeV, j�j < 1:7 1 �, pT > 10 GeV, j�j < 1:7 ��,�+jets
1 jet tower, ET > 5 GeV, j�j < 2:0 cal con�rm, scint �+jets/�

GC 1 jet (4R = 0:7), ET > 15 GeV, j�j < 2:5
Ib 1 �, j�j < 1:0 1 �, pT > 10 GeV, j�j < 1:0, scint e�; ��

1 jet tower, ET > 5 GeV, j�j < 2:0 1 jet (4R = 0:7), ET > 15 GeV, j�j < 2:5 �+jets
GC �+jets/�

mu-jet-cent Ic 1 �, j�j < 1:0 1 �, pT > 12 GeV, j�j < 1:0, scint e�; ��
1 jet tower, ET > 5 GeV, j�j < 2:0 1 jet (4R = 0:7), ET > 15 GeV, j�j < 2:5

2 jet towers, ET > 3 GeV
GC

Ib 1 �, j�j < 1:0 1 �, pT > 10 GeV, j�j < 1:0 ��,�+jets
1 jet tower, ET > 5 GeV, j�j < 2:0 cal con�rm, scint �+jets/�

GC 1 jet (4R = 0:7), ET > 15 GeV, j�j < 2:5
mu-jet-cencal Ic 1 �, j�j < 1:0 1 �, pT > 12 GeV, j�j < 1:0 e�; ��

1 jet tower, ET > 5 GeV, j�j < 2:0 cal con�rm, scint
2 jet towers, ET > 3 GeV 1 jet (4R = 0:7), ET > 15 GeV, j�j < 2:5

GC

Table 6.1: L1 and L2 triggers de�nitions.
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Main Ring Veto Trigger

The Main Ring (MR) passes through the coarse hadronic portion of CC and
EC calorimeters. It is active during the production of the antiprotons and during
new beam injection into the Tevatron. Beam loss from the MR can cause spurious
signals in the hadronic calorimeter and muon chambers. Typically this occurs once
every 2.4 seconds when the protons are injected into the MR and 300 ms later when
the beam passes through transition [28]. A timing circuit linked to the MR control
system is used to set a hardware 
ag known as MRBS-LOSS. This is set every
time the protons are injected and remains set for 400 ms until the beam has passed
through transition and muon system recovers. In addition, smaller beam losses occur
with every passage of the beam. These are signi�cant only if the passage of the MR
beam coincides with the p�p crossing in the Tevatron. This is 
agged using another
bit known as the MICRO-BLANK veto which is set if a MR beam passes with �800
ns of a p�p crossing. The de�nitions of the MR triggers used for data collection are
as :

� mrbs-loss (MRBS) : The trigger is disabled for the 0.4 s after a proton bunch
is injected into the MR. This vetoes events during injection and transition
and allows a small recovery time for the muon and calorimeter systems. The
typical deadtime for mrbs-loss veto is � 17%.

� micro-blank (MB) : The trigger is disabled for events where MR bunches are
present during the livetime of the muon system which is � �800 ns centered
on the p�p crossing. The calorimeter livetime is somewhat longer (� 2 � s),
so this is not completely eÆcient for vetoing events with MR energy in the
calorimeter. The typical deadtime for micro-blank is � 7%.

� max-live (ML) : The trigger is disabled during periods of overlap between
MRBS and MB. This corresponds to the �rst few passes of newly injected
beam passing through the detector.

� good-cal (GC) : The trigger is disabled during periods of overlap between
MRBS and MB and during MB periods of highest intensity beam leakage.
This leakage was measured by a set of scintillator arrays surrounding the MR
beam-pipe upstream of the D� detector.

� good-beam (GB) : The trigger is disabled during periods of either MRBS or
MB. good-beam is the cleanest possible running condition.

6.2 Data Acquisition System

The DAQ system is interwined with the triggers. The sketch of the data acqui-
sition system is given in the Figure 6.1.
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Figure 6.1: Block diagram of the Level 2 trigger and data acquisition system at D�.
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Once a L1 trigger is passed, the supervisor is noti�ed, and it in turn noti�es
another processor, the sequencer, to begin digitizing the event. The sequencer signals
the front-end crates to begin digitizing, which takes about 1 ms to complete. Data
is then read out using eight high speed unidirectional data cables. Events passing
the L2 trigger are passed on to the host computer for run-time monitoring and
recording on tape. Events are bu�ered in the host until about 500 events have
been accumulated and then the �le is closed and moved to 8 mm data taking for
permanent storage. The average size of an event is about 500 kbytes.

6.3 Monte Carlo Simulations

In any HEP analysis, the most important thing is the ability to distinguish be-
tween the signal and the backgrounds to that signal. The better the ability to
separate out the two, better are the chances to observe a clean signal for any new
process. For signal as well as backgrounds, the only way to study their details is by
doing some sort of theoretical modeling process. In the �eld of HEP, we use Monte
Carlo (MC) simulation techniques which are random number based simulation tech-
niques. These MC simulations help us to visualize the physics processes and know
the detector responses even before the actual detector is fabricated. Although the
instrumental backgrounds to the t�t! e� channel can be estimated from data, both
the signal and the physics backgrounds have to be determined using MC simulations.
MC calculations consist of two steps : modeling the physics process and simulating
the detector response.

6.3.1 Event Generation

The most commonly used event generators for p�p collision simulations are ISAJET
[35], PYTHIA [36] and HERWIG [37]. Each of these perform the following processes;

� parton-parton hard scattering

� QCD evolution

� Hadronization

6.3.2 Detector Simulation

A detector simulator is required to know the response of sophisticated detectors
like D�, for both the design and development processes. The D� detector is based
on a customized version of the CERN GEANT [38] program called D�GEANT. This
encodes the D� detector geometry and the materials through which the particles
pass. It simulates in great detail the ionization in central tracking, the electromag-
netic and hadronic showers in the calorimeter and the hits in the muon chambers.
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The Central Processing Unit (CPU) time needed to do the full simulation of the
detector is enormous and is prohibitive when trying to obtain the very large event
statistics necessary for this analysis. To get around this, a package known as the
\shower library" is used to simulate the calorimeter response. This is a library of
GEANT shower information binned in 5 quantities which represents the kinematics
of the input particle.

Following the D�GEANT simulation there are some additional corrections to be
made. The �rst of these is the eÆciency and resolution of the WAMUS chambers
which are only approximated in D�GEANT. This includes corrections for e�ects
such as misalignments and the localized ineÆciencies in the muon drift tubes due to
gas leaks or voltage problems. This is done using a package called MU-SMEAR [39]
which smears the hit timing information to match the resolution of collider data.

Another correction is for the e�ects of multiple p�p interactions and calorimeter
noise. This is done using a package called NOISY. This requires full D�GEANT
simulation and is very CPU intensive. Thus only moderate samples of events are
processed through NOISY. A correction to the acceptance is then made by making
a comparison between single interaction MC events and those processed through
NOISY.

The D�GEANT output is in the same form as actual data and consists of the
digitized signals from various parts of the detector. These can then be processed
through D� reconstruction software/package (D�RECO - refer Sec. 7.1) to simulate
the reconstruction smearing of the events.

6.3.3 Signal and Background Modeling

(A) The simulations of the signal (e� channel or t�t!W+bW��b! (e=�) � (e=�) �)
channel for this analysis was done using HERWIG version 5.7 with CTEQ3M
parton distribution functions. Approximately, 100,000 t�t ! ll (where, l !
e; �; or �) events were generated for six di�erent top quark masses (165, 170,
175, 180, 185 and 190 GeV) at center-of-mass energy of 1.8 TeV, which cor-
responds to Run I Tevatron energy. The events were processed through both
D�GEANT and D�RECO and the signal acceptance estimated using only
the events which yield a e� �nal state. The values of the t�t production cross-
section values were taken from Laenen et al. [8].

The dominant physics backgrounds as explained in Sec. 2.6.2 for t�t ! e�
channel are WW ! e� and Z ! �� ! e� which mimic the top signal. In
our analyses, we have studied these two backgrounds. These backgrounds
were modeled using the ISAJET and PYTHIA generators. For Z ! �� ! ll,
ISAJET was used and the cross-section was normalized to the D� measured
value [40]. The WW ! ll was modeled using PYTHIA. The WW cross-
section was normalized to the predicted NLO QCD value [41]. The feed down
e�ects of secondary � ! �=e decays have been included in both background
and signal modeling.
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(B) In our analyses for the determination of the top quark mass, our approach
is to study \non-conventional" methods which can also be used in D� Run
II where the available statistics would be quite high and the muons will be
having as good resolution as that of electrons i.e. because of the introduction
of a central magnetic �eld in Run II, a signi�cant improvement in the muon
momentum measurement is anticipated. Therefore, to test this fact, we have
done the MC simulations for Run II D� detector i.e. for the p�p collisions at
center-of-mass energy (

p
s) of 2.0 TeV for the e� (p�p ! t�t ! e�X) chan-

nel. As already explained, the major backgrounds for this channel are from
p�p ! Z ! �� ! e� and p�p ! WW ! e�. For this, we have simulated
the t�t, Z and WW events at

p
s = 2:0 TeV using PYTHIA [36] program

(event generator). The detector was simulated using simple software package
for the Tevatron Run II SUSY/Higgs Workshop SHW. SHW is a fast (ap-
proximate) detector simulation toolkit designed to provide participants in the
Tevatron Run II SUSY/Higgs Workshop with a simple simulation of typical
D�/CDF detector response to events generated by ISAJET or PYTHIA. It
provides a standard reconstruction program for use by the members of the Fer-
milab SUSY/Higgs Workshop which helps in exploring the discovery reach for
various new supersymmetry and Higgs related phenomena in D� and CDF. In-
stead of SHW, another simulation program based on SHW, called PGS, is now
available. PGS is a simple simulation package for generic collider detectors.
For more details about these simulation packages please refer to [42, 43].

The alternate methods which we intend to study have been applied on both
types of MC simulated samples, (A) as well as (B), i.e. data corresponding to 1.8
TeV energy for Run I as well as 2.0 TeV energy for Run II.
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Chapter 7

Reconstruction and Identi�cation

The signals collected from the di�erent parts of the detector are due to the
particles produced by the p�p collisions. The direct information from the detector is
in the raw form and is stored on magnetic tapes in the form of analog and digital
signals from the various sub-systems. This raw information can not describe the
kinematics of these particles. Hence, one needs to process this information into
a form suitable for physics analyses by converting the raw signal into information
about the various �nal state objects in the event. This process of turning the raw
data into the kinematic parameters of the particles is known as reconstruction. In
this chapter, we explain the reconstruction process in D� which is carried out by a
software package called D�RECO.

7.1 D�RECO

The D�RECO package is a set of software algorithms which are used to perform
particle and jet reconstruction. It performs three major tasks. The very �rst step
is hit �nding, which involves the unpacking of the raw data and the conversion of
counts into hits of de�nite energy and spatial location. The signals from each sense
wire of the tracking chambers are converted into the spatial location of hits and the
signals from each cell in the calorimeter are converted into energy deposits. The
second step involves tracking and clustering of these hits. The hits which are close
spatially are grouped together to form clusters in the calorimeter and the tracks
in the tracking chambers. The �nal step, particle identi�cation, is the step during
which the tracking and calorimetric information is combined to reconstruct jets and
identify electron/photon and muon candidates. The criteria applied by D�RECO
in selecting these candidates are quite loose, and substantial rejection of spurious
electrons and muons is gained by further o�ine processing. For more details about
the working of D�RECO package refer to [28].
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7.2 Event Vertex

The interaction point plays a major role in getting the kinematics correct. After
interaction, the transverse energy and momentum of a particle is calculated as,
ET = Esin� and pT = psin�, where � is its polar angle in the lab frame. So, we
must know � for an emerging particle. The only information which is available for a
particle being detected in the calorimeter is the location where it deposits energy. In
order to get an angle from this direction, another point is needed along its trajectory.
This point is �xed by �nding the location of the hard p�p collision from which this
particle has emerged and is called the event vertex or interaction vertex. As the
calorimeter determines the energy and the position of the particles where they hit,
the position of the interaction vertex from which the particles originate is needed
to �nd the direction of the particle. The vertex position is reconstructed with the
following procedure :

� The drift chamber hits are �tted to reconstruct a track in the (r � �) plane.

� A reconstructed (r�z) track is associated with the reconstructed (r��) track.
� The intersection of these reconstructed space tracks with the z axis form a
distribution in z. The estimated z position of the vertex is the mean of a
gaussian �tted to this z intercept distribution. In the case of a z distribution
with more than one peak and therefore multiple vertices, the vertex with the
maximum number of tracks is considered as the primary vertex. The resolution
of the vertex's z component is about 1-2 cm.

7.3 Electrons

Electrons are identi�ed as localized deposits of energy in the electromagnetic
calorimeter with a track in the central detector pointing back to the interaction
vertex.

7.3.1 Reconstruction

To identify electron, the reconstruction involves following steps :

� A cluster is constructed by starting with the highest ET electromagnetic tower
and adding nearby towers to the cluster with ET above a certain threshold
using a `nearest neighbor' algorithm [44]. The process repeats until no towers
neighboring the cluster satisfy the energy requirement. A new cluster is then
begun from the highest ET tower not previously assigned to cluster.

� A cluster is required to have at least 90% of the energy in the electromagnetic
calorimeter and 40% of its energy must be contained in a single tower.
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� The centroid of the cluster is calculated using the cells in the third electro-
magnetic layer.

� If there is a track in the central detector within a solid angle of4� = �0:1 and
4� = �0:1, pointing from the interaction vertex to the cluster, the cluster
will be identi�ed as an electron otherwise it is considered as a photon.

The energy resolution of electrons can be expressed by the relation :

�
�

E

�2
= C2 +

S2

E
+
N2

E2
(7.1)

where E is the mean energy of the incident electron, C is a constant term due to
calibration errors, S is the error due to statistical 
uctuations, N corresponds to a
noise term due to the contribution of electronic and radioactivity of the absorber
(uranium) in the calorimeter. The energy scale of the electromagnetic calorimeter
has been calibrated with reference to the mass of the Z in Z ! e+e� events, which
has been measured very accurately by the LEP experiments [45]. The measured
electron energies are scaled up so that the mass peak in Z ! e+e� matches the
LEP measurement [46]. This correction is about 5% in the CC and (1� 2)% in EC.

7.3.2 Identi�cation

The procedure explained above favors eÆciency rather than rejection. To dis-
criminate electrons from other objects, we need to apply some selection cuts. One
can further apply cuts according to speci�c analysis being carried out. The variables
used are :

1. Electromagnetic Energy Fraction
The electromagnetic energy fraction of a cluster is the fraction of its energy
which is contained in electromagnetic calorimetry. For electrons, the electro-
magnetic calorimeter contains almost all of the energy, while charged hadrons
will deposit only small fraction of their energy. Thus the electromagnetic en-
ergy fraction of a cluster serves as a powerful discriminant against charged
hadrons.

2. Isolation Fraction (fisol)
The electron coming fromW should not be too close in space to other objects.
Therefore the fraction of the energy outside a certain well de�ned cone should
be small. D� de�nes an isolation factor as :

fisol =
ETotal(0:4)� EEM(0:2)

EEM(0:2)
(7.2)

where ETotal(0:4) is the total energy deposited in all calorimeter cells within
a cone of radius R < 0:4 (R =

p4�2 +4�2) around the electron direction.
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EEM(0:2) is the energy deposited in the EM calorimeter within a cone of
radius R < 0:2. The present analysis requires fisol < 0:1 which enhances
electron identi�cation.

3. Shower Shape
Shower shape is one of the primary and powerful tools used for selecting the
electrons and rejecting the background. Electromagnetic showers can also be
characterized by the fraction of the clusters energy deposited in each layer of
the calorimeter. These are correlated and are also dependent on the incident
electron energy. If an electron deposits large amount of energy in the �rst layer
then it will deposit relatively small fraction of energy in the subsequent layers
and vice-versa. To obtain the discrimination against hadrons and particles
jets, we can exploit these correlations. Based on test beam studies and MC
simulations of electrons with energies between 10 and 150 GeV, a 41 variable
covariance matrix (H-matrix �2) has been constructed given as :

�2 =
41X

i;j=1

(xi � �xi)Hij(xj � �xj) (7.3)

where xi are the variables which de�ne the shape. A total of 41 variables are
used. These are

� The fraction of the total energy contained in the �rst, second and fourth
layers of the electromagnetic calorimeter.

� The fraction of the total energy contained in each cell of a 6� 6 array in
the third electromagnetic layer.

� The logarithm of the total energy of the cluster.

� The z component of the primary vertex

A cut of �2 < 100 is usually applied for better background rejection.

4. Track Match Signi�cance (S)
A signi�cant source to background for electrons is photons, either produced
directly by the decay of �0 or � mesons. The photons do not leave tracks in the
central detector, but a track might appear if a charged particle is nearby. One
can enhance the electron identi�cation by reducing the chance of reconstruct-
ing a track for photons due to nearby charged particles. In order to quantify
the accuracy with which a track points to a calorimeter cluster, S is de�ned
as [47] :

S =

vuut 4�
�4�

!2

+

 4z
�4z

!2

(7.4)

where 4� and 4z are the azimuthal and the z axis mismatch, respectively
and �4� and �4z are the corresponding measurement resolutions. In the case
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of EC track matching, the z is replaced by the radial distance r.

5. TRD EÆciency (�t)
The TRD response �t is de�ned as :

�t(E) =

R1
E

@N
@E0

(E 0)dE 0R1
0

@N
@E0

(E 0)dE 0
(7.5)

where E is the total energy recorded in the TRD minus that recorded in the
layer with the largest signal and @N

@E0
is the energy spectrum from a sample of

W ! e� events. Since � decreases as E increases, hadrons will tend to have
values near unity while the distribution from electrons is roughly uniform over
the allowed range of zero to one.

6. Likelihood Ratio (L4; L5)
In order to obtain a better background rejection the D� electron identi�cation
algorithm uses a 4 or 5 variable likelihood function. The 4 variable likelihood,
L4 uses the combinations of fEM , �

2, �trk and dE=dx and the 5 variable
likelihood, L5, uses the 4 variable from L4 and �t.

7.4 Muons

Muons interact weakly with the matter and have long enough lifetime to pass
through all of the detector material without decaying. These are identi�ed as tracks
in the muon drift chambers which point back at the interaction vertex and the re-
construction of muon tracks is similar to the reconstruction of tracks in the central
detector. Similar to the central detector reconstruction, muon reconstruction in-
volves three steps : hit sorting, track �nding and global �tting. The �rst two steps
make use of the information from the muon system only whereas the last step uses
the information from the full D� detector. They are reconstructed and identi�ed
using the hits and timing information from the muon spectrometers. Since a muon
deposits a little of its energy in the calorimeter as it passes through, the resulting
minimum ionizing trace can also be used for muon identi�cation. The momentum
of the muon is measured from the bend in the track produced by the magnetic �eld
of the muon spectrometer.

7.4.1 Reconstruction

The muon reconstruction is similar to that of CDC track reconstruction except
the di�erences in algorithm which take account of the geometry of the muon system.
D�RECO uses timing information to determine the position of the hits in all the
planes (A, B and C) of the muon system. For the B and C chambers, hits in four
out of six possible planes are required and for the chamber A, this requirement is
two out of four. The hits from the planes A, B and C chambers are then used to
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form tracks. Because the B and C chambers are outside the magnetic toroid and the
A chamber is inside, the tracking is done separately before and after the magnet.
The segments are then matched, and a measurement of the momentum is made
by measuring how much the track bends. Lastly, a global �t is performed using
the tracks in the muon chamber, the interaction vertex, the energy pro�le in the
calorimeter, and the track from the CDC/FDC. Additional corrections are made for
the e�ects of multiple scattering in the calorimeter and the iron toroid and for the
expected energy loss in the calorimeter.

7.4.2 Identi�cation

The two major backgrounds to muon are from cosmic rays and leakage out of the
backs of hadronic showers. To reduce these backgrounds, several variables are used
to identify good muons which are as :

1. Muon Track Quality (IFW4)
IFW4 represents the quality of a track �t. Track with perfect �ts have IFW4 of
0 and those with one failure have IFW4 of 1. The IFW4 cut is a very powerful
tool to reduce the cosmic rays and the fake track backgrounds constructed
from random hits.

2. Isolation (4R cut)
The analysis requires that the distance in R between the muon and the nearest
jet be 4R(�; jet) > 0:5 and for muon and nearest electron/photon to be
4R(�; e=
) > 0:25.

3. Muon Track in the Calorimeter (MTC)
As muon passes through the calorimeter, it deposits energy through ioniza-
tion, and these energy traces are used in the track �t. The fraction of all
possible hadronic calorimeter layers which had energy deposits large enough
to be included in the �t is recorded (MTC), along with the fraction of energy
deposited in the outermost possible layer. Both of these quantities are useful
in rejecting muon tracks formed from random noise in the muon system.

4. Impact Parameters (IP)
Two impact parameter cuts are used to require that the muon tracks point
towards the interaction vertex, and thus reject cosmic ray backgrounds.

The non-bend impact parameter is de�ned by projecting the muon track into
the xy plane (it does not get bent in this plane), extrapolating the track formed
by the B and C layers towards the center of the detector, and calculating the
impact parameter between this extrapolated track and the interaction vertex.
The impact parameter is required to be less than 40 cm.

The bend-view impact parameter is calculated by projecting the track into the
plane in which the muon bends and calculating the impact parameter of this
projection. This parameter is required to be less than 25 cm.
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7.5 Jets

Quarks other than top and gluons which are produced in the p�p collisions hadronize
into colorless particles. When a quark or gluon leaves the site of a hard scattering, it
can not remain free but instead hadronizes or fragments into a collection of colorless
hadronic particles. This collection will typically lie in a cone around the direction
of motion of the original parton and will show up in a calorimeter as a cluster of
energy. This is called a jet.

7.5.1 Reconstruction

There are several algorithms which could be used for jet reconstruction. The
most common algorithm used in the p�p environment is the \cone algorithm" in
which a jet is considered as the energy inside of a cone with a �xed size in (� � �)
space. This de�nition was used by UA1 [48, 49], and CDF and is also used by most
D� analyses. A jet is required to satisfy some minimum ET threshold before it
could be considered in analyses so as one of the event's objects. This threshold is 8
GeV and is needed in order to suppress random noise 
uctuation which can produce
small energy clusters. The main steps in the reconstruction process are :
Pre Clustering: The transverse energy is calculated for all of the calorimeter
towers which are then sorted in order of decreasing ET to form a \seed" cluster.
Beginning with the highest ET tower, clusters are formed by adding the towers
within a radius R of the highest energy tower. The process is repeated for the
remaining calorimeter towers.
Cone Clustering: The centroid of each cluster is calculated by performing an ET

weighted sum of the tower (�; �) positions. Then the whole process is iterated using
the jet centers as cluster seeds until the position of the cluster converges.
Merging and Splitting: Once the cone clustering is completed, some cells may
have been assigned to more than one jet. If two jets share cells, the fraction of the
total energy which is shared between them is examined. If the fraction is greater
then 50%, the two jets are merged together and the jet axis is recalculated from the
centroid of the cells in the merged jet. Otherwise the jets are split and the shared
cell is assigned to the closest jet. At this stage all jets with transverse energy ET � 8
GeV are retained for further analysis.

7.5.2 Identi�cation

In order to remove any fake jets produced by calorimeter or MR noise, D� has
developed a set of quality cuts based on the jet characteristics. These are cuts
on the jet ElectroMagnetic Fraction (EMF) which is used to distinguish between
electrons/photons and jets, the Hot Cell Energy Fraction (HCF) which helps re-
duce calorimeter noise and Coarse Hadronic Energy Fraction (CHF) which helps to
remove activity caused by the MR.
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The various kinematic quantities de�ning a jet are :

ET =
q
E2
x + E2

y (7.6)

where Ex, Ey are the sums of the components of the individual cell energies :

Ex =
X
i

Ei
x (7.7)

Ey =
X
i

Ei
y (7.8)

� = tan�1
�
Ey

Ex

�
(7.9)

and

� = cos�1

0
@ Ezq

E2
x + E2

y + E2
z

1
A (7.10)

7.6 Missing Transverse Energy

According to conservation of transverse momenta and the fact that the colliding
proton and antiproton have nearly opposite momenta, it follows that the sum of
the transverse momenta of the particles produced by p�p collisions should be zero.
Neutrinos do not interact in the detector and if the total transverse momentum is
signi�cantly di�erent from zero, the di�erence is attributed to neutrinos. And this
imbalance in the transverse energy is known as \missing ET" and is denoted as E/T .

In order to calculate the transverse energy of the neutrinos, a vector ~ET is as-
signed to each calorimeter cell, including the Intercryostat Detector (ICD), whose
magnitude is the measured energy in the cell and it points from the interaction
vertex to the center of the cell. The calorimeter missing energy is de�ned as :

~E/T
cal

= �X
i

~Ei
T (7.11)

and its magnitude is given as :

E/T
cal

=

r
(E/T

cal
)2x + (E/T

cal
)2y (7.12)

The muons deposit small portion of their energy in the calorimeter, so the transverse
momenta of all good muon tracks should be subtracted from E/T

cal
to get the total

transverse missing energy. Therefore,

(E/T )x = (E/T
cal
)x �

X
i

p�ix (7.13)
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(E/T )y = (E/T
cal
)y �

X
i

p�iy (7.14)

E/T =
q
(E/T )

2
x + (E/T )

2
y (7.15)

Since all the objects in the calorimeter contribute to E/T
cal
, any mismeasurement

in the energy of these objects would cause a mismeasurement in E/T
cal
. Therefore

whenever corrections are applied to the calorimeter objects like electron and jets,
the corresponding correction must be applied to E/T

cal
[50].
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Chapter 8

Data Handling and Analysis

Techniques

In this chapter, we discuss the steps involved in getting all the input eÆciency
numbers and the raw acceptances for both signal and backgrounds. From these, the
expected number of signal (t�t ! e�) and background events have been estimated.
We also discuss the analysis techniques : method of neural networks and the method
of four vectors for the determination of the top quark mass.

8.1 Preliminary Data Reduction

The experimental signatures of the t�t ! e� dilepton events consist of a high
transverse energy electron and muon, two or more jets and a signi�cant amount of
missing transverse energy. The L1 and L2 triggers used for the data collection for
t�t ! e� channel are direct re
ection of this and is summarized below in Table 8.1
for each separate run.

Run Triggers

Run Ia mu-ele OR ele-jet-high OR mu-jet-high
Run Ib mu-ele OR ele-jet-high OR mu-jet-high OR mu-jet-cent
Run Ic mu-ele-high OR ele-jet-high OR mu-jet-cencal OR mu-jet-cent

Table 8.1: Triggers for Run I of D� detector for e� events.

The de�nitions of trigger terms used above are given in Table 6.1 (Sec. 6.1). In
addition to these, events collected during MRBS-LOSS and MICRO-BLANK gates
were rejected in the subsequent o�-line analysis.

The initial o�ine selection utilized the complete set of Run I �dsts. After selec-
tion demanding the above triggers, the data were �ltered by requiring at least one
PELC/PPHO candidate with Eem

T � 10 GeV, j�emj � 3:3 and at least one PMUO
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candidate with p�T � 7 GeV/c, j��j � 2:5. PMUO/PELC/PPHO1 are the D� object
identi�cation bank names. In addition, the PELC/PPHO candidates were required
to have �2 � 300 and fisol � 0:3. The resulting �les were then processed through
the top dilep package [51] where CAFIX 5.0 was used to apply the �nal data cali-
brations [52]. The corrected data were then written to disk in the form of column
wise PAW [53] ntuples �les. During this stage any events from runs with known
detector problems were removed using the standard Run I bad run list [29].

8.2 Particle Selection and Detection EÆciencies

Besides knowing the types of the backgrounds involved with the t�t signal in
the e� channel, it is necessary to estimate how much each of such a background
would contribute to give a number of background events as well as the number of
signal events expected from the total integrated luminosity. For this, one needs to
understand all the eÆciencies associated with the detector.

The input eÆciencies tell us how well the detector can identify the decay objects
i.e. electron and muon coming from the t�t system. All the estimates for the top signal
and the backgrounds are based on the electron identi�cation (id) eÆciency, electron
tracking eÆciency, muon id eÆciency and triggering eÆciency. The basic criteria to
get all these eÆciencies is to apply object quality cuts on a known sample of events
i.e. a sample with known distributions and calibrated to some �xed reference.

8.2.1 Electron Selection and Identi�cation EÆciency

For electrons, the detector eÆciencies vary with cryostats (CC and EC) and
depend on the choice of electron id. The electrons for this analysis were selected by
using the cuts :
Ee
T � 15 GeV with j�ej � 2:5

fisol � 0:1
L5 � 0:5
Electrons from Z ! ee decay have similar kinematics to those in t�t decays and were
chosen as representative for eÆciency calculation. The procedure was based on a
sample of data with two reconstructed electromagnetic clusters with ET � 20 GeV.
One of the electron candidates, denoted as the `tag', was required to satisfy tight
identi�cation cuts (�2 � 100; fisol � 0:15). If the second electromagnetic cluster,
denoted as the `probe' satis�ed fisol � 0:1, then the invariant mass of the pair, m
(tag, probe) was recorded. This was done separately for probes in the central (CC,
j�ej � 1:1) and end cap (EC, j�ej � 1:1 and j�ej � 2:5) regions of the calorimeters.
The number of entries in the Z mass window 80 < m (tag, probe) < 100 GeV were
counted and corrected for the residual background.

1PMUO, PELC and PPHO are the de�nitions of muon, electron and photon respectively in

D�.
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The electron tracking eÆciency (�trk) which is just the probability to �nd a track
in the road (to reconstruct a PELC) was determined from the above selected Z ! ee
data and is de�ned as

�trk =
number of probes with a matching track

total number of probes
(8.1)

The results vary with the number of reconstructed vertices per event. Typical values
are 82:7� 1:1% for the CC and 85:2� 1:0% in the EC.

The second component of the identi�cation eÆciency is the electron cluster iden-
ti�cation eÆciency (e�ect of L5 � 0:5 cut). This is given as

�clus =
number of probes with a matching track passing L5 � 0:5

total number of probes with a matching track
(8.2)

This gives results of 88:0� 1:6% in the CC and 63:8� 2:3% in the EC regions. For
t�t MC simulations there is an implicit tracking ineÆciency built in. To avoid double
counting when using the values of �trk, the results must be corrected (normalized)
using the MC eÆciencies (�MC

trk ). These are 94:8� 0:6% for CC and 90:7� 1:6% in
the EC. The total electron identi�cation eÆciency is then given by

�eid = �clus � �trk
�MC
trk

(8.3)

and the results are shown below in Table 8.2.

�eidCC �eidEC
0:768� 0:018 0:599� 0:025

Table 8.2: Electron identi�cation eÆciencies for Run I.

8.2.2 Muon Selection and Detection EÆciency

Muon tracks are reconstructed using the muon system PDTs. The muon selection
criteria is di�erent for Runs Ia, Ib and Ic because of the physical changes made to
the WAMUS chambers and the trigger logic. Three sets of selection cuts are used,
corresponding to the WAMUS con�gurations for Run Ia (1992-93), the �rst half of
Run Ib (1994) and the second half of Run Ib and Ic (1994-95, 1996). Run Ia is
treated separately because of the changes made in the L2 trigger logic to enable
the use of the o�ine MTC package. The quality of a muon candidate depends on
various factors. To separate out good muon a set of selection cuts are applied on the
reconstructed muon tracks in the MC sample. During the �rst part of the 1994 data
taking, it was found that the eÆciencies of some of the WAMUS chambers in the
central (CF, quad � 4 � j��j � 1:0) spectrometer close to MR beam pipe and the
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forward (EF, quad > 4 and quad � 12 � j��j > 1:0 and j��j � 1:7) spectrometers
showed serious deterioration. During the break in 1994 data taking the a�ected
chambers were removed and cleaned to restore their eÆciencies. Because of the
eÆciency problem the data taken in the precleaning period is restricted to the CF
region and is referred to as the `prezap' data. The post cleaning data uses both the
CF and EF spectrometers and is referred to as the `postzap' data. The cuts used
for these three con�gurations are summarized in Table 8.3.

Ia Ib Ib+Ic
prezap postzap

CF CF CF EF
p�T � 15 15 15

IFW4 � 1 1 1 0
calmip yes no no
MTC no yes yes

4R(�; jet) � 0.5 0.5 0.5
4R(�; e=
) � 0.25 0.25 0.25

Table 8.3: Muon selection criteria.

Run ��idCF ��idEF

Run Ia 0:86� 0:073 -
Run Ib and Ic 0:89� 0:062 0:50� 0:059

Table 8.4: Muon identi�cation eÆciencies for Run Ia, Ib and Ic.

The total muon �nding eÆciency, ��id was determined from a combination of
inclusive muon data and MC simulations and cross checked using Z ! �� data.
The value of ��id is given by the product :

��id = �trk � �� � �PMO (8.4)

where
�trk is the track �nding eÆciency in the WAMUS chambers.
�� is a �-dependent correction which is used to correct the monte carlo CF tracking
eÆciency in the region of the MR beam pipe.
�PMO is the eÆciency for �nding a muon using loose identi�cation cuts.
The values of �PMO and �� were determined from inclusive samples of high pT muons
and �trk was determined using the combination of cosmic ray data and MC calcu-
lations. Table 8.4 summarizes the total muon identi�cation eÆciencies which have
been weighted according to luminosity fraction for the prezap and postzap parts of
Run Ib.
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8.2.3 Trigger EÆciencies

The number of t�t! e� events in the data is expected to be very small, therefore
the only practical way to estimate the trigger eÆciency is by using simulations.
Trigger eÆciencies are based on the TRIGSIM studies. TRIGSIM package comprises
of two separate packages L1SIM and L2SIM. These simulate the L1 and L2 trigger
logic and use the con�guration �les which were used during the actual data taking.
The data were divided into four di�erent classes according to the detector region
into which the e and � fell. These were chosen to enable an eÆcient simulation of
the detector and trigger response which is strongly correlated to the location of the
e and �. The four classes are CCCF, CCEF, ECCF and ECEF where CCCF means
that the electron is in CC and � in CF; CCEF means that the electron is in CC
and � in EF; ECCF means that the electron is in EC and � in CF; ECEF means
that the electron is in EC and � in EF. As the reference set, the �les with a large
number of runs have been used to calculate the trigger eÆciency. The results are
shown below in Table 8.5.

�trigCCCF �trigCCEF �trigECCF �trigECEF

0:95� 0:05 0:93� 0:05 0:90� 0:04 0:93� 0:05

Table 8.5: Trigger eÆciencies for Run I.

8.2.4 Combined EÆciencies

The trigger and particle identi�cation eÆciencies are combined to give four (trig-
ger � id) eÆciencies corresponding to the four e and � classes. These are given
as

�CCCF = �trigCCCF � �eidCC � ��idCF (8.5)

�CCEF = �trigCCEF � �eidCC � ��idEF (8.6)

�ECCF = �trigECCF � �eidEC � ��idCF (8.7)

�ECEF = �trigECEF � �eidEC � ��idEF (8.8)

Table 8.6 shows the resulting values.

Run �CCCF �CCEF �ECCF �ECEF
Run Ia 0:63� 0:08 - 0:47� 0:06 -

Run Ib + Ic 0:65� 0:06 0:36� 0:05 0:48� 0:05 0:28� 0:04

Table 8.6: Combined (Trigger � identi�cation) eÆciencies.
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8.3 Selection Cuts

The selection cuts are applied to reduce the backgrounds and at the same time
to enhance the top signal detection eÆciency. We apply kinematical cuts to both
the MC samples, signal as well as backgrounds, to get the raw acceptances. Keeping
it in sight, we try to optimize the kinematical cuts so as to have a good signal to
background ratio. This is achieved by calculating the expected event yield for both
the signal and the background. Finally, these �ne tuned cuts are applied to the
detector data to look for the top quark signal. The selection cuts for the event
selection criteria are listed in Table 8.7 and these cuts reduce the backgrounds as
explained below.

Cut Number Cut De�nition

1 Ee
T > 15 GeV, p�T > 15 GeV/c

+ j�j cuts
2 Require Isolated muons :

4R�;jet � 0:5

3 E/T
cal
> 20 GeV (Calorimeter/ICD/MG)

4 E/T > 10 GeV (muon corrected)
5 4Re� � 0:25

6 Require 2 jets, Ejet
T > 15 GeV

7 HT (E
e
T +

P
Ejet
T ) > 120 GeV

8 2 jets, Ejet
T > 20 GeV

Table 8.7: e� selection cuts.

� Cut 1 and Cut 2 : The cuts on transverse energy of the leading electron (Ee
T )

and transverse momentum of the leading muon (p�T ) are made to reduce the
backgrounds coming from b and c quark decays (from QCD multijet events,
Z ! b�b, c�c ! e�). These background processes do produce relatively high
pT muons which are not isolated as compared to the well isolated muons from
W decay (in the standard t�t decay scheme). The muon isolation requirements
i.e. Cut 2 made for muon identi�cation criteria reject these backgrounds. Cut
2 requires that the muon and jet be well separated because a typical non-
isolated muon is very close to a jet. The MTC con�rmation cut looks deeper
in the hadronic layers of the calorimeter for the energy deposited by a muon.

� Cut 3 : The third cut requires the calorimeter missing ET or E/T
cal

to be more
than 20 GeV. Since neither muon nor the neutrino is seen by the calorimeter,
a measurement of the ET or E/T

cal
is equivalent to the measurement of the pT

of the W . A cut of 20 GeV on this quantity reduces the major instrumental
background of W + jets ! � + jets, where one of the jets is misidenti�ed as
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an electron. Whereas this cut has a little e�ect on the t�t acceptance since for
t�t! e� events, the E/T

cal
is derived from the high ET electron and b jets.

� Cut 4 : The muon corrected E/T is due to the two high pT neutrinos present
in the t�t! e� events. One of the major backgrounds to produce so much E/T
is Z ! �� ! e�. A cut o� at E/T > 10 GeV reduces the cross-section of this
background signi�cantly.

� Cut 5 : A high pT muon will occasionally be accompanied by initial state
bremsstrahlung and the majority of these photons will be very close to the
parent muon (in �� � space). In such a situation the photon will be matched
to the muon track in the central tracking system and will be labeled as an
electron by D�RECO and thus creating an e� event. Cut 5 e�ectively removes
such events while having no e�ect on the t�t acceptances.

� Cut 6 : The sixth cut requires the presence of two jets with ET > 15 GeV.
This cut reduces the WW ! e�, Z ! �� ! e� and W + jets backgrounds.

� Cut 7 : At this stage most of the backgrounds are reduced signi�cantly by the
above selection cuts but the most pronounced of all the backgrounds; Z ! ��
and WW are still prevalent. The �nal cut of HT > 120 GeV, where HT is
just the scalar sum of Ee

T and
P
Ejet
T eÆciently cuts down these backgrounds.

Since the top quark is heavy, and hence top events are more spherical than
background events and are produced more centrally in the detector. This cut
does not a�ect the top signal much.

� Cut 8 : Finally, the jets ET cut is tightened to 20 GeV. This cut, drastically,
cuts down all the WW pairs, Z ! �� and W + jets ! � + jets backgrounds
whereas having very little e�ect on the signal.

8.4 Acceptances for t�t! e�

After getting the selection cuts optimized as explained in Sec. 8.3, we have
applied these cuts on di�erent MC samples for both signal and background. The
samples of di�erent top masses from (165 - 190 GeV) have been used. The ratio of
the events left after these cuts to the total number of input events gives the selection
cut eÆciency. Using this acceptance we have calculated the overall top detection
eÆciency (�) which is the product of all the eÆciencies (including selection cuts
eÆciency).

The total acceptance E for a given process is given by :

E = �� BR = BR� N tot
cut

Ninput
(8.9)
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where N tot
cut is the number of events surviving after the cuts have been applied and

is given as :

N tot
cut = NCCCF � �CCCF (8.10)

+NCCEF � �CCEF

+NECCF � �ECCF

+NECEF � �ECEF

where NCCCF, NCCEF, NECCF, NECEF are the number of events remaining in CCCF,
CCEF, ECCF and ECEF class respectively, �CCCF, �CCEF, �ECCF and �ECEF are the
corresponding selection eÆciencies and Ninput is the starting number of events. BR
is the branching fraction of t�t ! dileptons (e; � only). After including for the �
decay modes (� ! e�) it takes the value of 0.0685.

The expected number of events for a given process is then given by :

N expected = �input � E �
Z
Ldt (8.11)

where �input is the input cross-section and the
R Ldt is the total integrated luminosity.

We have studied two major physics backgrounds : Z ! �� ! e� and WW !
e�. To calculate the event yields for these backgrounds, we have used MC event
samples with cross-section taken from either experimental measurements or NLO
QCD calculations. For Z ! �� ! e� process, the experimental measurement of
cross-section has been taken. Whereas, for WW ! e� NLO QCD cross-section has
been taken (see Sec. 2.6.2).

The event yields for t�t ! e�X processes have been calculated using MC event
samples. For these MC samples, the cross-section was normalized to the resumed
NLO QCD result of Laenen et al. [8]. The events were processed through the full
D�GEANT and D�RECO and used to calculate results for the selection eÆciency
as a function of the number of interactions.

The cross-section for the t�t! e�X process, �t�t(mt) is given as :

�t�t(mt) =
Nobs� < B >

E � R Ldt (8.12)

where Nobs is the number of events observed in the data, < B > is the expected
background, E is the total acceptance for the t�t process. The number of expected
events for signal and background have been determined using Eqn. 8.12.

The number of top events expected from 108:3�5:7 pb�1 of integrated luminosity
and �t�t (central value) from Laenen et al. for various top masses are tabulated in
Table 8.8. Tables 8.9 summarizes number of expected events for the background
processes.

Finally, we use the same optimized selection cuts on data to get top signal.
The data used here in our analysis were accumulated by D� during Run I (1992-
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96) at Tevatron, Fermilab USA. Following the same procedures as explained in
previous chapters to get signal, �nally we are left with 3 top e� candidates in Run
I D� detector data. The �nal results are summarized in Table 8.10. The errors on
the expected number of events and the total number of background events include
both statistical and systematic errors.

Therefore, for the present analysis, using conventional methods, the number of
observed events are 3 and number of estimated background events is 0:09 � 0:03.
Three top e� candidates left are with event numbers 417, 12814 and 26920.

R Ldt = 108:3� 5:7 pb�1

Branching Ratio (BR) for (t�t! dileptons (e; � or � ! e or �)) = 6:85%
Top Quark Mass Cross-Section (�input) (�� BR)% N expected

(GeV) (pb�1)

165 6:89� 0:17 0:303� 0:054 2:26� 0:42
170 5:83� 0:14 0:321� 0:057 2:03� 0:38
175 4:94� 0:12 0:334� 0:060 1:79� 0:34
180 4:21� 0:01 0:353� 0:063 1:61� 0:30
185 3:59� 0:09 0:365� 0:066 1:42� 0:27
190 3:06� 0:08 0:377� 0:068 1:25� 0:24

Table 8.8: Event yields for the MC signal Run I.

R Ldt = 108:3� 5:7 pb�1

Background Process N expected

Z ! �� ! e� 0:02� 0:01
WW ! e� 0:07� 0:02

Table 8.9: Event yields for the MC background Run I.

R Ldt = 108:3� 5:7 pb�1

Sample Number of Events

Signal MC (170 GeV) 2:03� 0:38
Total Background 0:09� 0:03

Data 3

Table 8.10: e� �nal summary for Run I.

The errors quoted in the above tables include both the statistical as well as
systematical errors (added in quadrature).
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8.5 Analysis Techniques

The top quark mass is an important parameter in the Standard Model (SM), as
together with the mass ofW boson (mW ) it constraints on the mass of the SM Higgs
boson. Therefore, it is very important to get any improvement in the precision of
the top quark mass measurements. The Higgs boson, the W boson and the top
quark contribute via radiative corrections to observables already measured at LEP
and SLC so that the measured observables together with the measured values of the
W and the top mass restrict the allowed mass range of the Higgs boson. Recent
experimental constraints on the Higgs boson mass are consistent with the SM [2]. In
the future, when the W boson mass should be measured to an accuracy of 40 MeV,
a precision of about 1 GeV in the top mass would yield a prediction in the Higgs
boson mass of ÆmH=mH � 40%. We have been motivated to use alternate methods
to determine the top quark mass, which are relatively simple. The methods which
we have used/developed for our analyses are Neural Networks method and method
of four vectors. We have also tried to determine the top quark mass by using e�
invariant mass.

8.5.1 Neural Networks

Neural Networks are extraordinarily powerful data analysis tools and are now very
widely used in several �elds e.g. in medicine for image analysis or help to diagnosis
in industry for automatic process control, for quality checks by image processing
or for optimization of resources allocation and in meteorology for weather forecast.
In Particle Physics, these are commonly used, mainly for o�ine classi�cation tasks
such as particle identi�cation, event classi�cation and search for new physics. These
are also used for track reconstruction or for online triggering. Neural Network (NN)
models are algorithms for cognitive tasks such as learning and optimization, which
are in a loose sense based on the concepts derived from research into the nature of
the brain. We have studied NN techniques to explore its use in the determination
of the top quark mass.

Biological Neural Networks

Arti�cial Neural Network (ANN) is inspired from the structure of biological neural
networks and their way of encoding and solving the problem. ANN is a mathematical
model which exhibits features and functionality of the Vertebrate Central Nervous
System (CNS).

The basic unit of signal processing in the brain is a neuron. The human brain
contains approximately 1011 interconnected neurons. The most general structure
of neuron is shown in Figure 8.1. This general neuron structure is implemented
in many di�erent sizes and forms with di�erent functionalities. Cell bodies have
diameters in the range 5-80 �m and dendrite \trees" extend from 10 �m upto 2-3
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mm. Axons can be upto 1 m in length. Primary sensory neurons connect muscles or
receptors to neurons, secondary sensory neurons and interneurons connect neurons
with neurons, while motor neurons connect neurons with muscle �bres. The interior
of the cell body is negatively charged against a surrounding extracellular 
uid. The
cell body or soma receives electric input signals to the dendrites by the means of
ions. The signals are electrical pulses caused by bio-chemical changes. Signals ar-
riving at the dendrites depolarise the resting potential, enabling Na+ ions to enter
the cell through the membrane, resulting in an electric discharge from the neuron.
The signals arriving at the neuron are summed and if this sum is greater than a
threshold, the neuron is \�red". The �red neuron in turn sends a signal to the con-
nected neurons which may result in the �ring of other neurons in the network. The
accumulated e�ect of several simultaneous signals arriving at the dendrites is ap-
proximately linearly additive whereas the resulting output is a strongly non-linear
all-or-none type process. The discharge propagates along the axon to a synaptic
junction whereas neurotransmitters travel across a synaptic cleft and reach the den-
drites of the postsynaptic neuron. A synapse which repeatedly triggers the activation
of a postsynaptic neuron will grow in strength, others will gradually weaken. This
plasticity, which is known as \Hebb Rule", plays a key part in learning.

Figure 8.1: Schematic structure of a neuron.

Arti�cial Neural Networks

Arti�cial Neural Network (ANN) is a computational paradigm that di�ers sub-
stantially from those based on the \standard" von Neumann architecture. ANNs
generally learn from \experience" rather than being explicitly \programmed" with
rules like in conventional arti�cial intelligence. These are often used as a way of
optimizing a classi�cation (or pattern recognition) procedure and have been applied
to many pattern recognition problems in physics [54] - [58]. The philosophy of the
ANN approach is to abstract some key ingredients from biology and out of those
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construct simple mathematical models. ANN consists of building block called node
(also called unit). A node is an abstraction of the biological neuron.

In mathematical terms, a NN model is de�ned as a directed graph with the
following properties :

1. A state variable �i, associated with each node i.

2. A real-valued weight !ij, associated with each link between two nodes i and
j.

3. A real-valued bias �i, associated with each node i.

4. A transfer function g(x), de�ned for each node i which determines the state
of the node as a function of its bias, of the weights of its incoming links and
of the states of the nodes connected to it by these links.

In the standard terminology, the nodes are called neurons, the links are called
synapses and the bias is known as the activation threshold. Mathematically, each
node can be considered as a variable whose value is a non-linear function of the
superposition of the values of the other nodes and it can be shown as :

�i = g(
X
j

!ij�j + �i) (8.13)

where �j are neurons which are feeding neuron �i through weights (synapses) !ij.

1 ν ν2 ν3 ν4

ω3
ω2

ω1 ω4

ν

Figure 8.2: Nodes �j feeding the node �.

These weights can have both positive (excitatory) and negative (inhibitory) values.
The �i is called the threshold, corresponding to the membrane potential in a biolog-
ical neuron. The threshold and weights may be collectively symbolized as weights
! = f!i; �g. One can say that the nodes, �j feed �i as shown in Figure 8.2.

The simple \thresholding neuron" mimics the main features of real biological
neuron in terms of linear additivity for the inputs and strong non-linearity for the
resulting output. If the integrated input signal is larger than a certain threshold �i,
the neuron will be �red.
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The non-linear transfer function (activation function) g(x), is typically a sigmoid
function as shown in Figure 8.3 and is given as :

g(x) = (1 + e�2x)� 1 (8.14)

A linear combination of sigmoids is useful because of the two theorems

1/(1+exp(-2*x))

0

0.2

0.4

0.6

0.8

1

-3 -2 -1 0 1 2 3

Figure 8.3: A sigmoid function.

� a linear function of sigmoids can approximate any continuous function of one
or more variables. This is useful to obtain a continuous function �tting a �nite
set of points when no underlying model is available.

� trained with a desired answer equal to 1 for signal and 0 for background, the
approximate function is the probability of signal knowing the input values.
This second theorem is the basic ground for all classi�cation applications.

By connecting nodes one can design any arbitrary architecture for a NN. There
are two di�erent kinds of architectures in NN modeling : Feed Forward Neural
Network and Feed Backward Neural Network.

8.5.2 Feed Forward Neural Networks

In Feed Forward Neural Networks (FFNNs), signals are processed from a set
of input units in the bottom to output units in the top, layer by layer. In feed
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backward networks, the activation is bidirectional and it continues until a �xed
point has been reached. In HEP, the feed forward (FF) architectures are used for
pattern reorganization and function mapping problems in a wide area of applications
and these have become increasingly popular.

We have restricted ourselves to FF networks with three layers of nodes - an input
layer, an output layer and an intermediate layer known as hidden layer as shown in
Figure 8.4. The mathematical expression for a general FF network with one hidden

Hidden Layer

Input Layer

Output Layer

Figure 8.4: A feed forward neural network.

layer and one output is

y = g(
1

T

NhX
j

!jg(
1

T

NjX
i

!jixi + �j) + �) (8.15)

where Nj is the number of input nodes, Nh is the number of hidden nodes, !ji's are
the weights connecting the input nodes xi's to hidden nodes j and the !j connects
the hidden nodes to the output node y, �j and � are the thresholds of the hidden
and output nodes respectively.

Therefore, FFNN can be considered as a non-linear function of ~x with several
parameters !,

y = F (~x; !) (8.16)

F (~x; !) is a function which is to be modeled, to arbitrarily high accuracy, a given
probability density.

8.5.3 NN Training

NNs have to be trained with the suÆcient number of training patterns to get
optimal discrimination. In the training process, the !0s are �tted using the gradient
descent method on a suitable error function. In this process, the training patterns
(events in the MC sample) are presented over and over again with successive up-
dating of the weights. As soon as this iterative process reaches an acceptable level
of low error, the training process is stopped and the weights are frozen. We then
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feed the network by patterns that the network has never seen before to classify the
events in our data used e.g. signal and background. One can say that the training
is done to minimize the error between the desired response and the network's ac-
tual response. A commonly used error function is the Mean-Square-Error (MSE),
averaged over the training sample and is de�ned as :

E(!) =
1

2Np

NpX
i=1

(yi(!)� di)
2 (8.17)

where Np is the number of patterns used for updating the weights, y is the output
of the NN as given in Eqn. 8.15 and d is the desired output and ! denotes the set
of parameters that are to be adjusted so as to minimize the error function given in
Eqn. 8.17.

In supervised training, training samples are labeled, so the desired outputs are

di = Æij (8.18)

e.g. the case in which we have two classes - signal and background, we have :

d =

(
1; for signal
0; for background

We force the network output to be close to the desired output by minimizing
the error function E(!). Several algorithms are available for error minimization.
Gradient-Descent is the most widely used method in HEP. This is also known as the
back propagation learning algorithm. In the Gradient-Descent algorithm the !'s are
randomly chosen initially. The weights are updated using

!(t+ 1) = !(t) +4!(t) (8.19)

Np patterns from the training patterns are picked and then the !'s are changed in
the direction along which E decreases fastest i.e.

4!(t) / �@E
@!

(8.20)

so,

4!(t) = ��@E
@!

= ��rE (8.21)

where ! is a vector of weights and thresholds used in the network, t refers to the
iteration index, � is the multiplicative factor known as learning rate which is identical
in all the directions of ! space.

This procedure is convergent mathematically [59]. This means that after a suf-
�cient number of iterations, E reaches a minimum and the !'s are �xed. In order
to avoid oscillations around the minimum and reach the minimum error faster, an
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extra term known as the momentum term is usually added to Eqn. 8.21

4!(t+ 1) = ��@E
@!

+ �4!(t) (8.22)

A critical property of a trained network is the generalization or the ability to
accurately predict results from previously unencountered input data. Good gener-
alization is a goal of NN training and is one of the strength of back-propagation.

8.5.4 Bayesian Interpretation of the FFNN

In a typical high energy physics analysis, the feature vectors characterize events
and an important goal is to try to assign an event of known identity to its proper class
i.e. a basic task is to separate data into two classes called signal and background.
Having isolated the signal, the next task is usually to estimate the value of a param-
eter (or set of parameters) which characterizes the signal. Both tasks can be solved
optimally provided that one has at hand an adequate approximation to probability
distribution of the experimental quantities which describe the signal+background.
The best way to do this is, in that it minimizes the probability of making mistakes,
to use the Bayes decision rule i.e. to compute the (Bayesian posterior) probability
P (kj~x) of ~x belonging to class k with the highest probability, where in our case the
classes of data are K=(top,WW ,Z��). Under proper assumptions the output of a
FFNN can be interpreted as Bayesian probability [60].

Typically in an experiment one measures n-variables (x1; :::; xn), many times.
Each set of n-variables can be thought of as a vector x � ~x = (x1; :::; xn) of mass-
dependent variables in an n-dimensional space.

We can prove that the output of NNs are approximately equal to functions of
certain probabilities [60] i.e. we show that if the number of events is suÆciently
large and if the NN is 
exible enough then the output of the NN is,

F (~x; !) = P (Sj~x) (8.23)

where P (Sj~x) is the probability that the feature vector, ~x = (x1; :::; xn) belongs to
the signal class S. This is precisely the probability we need to solve the classi�cation
problem.

Suppose, P (~xjS)! Probability density function of the ~x for the signal
P (~xjB)! Probability density function of the ~x for the background
P (S)! Prior probability of an event being a signal
P (B)! Prior probability of an event being a background

We assume that the signal events S and the background events B to be mutually
exclusive i.e. their union is equal to the complete sample space i.e.

P (S) + P (B) = 1 (8.24)
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According to Bayes theorem on conditional probability

P (Sj~x) = P (~xjS)P (S)
P (~x)

(8.25)

P (Bj~x) = P (~xjB)P (B)
P (~x)

(8.26)

where
P (~x) = P (~xjS)P (S) + P (~xjB)P (B) (8.27)

Then, the optimal way to partition the feature space is cut on the ratio of these
probabilities,

R(~x) =
P (Sj~x)
P (Bj~x) =

P (~xjS)P (S)
P (~xjB)P (B) (8.28)

where R is the Bayes discriminant function. P (Sj~x); P (Bj~x) are also known as
Bayesian probabilities. Ratio P (S)=P (B) is typically equal to the ratio of signal
to background cross-section. A cut of R is the optimal way to classify events. If
R > 1, event is called a signal event. If P (S) = P (B), R reduces to likelihood ratio.
For the classi�cation problem, we normally choose S = 1 and B = 0 in which case
F � F (~x; !). i.e. the neural network output is an approximation to the probability
that a feature vector ~x belongs to the class S.

8.5.5 Neural Network Package

We have used Multi Layer Perceptron (MLP) package, MLP�t, for our analysis.
The MLP is the most widely used type of NN. It is both simple and based on solid
mathematical grounds. Input quantities are processed through successive layers
of neurons. There is always an input layer with a number of neurons equal to
the number of variables of the problem, and an output layer where the perceptron
response is made available, with a number of neurons equal to the desired number
of quantities computed from the inputs. The layers in between are called hidden
layers. With no hidden layer, the perceptron can only perform linear tasks. Each
neuron of a layer other than the input layer computes �rst a linear combination
of the outputs of the neurons of the previous layer, plus a bias. The coeÆcients
of the linear combination plus the biases are called the weights. These are usually
determined from examples, to minimize, on the set of examples. Neurons in the
hidden layer then compute a non-linear function of their inputs.

MLP�t is a modular tool for designing and using Multi Layer Perceptron. It
implements powerful learning methods. The code is simple to use and has been
designed for an easy implementation of additional features and for an easy interfacing
to additional packages. The MLP�t routines are interfaced to the PAW [53] analysis
package. The Multi Layer Perceptron interface in PAW :

� can be used for both approximation and classi�cation tasks.
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� provides preformant minimization methods to determine the weights.

� allows to interactively de�ne, train and use the NN.

So, by using a few commands with a syntax close to the usual PAW commands,
it is possible to

� de�ne the network structure.

� modify the default learning parameters.

� read/write weight �les. de�ne examples from ASCII �les, histograms or ntu-
ples. When examples are de�ned from Ntuples, selection criteria may be
added.

� train the network and follow the learning curve while training.

� write out the function for use in any other code or for direct use in PAW.

MLPs are implemented in PAW through an interface to the MLP�t package
(version 1.40).

8.5.6 Method of Four Vectors

For the top quark mass determination, we describe a relatively simple and new
method which is based upon the four vectors. Any set of four quantities which
transform like (t; ~x) under Lorentz transformation is called a four vector. The most
familiar four vectors are :

x� = (t; ~x)

p� = (E; ~p)

where

~x = (x; y; z);

~p = (px; py; pz)

The decay
p�p! t�t! bW+ �bW� ! e�e��� + jets

has been studied in which one top quark yields a b quark and an electron (e) and
the other a b quark and a muon (�). As mentioned in Sec. 2.6, the branching ratio
for the e� channel is 2.4% to be compared with 15% for a single lepton channel.
The main disadvantage of the t�t dilepton channels is their small branching ratio.
However, the dilepton channels have smaller backgrounds, which is especially true in
the e� channel whose principal backgrounds are from Z ! �� ! e� andWW ! e�.
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Methodology

We have observed that any quantity that depends upon the top quark mass can
be used to measure it. In particular, it is not necessary that these quantities be the
result of kinematic �ts. We have included the mass dependent quantities, provided
that the quantities are suÆciently uncorrelated, to improve the precision of the top
quark mass. This strategy was successfully exploited by CDF in their top quark
mass measurement in the dilepton channel [61]. D� [62] used a variation of the
Kondo [63], Dalitz-Goldstein [64] method.

Our method is based on the following mass dependent quantities :

x1 =
q
(2j1 � j2) (8.29)

x2 =
q
(2e � j1 +m2

W ) (8.30)

x3 =
q
(2e � j2 +m2

W ) (8.31)

x4 = HT (E
e
T +

X
all jets

Ejet
T ); (8.32)

where e, j1 and j2 are, respectively, the four vectors of the electron and two highest
transverse momentum jets and mW is the mass of the W boson.

The quantities x2 and x3 are inspired by the arguments presented in [65]. The
use of quantities x2 and x3 presupposes that the b-jet can be associated with the
corresponding lepton with high eÆciency and we should keep only one of the two
variables : the one in which the lepton and the jet arise from the same top quark
and the distribution of that variable is bounded between mW and mt. The e�ective
algorithm to do this job of associating b-jet with the corresponding lepton has not
been yet devised [65]. Therefore, at present, we are unable to choose the right pairing
with suÆciently high probability and we keep both the variables. The development
for such an algorithm is being viewed as a high priority.

Since there are two leptons in the e� event, we can form two more variables
(x02, x

0
3) like x2 and x3 by using the muon four vectors which can be given as :

x02 =
q
(2� � j1 +m2

W ) (8.33)

x03 =
q
(2� � j2 +m2

W ) (8.34)

However, we have chosen not to use the muon information because of its relatively
modest precision. In Run II, we anticipate a signi�cant improvement in the muon
momentum measurement, because of the introduction of a central magnetic �eld.
It should then be possible to use the muon four vectors and thus augment the
aforementioned variables (x1, x2, x3, x4) with two more i.e. (x02, x

0
3).

The dependence of the mean values of the variables x1; :::; x4 on the top quark
mass is studied for the MC samples. From a sample of e� candidates, the mean
values of x1; :::; x4 are computed and corresponding to each quantity, top quark
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mass mi (i = 1; :::; 4) is determined. As the �nal estimate of the top quark mass,
we take the weighted average

m̂t =
4X
i=1

wimi; (8.35)

where wi are the weights derived from the standard deviation of the distributions
mi and are given as :

wi =
1

V ar[mi]
P

i 1=V ar[mi]
(8.36)

V ar[mi] is the variance of the distribution of the mass estimate mi. These
weights minimize the variance of the distribution of m̂t when themi are uncorrelated.
There is, however, some correlation between these variables. For this reason we can
estimate the error on m̂t directly from the m̂t distribution.
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Chapter 9

Top Quark Mass Analyses

The D� detector is upgraded to center-of-mass energy
p
s = 2:0 TeV in Run

II. As a result, the Run II data would be quite large; about 100 times the Run I
data. To exploit the full use of high statistics, the main task is to reduce systematic
errors so that we can bene�t from the reduced statistical errors. We need to explore
di�erent methods to cross-check the results and also use di�erent methods which
may yield smaller systematic errors by using as many decay modes as possible. The
present study is a step towards this goal by studying one of the channel via which
top quark can decay. The decay p�p ! t�t ! bW+ �bW� ! e�e��� + jets has been
studied for our analyses. In this chapter, we present the results based on di�erent
methods which we have used to determine the top quark mass.

9.1 NN Method

NNs are extraordinarily powerful data analysis tools and are widely used in HEP.
After the successful use of method of NNs for the top quark cross-section in [29],
we have been motivated to explore the use of NNs in the determination of the top
quark mass. High energy physicists hope to reduce the uncertainty substantially in
our knowledge of the top quark mass [66] as the Tevatron will deliver about one
hundred times more data in Run II than was collected during Run I. Keeping these
two facts in account, we have used the method of neural networks on the existing
data of D� Run I and then checked it on simulated data for Run II to see this e�ect
on the top quark mass.

9.1.1 Simulated Data Analysis using NN

To check whether our method really works good, we have carried out the simu-
lations for the p�p collision at

p
s = 2:0 TeV. We have restricted ourselves to the e�

channel i.e. p�p! t�t! e� +X decay, in which one top quark yields a b quark and
an electron (e) and the other a b quark and a muon (�). The major backgrounds
for this channel are from the reactions p�p ! Z ! �� ! e� and p�p ! WW ! e�.
For this part of study, MC sample for both signal and background i.e. t�t, Z and
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WW events, have been simulated using PYTHIA event generator and the detector
(D� Run II) has been simulated using SUSY/Higgs Workshop (SHW) package.
Refer to Sec. 6.3.3 (B) for the MC simulation for D� Run II detector.

The preferred way to measure the mass of a particle created in a high energy
event is to perform a complete kinematic reconstruction of the event. However,
for the e� channel, as is true of the other dilepton channels, there is insuÆcient
information available to e�ect a complete kinematic reconstruction, although it is
possible to perform a partial reconstruction [67]. An alternative strategy is to use
mass dependent quantities that are not necessarily derived from kinematic �ts [65,
68]. In this study we have used a variable x(l; b) which is de�ned as :

x(l; b) =
q
(2l:b+m2

W ) (9.1)

where mW is the W boson mass, and l and b are lepton and b-jet four vectors.
This variable has the virtue of being insensitive to jet systematic uncertainties [65]
and has a distribution whose mean is an almost linear function of the top quark
mass. Moreover, if the b-jet and the lepton l come from the same top quark, the
distribution of x ends at the top quark mass, as shown in Figure 9.1. But to avail
oneself of this useful feature requires an eÆcient algorithm for correctly pairing the
leptons and the b-jets. We have considered the four pairings of two leptons and two
b-jets. As shown in Figure 9.1 (b-e), the e�ect of the mispairing is to broaden the
x distributions beyond the top quark mass. However, these variables are still mass
dependent and can therefore be used to measure the top mass.
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Figure 9.1: (a) The distribution of x after event reconstruction (solid line), for
correctly paired lepton and b-jet, compared with the distribution at the parton level
(dashed line). Figure 9.1 (b-e) The distribution of x after reconstruction for all
pairings of leptons and jets. The distributions are for top quark mass of 170 GeV.
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We have associated each class label k with a top quark mass mk; P (kj~x) may
then be interpreted as the probability that the top quark mass is mk given the
measured vector

~x = [x(e; j1); x(�; j2); x(�; j1); x(e; j2)] (9.2)

If the output d as given in Eqn. 8.18 is set to the top quark mass mk, then
the Eqn. 8.23 becomes the mean of the posterior probability of the top quark
mass, which, from a Bayesian viewpoint, is a natural estimate of that quantity and
moreover is a quantity that can be directly estimated using a NN.

We have used (4,n,1) NN (with n, the number of hidden nodes typically equal
to 5) to estimate the posterior mean. We have trained this NN by setting the
target value equal to the top quark mass associated with the feature vector ~x. As
mentioned above, we have used PYTHIA event generator and SHW package for
detector simulation. We have generated p�p ! t�tWbWb ! (e=�)� (e=�)� samples
for top quark masses ranging from 100 GeV to 240 GeV in the step of 5 GeV. For
each mass, 1000 e� events have been generated to test the NN method. To a large
extent the method relies on the proper MC (PYTHIA) description of top production
and decay. To reduce the backgrounds, di�erent combinations of kinematical cuts
have been tried. Finally, the events have been selected with the following cuts :

(i) Transverse energy of the leading electron, Ee
T � 15 GeV with j�ej � 2:5

(ii) Transverse energy of the leading muon, p�T � 15 GeV with j��j � 2:5

(iii) Number of jets, Njet � 2 with Ejet
T � 15 GeV and j�jetj � 2:5

(iv) Requirement of isolated muons in a cone of radius, �R�;jet � 0:5
where �R =

p
��2 +��2 in �-� space.

For each top quark mass 300 feature vectors, ~x as given in Eqn. 9.1 have been
used. The NN has been trained by taking this variable x(l; b) as four input nodes.
The NN training has been done using the MLP�t program. MLP�t's default algo-
rithm has been used for minimizing error function E(w). The NN has been trained
for 100 cycles. To avoid overtraining the network was validated on an independent
sample. As mentioned in Sec. 8.5.4, the NN output is an approximation to the
probability that a feature vector ~x belongs to the signal class. To use this fact, we
have determined the NN output and its distribution has been studied. The mean
of this network output distribution (i.e. the mean of the distribution of posterior
mean) as a function of the top quark mass has been studied. It has been observed
that the mean of the network output distribution depends linearly on the top quark
mass. This linear relationship over the top quark mass range 100 to 240 GeV is
shown in Figure 9.2. The points de�ne a curve that is linear within the range 140 to
190 GeV and non-linear outside i.e. it is having a sigmoidal shape which is due to
the fact that at the lower end, the truncation at 100 GeV forces the posterior mean
to be on average somewhat greater than 100 GeV. Likewise, at the upper end the
posterior mean will on average be somewhat less than 240 GeV.
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Figure 9.2: The mean of the distribution of network output as a function of the top
quark mass. The expression shown is the linear correction function derived from the
�t.
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For a single measurement the method seems to be biased. However, the relevant
issue is not the bias for a sample of size one but rather the magnitude of the root
mean square (RMS) di�erence between the true mass and the measured mass for a
sample whose size is likely to be much greater than one, and perhaps as large as 100
which will be the case in D� Run II. However, we have assumed that a lack of bias
for a single measurement is desirable. The simplest way to achieve this is to apply
a linear correction, shown in Figure 9.2, to the network output (i.e. the posterior
mean). After applying such a correction, we obtained the distributions shown in
Figure 9.3. It shows the distributions of the estimated top quark mass for total
background (Z�� and WW ) and MC samples for di�erent top quark mass. RMS
on each distribution corresponds to the uncertainty for each MC sample. These
measurements are based on a single e� event. The results are published in [57] and
[58].
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Figure 9.3: Distributions of estimated top quark mass for total background (Z�� and
WW ) and MC samples for di�erent top quark mass. RMS on each distribution is the
estimated uncertainty for a single unbiased measurement i.e. for a mass measurement
based on a single e� event.
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9.1.2 Run I Data Analysis using NN

We have used D� Run I data for total integrated luminosity of 108:3� 5:7 pb�1.
We have trained NNs on samples of signal and background events and then these
networks are tested using independent data sets i.e. events which have not been
used in training.

NN Training

We have studied the distributions of signal and background events for di�erent
variables, the e�ect of using di�erent training schedules and �nally selecting a set
of training schedules that give us the better results to separate the signal from
background. We prepared large samples of Monte Carlo (t�t, WW and Z) events
using some loose cuts1 so as not to bias the results. The simulation of MC samples
is given in Sec. 6.3.3 (A). From this set of MC events, a small sub-sample of 3000
events were selected at random to provide the training sample for the e� analysis
in NN techniques. To make priori probability same for signal and background, we
take 3000 pattern vectors (events) for the MC sample with a top quark mass of
170 GeV as signal and 3000 pattern vectors from background, which consists of
1500 pattern vectors from Z ! �� ! e� and 1500 pattern vectors fromWW ! e�.
The network was then tested with an independent set of 5000 signal and background
events. The relative signi�cance (SjB) was calculated for the signal and background
events surviving the neural network.

The number of nodes and the input parameters for NN were selected to give the
best discrimination between the signal and background. We have used six input
nodes, seven hidden nodes and one output node for the NN. We have used only one
hidden layer because it is suÆcient for most classi�cation problems [59]. To ensure
convergence and stability, the total number of training patterns must be signi�cantly
larger (� 20 � 40 times) than the number of independent parameters of the NN.
The input parameters used for the NN are :

� Azimuthal separation of the leading electron and muon, 4�e�.
� Electron muon invariant mass, Me�.

� Four vectors (x1; x2; x3; x4) de�ned as below

x1 =
q
(2j1 � j2)

x2 =
q
(2e � j1 +m2

W )

x3 =
q
(2e � j2 +m2

W )

x4 = HT (E
e
T +

X
all jets

Ejet
T );

1Particle id cuts, Ee
T � 10 GeV, P

�
T � 10 GeV and Njets � 1 with E

jet
T � 10 GeV.
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Figure 9.4 shows the comparisons of the variables for MC sample of t�t! e� with
top quark mass of 170 GeV and backgrounds : bothWW and Z ! �� backgrounds.
The network is trained for 2000 training cycles. We varied number of training cycles
from 50 to 3000 to investigate the e�ect of training on network performance. At
2000 training cycles, the network performance was found to be stable. Training
started with a set of random weights and thresholds. The learning rate � is a
factor in updating the weights and for our analysis we have chosen it to be 0.02. A
momentum term � which typically varies between 0 ans 1, can be used to stabilize
learning and speed up convergence. We have chosen a value of 0.5 for momentum
term.
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Figure 9.4: Distributions of the variables used for t�t signal (solid) and (Z�� -dotted
and WW -dashed) backgrounds in NN.
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NN Testing

To test the trained network, we have passed independent events through the
network i.e. the events which were not used in training. An output was provided
for each event which can be considered as the probability of that event being either
signal or background. If the training has been done correctly, the probability for
an event being signal is high and the output is close to 1 and for the event being a
background, the output is close to 0.

Besides electron id and muon id cuts used for Run I, which are same as that of
conventional cuts, the summary of cuts applied is :

� Ee
T � 15 GeV, p�T � 15 GeV

� 4R�;e � 0:25, 4R�;jets � 0:5

� E/T
cal
> 15 GeV

� Njets � 2 with Ejets
T � 15 GeV and j�jetj � 2:5

� Neural Network cut NN� 0:90

The network was trained to the top quark mass of 170 GeV. To test the sensitiv-
ity, we have used the network trained on 170 GeV events on di�erent MC samples
for top quark mass. The results are as shown in Figures 9.6 and 9.7. From these
�gures it is clear that our NN is correctly trained. The NN cut has been chosen for
the maximum S=B ratio at a given eÆciency (times branching fraction). After all
the cuts, only four events remain.

As mentioned in Sec. 8.4, we are left with 3 top e� events by using \conventional
analysis". In NN analysis, as clear from the Figure 9.9, we are left with 4 top events
which are the 3 e� candidates selected from the data by conventional analysis and
an additional event (event numbered 5566) which survives only in NN analysis. This
was rejected in the conventional analysis because it failed the He

T cut. It satis�es all

the selection criteria and kinematically lies in the part He
T and E/T

cal
plane which is

recovered by the NN analysis [29].

9.1.3 Analysis and Results

Therefore, we see that only 4 top e� events in Run I data of total integrated
luminosity of 108:3�5:7 pb�1 are left. To determine the top quark mass using these
�nal events left, the method adopted is same as for simulated data as mentioned in
Sec. 9.1.1. To measure the top quark mass, we have used mass dependent quantities
that are not derived from kinematic �ts. The feature vector ~x used in our analysis
is as :

~x = [x(e; j1); x(e; j2); x(j1; j2); H
jets
T ;4�e�;Me�] (9.3)

Each class labeled as k is associated with a top quark mass mk, and then the
P (kj~x) has been interpreted as the probability that the top quark mass is mk. The
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posterior mean is estimated using a (6,7,1) NN. During training, the target value is
set equal to the top quark massmk, (m1 = 165; m2 = 170; m3 = 175; m4 = 180; m5 =
185; m6 = 190 GeV) associated with the feature vector ~x. Three thousands (3000)
feature vectors have been used for each top quark mass and for training of the NN
we have used MLP�t program.

The mean of the network output distributions (i.e. the mean of the distribution
of the posterior mean) is determined. As mentioned in Sec. 9.1.1, the curve is
non-linear out side the range of 140� 190 GeV as shown in Figure 9.2 and a linear
correction is applied to the network output (i.e. the posterior mean). After applying
the correction we obtain the distribution shown in Figures 9.8 and 9.9. The RMS on
each distribution shows the uncertainty on that particular MC sample of top quark
mass. The uncertainties are in the range 56 - 59 GeV. These results are for the
single unbiased measurement and for the case, i.e. D� Run II, the top events would
be 10 times more and these uncertainties would reduced by the factor of

p
30.

The systematic uncertainty in our measurement of the top quark mass comes out
to be 2.17 GeV. The procedure adopted to determine this systematic uncertainty is
outlined in Sec. 9.3.

The Figure 9.5 shows comparison of the discriminant distribution for the signal
and total background (WW + Z��) test samples.
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Figure 9.5: The distribution of total background and signal as a function of neural
network output.
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Figure 9.6: The distributions of signal (mt = 165, 170, 175 and 180 GeV) as a
function of neural network output.
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Figure 9.7: The distributions of signal (mt = 185, 190 GeV) and background (WW
and Z��) as a function of neural network output.
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Figure 9.8: Distributions of the estimated top quark mass for MC sample of mass
165, 170, 175 and 180 GeV for a single unbiased measurement.
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Figure 9.9: Distributions of the estimated top quark mass for MC sample of mass
185, 190 GeV, total background and total Run I data.
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9.2 Method of Four Vectors

As explained in Sec. 8.5.6, the method of four vectors is based on the mass
dependent quantities (x1; x2; x3; x4) de�ned in Eqns. 8.29 - 8.32 which are the four
vectors of the electron and two highest transverse momentum jets.

The dependence of the mean values of variables x1; :::; x4 on the top quark mass
is studied for the MC samples. For the �nal estimate of the top quark mass of the
e� candidates in Run I data, the weighted average of the mass estimates from these
four vectors is taken.

9.2.1 Data Sets

Signal Monte Carlo

The event samples (t�t ! e�) for six di�erent top quark masses (165, 170, 175,
180, 185 and 190 GeV) have been used in the analysis of four vectors. The initial
number of events (Nevents) in these six MC samples are given in Table 9.1 below :

MC Sample Nevents

(GeV)

165 102434
170 101339
175 103124
180 103047
185 103078
190 103036

Table 9.1: The initial number of events in signal MC samples.

Background Monte Carlo

We have studied the two major backgrounds in the e� channel : Z ! �� ! e�
and WW ! e�. The initial number of events for the backgrounds Z�� and WW
are 71393 and 101792 respectively.

The signal (t�t ! e�) and background modeling has already been explained in
Sec. 6.3.

e� Data Set

We have used Run I D� data for total integrated luminosity of 108:3� 5:7 pb�1.
Besides applying the trigger cuts as explained in Sec. 6.1, we have optimized the
kinematical (selection) cuts to reduce the backgrounds while maximizing the top
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signal detection eÆciency (to have a good signal to background ratio). The event
selection criteria �nally applied is :

(i) Require Isolated muons, �R�;jet � 0:5

(ii) E/T > 10 GeV (muon corrected)

(iii) E/T
cal
> 20 GeV (calorimeter)

(iv) �Re� > 0:25

(v) Require 2 jets, Ejet
T > 15 GeV

(vi) HT (Ee
T +

P
alljetsE

jet
T ) > 120 GeV

After applying all the cuts (trigger+selection cuts), we are left with 3 e� candi-
date events. The event yields for MC (signal and background) and data are given
in Sec. 8.4.

The same cuts except the object identi�cation (ID) and trigger cuts are applied
to the MC samples.

Data vs Monte Carlo Models

In order to assess how well our Monte Carlo model agrees with the data, we
�tted a weighted sum of signal and background distributions to the corresponding
distribution for data using a Bayesian method [69]. The results from the �ts agree
with what we expect from the assumed cross sections for Z and WW . One such
�t is shown in Figure 9.10, which shows reasonable agreement between the Monte
Carlo background model and the data. As expected, actual data is comprised of
signal and background (in which most of it is background), and this is clear from
the Figure 9.10 also.

Final Sample

The Bayesian �t to data gives :

nZ�� = 30:3+9:2�8:4 events

and
nWW = 83:7+10:7�10:0 events,

which yields estimates of the number of background events in 108:3 � 5:7 pb�1,
for WW ! e� and Z ! �� ! e�, of 0.20 and 0.001 events, respectively, to be
compared with the 3 data events that survive the cuts.
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Figure 9.10: Bayesian �t of signal + background.
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9.2.2 Analysis

Monte Carlo

We have used six MC samples of di�erent top quark masses. The distributions
of some of the variables which have been used in our analysis for MC sample of top
quark mass 180 GeV are shown in Figure 9.11.

The variables are ET and � for the leading electron and leading muon (Ee
T , p

�
T ,

�e and ��), the number of jets (Njets), the invariant mass (Me�) of the e� pair and
the azimuthal separation between the leptons, 4�e�. Using these mass dependent
quantities, four vector in our case, i.e. x1; :::; x4 have been determined according
to Eqns. 8.29 - 8.32. It has been observed that the mean values of these variables
depend linearly on the top quark mass as shown in Figure 9.12. Therefore, we can
write four equations of the form

mi = si �xi + ci (9.4)

where mi is the mass estimate, si is the slope, ci is the intercept and �xi is the mean
of observable xi. These linear functions have been deduced from the Monte Carlo
(MC) calculations. The distributions of four vectors for MC sample of mass 180
GeV are shown in Figure 9.13.

Data

After applying the �nal selection cuts to Run I data, in conventional e� analysis
we are left with 3 top events. From a sample of these 3 e� candidates again the
four vector x1; :::; x4 have been determined for each event separately. We have then,
computed the mean values of x1; :::; x4 and inferred from each quantity a top quark
mass using Eqn. 9.4. Hence, we have four estimates, m1; :::; m4, for a top quark
mass. The values of x1; � � � ; x4 obtained thus for these 3 e� events are given in Table
9.2 and the corresponding distributions are shown in Figure 9.14.

Observable Event1 Event2 Event 3
(GeV) (GeV) (GeV)

x1 53.88 44.70 104.34
x2 118.02 151.13 162.03
x3 94.17 169.81 118.12
x4 148.74 123.58 231.22

Table 9.2: The values of the four vectors x1; :::; x4 for the 3 e� events left in Run I
Data.

122



As our �nal estimate of top quark mass, we have taken the weighted average of
these four mass estimates according to Eqn. 8.35. Our overall weighted top quark
mass estimate using the 3 e� events comes out to be 137.7 GeV. The number of
background events in 108:3 � 5:7 pb�1 for WW ! e� and Z ! �� ! e� comes
out to be 0.20 and 0.001 respectively. Since background as already mentioned is
negligible, so no correction is needed for it. However, in case where background is
considerable one needs to correct xi.
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124



120

122

124

126

128

130

132

134

136

138

160 170 180 190 200
Top quark mass (GeV)

M
ea

n 
va

lu
e 

of
 x

1 
(G

eV
)

130

132

134

136

138

140

142

160 170 180 190 200
Top quark mass (GeV)

M
ea

n 
va

lu
e 

of
 x

2 
(G

eV
)

116

117

118

119

120

121

122

123

124

125

160 170 180 190 200
Top quark mass (GeV)

M
ea

n 
va

lu
e 

of
 x

3 
(G

eV
)

190

195

200

205

210

160 170 180 190 200
Top quark mass (GeV)

M
ea

n 
va

lu
e 

of
 x

4 
(G

eV
)

Figure 9.12: Dependence of the mean value of the four vectors on the top quark
mass.
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Figure 9.13: Four vector distributions for the MC sample for mass 180 GeV.
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Figure 9.14: Four vector distributions for the e� events �nally left.
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9.3 Systematic Uncertainty

We have studied the systematic uncertainty in the measurement of our weighted
top quark mass. Various sources of systematic errors can be found in [29].

The most e�ective systematic uncertainty in the top quark mass measurement
arises from uncertainty in our knowledge of the MC Jet Energy Scale which arises
from our imprecise knowledge of the energy scale of jets in MC events. To be very
precise, we have studied this systematics for method of four vectors here.

The jet energy scale in D� was established using 
+jets events as follows :

� The hadronic scale was set using the well-calibrated energy scale of the D� elec-
tromagnetic calorimeter by balancing the transverse momenta of the photon
and the jet over an ensemble of such events.

� The MC hadronic scale was set by comparing 
+jets MC events with corre-
sponding collider events and adjusting the scale of the former until it matches
that of the later. The jet energy scale uncertainty is the uncertainty in how
well the two scales match.

This procedure yielded an uncertainty of Æ(ET ) = 0:025ET + 0:5 GeV [70]. In
order to propagate this uncertainty to the measured top quark mass, one generates
MC samples with the jet energies moved up and down by Æ i.e. by �Æ to rescale the
ET of MC jets and then the variation in the measured mass is assessed. However,
in the absence of a sound principle, we can not assess these variations completely.
We have adopted a Bayesian theory to extract a systematic uncertainty, given three
estimates of the top quark mass m̂(+Æ), m and m̂(�Æ).

Using the procedure outlined below in Sec. 9.3.1, the systematic uncertainty in
our measurement of the top quark mass usingmethod of four vectors comes out to
be 1.52 GeV.

9.3.1 Bayesian Theory

Given data D, an analysis procedure yields an estimate m̂ of the top quark mass
mt. The relationship between the data D and the true mass mt is a probability, [71]

P (Djmt) = f(Djmt)dD (9.5)

where f(Djmt) is the probability density function associated with the data D. The
probability P (Djmt) is that of getting data D given the top quark mass mt. We can
write

L(mt) � f(Djmt) (9.6)

where, L(mt) is called the likelihood. It is the probability density function f(Xjmt)
evaluated at the observed data X = D. In our method of four vectors, D is the four
vector (x1; :::; x4).
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From Bayes theorem, we have

Post(mtjD) / L(mt)Prior(mt) (9.7)

where Post(mtjD) is the posterior probability i.e. the probability of di�erent hy-
potheses about the true value of the top quark mass mt given an observed set of
data D. The quantity Prior(mt) is the probability of di�erent hypotheses about the
top quark mass is the absence of the data D. We obtain a mass estimate m̂(D) from
Post(mtjD), typically, by calculating its mode or its mean.

In the mass analysis, these probabilities depend on ET of the jets in the MC
events. If ET denotes all the MC jet transverse momenta on which the probabilities
depend, then we can write

Post(mt; ET jD) / L(mt; ET )Prior(mt)Prior(ET ) (9.8)

where we have assumed that the prior probabilities factorize into a term for mt and
one for the set of jet transverse energies ET . The quantity Prior(ET ) describes, as
a probability distribution, the systematic uncertainty in the jet energy scale. To
take account of the jet energy scale systematic uncertainty we merely marginalize
(integrate ) Post(mt; ET jD) over the set of jet ET ,

Post(mtjD) =
Z
ET

Post(mt; ET jD); (9.9)

i.e. over all possible hypotheses about the true value of the jet transverse momenta
in MC events.

In practice, for computational simplicity, the transverse energy of jets in MC
events is rescaled by �Æ. Therefore, the integral over MC jet ET becomes a sum
with only three terms : one with ET scaled down by Æ, one with the nominal ET

and the third with ET scaled up by Æ :

Post(mtjD) = A
X
ET

Post(mt; ET jD); (9.10)

where the normalization factor A is chosen so that
R
mt

Post(mtjD) = 1.

We computed the mean and standard deviation of posterior probability Post(mtjD).
The standard deviation �0 of Post(mtjD) has been taken as a measure of the uncer-
tainty in the mass estimate m̂ in the presence in the jet energy scale. The measure
of the systematic uncertainty in the measured top quark mass can be given as :

�syst: �
p
�02 � �2 (9.11)

where � is the standard deviation using only the nominal jet energy scale.
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9.4 Results

In this section, we describe simple MC experiments that have been used to
estimate the uncertainties in the estimates. We have used all the six top quark MC
samples generated for t�t ! e� decay. Since in Run I e� analysis we �nally have 3
top events, so for each top quark MC samples, we have generated many sub-samples
of events whose size is �xed at the observed sample size i.e. 3 in our case. Each
sub-sample is analyzed in the same way as the observed sample as explained in Sec.
9.2.2.

For each sub-sample of size 3, we have calculated the mean corresponding to each
four vectors x1; :::; x4. Using the linear functions from Eqn. 9.4, we have calculated
m1; :::; m4. The distributions of the top quark masses (m1; :::; m4) from each of the
four variable (x1; :::; x4) respectively for a sub-sample of 3 events for MC sample of
180 GeV are shown in Figure 9.15. So, again to get the estimate of the top quark
mass the weighted average has been determined using Eqn. 8.35. The distributions
of the weighted top quark mass have been obtained and the measure of the standard
deviation (or RMS) of this distribution gives the uncertainty in the top quark mass.
The distributions of the weighted top quark mass for a sub-samples, each of 3 events,
are shown in Figure 9.16.

Figure 9.15 shows that for the MC sample of 180 GeV, the mean � rms of m4

is 180:7 � 50:87 GeV. We need the best way to combine m1; :::; m4. Although the
precision of the other three estimates, m1; m2 and m3 is worse, yet if m1; :::; m4 are
properly combined the RMS of the weighted average mass should indeed be better
than 50.87 GeV. As shown in Figure 9.16, the RMS for MC sample 180 GeV is 49.15
GeV which comes out to be better than 50.87 GeV. This is because of the fact that
the weights in Eqn. 8.35 minimize the variance of the distributions when mi are
uncorrelated and hence the better results. Therefore, the weighted average is useful.

Using this method on Run Ib data only, results have been earlier published [72].
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Figure 9.15: Distributions of the top quark mass from four variables for a sample of
three events for mtop = 180 GeV.

131



Weighted top mass (mtop = 165 GeV)

0

50

100

150

0 100 200 300 400

A
rb

itr
ar

y 
un

its

Weighted top mass (mtop = 170 GeV)

0

50

100

150

200

0 100 200 300 400

A
rb

itr
ar

y 
un

its

Weighted top mass (mtop = 175 GeV)

0

50

100

150

0 100 200 300 400

A
rb

itr
ar

y 
un

its

Weighted top mass (mtop = 180 GeV)

0

50

100

150

200

0 100 200 300 400

A
rb

itr
ar

y 
un

its

Weighted top mass (mtop = 185 GeV)

0

50

100

150

200

0 100 200 300 400

A
rb

itr
ar

y 
un

its

Weighted top mass (mtop = 190 GeV)

0

50

100

150

200

0 100 200 300 400

A
rb

itr
ar

y 
un

its

Figure 9.16: Distributions of the weighted top quark mass for a sample of three
events for di�erent MC samples.
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The distributions in Figure 9.16 indicate the distributions of the weighted top
quark mass for MC samples with a sub-sample of size 3. We see that we have devised
a relatively simple method for the estimation of the top quark mass. Each distri-
bution indicates the typical uncertainty in the mean of mass estimate. Estimated
uncertainties (� 45 - 49 GeV) as indicated are acceptable at this stage as we are
devising a method which can be used with the larger data sets for D� Run II or at
LHC (CMS experiment) and also where the muon resolution will be equally good
as electron resolution because of the central magnetic �eld. This method seems to
be one of the simple/good methods which has a potential to be used for D� Run II
or at LHC (CMS experiment) where high statistics will be available.

To verify these facts, we have also tried to get the approximations for the uncer-
tainties for Run II data. We have used the simulated events for t�t signal and Z��
and WW backgrounds for D� detector for Run II at

p
s =2 TeV as de�ned in Sec.

9.1.1. We have repeated the method of four vectors in three di�erent cases as given
below :

1. Using the same four vectors (x1; x2; x3; x4) for this simulated data (Sec. 6.3.3
(B)), the whole process was repeated. The distributions of the weighted top
quark mass for a single measurement are shown in Figure 9.17. We see that our
method works well and the uncertainties (� 61 - 74 GeV) are in permissible
range.

2. As already mentioned, the data has been simulated by considering that the
muons have as good resolution as the electrons. Therefore, now we have taken
the four vectors (x1; x

0
2; x

0
3; x4), the whole process was repeated and the corre-

sponding distributions are shown in Figure 9.18. We see that RMS is consid-
erably reduced.

3. We have compared the two methods, neural networks method and method of
four vectors, by taking the similar four vectors i.e. x(l; b) in both cases. So, in
this case we have replaced the two vectors (x2; x3) by (x02; x

0
3) which includes

muon variables. The set of (x1; x
0
2; x

0
3; x4) is used in both methods. Neural

network method gives the uncertainty in the range 40 - 42 GeV (Figure 9.3)
and from method of four vectors, the uncertainty comes in the range 41 - 49
GeV (Figure 9.18). Comparison of Figures 9.3 and 9.18 show that the results
are comparable and this method of four vectors also works well.

In all the three cases, distributions correspond to single measurement. The
uncertainties in them are acceptable at this stage which would reduce by a
factor of

p
N for actual Run II data where N would be quite large; about 100

times the Run I data. Therefore, the RMS will be reduced by a factor of
p
N

i.e. the uncertainty will be reduced in each case e.g. for the MC sample of 175
GeV the uncertainty will reduce to � 4 GeV from the existing uncertainty of
39.15 GeV (see Figure 9.18).
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Figure 9.17: Distributions of the weighted top quark mass for a single measurement
for di�erent MC samples (Sec. 6.3.3 (B)) using x1; :::; x4.
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Figure 9.18: Distributions of the weighted top quark mass for a single measurement
using variable x(l; b) for di�erent MC samples (Sec. 6.3.3 (B)).
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9.5 Method of e� Invariant Mass

As mentioned in the Sec. 9.1.1, our strategy to measure the top quark mass is to
use mass dependent quantities which are not necessarily derived from kinematic �ts.
In this section, we discuss another approach for the estimation of top quark mass. In
the study of e� invariant mass, the top is partially reconstructed by taking the mass
of an isolated e� originating from W+W� decays and selecting the events with a
minimum of two jets. e� invariant mass, Me�, has been determined taking di�erent
MC samples of top quark mass. This is then correlated to the top quark mass as
described below. Details of t�t modeling have already been discussed in Sec. 6.3.3.
This method relies on MC description of the top production and decay, however the
model can be veri�ed and tuned to the data.

The Me� for di�erent top quark masses (from MC samples) has been determined.
The Me� distribution for di�erent top masses are shown in Figure 9.19 and it is
observed that Me� spectrum for each sample is consistent with a polynomial function
of degree 6. The backgrounds WW ! e� and Z ! �� ! r� are also studied. It
is observed that the backgrounds are almost negligible after applying the required
kinematical cuts as mentioned in Sec. 8.3. The solid portion in the distributions in
Figure 9.19 (a-c) corresponds to the total background.

To measure the top quark mass, the central value2, for each of this distribution
is determined. In our analysis we take the median of the distribution as the central
value of the Me� distribution and it is denoted as Mave

e� . The measurement of the
Mave

e� is then related to the top quark mass. The sensitivity of e� invariant mass
with the top quark mass has been studied. The correlation between Mave

e� and Mtop

is studied and the linear relation is observed between the two, as shown in Figure
9.19 (d) and is given as :

Mave
e� = 0:203Mtop + 43:17 (9.12)

When determining the top quark mass, the statistical error in Mave
e� measurement

would scale up as the inverse slope value of the �t which is 5 in our case. Table 9.3
shows the Mave

e� and statistical error on the mean value of each MC sample we have
used. Hence, the statistical error on the top quark mass in our case would be � 2
GeV. The expected systematic error in the Mave

e� determination will translate by a
factor of 5.

As already mentioned, we have used the D� detector data (Run I) for total
integrated luminosity 108:3 � 5:7 pb�1. The data is used after applying all the
selection cuts as mentioned in Sec. 8.3. Finally, we are left with 3 e� events.
For this �nal set of 3 e� events Mave

e� = 74.84, which leads to the top quark mass
Mtop = 158:35 GeV.

2The central value describes the characteristics of the entire distribution which can be distribu-

tion's mean, median or mode.
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Top Quark Mass Central Value Stat. Error
Mtop (GeV) Mave

e� (GeV) (GeV)

170 77.63 � 0.42
175 78.84 � 0.42
180 79.66 � 0.41

Table 9.3: Statistical error corresponding to di�erent top quark masses.

The same procedure has been applied by taking the subsamples of 3 events each
for MC and it has been observed that the slope is again the same as given in Eqn.
9.12.

To see how this method will work at LHC energy (Large Hadron Collider)
(
p
s =14 TeV) for the top quark estimation, we have also studied the correlation

between the e� invariant mass and the generated top quark mass at the LHC energy
for which we have generated t�t! WbWb! (e=�) � (e=�) � samples for top quark
masses ranging from 160 GeV to 180 GeV, in 0.4 GeV steps, for pp collisions at

p
s

= 14 TeV, using the PYTHIA (5.7) [36] event generator. 10K events at each mass
were generated. To a large extent the method relies on the proper MC (PYTHIA)
description of top production and decay. The e� invariant mass Me�has been de-
termined taking di�erent top masses from which their correlation w.r.t. each top
quark mass has been studied. We observed that the mass measurement accuracy is
dominated by the current understanding of theoretical uncertainties which results
in a systematic error of

<� 2 GeV [73]. The results based on the method of invariant
mass for channels lJ= and l� in jet can be found in [74].
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Figure 9.19: e� Invariant mass spectra for di�erent top masses.
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Chapter 10

Conclusions

� We have carried out in a systematic way a study of the top quark mass using
three di�erent methods, namely, Neural Networks method, method of four
vectors and the method of invariant mass, by using D� data of Run I and
attempt has been made to �nd the suitable method which can be used for Run
II D� data. So that one can make the optimum use of increase of statistics
by reducing systematic errors also.

� In the case of NN analysis, the top quark mass comes out to be 177.9 GeV.
The statistical uncertainty is � 56 - 59 GeV (using Run I data) and the
systematic error is 2.17 GeV. In case of four vectors method, the value of
the top quark mass is 137.7 GeV. The statistical uncertainty for 3 e� top
events is � 45 - 49 GeV which leads to a range of � 77 - 85 GeV for a single
unbaised measurement. Using the method of four vectors, the systematic error
translates to 1.52 GeV. We see that this method gives us reasonable value of
top quark mass within permissible range.

� When we simulate data in which events have been generated by assuming
good muon i.e. muon is having as good resolution as that of electron and at
the same center of mass energy, which will be the case for D� Run II data.

(i) For NN method, the statistical uncertainty is 40 - 42 GeV for the case of
single measurement.

(ii) For four vector method, statistical uncertainty comes out to be 41 - 49
GeV for a single measurement by using the same variables as used in NN
nethod.

� We observe from the above a very interesting and important point that rela-
tively a simple method of four vector analysis can be used for the top quark
mass measurement for Run II data which gives comparable results with other
methods by properly optimizing the di�erent variables used.

� Using the third method of invariant mass, we have obtained the top quark
mass to be 158.35 GeV with systematic error of � 5 GeV in the measurement
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of e� invariant mass (Mave
e� ). The systematic uncertainty in the top quark mass

would translate by the same amount.

� These methods will also be useful at LHC energy (
p
s = 14 TeV) where suÆ-

cient statistics will be available.

� R and D work was undertaken in the lab for the fabrication of Pixel Scintil-
lation Counters. 5 counters were fabricated at Panjab University, Chandigarh
and were tested with our DAQ system. The performance of counters was found
to be extremely satisfactory.

140



Appendix A

Drawings

5 prototype Pixel Scintillation Counters were fabricated at Panjab University,
Chandigarh. The total set of drawings was designed and developed in the depart-
ment itself and got approved from Fermilab, USA before fabricating the counters.
The mechanical fabrication work was done at the department as well as in the Cen-
tral Tool Room, Ludhiana (CTRL).

Figures A.1 - A.14 show the drawings having the complete design of the fabri-
cated counters.
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Figure A.1: Design showing a pixel assembly counter.
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Figure A.2: Drawing of a pixel scintillation counter showing special 8 grooves with
dimensions (1mm wide � 6 mm wide).
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Figure A.3: Bottom cover of pixel scintillation counter.
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Figure A.4: Top cover of pixel scintillation counter.
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Figure A.5: Design of aluminium channel used to provide support to pixel counters.
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Figure A.6: Drawing of cookie cover.
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Figure A.7: Design of cookie.
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Figure A.8: Design of cookie embedded with 12 WLS �bers.
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Figure A.9: Design of a coupling used for PMT.
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Figure A.10: Design of a connector.
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Figure A.11: Design of a clamp with diameter 42.0 mm.
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Figure A.12: Design of a clamp with diameter 48.0 mm.
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Figure A.13: Design of a rectangular spacer used to �x cookie cover on the top cover
of pixel scintillation counter.
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Figure A.14: Design of a cylindrical spacer.
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